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Abstract
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quality disturbancesand(II) surgetankswith averaginglevel control to handleflow-rate
disturbances.
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1 Intr oduction

Buffer tanksarecommonin industry, undermany differentnames,suchasintermediatestorage
vessels,holduptanks,surgedrums,accumulators,inventories,mixing tanks,continuousstirred
tankreactors(CSTRs),andneutralizationvessels.Westartwith adefinition:

A buffer tankis a unit where theholdup(volume)is exploitedto providesmoother
operation.

We herefocus on buffer tanks for liquids, althoughmost of the resultsmay be easily
extendedto gas-or solid-phasesystems.Buffer tanksmay be divided into two categories,
namely, for (A) disturbanceattenuationand(B) independentoperation:

A. Buffer tanksareinstalledbetweenunitsto avoid propagationof disturbancesfor contin-
uousprocesses.

B. Buffer tanksare installedbetweenunits to allow independentoperation,for example
duringa temporaryshutdown andbetweencontinuousandbatchprocessunits.

In thiscategorythereis acontinuousdeliveryoroutdraw ononesideandadiscontinuous
delivery or outdraw on the otherside. The designof the tank sizefor thesetypesof
buffer tanksis oftenfairly straightforward(typically equalto thebatchvolume)andis
notcoveredfurtherin thispaper.

Quality

(I) Averagingby mixing (mixing tank)

LC
�

Flow rate
�

(II) Averaginglevel control(surgetank)

Figure1: Two typesof buffer tanks

In this paperwe focusoncategoryA. Therearetwo fundamentallydifferentdisturbances,
namely, in qualityandflow rate,andtwo approachesto dampenthem(seeFigure1):

I. Quality disturbances,e.g.,in concentrationor temperature,wherewe dampenby mix-
ing. Suchbuffer tanksareoften calledmixing tanksor neutralizationvesselsfor pH
processes.

II. Flow-ratedisturbances,e.g.,in thefeedrate,wherewedampenby temporarilychanging
thevolume(level variation).Suchbuffer tanksareoftencalledsurgetanks,intermediate
storagevessels,holduptanks,surgedrums,accumulators,or inventories.
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In bothcasesthetankvolumeis exploited,anda largervolumegivesbetterdampening:In
thefirst case,mixing of a largervolumemeansthatthein-flow enteringduringa longerperiod
is mixedtogether, andin thesecondcase,largerlevel variationsareallowed.

Often, in the designof buffer tanks,the residenceor hold-uptime is usedasa measure
insteadof thevolume.Theresidencetime is definedas ���
	��� , where 	 is thevolume �������
and  thenominalflow rate ��� � ����� .

Evenif thebuffer tanksaredesignedandimplementedfor controlpurposes,controltheory
is rarely usedwhensizing anddesigningthe tanks. Instead,rulesof thumbareused. For
example,textbookson chemicalprocessdesignseemto agreethata half-full residencetime
of 5-10minutesis appropriatefor distillation reflux drumsandthatthis alsoappliesfor many
otherbuffer (surge) tanks. For tanksbetweendistillation columns,a half-full residencetime
of 10-20minutesis recommended(Lieberman,1983;SandlerandLuckiewicz, 1987;Ulrich,
1984;Walas,1987;Wells,1986).

Sigales(1975)setsthe total residencetime asthe sumof the surge time anda possible
settling time. The following surge times are recommended:distillation reflux, 5 minutes;
productto storage,2 minutes;productto heatexchangeror otherprocessstreams,5 minutes;
productto heater, 10 minutes.The settlingtime applieswhenthereis an extra liquid phase.
For waterin hydrocarbons,asettlingtimeof 5 minutesis proposed.

Noneof theabovereferencesprovideany justificationsfor their rules.
The most completedesignprocedurefor reflux drum volumesis presentedby Watkins

(1967),whoproposesahalf-full volumegivenby	��������! "�$#&%'��() "� �+* %,�.- (1)

Here ��� (typical range0.5-2)and �$# (typical range1-2) areinstrumentationandlaborfactors,
respectively, relatedto buffer tanksof categoryB mentionedabove. For example,thevalueof�$# maybebasedonhow muchtime it takesfor theoperatorto replaceadisabledpump. ( and* arereflux andproductrates,andthe factor � � (typical range1.25-4)is dependenton how
well externalunitsareoperated(e.g.,1.25for productto storage).�.- (typical range1-2) is a
level indicatorfactor. Themethodgiveshalf-full hold-uptimesfrom /�021 to 3�45��687 .

In additionto thevolumesproposedabove, onenormallyaddsabout /:9<; of thevolume
to preventoverfilling (Wells, 1986). For reflux drums,25-50%extra volumefor thevaporis
recommended(SandlerandLuckiewicz, 1987).

A basicguideto thedesignof mixing tanksis givenby (Ludwig, 1977).
Theprocesscontrolliteraturerefersto thelevel controlof buffer tanksfor flow-ratedamp-

ening (surge tanks)as averaging level control. Harriott (1964), Hiesteret al. (1987), and
Marlin (1995)proposecontrollerandtanksizedesignsthatarebasedon specifyingthemaxi-
mumallowedchangein theflow rateout of thebuffer (surge) tankbecausethis flow actsasa
disturbancefor thedownstreamprocess.However, noguidelinesaregivenfor thecritical step
of specifyingtheoutletflow-ratechange.Otherwise,thesemethodshavesimilaritieswith the
oneproposedin thepresentpaper.

To reducetheeffect of thematerialbalancecontrolon thequality control loop, Buckley
(1964)recommendsdesigningthe buffer tank suchthat the materialbalancecontrol canbe
made10 times slower than the quality loop. In practice,this meansthat the effect of the
disturbanceon the quality at the worst-casefrequency is reducedby a factor of 10. This
appliesto bothsurgeandmixing tanks.

Therehave alsobeenproposalsfor optimal averaginglevel control, e.g., (McDonaldet
al., 1986),wheretheobjectiveis to find thecontrollerthatessentiallygivesthebestdisturbance
dampeningfor a given surge tank. To reducethe requiredsurge tank volume,providedone
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is willing to acceptrareandshort large changesin the outlet flow, onemay usea nonlinear
controllerthat works asan averagingcontrollerwhenthe flow changesaresmall but where
thenonlinearpartpreventsthetankfrom beingcompletelyemptyor full, e.g.,(McDonaldet
al., 1986;ShuntaandFehervari, 1976;Shinskey, 1996).

Another relatedclassof processequipmentis neutralizationtanks. Neutralizationis a
mixing processof twoor moreliquidsof differentpH.Normallythistakesplacein oneor more
buffer (mixing) tanksin orderto dampenvariationsin thefinal product.Theprocessdesignfor
neutralizationis discussedby Shinskey (1973)andMcMillan (1984).Anotherdesignmethod
anda critical review on thedesignandcontrolof neutralizationprocesseswith emphasison
chemicalwastewater treatmentis found in Walsh(1993). In (FaanesandSkogestad,2002)
tanksizeselectionfor neutralizationprocessesis discussed.

ZhengandMahajanam(1999)proposethe useof the necessarybuffer tank volumeasa
controllabilitymeasure.

The objective of this paperis to answerthe following questions:Whenshoulda buffer
tank be installedto avoid propagationof disturbances,and how large shouldthe tank be?
The preferredway of dealingwith disturbancesis feedbackcontrol. Typically, with integral
feedbackcontrol, perfectcompensationmay be achieved at steadystate. However, because
of inherentlimitations suchas time delays,the control systemis generallynot effective at
higherfrequencies,andtheprocessitself (includingany possiblebuffer tanks)mustdampen
high-frequency disturbances.Wehavethefollowing:

The buffer tank (with transferfunction =>�@?$% ) shouldmodify the disturbance,A ,
suchthatthemodifieddisturbanceACB���?$%D�E=>�@?$%FAG�@?$% (2)

canbe handledby the control system. The buffer tank designproblemcanbe
solvedin two steps:

Step1. Find the requiredtransferfunction =>�@?$% . (Typically =>�@?$%H�I/$�J�K�L?M N/$%PO ,
andthetaskis to find theorder Q andthetimeconstant� .)

Step2. Findaphysicalrealizationof =>�@?$% (tankvolume 	 andpossiblylevel control
tuning).

In thispaperwepresentdesignmethodsfor buffer tanksbasedonthisfundamentalinsight.

2 Intr oductory example

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

Example1 Considerthemixingof two processstreams,R and S , with differentcomponents
(alsodenotedR and S ), asillustratedin Figure2.

Theobjectiveis to mix equalamountsof R and S such that the excessconcentration of
theoutletflow T+UV�WT+XZY[T&\ is closeto zero. More specifically, werequire T+U to staywithin9^]_/`�ba�cd�!��� . The combinedcomponentand total material balancegivesthe following
model: A<T+UA�e � /	 �8�fTgXih j!YkTgUl%mnX^ N��T&\'h j!YkT+Uo%mo\'� (3)
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Figure2: Mixing process.The concentrationis controlledby manipulatingthe flow rateof
streamS . Variationsarefurtherdampenedby anextrabuffer tank.

For thecasewith no control andno buffer tank,thetimeresponsein theoutletconcentra-
tion, v)�wT+U , to a stepdisturbancein the feedconcentration, Ax�WTgXih j , is shownby thesolid
line (“Original”) in Figure3. Thevalueof vb�yTgU approaches /:9z�^a�cC��� � , which is 10 times
larger thantheacceptedvalue.

1. Wefirstdesigna feedbackcontrol system,basedonmeasuringv^�ET U , andmanipulating{ �
o\ to counteract thedisturbance. Wechoosea proportional-integral (PI) composi-
tion controller, |~},��}z�@?$%��
9�029m/D��?J N/�%��d? . Notethat thespeedof thecontrol systemis
limited by an effectivedelay ���_/��~6�7 , mainlydueto theconcentration measurement.
Theresultingresponsewith control is shownby thedashedline. Becausethecontroller
hasintegral action, the outlet concentration returnsto its desiredvalueof 95�baCcC�!� � .
However, becauseof thedelay, theinitial deviation is still unacceptable.

2. To deal with this, we install, in addition, a buffer tank with volume /:�5��� (residence
time /.�5��687 ) (drawnwith dashedlinesin Figure2). We arenowableto keeptheoutlet
concentration T within its limit of ]z/��^a�cd�!��� at all timesasshownby thedash-dotted
line in Figure3.

Insteadof the buffer tank, we could haveinstalleda feedforward controller, but this re-
quiresa fast (and accurate) measurementof the disturbance, A���T+Xih � , and a goodprocess
model.In practice, it wouldbeverydifficult to makethis work for thisexample.

Commentonnotation:Throughoutthepaper, themainfeedbackcontrollerfor theprocess
is denoted|W�@?$% , whereasthebuffer tanklevel controlleris denoted���@?$% .

In thefollowing sectionswewill show how to designbuffer tanksfor qualitydisturbances,
like in theaboveexample,aswell asfor flow-ratedisturbances.
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Figure 3: Responsein the excessoutlet concentrationto a step in inlet quality (from/:9d9~�ba�cLR`�!�b� to /:4d9��^a�c�R`�!�b� at /:95��687 ) for thesystemin Figure2. A compositioncon-
troller handlesthe long term(“slow”) disturbance,but a buffer tankis requiredto handlethe
short term deviations. Nominal data: �����
�:���F���m�F����� , ���"�
�$���m�����m�J��� ,  ����¢¡��&�,��£g¤V¥¦�m��� ,  � �§¡��&����£+¤x¨J�m� � ,  @©x�_����£+¤Z¥«ª¬¨��F� � . Residencetime mixer: ¡��J��� . Delay in control loop ��¡��J��� . The levels in the mixer and the buffer tank arecontrolledby adjustingthe outflow with PI con-

trollers, ®D¯±°�²,�³¯±�g�l°'´µ¡�²$�'¯±�g�l°�² .
3 Step2: Physical realizationof ¶w·$¸º¹ with a buffer tank

Considertheeffect of a disturbance,A , on thecontrolledvariable v . Without any buffer tank,
thelinearizedmodelin termsof deviationvariablesmaybewrittenasv»��?$%M�
¼¾½�¿��@?$%mA���?$% (4)

where ¼ ½�¿ is the original disturbancetransferfunction (without a buffer tank). To illustrate
the effect of the buffer tank, we let =>�@?$% denotethe transferfunction for the buffer tank.
Thedisturbancepassesthroughthebuffer tank. With a buffer tank, themodelbecomes(see
Figure4) v»�@?$%D�À¼ ½�¿ ��?$%m=>�@?$%Á ÂoÃ ÄÅiÆ�ÇÉÈ�Ê A��@?$% (5)

where ¼¾½��@?$% is the resultingmodifieddisturbancetransferfunction. A typical buffer tank
transferfunctionis =>�Ë?$%º� /�Ì�L?� N/$% O (6)

Notethat =>��9�%D��/ sothatthebuffer tankhasno steady-stateeffect.
We will now considerseparatelyhow transferfunctions =`��?$% of theform (6) arisefor (I)

quality and(II) flow-ratedisturbances.In both cases,we considera buffer tank with liquid
volume 	¢������� , inlet flow rate +Í O �����L�!��� , andoutletflow rate ����~���!��� .
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Figure4: Useof buffer tankto dampenthedisturbance

I Mixing tank for quality disturbance( Ö�×ÙØ�Ú8Û )
Let T Í O denotethe inlet quality and T the outlet quality (for example,concentrationor tem-
perature).For quality disturbances,theobjectiveof thebuffer tankis to smoothenthequality
response T!��?$%D�E=>�@?$%mT Í O ��?$% (7)

so that the variationsin T aresmallerthan thosein T�Í O . A componentor simplified energy
balancefor a singleperfectlymixed tank yields AG�@	HTo%���ACe)�  Í O T Í O Y¢$T . By combining
this with the total materialbalanceA<	���ACeV�ÜgÍ O Y[ (assumingconstantdensity),we obtain	HA�To�CA�e��E+Í O ��T�Í O Y«Tl% , whichuponlinearizationandtakingtheLaplacetransformyields

T!�@?$%M� /Ý�Þß Þ ?� N/ à�á Í2âGã@ä$å�æ
á&çè â`é á&çê ç ê è âGã@ä$å é á&çè â`é ánçë ç ë ã�ä$åPì (8)

wherean asteriskdenotesthe nominal(steady-state)valuesandthe Laplacevariables

á ã@ä$å ,á è âíã@ä$å , ê è âíãËä$å , and
ë ã@ä$å now denotedeviationsfrom thenominalvalues.We notethatflow-

rate disturbances(in ê è â ) may result in quality disturbancesif we mix streamsof different
compositions(sothat

ánçè â�îï á&ç
). From(8), wefind thatthetransferfunctionfor thetankisð ã@ä$å ï ñò ä�æ ñ (9)

where ò ï ë ç+ó ê çzô�õ�ö is the nominalresidencetime. We note that the buffer (mixing) tank
worksasafirst-orderfilter. Similarly, for ÷ tanksin series,we haveð ã@ä$å ï ñø âèúùiû ã ò è äJæ ñ å (10)

whereò è ï residencetime in tank ü . Wefind therequiredvolumeof eachtankfrom
ë è ï ò è ê çè ,

where ê çè is thenominalflow ratethroughtank ü .
II Surgetank for flow-rate disturbance( ýÿþ������ )

For flow-ratedisturbances,theobjective is to usethebuffer volumeto smoothentheflow-
rateresponse ê ã�ä$å ï ð ã@ä$å ê è âíã@ä$å (11)
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Thetotalmassbalanceassumingconstantdensityyields� ë��� ï ê è â é ê (12)

Wewantto usean“averaginglevel control” with a “slow” level controller, becausetight level
control yields

� ë ó �	��
�
and ê 
 ê è â . Let ��ã@ä$å denotethe transferfunction for the level

controllerincludingmeasurementandactuatordynamicsandalsothepossibledynamicsof an
innerflow controlloop. Then ê ãËä$å ï ��ã�ä$å'ã ë ã@ä$å é ë�� ã�ä$å�å (13)

where
ë��

is theset-pointfor thevolume.Combiningthis with (12) andtakingLaplacetrans-
formsyields ë ã�ä:å ï ñä�æ��`ã�ä$å ô ê è âíã@ä$å�æ��¾ã@ä$å ë�� ã�ä$å ö (14)

or from (13): ê ã�ä$å ï �»ã@ä$åä�æ���ã�ä$å ô ê è âíã@ä$å é ä ë�� ã@ä$å ö (15)

Thebuffer (surge)tanktransferfunctionis thusgivenbyð ã@ä$å ï ��ã@ä$åä�æ��¾ã@ä$å ï ñ���� ��� æ ñ (16)

With aproportionalcontroller, �¾ã@ä$å ï ��� , wegetthat
ð ã@ä$å is afirst-orderfilter with ò ï ñ ó ��� .

Alternatively, for agiven
ð ã@ä$å , theresultingcontrolleris�`ã@ä$å ï ä ð ã@ä$åñ é ð ã@ä$å (17)

Comparedto the quality disturbancecase,we have morefreedomin selecting
ð ã@ä$å , be-

causewe canquite freely selectthe controller �'ã@ä$å . However, the liquid level will vary, so
thesizeof the tankmustbechosenso that the level remainsbetweenits limits. Thevolume
variationis givenby (14),whichuponcombinationwith (17)yields

ë ã@ä$å ï ñ é ð ã@ä$åä ê è â ã@ä$å (18)

Notethat
ë ã@ä$å representsthedeviationfrom thenominalvolume.Themaximumvalueof this

transferfunctionoccursfor all of ourcasesat low frequencies( ä ï �
).

In Table1 wehavefoundthelevel controller ��ãËä$å andcomputedtherequiredtotalvolume
for

ð ã@ä$å ï ñ ó ã ò äMæ ñ å â . For example,for afirst-orderfilter,
ð ã@ä$å ï ñ ó ã ò äMæ ñ å , therequired

controlleris aPcontrollerwith gain ñ ó ò andtherequiredvolumeof thetankis
ë������ ï ò �~ê"!$#�% .

Notethattheresultinglevelcontrollers,��ã@ä$å , donothaveintegralaction.A level controller
without integralactionwasalsorecommendedandfurtherdiscussedby Buckley (1964,page
167)andShinskey (1996,page25).

For flow-ratedisturbances,a high-order
ð ã�ä$å canalternatively berealizedusingmultiple

tankswith a P level controller, ��ã@ä$å , in eachtank. However, therequiredtotal volumeis the
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Table1: Averaginglevel control:DesignprocedureII for flow-ratedisturbancesfor alternative
choicesof

ð ã@ä$å .
Step 1storder 2ndorder nthorder
2.1.Desired

ð ã@ä$å (from Step1)
û& ��' û û� & ��' û �)( û� & ��' û ��*

2.2.Level controller, �'ã@ä$å from (17) ñ ó ò û+ & û,( ��' û �� & ��' û � *.- û
2.3.

ë ã � å ó ê è âGã � å from (18) ò /:ò ÷ ò
2.4.

ë0���1� ò �~ê"!$#�% /:ò2��ê�!3#�% ÷ ò2�~ê"!$#4%
sameasthat found above with a singletankanda morecomplex ��ãËä$å , so the latter is most
likely preferablefrom aneconomicpointof view.

4 Step1: Desired buffer transfer function
57698;:

Whatis adesirabletransferfunction,
ð ã@ä$å ? Weherepresentafrequency-domainapproachfor

answeringthis question.Figure5 shows thefrequency plot of
ð ã�ä$å ï ñ ó ã�ã ò9< ó ÷�åiäJæ ñ å â for÷ ï ñ to = , whereò < in mostcasesis thetotal residencetime in thetanks.With a givenvalue

of ò9< , we seethat ÷ ï ñ is “best” if we wantto reducetheeffect of thedisturbanceat a given
frequency by a factor > ï@? ( ï ñ ó �BA ?C? ) or less; ÷ ï / is “best” if thefactoris between3 and
about D ( ï ñ ó �BA ñ =�= ), and ÷ ïE? is “best” if thefactoris betweenabout7 and ñ.F ( ï ñ ó �BAG�CH = ).
Thus,wefind thata largerorder ÷ is desiredwhenwewanta largedisturbancereduction.We
now derivemoreexactly thedesired

ð ã@ä$å .
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Figure5: Frequency responsesfor
ð ã@ä$å ï ñ óJI &LKâ äJæ ñNM â .

Let usstartwith anuncontrolledplantwithoutabuffer tank.Theeffect of thedisturbance�
on theoutput O is then O¾ã�ä$å ïQP ã�ä$åBRHã@ä$å�æ PJSUT ã�ä$å � ã�ä$å (19)
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To counteractthe effect of the disturbances,we apply feedbackcontrol ( R ï éWV O ) (see
Figure6). Theresultingclosed-loopresponsebecomesOíã@ä$å ïQX ã@ä$å P S T ã@ä$å � ã@ä$åZY X ï ññ æ P V (20)

Gu
-

+ +
+G

Gd0
[

G

d
\

y]Ky] r

h
^

Gd
[

Figure6: Feedbackcontrolsystem

With integral action in the controller, the sensitivity function X approacheszeroat low
frequencies.However, athigherfrequencies,thedisturbanceresponse,_ X ã�`�a�å PWS T ã�`�a�å._ , may
still betoo large,andthis is thereasonfor installinga buffer tank. Theclosed-loopresponse
with abuffer tankis O¾ã�ä$å ïQX ã@ä$å PJSUT ã@ä$å ð ã@ä$åb ced fgih � ��� � ã@ä$å (21)

which is acceptableif _ X;PWS T ð _ is sufficiently smallat all frequencies.Weneedto quantifythe
term“sufficiently small”, andwedefineit as“smallerthan1”. Moreprecisely, weassumethat
thevariablesandthusthemodel( PWS T ) hasbeenscaledsuchthatj Theexpecteddisturbanceis lessthan1 ( _ � _Bk ñ , lia )j Theallowedoutputvariationis lessthan1 ( _ Om_0k ñ	n l a )

From (21) we seethat to keep _ Om_ok ñ when _ � _ ï ñ (worst-casedisturbance),we must
require _ X ã�`�a�å PJS"p ã�`�a�å ð ã�`�a�å._qk ñ Yrlia (22)

from whichwecanobtaintherequired
ð ã�ä$å . We illustratetheideawith anexample.

Example1 (continued) (Mixing process).Let O ï á p , � ï átsiu v
, and R ï êew . Linearizingand

scalingthemodel(3) thenyieldsP S T ã�ä$å ï ñ �ä�æ ñ Y X ã@ä$å ï ññ æ pyx z�J{ - � Y ð ã@ä$å ï ññ.| ä�æ ñ (23)
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Wehereusedfor thescalingthefollowing: expectedvariationsin

á s
, } / ��~���� ó ~�� ; range

for ê w , } �0A F ~ � ó ~���� ; allowedrangefor

á
: } ñ ~���� ó ~ � .

In Figure 7 we plot the disturbanceeffects _ PJS�� _ , _ X�PJSUT _ , and _ X�PJSUT ð _ as functionsof
frequency. Originally (without any buffer tank or control), we have _ PJS T _ ï ñ � at lower
frequencies.The introductionof feedback makes _ X;PWSUT _J� ñ at low frequencies,whereas
addingthebuffer tankbrings _ X�PJS T ð _B� ñ alsoat intermediatefrequencies.
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Figure7: Original disturbanceeffect ( PWSUT ), with feedbackcontrol ( X�PJSUT ) andwith feedback
controlanda buffer tank( X�P S T ð ). A buffer tankwith a residencetime of ñ9| ~���� is required
to bring _ X ã�`�a�å PJSUT ã�`�a�å ð ã�`�a�å�_C� ñ for all a A

In the following we will presentmethodsfor finding
ð ã@ä$å basedon the controllability

requirement(22). Therearetwo maincases:

S. Existingplantwith anexisting controller: The“counteracting”controller, V ã�ä$å , is al-
readydesigned,so X ãËä$å is known. The“ideal”

ð ã@ä$å is thensimply theinverseof X�PJS�T .
N. New plant: The“counteracting”controller, V ã�ä$å , is not known so X ãËä$å is not known.

This is thetypicalsituationduringthedesignstagewhenmostbuffer tanksaredesigned.

In mostcaseswe will choose
ð ã�ä$å to beof theform

ð ã@ä$å ï ñ ó ã ò äMæ ñ å â .
4.1 � given (existingplant)

We consideranexisting plantwherecontroller V ã�ä$å is known. Thetaskis to find
ð ã@ä$å such

that _ ð ã@ä$å._q� ñ ó _ X�P S T _yY	lia . Severalapproachesmaybesuggested.

S1. Graphical approach with
ð ã@ä$å ï ñ ó ã ò äMæ ñ å â : This is doneby selecting

ð ã@ä$å ïñ ó ã ò äMæ ñ å â and adjusting ò until _ ð ã@ä$å9_ touches ñ ó _ X�PJS T _ at one frequency. As a
startingpointwechoosethefollowing:

(a) ÷ is theslopeof _ X�P S T _ in a log-logplot in thefrequency areawhere _ X�P S T _C� ñ .
(b) ò is theinverseof thefrequency where _ X�P S T _ crossesonefrom below.
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S2 Numerical approachwith
ð ã@ä$å ï ñ ó ã ò äJæ ñ å â : With agiven ÷ wefind ò suchthat _ ð _

just touchesñ ó _ X�PJS T _ by solvingthefollowing problem:

ò ï ~��9�� òN���L� ã1a�å (24)

where òe���L� ã�a�å ï�� û�;� _ X ã�`�a�å P S T ã�`�a�å�_ +U� â é ñ Y�_ X ã�`�a�å P S T ã�`�a�å._0� ñ� Y otherwise
(25)

Becauseit is notpracticalto calculateòe���L� ã1a�å for all frequencies,wereplace
~��9� � with~��9� ��� , where a è¡ £¢ , which is a finite setof frequenciesfrom the rangeof interest.

Thecalculationis explicit andfast,soa largenumberof frequenciescanbeused.(This
approachwasusedto obtain

ð ã@ä$å ï ñ ó ã ñ.| äJæ ñ å in Figure7.)

As illustratedin Example2 (below), for ÷¤� ñ one may save somevolume with the
following approach,which is moreinvolvedsinceit includesnonconvex optimization.

S3. Numerical approachwith “fr ee”
ð ã@ä$å : Weformulateaconstrainedoptimizationprob-

lem that minimizesthe (total) volumeof the buffer tank(s)subjectto (22). As in the
previousmethod,we formulatetheoptimizationfor a finite setof frequencies,¢ , from
thefrequency rangeof interest.

(I) Qualitydisturbances:For ÷ mixing tanksð ã�ä$å ï ñã ò û äJæ ñ å ¥.¥.¥.ã ò â�äJæ ñ å (26)

when the tanksarenot necessarilyequal. Becausethe flow rate is independent
of thevolumes(ò ï ë ó ê ), we mayminimize the total residencetime (insteadof
minimizing thetotal volume)subjectto (22):~����&L¦ u x x x u & * ò û æ§¥.¥.¥dæ ò â

subjectto (27)_2ã ò û `�a è æ ñ åZ¥.¥.¥:ã ò âN`�a è æ ñ å._C¨7_ X ã)`�a è å PJS T ã�`�a è åe_yY�a è� ©¢
where ¢ is a setof frequencies.This is a single-input,single-outputvariantof a
methodproposedby ZhengandMahajanam(1999).

(II) Flow-ratedisturbances: ð ã@ä$å ï ��ã�ä n4ª åä�æ«��ãËä nLª å (28)

wherewe have parametrizedthe level controllerwith theparametervector ª . We
minimizesubjectto (22) therequiredtankvolume(14):~����¬ ë ï ~����¬ ~��.�����.®�¯¯¯¯ ñ`�a è æ«��ã�`�a è n4ª å ¯¯¯¯subjectto (29)¯¯¯¯ X ã)`�a è å PJS T ã�`�a è å �»ã�`�a è n4ª å`�a è æ���ã)`�a è n4ª å ¯¯¯¯ k ñ Y°a è� ±¢
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Many controllerformulationsarepossible,for example,thefamiliarPI(D) (D=derivative)
controlleror astate-spaceformulation.Wehereexpressthecontrollerby asteady-
stategain, � � , ÷m² realzeros,and ÷ ³ realpoles:��ã�ä nLª å ï � � ã�´ û äJæ ñ å'ã1´ + ä�æ ñ å ¥.¥.¥.ã�´ â�µ äJæ ñ åã ò û ä�æ ñ åiã ò + ä�æ ñ å ¥.¥.¥.ã ò â�¶iä�æ ñ å (30)

andthusª ï ô � � n ´ û n AeAeA n ´'â µ n ò û n AeANA n ò â�¶ ö .
With ÷ ² ï �

and ÷ ³ ï ñ in (30)we getð ã@ä$å ï ñò + ä + æ /$ò · äºæ ñ (31)· � ñ doesnot give real time constantsasthe previous approaches.For a first-
orderfilter (with ��ãËä:å ï � � and

ð ã@ä$å ï ñ ó ã ò ä�æ ñ å ), thereis no extra degreeof
freedomin theoptimization,andwe getthesameresultasthatwith (24).

Example2 (Temperaturecontrol with flow-ratedisturbance).PWS T ã@ä$å ï ñ �C� Y P ã@ä$å ï / ���ñ �C� ä�æ ñ { - � (32)V�¸q¹)º ã@ä$å ï �BA / F2» ä�æ ñ» ä (33)

Thismayrepresenttheprocessin Figure8,wheretwostreams¼ and ½ aremixed,andwewant
to control thetemperature ( O ) after themixingpoint. Stream¼ is heatedin a heatexchanger,

TIC

u d = 
¾

Flow in
A
¿

B

Buffer
tank with
À
"slow" level
controlÁLIC

y=Â
Temperature
Ã

Figure8: Temperaturecontrolwith flow-ratedisturbance

andthemanipulatedinput, R , is thesecondaryflowratein thisexchanger. Thedisturbance,
�
,

is variation fromthenominalflowrateof ½ .
�
, R , and O arescaledasoutlinedabove.

First considerthecasewithoutthebuffer tank.BecausePJS T ï ñ ��� , thedisturbancehasa
large impacton theoutput,anda temperaturecontroller is certainlyrequired. However, this
is not sufficient because, as seenin Figure 9, _ X�PJS T _ exceeds1 at higher frequenciesand it
approaches100at high frequencies.

We thusneedto install a buffer tankwith averaging level control to dampentheflow-rate
disturbanceat higherfrequencies.Theslopeof _ X�PJS�T _ is 2 after it hascrossed1, soonewould
expectthata secondorder

ð$Ä�Å å is thebest.
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Figure9: A buffer tank is neededfor the temperaturecontrol problem: _ X;PWS T _�� �
for fre-

quenciesabove
�BAG� / =�Æ �	Ç ó!õ . Comparisonof _ X�P S _ ï _ X�P S T ð _ for designs1, 2 and 3 in

Table2.

Table2: Buffer (surge)tankdesignprocedureII (flow-ratedisturbance)appliedto thetemper-
aturecontrolexample

Step Design1 Design2 Design3
1. Numericalapproachto obtain

ð3Ä�Å�È
S2:

ð3Ä�Å�È
1storder S2:

ð3Ä�Å�È
2ndorder S3(II):

ð3Ä�Å�È
2ndorder

2.1.Desired
ðÉÄ�Å�È

(from Step1)
û+�Ê�+ ��' û û� �ÌË ' û � ( ûû z ÊUÍ � ( ' z � x � ��' û

2.2.Level controller, � Ä�Å�È �0AÎ�C� = ñ p�x p û Êû Í ��' û pyx p ûLÏ+ Ï ��' û
2.3.

ë ÄÌ�qÈ ó	ÐtÑÎÒ Ä��BÈ / = / / ¥ ? H ï D / F H
2.4.

ë0����� / = /C� Ð !3#�% D /C� Ð !3#�% F H � Ð !$#4%
For the graphicalapproach S1,we use

ðÉÄ�Å�È ï ñ ó Ä ò Å�Ó ñ È + . _ X�P SUp _ crosses1 at about
frequency0.024rad/s,correspondingto ò 
 ñ ó �0AÎ� / = ï = / , andbecausethis is a flow-rate
disturbance(II), wehavefromTable1 that

ë0����� ï /$ò � ÐyÔoÕUÖ 
 » = � ÐyÔoÕUÖ . Therequiredlevel
controller is � Ä�Å�È ï �BAG� ñ / ó Ä / ñ Å×Ó ñ È .

For the more exact numericalapproaches(S2 and S3), we considerthreedesigns,and
the resultsare givenin Table2. Design1 (with

ðÉÄ�Å�È ï ñ ó Ä ò ÅØÓ ñ È ) only requiresa P level
controller, but as expected,the required volumeis large because

ð$Ä�Å�È
is first-order. Design

2 (with
ðÙÄUÅ�È ï ñ ó Ä ò Å�Ó ñ È + ) givesa considerably smallerrequiredvolume. From design3

(with
ðÉÄ�Å�È

in (31)), therequiredvolumeis evensmallerthanwith design2, asexpected.Little
is gainedby increasingtheorderof

ðÙÄUÅ�È
above2.

In Figure 9 we plot the resulting _ X�PJS _ for the threedesigns,which confirmsthat they
staybelow1 in magnitudeat all frequencies.Theseresultsare further confirmedby thetime
responsesto a unit stepdisturbanceshownin Figure10.

Buckley’smethod(Buckley, 1964)givesa residencetimeof ñ ��~���� , which is much lessthan
the minimumrequired residencetime of about F H�~���� (seeTable 2). Thereasonis that the
disturbanceneedsto bereducedbya factorof ñ �C� , andnot ñ � asBuckley implicitly assumes.

4.2 � not given

The requirementis that (22) mustbe fulfilled; that is, the buffer tank with transferfunctionÚÉÄ�Å�È
mustbedesignedsuchthat ÛÝÜ;ÞWßUà Ú ÛBá£â at all frequencies.However, at thedesignstage

thecontrollerandthus Ü is notknown. Threeapproachesaresuggested:
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Figure10: Temperaturecontrolwith flow-ratedisturbance:Responsein thescaledoutputto a
unit stepin thedisturbance(flow rate)with differenttanksizesandlevel controllers(Table2).

N1. Shortcut approach: Therequirement(22)must,in particular, besatisfiedat theband-
width frequency ã�ä where ÛåÜæÛ�çèâ , andthisgivesthe(minimum)requirementÛåÞ ßUàêé)ë ãoäíì.Ûî ïeð ñò Û Ú é�ë ãoäêì.ÛCá£âôó�õ Û Ú é�ë ãoäíì9ÛCá£â	ö�÷ (34)

In SkogestadandPostlethwaite(1996,p. 173-4)it is suggestedthat ã ä á øù1úüû , whereý.þ ÿ
is theeffective delayaroundthefeedbackloop. However, to getacceptablerobustness,
we heresuggestto useasomewhatlowervalueãoä � â� ý.þ ÿ (35)

Skogestad(2003)proposesthefollowing simplerule for estimatingý þ ÿ :ý.þ ÿ�ç§ý������	� ��
� � � �� 
 �
�� ë ç �

for PI-controlë ç�� for PID-control
(36)

where ý is thedelay, ���¡ç¤â�ö�� is the inverseof a right half-planezero � , and �  is the
time lag (timeconstant)number� orderedby sizesothat � ø is thelargesttimeconstant.

Wenow assume
Ú é�� ì°ç£â�ö é � � � â	ì�� , useã ä ç â	ö é � ý.þ ÿ ì , andsolve(34) to get��� � ý þ1ÿ�� ÷! #" �%$ â (37)

where÷'& þ)(ç+*** Þ ß�à-,të ø ù úüû/. *** . Alternatively, Figure5 maybeusedfor agiven 0 to readoff

thenormalizedfrequency 1rç ã2��3 where Û Ú é�ë 1 ì.Ûmç¤â�öC÷ , andthe required� for each
tankis then � ç41�ö é 0Zãoä�ì .
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N2. Numerical approach basedon preliminary controller design: The above shortcut
methodonly considersthefrequency ã ä . To getamoreexactdesign,wemustconsider
all frequencies,andapreliminarycontrollerdesignis needed.Thisapproachconsistsof
two steps:

N2a. Findapreliminarycontrollerfor theprocess,andfrom this,obtain Ü é�� ì .
N2b. Useoneof theapproachesS1,S2,or S3from section4.1.

For stepN2a,we have usedthemethodof Schei(1994),wherewe maximizethe low-
frequency controllergain 576 ç98;:yö���6 , subjectto a robustnessrestriction(maximum
valueon thepeakof Ü ): <>=�? � 6 ö@8 :

subjectto (38)ÛÝÜ é)ë ã  ìNÛBADCFE � ã HGJI and Ü stable

wherefor a PI controller 5 é�� ì çK8 : é � 6 � �§â�ì�ö é � 6 � ì . Comparedto the optimization
problemthat Scheiuses,we have addedthe constraintthat Ü is stable.This is imple-
mentedby requiringtheeigenvaluesof LÜ to bein theleft half-plane,where LÜ is obtained
from Ü by replacingthe delaywith a Pad́e approximation.To obtaina robust design,C�E shouldbe chosenlow, typically â@MON $ �

. With this controllerdesign,we thenuse
oneof themethodsS1-S3to designthebuffer tank.

N3. Numerical approachwith asimultaneouscontroller and buffer tank design.A more
exactapproachis to combinethecontrollertuningandthebuffer tankdesignoptimiza-
tion into oneproblem. For (I) quality disturbances, the optimizationproblemmay be
formulatedasanextensionof (27):<>=�?

PRQTS U U URS PRV�S WYX � ø �4Z�Z�Z��[� �
subjecttoÛ é � ø ë ã  �§â�ì\Z�Z�Z é � � ë ã  �§â�ì.Û]�7ÛÝÜ é)ë ã _^�`!a ì�ÞWßUà é)ë ã  ìeÛ � ã 2GbI (39)ÛåÜ é�ë ã c^�`!a ì9ÛdADCFE � ã HGeIÜ é ` a ì stable

wherè

/a
is thecontrollerparametervectorfor 5 é�� ì . Likewise for (II) flow-ratedis-

turbances, wegetfrom (29):<7=�?
W�S W Xgf ç <>=�?

W�S W X
<ih�j
k;l�m�n **** âë ã  �o8 é)ë ã �^R` ì ****
subjectto**** Ü é)ë ã

_^�`!a ì�ÞWßUà é�ë ã  ì 8 é�ë ã  ^�` ìë ã  �o8 é)ë ã  ^R` ì **** á£â � ã 	GeI (40)ÛåÜ é�ë ã c^�`!a ì9ÛdADCFE � ã HGeIÜ é `/a ì stable

wherè is thecontrollerparametervectorfor thelevel controller 8 é�� ì , which entersinÚ é�� ì , and̀

a
is thecontrollerparametervectorfor thefeedbackcontroller 5 é_� ì , which
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entersin Ü é�� ì . To ensureeffective integral actionin 5 , theseoptimizationproblems
mustbeextendedby a constraint;for example,if 5 é�� ì is a PI controller, a maximum
valuemustbeputon theintegral time.

Example2 (continued) (Temperaturecontrol with flow-ratedisturbance(II))ÞJß à3é�� ì�çèâ�p;p � Þ é�� ì;ç � pdpâ�p;p � �§ârq�sut (41)

Theavailableinformationof theprocessis givenby(41),andweassumethat thecontroller is
notknown.Thedelayis ý çèâwv . Weget thefollowingresults:

N1. Theshortcutapproach yields(ã ä çxpBMOy{z h�| ö{v and ÷ ç�ÛåÞJß à Ûêç â�pdp for all ã ) from
(37) (or Figure5) thefollowing:} First-orderfilter ( 0©çèâ ): fu~���~ ç � pdpd�>�����c� .} Second-orderfilter ( 0©ç �

): f�~���~ ç4�]pd�>������� .
N2. TheSchei tuning in (38) followedby theoptimaldesign(29) yieldsfor a secondorderÚ é�� ì ( 0w��ç�p and 0\�±çèâ ) thefollowing:} CFE ç£â@MON : fu~���~ ç�y � �7������� .} CFE ç �

: f�~���~ ç��;�d�>������� .
N3. Simultaneouscontroller tuning andoptimal design(40) yieldswith second-order

Ú é�� ì
( 0 � ç�p and 0 � çèâ ) thefollowing:} CFE ç£â@MON : fu~���~ ç�y � �7������� (asfor methodN2)} CFE ç �

: f�~���~ ç��;�d�>������� (asfor methodN2)

Notethat C�E ç¤â@MON givesmore robust (and “slow”) controller tuningsthan CFE ç �
andtherefore requiresa larger tankvolume. Thesmallestachievabletankvolumewith
a second-orderfilter is fu~���~ ç �B� �7������� (foundwith methodN3 with C�E free).Methods
N2 andN3 yield almostidenticalresultsfor this example. TheshortcutmethodN1 also
givesa tankvolumeverysimilar to that foundwith C�E¡ç �

.

5 Beforeor after?

If thebuffer tankis placedupstreamof theprocess,thedisturbanceitself is dampenedbefore
enteringtheprocess.If it is placeddownstreamof theprocess,theresultingvariationsin the
productaredampened.Thecontrolpropertiesaremainlydeterminedby theeffectof input � on
output � (asgivenby thetransferfunction Þ ). An upstreambuffer tankhasnoeffecton Þ , and
alsoadownstreambuffer tankhasnoeffecton Þ providedwekeeptheoriginalmeasurement.
On the otherhand,placement“inside” the processnormally affects Þ . In the following we
list somepointsthat may be consideredwhenchoosingthe placement.We assumethat we
prefer to have asfew andsmall buffer tanksaspossible(sometimesother issuescomeinto
consideration,like differencesin costdueto differentpressureor risk of corrosion,but this is
notcovered).
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1. In a“splitting process”,thefeedflow is split into two or moreflows (Figure11(a)).One
commonexampleis adistillationcolumn.To reducethenumberof tanks,it will thenbe
bestto placethebuffer tankat the feed(upstreamplacement).An exceptionis if only
oneof theproductstreamsneedsto bedampened,in whichcasea smallerproducttank
canbeusedbecauseeachof theproductstreamsaresmallerthanthefeedstream.

2. In a“mixing” process,two or morestreamsaremixedinto onestream(Figure11(b)).To
reducethenumberof tanks,it is herebestwith a downstreamplacement.An exception
is if we only have disturbancesin oneof the feedstreamsbecausethefeedstreamsare
smallerthantheproductstream,leadingto asmallerrequiredsize.

(a) A splittingprocess (b) A mixing process

Figure11: Two typesof processes

3. An advantageof a downstreamplacementis that a downstreambuffer tank dampens
all disturbances,includingdisturbancesin thecontrol inputs. This is not thecasewith
upstreamtanks,whichonly dampendisturbancesenteringupstreamof thetank.

4. An advantageof an upstreamplacementis that theprocessstayscloserto its nominal
operationpointandthussimplifiescontrollertuningandmakestheresponsemorelinear
andpredictable(seeExample3).

5. An advantageof the “inside” placementis that it maybepossibleto avoid installation
of a new tank by makinguseof an alreadyplannedor existing unit, for example,by
increasingthesizeof achemicalreactor.

6. A disadvantagewith placingthebuffer tankinsideor downstreamof theprocessis that
the buffer tank thenmay be within the control loop, andthe controlperformancewill
generallybepoorer. Also, its sizewill effect thetuning,andthesimultaneousapproach
(N3) is recommended.For thedownstreamplacement,theseproblemsmaybeavoided
if we keepthe measurementbeforethe buffer tank, but then we may needan extra
measurementin thebuffer tankto getamorerepresentativevaluefor thefinal product.

Example3 (Distillation column). We apply the methodsfrom section4.1 to a distillation
columnand compare the useof a single feedtank with the useof two product tanks(Fig-
ure12). Weconsidera distillation columnwith 40 stages(thelinearizedmodelhas82 states;
seecolumnA from(SkogestadandPostlethwaite, 1996,p.425)).Thedisturbancesto thecol-
umnare feedflow rateandcomposition( � ø ç�� and �  ç���� ), andtheoutputsare themole
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fractionsof thecomponentin top andbottomproducts,respectively( � ø and �  ). Themanip-
ulatedvariablesare the refluxand the boilup ( � ø ç�� and �  ç f ). Thevariableshave
beenscaledso that a variation of �%�;pB� in the feedflow rate correspondsto � ø çK� â and
a variation of � â�p]� in the feedcompositioncorrespondsto �  çK�¡â . A change in the top
and bottomproductcompositionof �%pBMOp â mole fraction units correspondsto a change �¡â
in � ø and �  . DecentralizedPI controllers are usedto control the compositions.In the top,5 ø é�� ìWç�NBMO��� é � p � �§â	ì�ö é � p � ì , and in thebottom, 5  ç�yuM��]N é � p � �Eâ�ì�ö é � p � ì . There is a
delayof â�p <7=�? in each loop,which werepresentwith fifth-order Padéapproximationsin the
linear model.Nominally, thefeedflow rateis â <>� ö <>=�? , andthetop andbottomconcentra-
tionsare0.99and0.01,respectively.
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Figure12: Distillation columnwith eitheronefeedsurgetankor two productmixing tanksto
dampendisturbances.

Theholdupin therefluxandtheboiler arecontrolledwith § controllers (with gain â�p ) by
thetopandbottomproductstreams,respectively.

Weconsidertheeffectof theflow-ratedisturbance, � ø . Theclosed-loopgainsfrom � ø to � ø
and �  withoutanybuffer tank, ÛÝÜ�ÞJß Q à�Û and ÛÝÜ;ÞWß#¨1à	Û are shownwith solid lines in Figure 13.
Thegainsarebothabove â at intermediatefrequencies,soour purity requirementswill notbe
fulfilled, unlessweinstall a buffer tank.

Upstream placement (feed surge tank). Ü is known,andwith 0§ç â , (24) in methodS2
yields � çèâ�â©� <>=�? . Theresulting Û Ü�ÞJß Q Û and ÛÝÜ;ÞWß ¨ Û areshownwith dashedlines,andwesee
that ÛÝÜ�ÞJß#¨�Û justhits â (asexpected).â	ö Û Ú Û is alsoplotted(dash-dotted)to indicatethelimiting
frequency, which is not at the maximumof ÛåÜ;ÞWß ¨1à Û , but at a lower frequency“shoulder”.
FollowingdesignprocedureII, wenowget thefollowing:

2.1
Ú é�� ì�çèâ�ö é â�â©� � �Eâ	ì

2.2 Therequiredlevelcontroller for thebuffer tankis 8 é�� ì�çèâ	öBâCâY� ç�puMOp;pd�;�
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2.3 f é pBì�ö@�  � é pBì�çª� çèâCâY�
2.4 f ~���~ çª�«�>� ����� çèâCâY� <>=�? Z � Z�pBMO� < � ö <7=�? ç�Nd� < � .

Comment:Sincetheslopeof ÛåÜ�Þ ß#¨�à Û is lessthat 1 aroundthe limiting frequency, higher
order filters will increasethe volumedemand. For example, with 0 ç �

, (24) gives �7ç� NBMON <7=�? , and f ~���~ ç � �\�7� ���c� ç¬��â�MO� < � .
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Figure13: Feedflow disturbancefor the distillation column: Û Ü�Þ ß Q à Û and ÛåÜ�Þ ß#¨1à Û (for top
andbottom)arebothabove 1 (solid line). A feedtankwith averaginglevel control,

Ú é�� ìÙçâ	ö é â�â©� � �§â	ì , bringsthedisturbancegainto bothtopandbottombelow 1 (dashed).Notethatâ	ö Ú é�� ì is just touching ÛåÜ�ÞJßT¨1à�Û .
Downstream placement (product mixing tank). Becauseboth ÛåÜ;Þ ß Q à Ûu@â and ÛÝÜ�Þ ß#¨�à Û]â at somefrequencies,we mustapply onemixing tank for each of the two products. When

wedesignedthefeedtank,wehadto considertheworst of ÛÝÜ�ÞJß Q à Û and Û Ü�ÞJß ¨1à Û , but nowwe
mayconsider ÛåÜ�ÞJß Q à�Û for the top productand ÛÝÜ;ÞWß#¨1à	Û for the bottomproduct. With 0 çâ ,
(24) yields

� � <>=�? for the top buffer tank and as before âCâY� <7=�? for the bottomtank. The
correspondingvolumesare

� �®Z]puMOy ç âCâ@MOy <'� (top) and â�â©�>ZBpBMOy©ç¯y � <>� (bottom),which
givesa total volumeof Nd� < � , which is thesameas that for the feedtank. However, the feed
tankplacementis preferredbecausewethenneedonlyonetank.

Nonlinear simulations. Theabove designis basedon a linearizedmodel,and (as ex-
pected)thefeedtankplacementis further justifiedif weconsidera nonlinearmodelbecause
thecolumnis thenlessperturbedfromits nominalstate. Thisis illustratedby thesimulations
in Figures14, 15 and16. If thebuffer tanksare placeddownstream,thenonlinearresponse
deviatesconsiderably fromthelinear response, andthetanksdesignedby linear analysisare
too small. By trial and error with disturbancestepsimulationson the nonlinearmodel,we
find that � ~ ç��;� <7=�? and ��°oçèâ��;� <7=�? areneededfor thetopandbottomproducttanks.This
givesa total volumeof â©�]� < � , considerably larger thantherequiredfeedtankof Nd� < � .

In conclusion,an upstreamfeedtankwith a P controller (averaging level control) proves
bestfor thisexample. Theexamplealsoillustratesthat for nonlinearprocessesthebuffer tank
designmethodsthatwehaveproposedaremostreliablefor thedesignofupstreambuffer tanks.
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(a) Output ±@² . Nonlinearsimulation (solid)
andlinearsimulation(dashed).
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(b) Output ±©³ . Nonlinearsimulation (solid)
andlinearsimulation(dashed).

Figure14: Distillation examplewith no buffer tanksinstalled.Thecontrolsystemis not able
to handlethedisturbance.Thereis a largedeviationbetweennonlinearandlinearsimulation.
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(a) Output ±@² . Nonlinearsimulation (solid)
andlinearsimulation(dashed).
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(b) Output ±©³ . Nonlinearsimulation (solid)
andlinearsimulation(dashed).

Figure15: Distillation examplewith a feedtankof N;��´ � . Both outputsstaywithin � â , and
thenonlinearsimulationis closeto thelinearone.
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(a) Output ±@² . Nonlinearsimulation (solid)
andlinearsimulation(dashed).
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(b) Output ±©³ . Nonlinearsimulation (solid)
andlinearsimulation(dashed).

Figure 16: Distillation examplewith producttanksat the top ( â�â�MOy@´ � ) and at the bottom
( y � ´ � ). Theoutputsdeviatefrom � â in thenonlinearsimulations.
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For (highly) nonlinearprocesses,the resultsshould,if possible, becheckedwith simulations
ona nonlinearmodel.

6 Conclusions

Thecontrolledvariables( � ) mustbekeptwithin certainlimits despitedisturbances( � ) enter-
ing the process.High-frequency componentsof disturbancesaredampenedby the process
itself, while low-frequency components,e.g.,thelong-termeffectof astep,arehandledby the
control system.Thereare,however, alwayslimitations in how quickly a control systemcan
react,for example,asa resultof delays.Thus,for someprocessesthereis a frequency range
wherethe original processandthe controllerdo not dampenthe disturbancesufficiently. In
thispaperweintroducemethodsfor designingbuffer tanksbasedonthis insight.Themethods
consistof two steps:

Step1. Find the requiredtransferfunction
Ú é�ë ãØì suchthat ÛåÜ é�ë ãØì�Þ ßUà$é�ë ãØì Ú é)ë ãØì�ÛµA�â ��¶ ã

(with scaledvariables). The methodsfor this have beendivided into two groupsde-
pendingon whetherthe control systemfor the processis alreadydesigned(methods
S1-S3)or not (methodsN1-N3). The shortcutmethods(S1/S2or N1), supplemented
with nonlinearsimulations,arerecommendedfor mostpracticaldesigns.

Step2. Designa buffer tank that realizesthis transferfunction
Ú é�� ì . For a first-ordertransfer

function,
Ú éc� ì�çèâ	ö é � � �Eâ	ì , wehave thefollowing:

I. Quality disturbances Install a mixing tank with volume f ç·�Y� , where � is the
nominalflow rate.

II. Flow-rate disturbances Installatankwith averaginglevel controlwith gain 8 é�� ì°çâ	ö©� andvolume f ç4�«�>� ���c� where �7� ����� is theexpectedrange(from minimum
to maximum)in theflow-ratevariation.

Sometimesa higher-order
Ú é�� ì is preferable,in which casewe need(I) for quality dis-

turbancesmorethanonemixing tanksand(II) for flow-ratedisturbancesa morecom-
plicatedlevel controller 8 é�� ì (with lags)(seeTable1).

References

Buckley, P. S.(1964).Techniquesof ProcessControl. JohnWiley & Sons,Inc..New York.

Faanes,A. andS.Skogestad(2002).pH-neutralization:Integratedprocessandcontroldesign.
Submittedto Comput.Chem.Engng.

Harriott,P. (1964).ProcessControl. McGraw-Hill. New York.

Hiester, A. C., S. S.MelsheimerandE. F. Vogel(1987).Optimumsizeandlocationof surge
capacityin continuouschemicalprocesses.AICheAnnualMeet,Nov. 15-20,1987,pa-
per86c.

Lieberman,N. P. (1983).ProcessDesignfor ReliableOperations. Gulf PublishingCompany.
Houston.

22



Ludwig, E.E. (1977).AppliedProcessDesignfor ChemicalandPetrochemicalPlants. Vol. 1.
Gulf PublishingCompany. Houston.

Marlin, T. E. (1995).ProcessControl. DesigningProcessesandControl Systemsfor Dynamic
Performance. McGraw-Hill, Inc..New York.

McDonald,K. A., T. J.McAvoy andA. Tits (1986).Optimalaveraginglevel control.AIChE
J. 32(1), 75–86.

McMillan, G. K. (1984).pH Control. InstrumentSocietyof America.ResearchTrianglePark,
NC, USA.

Sandler, H. J.andE.T. Luckiewicz (1987).PracticalProcessEngineering.McGraw-Hill Book
Company. New York.

Schei,T. S.(1994).Automatictuningof PID controllersbasedontransferfunctionestimation.
Automatica30(12),1983–1989.

Shinskey, F. G. (1973).pH and pIon Control in Processand WasteStreams. JohnWiley &
Sons.New York.

Shinskey, F. G. (1996).ProcessControl Systems- Application,Design,andTuning, 4th Ed..
McGraw-Hill Inc.,New York.

Shunta,J. P. and W. Fehervari (1976).Nonlinearcontrol of liquid level. Instrum.Technol.
pp.43–48.

Sigales,B. (1975).How to designrefluxdrums.Chem.Eng. 82(5), 157–160.

Skogestad,S. (2003).Simpleanalyticrulesfor modelreductionandPID controllertuning.J.
Proc.Contr. 13(4), 291–309.

Skogestad,S. and I. Postlethwaite (1996).Multivariable Feedback Control. JohnWiley &
Sons.Chichester, New York.

Ulrich, G.D. (1984).A Guideto ChemicalEngingeeringProcessDesignandEconomics. John
Wiley & Sons.New York.

Walas, S. M. (1987). Rules of thumb, selectingand designingequipment.Chem.Eng.
94(4), 75–81.

Walsh,S.(1993).IntegratedDesignof ChemicalWasteWaterTreatmentSystems.PhDthesis.
ImperialCollege,UK.

Watkins, R. N. (1967). Sizing separatorsand accumulators.Hydrocarbon Processing
46(11),253–256.

Wells,G. L. (1986).TheArt of ChemicalProcessDesign. Elsevier. Amsterdam.

Zheng,A. andR. V. Mahajanam(1999).A quantitativecontrollability index. Ind. Eng. Chem.
Res.38, 999–1006.

23


