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Abstract

This papermrovidesa systemati@pproachor the designof buffer tanks.We consider
mainly the casewherethe objective of the buffer tankis to dampen(“averageout”) the
fast (i.e., high-frequeng) disturbanceswhich cannotbe handledby the feedbackcon-
trol system. We considerseparatelydesignproceduredor (I) mixing tanksto dampen
guality disturbanceand(ll) sugetankswith averaginglevel controlto handleflow-rate
disturbances.

*also affiliated with Norsk Hydro ASA, CorporateResearctCentre,N-3907 PorsgrunnNorway, E-mail:
audun.hanes@hydro.comigl.: +4735924021, Fax.: +473592 3263

fAuthorto whomall correspondencshouldbe addressede-mail: skoge@chemeng.ntnu.nitel.: +477359
4154, Fax.: +4773594080



1

Intr oduction

Buffer tanksarecommonin industry undemary differentnamessuchasintermediatestorage
vesselsholduptanks suigedrums,accumulatoranventoriesmixing tanks,continuousstirred
tankreactordCSTRs)andneutralizatiornvesselsWe startwith a definition:

A buffertankis a unit where the holdup(volume)is exploitedto provide smoother
opeiation.

We herefocus on buffer tanksfor liquids, althoughmostof the resultsmay be easily
extendedto gas-or solid-phasesystems. Buffer tanksmay be divided into two cateyories,
namely for (A) disturbanceattenuatiorand(B) independenoperation:

A.

M M |- -

Buffer tanksareinstalledbetweerunitsto avoid propagatiorof disturbance$or contin-
uOUSprocesses.

Buffer tanksare installedbetweenunits to allow independenbperation,for example
duringatemporaryshutdavn andbetweercontinuousandbatchprocesainits.

In thiscategorythereis acontinuougsleliveryor outdrav ononesideandadiscontinuous
delivery or outdrav on the otherside. The designof the tank sizefor thesetypesof
buffer tanksis oftenfairly straightforvard (typically equalto the batchvolume)andis
not coveredfurtherin this paper

©®

R P
Quality -~ Flow rate E 5
M
(I) Averagingby mixing (mixing tank) (I1) Averaginglevel control(surgetank)

Figurel: Two typesof buffer tanks

In this papermwe focuson categyory A. Therearetwo fundamentallydifferentdisturbances,
namely in quality andflow rate,andtwo approacheto damperthem(seeFigurel):

Quality disturbancese.g.,in concentratioror temperaturewherewe damperby mix-
ing. Suchbuffer tanksare often called mixing tanksor neutralizationvesselsor pH
processes.

. Flow-ratedisturbances.g.,in thefeedrate , wherewe damperby temporarilychanging

thevolume(level variation).Suchbuffer tanksareoftencalledsuigetanks,intermediate
storagevesselsholduptanks,suige drums,accumulatorspr inventories.



In bothcaseghetankvolumeis exploited,andalargervolumegivesbetterdampeningin
thefirst case mixing of alargervolumemeanghatthein-flow enteringduringalongerperiod
is mixedtogetherandin thesecondcasejargerlevel variationsareallowed.

Often, in the designof buffer tanks,the residenceor hold-uptime is usedasa measure
insteadof thevolume. Theresidencdimeis definedasT = V/q, whereV is thevolume[m?]
andq thenominalflow rate[m? / s].

Evenif thebuffer tanksaredesignedandimplementedor controlpurposesgontroltheory
is rarely usedwhen sizing and designingthe tanks. Instead,rules of thumb are used. For
example,textbookson chemicalprocesslesignseemto agreethat a half-full residenceime
of 5-10minutesis appropriatdor distillation reflux drumsandthatthis alsoappliesfor mary
otherbuffer (suge) tanks. For tanksbetweendistillation columns,a half-full residencdime
of 10-20minutesis recommendedLieberman 1983; Sandlerand Luckiewicz, 1987;Ulrich,
1984;Walas,1987;Wells, 1986).

Sigales(1975) setsthe total residencdime asthe sum of the suige time anda possible
settlingtime. The following suige times are recommendeddistillation reflux, 5 minutes;
productto storage 2 minutes;productto heatexchangeror otherprocesstreamsp minutes;
productto heater 10 minutes. The settlingtime applieswhenthereis an extra liquid phase.
For waterin hydrocarbonsa settlingtime of 5 minutesis proposed.

Noneof theabove referencegrovide ary justificationsfor theirrules.

The most completedesignprocedurefor reflux drum volumesis presentedy Watkins
(1967),who proposes half-full volumegivenby

V=(fi+ f2) (L + f3D) fs (1)

Here f; (typical range0.5-2)and f; (typical rangel-2) areinstrumentatiorandlaborfactors,
respectrely, relatedto buffer tanksof category B mentionedabove. For example the valueof
f2 maybebasednhow muchtime it takesfor theoperatorto replacea disabledoump. L and
D arereflux andproductrates,andthe factor f; (typical rangel.25-4)is dependenbn how
well externalunitsareoperatede.g.,1.25for productto storage).f, (typical rangel-2)is a
level indicatorfactor The methodgiveshalf-full hold-uptimesfrom 1.5 to 32 min.

In additionto the volumesproposedabove, onenormally addsabout10% of the volume
to preventoverfilling (Wells, 1986). For reflux drums,25-50%extra volumefor the vaporis
recommende@SandlerandLuckiewicz, 1987).

A basicguideto the designof mixing tanksis givenby (Ludwig, 1977).

Theprocessontrolliteraturerefersto thelevel controlof buffer tanksfor flow-ratedamp-
ening (suige tanks) as avelaging level control. Harriott (1964), Hiesteret al. (1987), and
Marlin (1995)proposecontrollerandtank sizedesignghatarebasedn specifyingthe maxi-
mumallowed changean theflow rateout of the buffer (suige) tankbecausehis flow actsasa
disturbancéor thedownstreanprocessHowever, no guidelinesaregivenfor thecritical step
of specifyingthe outletflow-ratechange Otherwise thesemethodshave similaritieswith the
oneproposedn the presenpaper

To reducethe effect of the materialbalancecontrol on the quality control loop, Buckley
(1964) recommendslesigningthe buffer tank suchthat the materialbalancecontrol canbe
made 10 times slower thanthe quality loop. In practice,this meansthat the effect of the
disturbanceon the quality at the worst-caserequeng is reducedby a factor of 10. This
appliesto bothsuige andmixing tanks.

Therehave also beenproposaldor optimal averaginglevel control, e.g., (McDonald et
al., 1986),wheretheobjectiveisto find thecontrollerthatessentiall\givesthebestdisturbance
dampenindor a given suige tank. To reducethe requiredsuige tank volume, provided one
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is willing to acceptrareandshortlarge changesn the outletflow, onemay usea nonlinear
controllerthat works as an averagingcontrollerwhenthe flow changesare small but where
the nonlinearpart preventsthe tank from beingcompletelyemptyor full, e.g.,(McDonaldet
al., 1986;ShuntaandFehenari, 1976;Shinsley, 1996).

Another relatedclassof processequipments neutralizationtanks. Neutralizationis a
mixing proces®f two or moreliquidsof differentpH. Normallythistakesplacein oneor more
buffer (mixing) tanksin orderto dampervariationsin thefinal product. Theprocesslesignfor
neutralizations discussedby Shinsley (1973)andMcMillan (1984). Anotherdesignmethod
anda critical review on the designand control of neutralizatiorprocessesvith emphasin
chemicalwastevatertreatments found in Walsh (1993). In (Faanesand Skogestad2002)
tanksizeselectiorfor neutralizatiorprocessess discussed.

Zhengand Mahajanam(1999) proposethe useof the necessarypuffer tank volumeasa
controllability measure.

The objectve of this paperis to answerthe following questions:When shoulda buffer
tank be installedto avoid propagationof disturbancesand how large shouldthe tank be?
The preferredway of dealingwith disturbancess feedbackcontrol. Typically, with integral
feedbackcontrol, perfectcompensatiommay be achieved at steadystate. However, because
of inherentlimitations suchastime delays,the control systemis generallynot effective at
higherfrequenciesandthe processtself (including any possiblebuffer tanks)mustdampen
high-frequeng disturbancesWe have the following:

The buffer tank (with transferfunction & (s)) shouldmodify the disturbanced,
suchthatthe modifieddisturbance

d () = h(s)d(s) 2)

can be handledby the control system. The buffer tank designproblemcan be
solvedin two steps:

Stepl. Find the requiredtransferfunctionh (s). (Typically 2 (s) = 1/(rs+ 1)",
andthetaskis to find the ordern andthetime constantr.)

Step2. Findaphysicalrealizationof & (s) (tankvolumeV andpossiblylevel control
tuning).

In this papemwe presentlesignmethoddor buffer tanksbasedn thisfundamentainsight.

2 Intr oductory example

The following exampleillustrateshow we may use (1) the control systemand (2) a buffer
(mixing) tankto keepthe outputwithin its specifiedimits despitedisturbances.

Example1 Considerthe mixingof two processstreams,A and B, with differentcomponents
(alsodenotedd and B), asillustratedin Figure 2.

Theobjectiveis to mix equalamountsof A and B sud that the excessconcentation of
theoutletflow ¢y = c4 — cp is closeto zeo. More specifically we require ¢, to staywithin
0 + 1 mol /m3. The combinedcomponentnd total material balancegivesthe following
model:

dCO 1

— = 7 llear — <o) aa + (eps — o) 4] 3)
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Figure2: Mixing process.The concentrations controlledby manipulatingthe flow rate of
streamB. Variationsarefurtherdampenedy anextra buffer tank.

For the casewith no control andno buffer tank,thetimeresponsén the outletconcenta-
tion, y = ¢, to a stepdisturbancen the feedconcentation, d = cy4¢, is shownby the solid
line (“Original”) in Figure 3. Thevalueofy = ¢, approacesl0 mol / m3, whichis 10times
larger thantheacceptedralue

1. Wefirstdesigna feedbak control systembasedon measuringy = ¢, andmanipulating
u = gp to counteactthedisturbance We choosea proportional-inteyral (Pl) composi-
tion contmoller, K¢re (s) = 0.01 (s + 1) /s. Notethatthe speedf the control systemis
limited by an effectivedelayd = 1 min, mainlydueto the concentation measuement.
Theresultingresponsevith control is shownby the dashedine. Becausehe controller
hasintegral action, the outlet concentation returnsto its desied value of 0 mol / m3.
However, becausef thedelay theinitial deviationis still unacceptable

2. To deal with this, we install, in addition, a buffer tank with volume19 m? (residence
time 19 min) (drawnwith dashedinesin Figure 2). We are nowableto keeptheoutlet
concentation ¢ within its limit of +£1 mol / m? at all timesas shownby the dash-dotted
line in Figure 3.

Insteadof the buffer tank, we could haveinstalled a feedforwad contmwoller, but this re-
quiresa fast (and accurate) measuementof the disturbanced = c4 ¢, anda goodprocess
model.In practice it wouldbeverydifficult to male this work for this example

Commenin notation: Throughouthe papeythe mainfeedbackcontrollerfor the process
is denotedK (s), whereaghe buffer tanklevel controlleris denotedk (s).

In thefollowing sectionsve will shav how to designbuffer tanksfor quality disturbances,
likein theabove example,aswell asfor flow-ratedisturbances.
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Figure 3: Responsean the excessoutlet concentrationto a step in inlet quality (from
100 mol A/ m3 to 120 mol A/ m? at10 min) for the systemin Figure2. A compositioncon-
troller handleghelong term (“slow”) disturbancebut a buffer tankis requiredto handlethe
shortterm deviations. Nominaldata: g4 = 0.5m? /min, gg = 0.5m*® /min, ¢4 = 100mol A/m?3,
cg = 100mol B/m? ¢ = Omol A — B/m?®. Residenceime mixer: 1min. Delay in control loop

# = 1min. Thelevelsin the mixer andthe buffer tank are controlledby adjustingthe outflov with PI con-
trollers, % (s) = (50s + 1) / (50s).

3 Step2: Physicalrealizationof 4 (s) with a buffer tank

Considerthe effect of a disturbanced, on the controlledvariabley. Without ary buffer tank,
thelinearizedmodelin termsof deviation variablesmaybewritten as

y(s) = Ga, (s) d(s) (4)

whereG,, is the original disturbanceransferfunction (without a buffer tank). To illustrate
the effect of the buffer tank, we let i (s) denotethe transferfunction for the buffer tank.

The disturbancepasseshroughthe buffer tank. With a buffer tank, the modelbecomegsee
Figure4)

y(s) = Gay ((}S() il (s)d(s) (5)

where G, (s) is the resultingmodified disturbanceransferfunction. A typical buffer tank
transferfunctionis

h(s) = ﬁ (6)

Notethath (0) = 1 sothatthebuffer tankhasno steady-stateffect.

We will now considerseparatelfhow transferfunctionsh (s) of theform (6) arisefor (1)
quality and (Il) flow-ratedisturbancesln both caseswe considera buffer tank with liquid
volumeV [m?], inlet flow rateg;, [m® /s], andoutletflow rateq [m? /s].
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Figure4: Useof buffer tankto damperthedisturbance

| Mixing tank for quality disturbance (d = ¢;,,)

Let ¢;,, denotethe inlet quality and ¢ the outlet quality (for example,concentratioror tem-
perature) For quality disturbanceghe objective of the buffer tankis to smootherthe quality
response

c(s) =h(s)cin(s) (7

so that the variationsin ¢ are smallerthanthosein ¢;,. A componenbr simplified enegy
balancefor a single perfectly mixed tank yields d (Ve) /dt = gincin — ge. By combining
this with the total materialbalancedV/dt = ¢;, — ¢ (assumingconstantdensity),we obtain
Vde/dt = gi, (cin, — ¢), Whichuponlinearizationandtakingthe Laplacetransformyields

1 cr —c* ct — ¢
P i = mn - 4 8
e o ) P a0 = B 0 ®

c(s) =

wherean asteriskdenoteshe nominal (steady-stateyaluesand the Laplacevariablesc (s),
Cin (8), ¢in (8), @ndV (s) now denotedeviationsfrom the nominalvalues.We notethat flow-
rate disturbancegin ¢,,) may resultin quality disturbancesf we mix streamsof different
compositiongsothatc}, # ¢*). From(8), wefind thatthetransferfunctionfor thetankis

1
h(s) =
() Ts+1
wherer = V*/¢* [s] is the nominalresidencdime. We note that the buffer (mixing) tank
worksasa first-orderfilter. Similarly, for n tanksin serieswe have
1
[[io; (ris+1)

wherer; = residencdimein tank:. Wefind therequiredvolumeof eachtankfrom V; = 7;¢?,
whereg; is thenominalflow ratethroughtank:.

(9)

h(s) = (10)

I Surgetank for flow-rate disturbance (d = g¢;,)

For flow-ratedisturbanceghe objectie is to usethe buffer volumeto smootherthe flow-
rateresponse

q(s) =h(s) g (s) (11)



Thetotal masshalanceassumingconstantlensityyields

v
dt
We wantto usean*“averaginglevel control” with a“slow” level controller becausgight level
controlyieldsdV/dt ~ 0 andq = ¢:,. Letk (s) denotethe transferfunction for the level

controllerincludingmeasuremerdndactuatordynamicsandalsothe possibledynamicsof an
innerflow controlloop. Then

q(s) =k(s)(V(s) = Vi(s)) (13)

whereV is the set-pointfor the volume. Combiningthis with (12) andtaking Laplacetrans-
formsyields

Vi) = sy e () £V ()] (14
or from (13):
0(6) = ey [0 (9) = . (9] (15)

Thebuffer (suige)tanktransferfunctionis thusgivenby

_ k() 1
h(s)_s-l-k(s)_ﬁ;)-l-l (16)

With aproportionalcontroller & (s) = k., wegetthath (s) is afirst-orderfilter with 7 = 1/k...
Alternatively, for agiventh (s), theresultingcontrolleris

sh(s)

k(s) = T=h(s) (17)

Comparedo the quality disturbancecase,we have more freedomin selectingh (s), be-
causewe canquite freely selectthe controllerk(s). However, the liquid level will vary, so
the size of thetank mustbe choserso thatthe level remainsbetweerits limits. Thevolume
variationis givenby (14), which uponcombinatiorwith (17) yields

V(s = Lt (o) 18)
NotethatV’ (s) representthedeviationfrom thenominalvolume. Themaximumvalueof this
transferfunctionoccursfor all of our casesatlow frequenciegs = 0).

In Table1 we have foundthelevel controllerk (s) andcomputedherequiredtotal volume
forh(s) = 1/ (rs + 1)". For example for afirst-ordeffilter, h (s) = 1/ (rs + 1), therequired
controlleris aP controllerwith gain1/7 andtherequiredvolumeof thetankis V;,; = 7 Agmax-

Notethattheresultinglevel controllers (s), donothaveintegralaction.A level controller
without integral actionwasalsorecommendedndfurtherdiscussedby Buckley (1964,page
167)andShinsley (1996,page25).

For flow-ratedisturbancesa high-orderh (s) canalternatvely be realizedusingmultiple
tankswith a P level controller & (s), in eachtank. However, the requiredtotal volumeis the
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Tablel: Averagindevel control: Designprocedurdl for flow-ratedisturbancesor alternatve

choicesof A (s).

Step 1storder| 2ndorder| nthorder
2.1.Desiredh (s) (from Stepl) — (Tsil)z et
2.2.Level controller k(s) from (17) | 1/7 > %S1+1 e
2.3.V (0) /gin (0) from (18) T 27 nT

24 ‘/;ot TAqmax 27—Aqmax nTAQmax

sameasthatfound above with a singletank anda morecomple & (s), sothe latteris most

likely preferablérom aneconomigoint of view.

4 Stepl: Desired buffer transfer function A (s)

Whatis adesirablearansferfunction, (s)? We herepresent frequeng-domainapproactor
answeringhis question.Figure5 shavs the frequeng plot of ~ (s) = 1/ ((r»/n) s + 1)" for
n = 1to 4, wherer;, in mostcasess thetotal residencdime in thetanks.With a givenvalue
of 7, we seethatn = 1 is “best” if we wantto reducethe effect of the disturbancet a given
frequeng by afactor f = 3 (= 1/0.33) orless;n = 2 is “best” if thefactoris betweer and
about? (= 1/0.144), andn = 3 is “best” if thefactoris betweerabout7 and15 (= 1/0.064).
Thus,wefind thatalargerordern is desiredvhenwe wanta large disturbanceeduction.We

now derive moreexactly thedesiredh (s).

10°

Gain 0.33
(min.vol. n=1)

Magnitude

10 °F

Gain 0.144 (min.vol. n=2)

10 — -
10 10

Figure5: Frequeng responsefor h (s) = 1/ (Zs + 1)

10"

Frequency x 1,

10

n

Let usstartwith anuncontrolledolantwithout a buffer tank. The effect of the disturbance

d ontheoutputy is then

y(s) = G(s)u(s)+ Ga (s)d(s)

(19)



To counteracthe effect of the disturbancesye apply feedbackcontrol (u = —Ky) (see
Figure6). Theresultingclosed-loopresponséecomes

y(s) = S(5)Ga, () d(s); 5= (20)
|
Y
h
G, v
GdO
yr—ﬂ'T_-> K U» G :_T”L y>

Figure6: Feedbackontrolsystem

With integral actionin the controller the sensitvity function S approachegeroat low
frequenciesHowever, athigherfrequenciesthedisturbanceesponsel,S (jw) G4, (jw)|, may
still betoo large,andthisis thereasorfor installing a buffer tank. The closed-loopresponse
with a buffer tankis

y(s) = S(s) Gao (s) h(s)d(s) (21)
Ga(s)

whichis acceptabléf |SG,4, R| is suficiently smallatall frequenciesWe needto quantifythe
term*“sufficiently small”, andwe defineit as“smallerthanl”. More preciselywe assumehat
thevariablesandthusthemodel(G,,) hasbeenscaledsuchthat

e Theexpecteddisturbances lessthanl (|d| < 1, Vw)
e Theallowedoutputvariationis lessthanl (|y| < 1, Vw)

From (21) we seethatto keep|y| < 1 when|d| = 1 (worst-casalisturbance)we must
require

S (1) Gao j) h (j)| < 1;_ Voo (22)

from which we canobtaintherequiredr (s). Weillustratetheideawith anexample.
Example 1 (continued) (Mixing process)Lety = ¢y, d = cas, andu = ¢p. Linearizingand
scalingthemodel(3) thenyields

10 1 1
;o S(8)= ——
s+1

Ga, (s) = (23)



We here usedfor thescalingthefollowing: expectedrariationsin c4, 20 mol / m?; range
for gp, £0.5m® / min; allowedrangefor ¢: £1 mol / m?.

In Figure 7 we plot the disturbanceeffects|G,, |, |SG4,|, and |SG4, k| as functionsof
frequency Originally (without any buffer tank or contrwol), we have |G,,| = 10 at lower
frequencies.The introductionof feedba& males|SG,,| < 1 at low frequencieswhereas
addingthe buffer tankbrings |SG4, k| < 1 alsoatintermediaterequencies.

10" TN
7’ AN
Gdo ,/ AN
’ N
Vi &
/ SG
) ‘ do
E 0 \
'c 7
20
g 10 frovr g o i ]
7 -7 ~a
/.. N,
e .
l". k
L)
&+ \
, SGg,h
kS
-1 L M
10°3 -1 0 1 2
10 10 10 10 10

Frequency [rad/min]

Figure7: Original disturbanceeffect (G4,), with feedbackcontrol (SG4,) andwith feedback
controlanda buffer tank (SGg, k). A buffer tankwith a residencdime of 19 min is required

tobring |S (jw) G4, (jw) h (jw)| < 1 for all w.

In the following we will presentmethodsfor finding % (s) basedon the controllability
requirement22). Therearetwo maincases:

S. Existing plantwith anexisting controller: The “counteracting’controller K (s), is al-
readydesignedso S (s) is known The"ideal” & (s) is thensimply theinverseof SGy, .

N. New plant: The “counteracting”controller K (s), is notknown so .S (s) is notknown
Thisis thetypical situationduringthe designstagewhenmostbuffer tanksaredesigned.

In mostcasesve will chooseh(s) to beof theform h(s) =1/ (7s + 1)".

4.1 S given (existingplant)
We consideranexisting plantwherecontroller K (s) is known. Thetaskis to find 4 (s) such
that|h (s)| < 1/ |SGa,| ; Yw. Severalapproachemaybesuggested.

S1. Graphical approachwith h(s) = 1/(rs+ 1)": Thisis doneby selectingh (s) =
1/(rs+1)" andadjustingr until |k (s)| touchesl/|SG,,| at onefrequeng. As a
startingpointwe choosehefollowing:

(a) nistheslopeof |SG4,| in alog-logplotin thefrequeny areawhere|SGy, | > 1.
(b) 7 is theinverseof thefrequeny where|SG,, | crosse®nefrom below.
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S2 Numerical approachwith h (s) = 1/ (rs + 1)™: With agivenn wefind 7 suchthat x|
justtouchesl/ | SGy,| by solvingthefollowing problem:

T = MaX Tpeq (W) (24)

where

Treq () ={ 5\/5 (jw) Gay (3w) ™" = 1; lft’ rféfv)vgg Gl >1 (o5

Becausét is notpracticalto calculater,., (w) for all frequencieswe replacemax,, with

max,,,, Wherew; € Q, which is afinite setof frequenciedrom the rangeof interest.
Thecalculationis explicit andfast,soalarge numberof frequenciesanbeused.(This
approactwasusedto obtaini (s) = 1/ (19s + 1) in Figure7.)

As illustratedin Example2 (below), for n > 1 one may save somevolume with the
following approachwhichis moreinvolvedsinceit includesnoncorvex optimization.

S3. Numerical approachwith “fr ee”h (s): Weformulateaconstraineptimizationprob-
lem that minimizesthe (total) volume of the buffer tank(s)subjectto (22). As in the
previous method,we formulatethe optimizationfor a finite setof frequencies§2, from
thefrequeng rangeof interest.

() Quality disturbanceskor n mixing tanks
1

hs) = (ris+ 1)+ (Tas+ 1)

whenthe tanksare not necessarilyequal. Becausehe flow rateis independent
of thevolumes(r = V/q), we may minimize the total residencdime (insteadof
minimizing thetotal volume)subjectto (22):

(26)

min 7 +---+17,
Tl yTn

subjectto 27)
|(Tijw; + 1)+ (Tpjwi + 1)| > [S (jwi) Ga, (Jwi)|; wi € Q
where(} is a setof frequencies.This is a single-input,single-outputvariantof a
methodproposedy ZhengandMahajanan{1999).
(I) Flow-ratedisturbances:
k(s,p
his) = s —|—(k(s,)p)

wherewe have parametrizedhe level controllerwith the parametewectorp. We
minimize subjectto (22) therequiredtankvolume(14):

(28)

1
min V = min max |- -
P P wi€l|Jw; +k(]wi,p)‘
subjectto (29)

S (Jwi) Ga, (Fwi) = , <1, w el
(ue) G (Jw)meLk(sz-,p) =0
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Many controllerformulationsarepossiblefor example thefamiliarPI(D) (D=dervative)
controlleror a state-spactormulation.We hereexpresshecontrollerby a steady-
stategain, k,, n; realzeros,andnp realpoles:

(Ths+1)(Tas+ 1)+ (Th,s+ 1)

k(s,p) = ki 30
(s,) (ris+ 1) (res + 1) -+ (Tnps + 1) (30)
andthusp = [ks, T1,... ,ToyyT1y- - s Tap)-
With nz; = 0 andnp = 1 in (30) we get
1
h(s) = (31)

72524+ 27(s+ 1

¢ < 1 doesnot give realtime constantsasthe previous approachesFor a first-
orderfilter (with & (s) = k, andh (s) = 1/ (7s + 1)), thereis no extra degreeof
freedomin the optimization,andwe getthe sameresultasthatwith (24).

Example 2 (Tempeature control with flow-ratedisturbance).

200
Gdo (S) = 100, G(S) = me (32)

8s+1

KTIC(S) = 0.25 3s

(33)

Thismayrepresentheprocessn Figure 8, wheretwostreamsA and B are mixed,andwewant
to control thetempeature (y) afterthe mixing point. StreamA is heatedn a heatexchanger,

A u B‘d: Flow in

]

]

]

i

! Buffer

i tank with

! @ "slow" level
]

]

]

control

@-- Y=Temperature

Figure8: Temperatureontrolwith flow-ratedisturbance

andthemanipulatednput,«, is thesecondarylow ratein this exchanger. Thedisturbanced,
is variationfromthenominalflowrate of B. d, v, andy are scaledasoutlinedabove

First considerthe casewithoutthe buffer tank. Because7,;, = 100, thedisturbancehasa
large impacton the output,and a tempeature contmoller is certainly required. However, this
is not suficientbecauseas seenin Figure 9, |SG4,| exceedsl at higher frequenciesand it
approadesl00at highfrequencies.

We thusneedto install a buffer tank with avetaging level control to damperthe flow-rate
disturbanceat higherfrequenciesTheslopeof |SG, | is 2 afterit hascrossedl, soonewould
expectthata secondrder i(s) is thebest.
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Figure9: A buffer tankis neededor the temperatureontrol problem: | SG,,| > 0 for fre-
quenciesabore 0.024rad /s. Comparisorof |SG4| = |SGg,h| for designsl, 2 and 3 in
Table2.

Table2: Buffer (suge)tankdesignprocedurdl (flow-ratedisturbanceappliedto thetemper
aturecontrolexample

Step Designl Design2 Design3

1. Numericalapproacho obtaini(s) | S2: h(s) 1storder| S2:h(s) 2ndorder| S3(ll): h(s) 2ndorder
1 1 1

2.1.Desiredn (s) (from Stepl)

242541 (36+1)% 154852453.3541
2.2.Level controller k(s) 0.0041 St 29531
2.3.V (0) /¢in (0) 242 2-36 =172 56
2.4V, 242 A@max T2AGmax 56 A ¢imax

For the graphical approach S1,we useh (s) = 1/ (rs+ 1)>. |SGg| crossesl at about
frequencyd.024rad/s,correspondingo 7 ~ 1/0.024 = 42, and becausehis is a flow-rate
disturbancg(ll), we havefromTable 1 thatV,,; = 27 Agnee & 84Aqmq.. Therequiredlevel
contolleris k(s) = 0.012/(21s + 1).

For the more exact numericalappmoades(S2 and S3), we considerthree designs,and
theresultsare givenin Table 2. Designl (with 2 (s) = 1/ (7s + 1)) only requiresa P level
contmller, but as expectedthe required volumeis large because:(s) is first-order. Design
2 (with h (s) = 1/ (s + 1)*) givesa consideably smallerrequired volume From design3
(with 2 (s) in (31)),therequiredvolumeis evensmallerthanwith design2, asexpectedLittle
is gainedby increasingtheorderof  (s) above 2.

In Figure 9 we plot the resulting|SG,| for the three designs,which confirmsthat they
staybelowl in magnitudeat all frequenciesTheseesultsare further confirmedby thetime
response a unit stepdisturbanceshownin Figure 10.

Budley’smethod Budkley, 1964)givesa residencéimeof 10 min, which is mud lessthan
the minimumrequired residencdime of about56 min (seeTable 2). Thereasonis that the
disturbanceneeddso bereducedoy a factor of 100, andnot 10 as Budkley implicitly assumes.

4.2 S notgiven

The requirements that (22) mustbe fulfilled; thatis, the buffer tank with transferfunction
h (s) mustbedesignedsuchthat|SG 4, k| < 1 atall frequenciesHowever, atthedesignstage
thecontrollerandthus.S is notknown. Threeapproachearesuggested:
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Figurel10: Temperatureontrolwith flow-ratedisturbanceResponsé the scaledoutputto a
unit stepin thedisturbancéflow rate)with differenttank sizesandlevel controllers(Table?2).

N1. Shortcut approach: Therequiremen{22) must,in particular be satisfiedattheband-
width frequeny wp where|S| = 1, andthis givesthe (minimum)requirement

Ga, (jws)| |h (jws)| <1 <= | (jws)| < 1/f (34)
i

In SkogestacandPostlethvaite(1996,p. 173-4)it is suggestethatwp < ei whered g
is the effective delayaroundthe feedbackoop. However, to get acceptabTeomstness,
we heresuggesto usea someavhatlower value

1

wp ~ 2985 (35)
Skogestad2003)proposeshefollowing simplerule for estimatingf.g:
B i . J = 2for Pl-control
Ot =0+ 7. + 5 T ZT” j = 3 for PID-control (36)

1>7

whered is thedelay 7, = 1/z is theinverseof aright half-planezeroz, and; is the
time lag (time constanthumber: orderedby sizesothatr; is thelargesttime constant.

Wenow assumeé: (s) = 1/ (rs + 1)", usewp = 1/ (26.¢), andsolve (34) to get
T > 20/ f2/" — 1 (37)

wheref o ‘Gdo (gﬁ) ‘ Alternatively, Figure5 maybeusedfor agivenn to readoff

the normalizedfrequeny v = wr;, where|h (jv)| = 1/f, andtherequiredr for each
tankis thent = v/ (nwg).
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N2. Numerical approach basedon preliminary controller design: The above shortcut
methodonly considerghefrequeny wg. To geta moreexactdesignwe mustconsider
all frequenciesanda preliminarycontrollerdesignis neededThis approactconsistof

two steps:

N2a. Find a preliminarycontrollerfor the processandfrom this, obtain.s (s).
N2b. Useoneof theapproache§S1,S2,or S3from sectiord.1.

For stepN2a, we have usedthe methodof Schei(1994),wherewe maximizethe low-
frequeng controllergain K; = k./71, subjectto a robustnesgestriction(maximum
valueon thepeakof S):

min 77/k,.
subjectto (38)
|S (jwi)| < Ms;w; € 2 andS stable

wherefor a Pl controller K (s) = k. (r7s + 1) / (71s). Comparedo the optimization
problemthat Scheiuses,we have addedthe constraintthat S is stable. This is imple-
mentecby requiringtheeigervaluesof S to bein theleft half-planewhereS is obtained
from S by replacingthe delaywith a Pace approximation.To obtaina robustdesign,
M shouldbe chosenlow, typically 1.6 — 2. With this controllerdesign,we thenuse
oneof themethodsS1-S3to designthe buffer tank.

N3. Numerical approachwith a simultaneouscontroller and buffer tank design.A more
exactapproachs to combinethe controllertuningandthe buffer tank designoptimiza-
tion into oneproblem. For (I) quality disturbancesthe optimizationproblemmay be
formulatedasanextensionof (27):

min T +---+7,
T1y--- yTn PK
subjectto
|(Tijw; + 1) -+ (Twjwi + 1)| > |S (jwi, pr ) Ga (Fwi)|; wi € Q (39)
|S (jwi, px)| < Mg;w; € Q
S (pk) stable

wherepg is the controllerparameterectorfor K (s). Likewisefor (1) flow-rate dis-
turbanceswe getfrom (29):

1
min V = min max |- -
PDK prx wi€Q | jw; + k (Jw;, p) ‘
subjectto
) . k (jws,
S (jus,pic) Gy (juog) —-I4inP) ‘ <lwen (40)

|S (jwi, pr)| < Ms;w; € Q
S (px) stable

wherep is the controllerparameterectorfor the level controller (s), which entersin
h (s), andpk is thecontrollerparametevectorfor thefeedbaclkcontrollerK (), which
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entersin S (s). To ensureeffective integral actionin K, theseoptimizationproblems
mustbe extendedby a constraint;for example,if K (s) is a Pl controller a maximum
valuemustbe putontheintegraltime.

Example 2 (continued) (Tempeature control with flow-rate disturbancg(ll))

200
= 100; =——%¢€"° 41
G, (s) = 100; G (s) T00s +1° (41)
Theavailableinformationof the processs givenby (41),andweassumehatthecontwoller is
notknown.Thedelayis § = 1s. We getthefollowing results:

N1. Theshortcutapproad yields(wp = 0.5rad /s and f = |Gy,| = 100 for all w) from
(37) (or Figure 5) the following:

e First-oderfilter (n = 1): Vio; = 200A¢uax-
e Second-aderfilter (n = 2): Viot = 40A¢max-

N2. TheSdeituningin (38) followedby the optimal design(29) yieldsfor a secondorder
h(s) (nz = 0 andnp = 1) thefollowing:

° MS = 1.6: V;eot = 52AQmax-
o Mg =2: Vi = 39A¢max-

N3. Simultaneougontmwller tuning and optimal design(40) yieldswith second-oder A(s)
(nz = 0 andnp = 1) thefollowing:

o Mg =1.6: Vo4 = 52Aqmax (@sfor method\N2)
o Ms = 2. Viy = 39Aqmax (@sfor method\2)

Notethat Ms = 1.6 givesmore robust (and “slow”) contmoller tuningsthan Mg = 2

andtherefore requiresa larger tank volume Thesmallestachievabletank volumewith

a second-aderfilter is Vi,; = 27Aqmax (foundwith method\3 with Mg free).Methods
N2 andN3yield almostidenticalresultsfor this example Theshortcutmethod\N1 also
givesa tankvolumeverysimilar to thatfoundwith Mg = 2.

5 Beforeor after?

If the buffer tankis placedupstreanof the processthedisturbancetself is dampenedbefore
enteringthe processlf it is placeddownstreanof the processtheresultingvariationsin the
productaredampenedThecontrolpropertiesaremainlydeterminedy theeffectof inputw on
outputy (asgivenby thetransferfunctionG). An upstreanbuffer tankhasno effecton G, and
alsoadownstreanbuffer tankhasno effecton G providedwe keepthe original measurement.
On the otherhand,placementinside” the processnormally affects G. In the following we
list somepointsthat may be consideredvhen choosingthe placement.We assumeéhat we
preferto have asfew and small buffer tanksas possible(sometimestherissuescomeinto
considerationlik e differencesn costdueto differentpressureor risk of corrosion but thisis
not covered).
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1. In a“splitting process”thefeedflow is splitinto two or moreflows (Figurell1(a)).One
commonexampleis adistillation column. To reducehe numberof tanks,it will thenbe
bestto placethe buffer tank at the feed (upsteamplacement).An exceptionis if only
oneof the productstreamsieedso be dampenedn which casea smallerproducttank
canbeusedbecauseachof the productstreamsaresmallerthanthe feedstream.

2. Ina“mixing” processtwo or morestreamsaremixedinto onestream(Figurel1(b)).To
reducethe numberof tanks,it is herebestwith a downsteamplacementAn exception
is if we only have disturbance# oneof the feedstreamsecauséehe feedstreamsare
smallerthanthe productstreamjeadingto asmallerrequiredsize.

— —p

(a) A splitting process (b) A mixing process

Figurell: Two typesof processes

3. An adwantageof a downsteamplacemenis that a downstreambuffer tank dampens
all disturbancesncludingdisturbance@ the controlinputs. Thisis not the casewith
upstreantanks,which only dampendisturbancegnteringupstreanof thetank.

4. An adwantageof an upsteamplacementis thatthe processstayscloserto its nominal
operatiorpointandthussimplifiescontrollertuningandmakestheresponsenorelinear
andpredictablgseeExample3).

5. An adwantageof the “inside” placements thatit maybe possibleto avoid installation
of a new tank by makinguseof an alreadyplannedor existing unit, for example,by
increasinghesizeof achemicalreactor

6. A disadwantagewith placingthe buffer tankinsideor downstreanof the processs that
the buffer tank thenmay be within the controlloop, andthe control performancewill
generallybe poorer Also, its sizewill effectthetuning,andthe simultaneouspproach
(N3) is recommendedror the downstreanplacementtheseproblemsmay be avoided
if we keepthe measurementbeforethe buffer tank, but thenwe may needan extra
measuremenh the buffer tankto geta morerepresentate valuefor thefinal product.

Example 3 (Distillation column). We apply the methodsrom section4.1 to a distillation
columnand compae the useof a single feedtank with the use of two producttanks (Fig-
ure 12). We considera distillation columnwith 40 stages(thelinearizedmodelhas82 states;
seecolumnA from (Slogestadand Postlethwaite 1996,p.425)). Thedisturbancedo the col-
umnare feedflow rateandcomposition(d; = F andd, = zr), andthe outputsare the mole
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fractionsof the componentn top and bottomproducts,respectivelyy; andy,). Themanip-
ulated variablesare the refluxand the boilup (v; = L andu, = V). Thevariableshave
beenscaledso that a variation of +-30% in the feedflow rate correspondgo d; = +1 and
a variation of £10% in the feedcompositioncorrespondgo d, = +1. A change in thetop
and bottomproductcompositionof +0.01 mole fraction units corresponddo a change +1
in y; andy,. DecentalizedPI contmllers are usedto control the compositions.In the top,
K (s) = 6.84(20s + 1) / (20s), andin the bottom,K> = 5.46 (20s + 1) / (20s). Theeis a
delayof 10 min in ead loop, which we representwith fifth-order Padé approximationsin the
linear model. Nominally the feedflow rateis 1 m3 / min, andthetop and bottomconcenta-

tionsare0.99and0.01,respectively

y 1:XD I

e
E \

V=68 dle

Y>=Xp _;';)__»

Figurel12: Distillation columnwith eitheronefeedsugetankor two productmixing tanksto
damperdisturbances.

Theholdupin therefluxandtheboiler are contolled with P controllers (with gain 10) by

thetop andbottomproductstreamsyespectively

We considerthe effectof theflow-ratedisturbanced;. Theclosed-loogyainsfromd; to
andy, withoutany buffer tank, |SGg,,| and |SG,, | are shownwith solid linesin Figure 13,
Thegainsare bothabove1 at intermediatdrequenciessoour purity requirementsvill notbe
fulfilled, unlesswveinstall a buffer tank.

Upstream placement (feed surge tank). S is known,andwithn = 1, (24) in methodS2
yieldsT = 114 min. Theresulting|SGy, | and|SG,, | are shownwith dashedines,andwesee
that|SG,| justhits1 (asexpected)1/ |k | is alsoplotted(dash-dottedjo indicatethelimiting
frequencywhich is not at the maximumof |SGa,,|, but at a lower frequency‘shoulder”.
Following designprocedue ll, we nowget thefollowing:

21 h(s)=1/(114s+ 1)
2.2 Therequiredlevel controller for the buffer tankis & (s) = 1/114 = 0.0088
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23V (0)/gn(0)=7=114
2.4 V,or = TAGmax = 114min -2 - 0.3 m? / min = 68 m?.

Comment:Sincethe slopeof |SGy,,| is lessthat 1 aroundthe limiting frequencyhigher
order filters will increasethe volumedemand. For example with n = 2, (24) givesT =
76.6 min, and Vs = 27 Agmax = 91.9 m3.

10"

Magnitude
=
o
o

Frequency [rad/s]

Figure 13: Feedflow disturbanceor the distillation column: |SG,,,| and |SGa,,| (for top
andbottom)areboth above 1 (solid line). A feedtankwith averaginglevel control, . (s) =
1/(114s + 1), bringsthedisturbanceyainto bothtop andbottombelow 1 (dashed)Notethat
1/h (s) isjusttouching|SGa,,|.

Downstream placement (product mixing tank). Becauséoth|SGy,,| > 1 and|SGa,,| >
1 at somefrequenciesye mustapply one mixing tank for ead of the two products. When
we designedhe feedtank, we hadto considerthe worst of | SGy,,| and |SG4,, |, but nowwe
may consider|SGy,,| for the top productand |SGy,,| for the bottomproduct. With n = 1,
(24) yields 23 min for the top buffer tank and as before 114 min for the bottomtank. The
correspondingrolumesare 23 - 0.5 = 11.5m3 (top) and 114 - 0.5 = 57m?® (bottom),which
givesa total volumeof 69 m?, which is the sameasthat for the feedtank. However, the feed
tank placements preferredbecauseavethenneedonly onetank.

Nonlinear simulations. The above designis basedon a linearizedmodel,and (as ex-
pected)the feedtank placements further justifiedif we considera nonlinearmodelbecause
the columnis thenlessperturbedfromits nominalstate Thisis illustratedby the simulations
in Figures14,15and 16. If the buffer tanksare placeddownsteam,the nonlinearresponse
deviatesconsideably fromthelinear responsgandthe tanksdesignedy linear analysisare
too small. By trial and error with disturbancestepsimulationson the nonlinearmodel,we
findthatr; = 98 min and7, = 188 min are neededor thetop andbottomproducttanks.This
givesa total volumeof 143 m?, consideably larger thantherequiredfeedtank of 68 m3.

In conclusionan upsteamfeedtankwith a P contmller (averaging level control) proves
bestfor this example Theexamplealsoillustratesthat for nonlinearprocesseshe buffer tank
designmethodshatwehaveproposedare mostreliablefor thedesignof upsteambuffer tanks.
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(a) Outputy;. Nonlinear simulation (solid) (b) Outputy,. Nonlinearsimulation (solid)
andlinearsimulation(dashed). andlinearsimulation(dashed).

Figure14: Distillation examplewith no buffer tanksinstalled. The controlsystemis not able
to handlethedisturbanceThereis alarge deviation betweemonlinearandlinearsimulation.

0 4
= 3
- 2
-3r 1 ——
-4 1 1 1 I I I 1 1 1 0 1 1 1 1 1 1 I I _I =
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Time [min.] Time [min.]

(a) Outputy;. Nonlinear simulation (solid) (b) Outputy.. Nonlinearsimulation (solid)
andlinearsimulation(dashed). andlinearsimulation(dashed).

Figure15: Distillation examplewith a feedtank of 68m3. Both outputsstaywithin +1, and
thenonlinearsimulationis closeto thelinearone.
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(a) Outputy;. Nonlinear simulation (solid) (b) Outputys. Nonlinearsimulation (solid)
andlinearsimulation(dashed). andlinearsimulation(dashed).

Figure 16: Distillation examplewith producttanksat the top (11.5m3) and at the bottom
(57m?). Theoutputsdeviatefrom +1 in thenonlinearsimulations.
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For (highly) nonlinearprocessesthe resultsshould,if possible be chededwith simulations
ona nonlinearmodel.

6 Conclusions

The controlledvariables(y) mustbe keptwithin certainlimits despitedisturbance$d) enter
ing the process. High-frequeng component®f disturbancesire dampenedy the process
itself, while low-frequengy componentse.g.,thelong-termeffect of a step,arehandledby the
control system. Thereare, however, alwayslimitationsin how quickly a control systemcan
react,for example,asa resultof delays. Thus,for someprocessethereis afrequeng range
wherethe original processandthe controllerdo not dampenthe disturbancesuficiently. In
this papemwe introducemethoddgor designingouffer tanksbasednthisinsight. Themethods
consistof two steps:

Stepl. Find the requiredtransferfunction i (jw) suchthat |S (jw) G4, (jw) h (jw)| < 1;Vw
(with scaledvariables). The methodsfor this have beendivided into two groupsde-
pendingon whetherthe control systemfor the processs alreadydesignedmethods
S1-S3)or not (methodsN1-N3). The shortcutmethods(S1/S2or N1), supplemented
with nonlinearsimulationsarerecommendetbr mostpracticaldesigns.

Step2. Designa buffer tank that realizesthis transferfunction i(s). For afirst-ordertransfer
function,h (s) = 1/ (7s + 1), we have thefollowing:

I. Quality disturbances Install a mixing tank with volume V' = ¢r, wheregq is the
nominalflow rate.

Il. Flow-rate disturbances Installatankwith averagingevel controlwith gaink (s) =
1/7 andvolumeV = 7Agyax WhereAq,,., is theexpectedrange(from minimum
to maximum)in the flow-ratevariation.

Sometimes higherorderh (s) is preferablejn which casewe need(l) for quality dis-
turbancesnorethanonemixing tanksand(ll) for flow-ratedisturbances morecom-
plicatedlevel controllerk(s) (with lags)(seeTablel).
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