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Abstract

This thesis discusses plantwide control configuration with focus on maximizing
throughput. The most important plantwide control issue is to maintain the mass
balances in the plant. The inventory control system must be consistenty whic
means that the mass balances are satisfied. Self-consistency is usustgdeq
meaning that the steady-state balances are maintained with the local inventory
loops only. We propose theelf-consistency ruléo evaluate consistency of an
inventory control system.

In many cases, economic optimal operation is the same as maximum plant
throughput, which corresponds to maximum flow through the bottlenecki(ss3.
insight may greatly simplify implementation of optimal operation, without the
need for dynamic optimization based on a detailed model of the entire plant.

Throughput maximization requires tight bottleneck control. In the simplest
case when the bottleneck is fixed to one unit, maximum throughput can be real-
ized with single-loop control. The throughput manipulator should then beéddca
at the bottleneck unit. This gives a short effective delay in the contrg. |-
fective delay determines the necessary back off from constraints tioeciemsible
operation. Back off implies a reduction in throughput and an unrecbieezo-
nomic loss and should therefore be minimized. We obtain a rough estimate of the
necessary back off based on controllability analysis.

In some cases it is not desirable to locate the throughput manipulator atthe bo
tleneck. To reduce the effective time delay in the control loop from the ¢imout
manipulator to the bottleneck unit, dynamic degrees of freedom, like most inven-
tories, can be used to reduce the effective time delay.

In larger plants there may be several independent feeds, crossoesplits
that should all be utilized to obtain maximum throughput. The propcseddi-
nator MPChboth identifies the bottlenecks and implements the optimal policy. A
key idea in the coordinator MPC is to decompose the plantwide control problem
by estimating the remaining capacity for each unit using models and constraint in
the local MPC applications. The coordinator MPC is demonstrated by dynamic
simulation and by implementation on a large-scale gas processing plant.
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Chapter 1

Introduction

The purpose of this chapter is to motivate the research, to define the aedpe
place it in a wider perspective. The contributions and publications arisomg f
this thesis are listed.

1.1 Motivation and focus

Optimal economic operation of processes is important, especially in mature in-
dustries where it is difficult to maintain competitive advantages. In some,cases
steady-state considerations may be sufficient to track the economic opgmaitid.
In other cases, where the important economic disturbances are ftequepared
to the plant response time, dynamic considerations to track the optimum is-prefer
able. Some dynamic economic disturbances that most likely call for dynamic op-
timization are feed flow, feed quality, energy supplies and product speaifins
(Strand 1997). To decide whether a dynamic or steady-state process model should
be used, the dynamics of the plant and the disturbances must be codsidere

In practice, the control and optimization is organized in a hierarchicaltsteic
(or layer) (e.g.Findeisenret al. 1980 Skogestad and Postlethwaite 2D0E&ach
layer acts at different time intervals (time scale separation) and a typicabton
hierarchy is displayed in Figure 1

This thesis discusses the control layer, that is, the regulatory contladwan
pervisory control. In addition, implementation of maximum throughput (local op
timization) in the control layer is discussed. The stabilizing regulatory control
typically includes single-loop PID controllers. Supervisory control (@vaanced
control) should keep the plant at its target values and model predictivieoto
(MPC) has become the unifying tool with many applicatioén(and Badgwell

1
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Scheduling
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Figure 1.1: Typical control system hierarchy in chemical plagisogestad and
Postlethwaite2005 p.387).

2003 and has replaced previous complex systems with selectors, decotgselrs,
forward control and logic.

Engell (2007 gives a review of how to realize optimal process operation by
feedback control with direct optimization control, that is, optimization of a online
economic cost criterion over finite horizon. Optimal operation can be implewhente
by conventional feedback control if a self-optimizing control structurimd.

This is calledself-optimizing controlvhere acceptable operation is achieved un-
der all conditions with constant set points for the controlled varial8&sdestad
2000g; Morari et al, 1980. Today, model based economic optimization has be-
come common, and several real-time optimization (RTO) applications based on
detailed nonlinear steady-state models are repoiilin and Hrymak 1997).
However, there are several challenges regarding (steady-stafe) TRTmention
some of these challenges, an RTO requires highly predictive and nolmas|s.
Steady-state detection and data reconciliation are necessary to deteit oper-

ation point and to update models and this is not a straight forward Faskéset

al., 2006 Marlin and Hrymak 1997).

In particular, for plants that are seldom in steady-state, dynamic optimization
is more suitable, which may be realized using dynamic RTO (DRTO) or nonlinear
model predictive controller (MPC) with an economic objective, &gdamet al.
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(2007; Engell (2007); BenAmoret al. (2004); Tosukhowonget al. (2004); Diehl
et al.(2002.

In many cases, we can assume that optimal economic operation is the same as
maximizing plant throughput, subject to achieving feasible operation (Satisfy
operational constraints in all units) with the available feeds. This cornelsptm
a constrained operation modeldarleveld and Rijnsdord 970 with maximum
flow through the bottleneck(s). Note that the overall feed rate (or marerghy
the throughput) affects all units in the plant. For this reason, the throtighpsiu-
ally not used as a degree of freedom for control of any individu#) bat must be
set at the plant-wide level. The throughput manipulators are decided @ $igm
stage and cannot easily be moved later because this requires recatidigof the
inventory loops to ensure self-consistency (ChaptePlant operation depends on
its control structure design and plantwide control related to that desigeofor
plete chemical plantsSkogestad2004). The focus in this thesis is the control
configuration design for throughput maximization.

The economic importance of throughput and the resulting earnings from im-
proved control is stated bgauer and Craig2008. They performed a web-based
survey by over 60 industrial experts in advanced process contRLjAn the eco-
nomic assessment of process control. From the survey they found thatticu-
lar throughputand quality were the important profit factor®oth suppliers and
users regard an increase in throughput and therefore productionestin profit
contributor of process control. Several respondents estimate that thegtmput
increase lies between 5% and 10%.”

In this thesis, dynamic optimization is approached by using linear MPC under
the assumption of the economic optimum is at maximum throughput (Chapter
and6). Since the objective function is simplified to a linear and constrained func-
tion, approaching dynamic optimization by linear MPC is suitable. In the simplest
cases, the regulatory control layer can realize throughput maximizatiap(ex3
and4).

1.2 Thesis overview

The thesis is composed of six independent articles, five of them in the maiof par
the thesis as chapters and one already published conference paeappéndix.
Some of the chapters have their own appendices. The thesis has a comtiron bib
ography. The chapters are written as independent articles, so backigmaterial
is in some cases repeated. At the end of the thesis, there is a concludimercha

The starting point for this research was that the optimum operating policy in
many cases is the same as maximum throughput that can be realized with a coor-
dinator MPC (Chapteb). The location of the throughput manipulator is crucial
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when it comes to the required back off in the maximum throughput case.fThe e
fect the throughput manipulator location has on the required back oftsatfect

on the bottleneck unit was studied next (Cha@erThe inventory control config-
uration is (partly) derived from the placement of the throughput manipukatad a
clear rule for a self-consistent inventory control structure was dpeelas it was
not reported in the open literature (Chap2er Another path that arose from tight
bottleneck control was the idea to include dynamic degrees of freeddiii{po
volumes) to obtain tighter bottleneck control (ChagterFinally, through my em-
ployer, StatoilHydro, | got the possibility to implement the coordinator MPC in
practice at a gas processing plant (ChagjeA short summary of the contents of
the thesis is given next.

In Chapter 2: Self-consistent inventory contro| we define consistency and self-
consistency for an inventory control system. Consistency means thatéaely-
state) mass balances are fulfilled and self-consistency means that theahass b
ances in the individual units are satisfied by the local inventory loops. |&ats

to the proposed self-consistency rule. The proposed rule is demodstratev-

eral examples, including units in series, recycle systems and closed sySieeas
cific rules that deal with the inventory control system are developed finenself-
consistency rule.

In Chapter 3: Throughput maximization requires tight bottleneck control,

we derive under which conditions maximum throughput is an optimal economic
operation policy. We discuss back off in a general setting and for thasmase

for maximum throughput. We consider the case with a fixed bottleneck where a
single-loop controller can realize maximum throughput. Further, the locafion o
the throughput manipulator is discussed, where the effective time delaytfre
throughput manipulator to the bottleneck is important. The location of throughput
manipulators is illustrated through examples. Possible improvements to reduce
back off and hence increase the throughput are listed.

Chapter 4. Dynamic degrees of freedom for tighter bottleneck contro] ex-
tend the ideas from Chapt8rto include dynamic degrees of freedom to reduce
the effective delay from the throughput manipulator to the bottleneck. dhea
structure single-loop with ratio control is proposed to include dynamic ésgre
freedom for cases with fixed bottleneck. A multivariable controller like MP& th
uses inventory set points as manipulated variables can also be used.oBwii ¢
structures are demonstrated with an example. The required inventory siie is
mated for the case with single-loop with ratio control structure.
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In Chapter 5: Coordinator MPC for maximizing plant throughput , we con-
sider the case where the bottlenecks may move, with parallel flows thatiggve r
to multiple bottlenecks and with crossover flows as extra degrees of freedie
present a coordinator MPC that solves the maximum throughput probleamdy
cally. The plantwide control problem is decomposed by estimating the capacity to
each unit, that is, the feed rate each unit is able to receive within feasiblatam.

The coordinator MPC is demonstrated with a case study.

In Chapter 6: Implementation of a coordinator MPC for maximizing through-

put at a large-scale gas plantthe industrial implementation of a coordinator
MPC (Chapteb) at the Karstg gas plant is described. This includes design, mod-
elling and tuning of the coordinator MPC, in addition to the plantwide decompo-
sition by the remaining capacity estimate. Experiences from implementation and
test runs are reported.

Chapter 7: Conclusions and directions for further work sums up and con-
cludes the thesis, together with proposals for further work.

Appendix A: Implementation of MPC on a deethanizer at Karstg gas plant
discusses implementation of MPC on a deethanizer column located atsteK
gas plant. The appendix contains basic information about MPC desigarmilyn
modelling and tuning. The MPC software, SEPT|® described briefly. The
SEPTIC MPC tool is used in other parts of the thesis (Chdptand6) and the
Appendix is therefore included for completeness.

1.3 Main contributions

The main contributions of the thesis are:

» Plantwide decomposition by estimating the remaining capacity in each unit.
An important parameter for the maximum throughput case is the maximum
flow for the individual (local) units. This can be obtained by using the mod-
els and constraint in the local MPC applications. This decomposes the plant
significantly, leading to a much smaller plantwide control problem.

» The idea of using a “decentralized” coordinator MPC to maximize through-
put. Throughput manipulators strongly affect several units and areftire
left as “unused” degree of freedom to be set at the plant-wide levet Th
coordinator manipulates on feed rates, splits and crossover (thrauglapu
nipulators) to maximize the plant throughput subject to feasible operation.

*Statoil Estimation and Prediction Tool for Identification and Control



6 Introduction

The remaining capacity estimate for each unit is constraints in the coordina-
tor MPC.

» The self-consistency rule and the explanation of a self-consistenitonye
control system. Consistency is a very important property of inventory con
trol that must be fulfilled. An experienced engineer can usually immediately
say if a proposed inventory control system is workable. Howeveg &iu-
dent or newcomer to the field it is not obvious, and even for an expe&kenc
engineer there may be cases where the experience and intuition fails- Ther
fore, we find the self-consistency rule useful together with the illustrative
examples.

« Single-loop with ratio control as an alternative structure to obtain tight bot-
tleneck control. With a fixed bottleneck and with a long effective delay from
the throughput manipulator to the bottleneck, tight bottleneck control can
still be obtained by using dynamic degrees of freedom. Single-loop with
ratio control use inventories upstream the bottleneck by adding bias to the
inventory controller outputs, whereas the throughput manipulator (eed. fe
rate) controls the bottleneck flow rate. This structure makes it possible to
obtain tight bottleneck control without moving the throughput manipulator
or reconfiguring the inventory loops.

1.4 Publications

The following is a complete list of the publications written during the work con-
tained in this thesis. This includes submitted, accepted and published work.
Chapter 2

Aske, E.M.B. and Skogestad, S. Self-consistent inventory contiodl. Eng.
Chem. ResSubmitted.

Chapter 3

Aske, E.M.B, Skogestad,S. and Strand, S. Throughput maximization byweagbro
bottleneck control8th International Symposium on Dynamics and Control of Pro-
cess Systems (DYCOP®9I. 1, June 6-8 2007, Cancun, Mexico. pp 63-68.

Chapter 4

Aske, E.M.B. and Skogestad, S. Dynamic degrees of freedom for tigbtde-
neck control.Comput. Chem. EngSubmitted.
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Aske, E.M.B. and Skogestad, S. Dynamic degrees of freedom for tigbtde-
neck control.10th International Symposium on Process Systems Engineéng
gust 16-20, 2009, Salvador-Bahia, Brazil. Submitted.

Chapter 5

Aske, E.M.B., Strand S. and Skogestad, S. Coordinator MPC with focusasr
imizing throughput, In:Proc. PSE-ESCAPE Symposiufw. Marquardt and C.
Pantelides, Eds.), July 10-13 2006, Garmisch-Partenkirchen, Gerfablshed
by Elsevier, ISBN 0-444-52969-1 978-0-444-52969-5, \Vol. 248, 1203-1208.

Aske, E.M.B., Strand, S. and Skogestad, S. Coordinator MPC for maxinmzatio
of plant throughput.AIChE Annual MeetingSan Francisco, USA, Nov. 2006,
Abstract and Presentation 330b.

Aske, E.M.B., Strand, S. and Skogestad,S. Coordinator MPC for maximilang p
throughput.Comput. Chem. En@2, 195-204 (2008).

Chapter 6

Aske, E.M.B., Strand, S. and Skogestad, S. Implementation of Coordind&Qr M
on a Large-Scale Gas PlanAIChE Annual MeetingPhiladelphia, USA, Nov.
2008, Abstract and Presentation 409g.

Aske, E.M.B., Strand, S. and Skogestad, S. Industrial implementation of a co
ordinator MPC for maximizing throughput at a large-scale gas platérnational
Symposium on Advanced Control of Chemical Procegsdg 12-15, 2009, Istan-
bul, Turkey. Submitted.

Appendix A

Aske, E.M.B., Strand, S. and Skogestad, S. Implementation of MPC on aadeeth
nizer at Karstg gas plant. Int6th IFAC World Congres$rague, Czech Republic,
July 2005, paper We-M06-TO/2. CD-rom published by InternationdeFation
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Chapter 2

Self-consistent inventory control

Submitted to Ind. Eng. Chem. Res.

Inventory or material balance control is an important pdrpimcess
control. A requirement is that the inventory control systisngonsis-
tentmeaning that the steady-state mass balances (total, cempand
phase) for the individual units and the overall plant aréesgad. In ad-
dition, self-consistencig a desired property, meaning that the mass bal-
ances are satisfied locally with local inventory loops oitypractice, if

a control structure is inconsistent, then at least one obweitve will be-
come fully open (or in rare cases closed) and cannot atgseit point.
The main result of this paper isself-consistency rulfor evaluating the
consistency of inventory control systems.

2.1 Introduction

One of the more elusive parts of process control education is inventonaierial
balance control. An engineer with some experience can usually immediately say
if a proposed inventory control system is workable. However, for desttior
newcomer to the field it is not obvious, and even for an experiencedesrgimere

may be cases where experience and intuition are not sufficient. Thdiabjet

this paper is to present concise results on inventory control, relate topsavork,

tie up loose ends, and to provide some good illustrative examples. The main res
(self-consistency rule) can be regarded as obvious, but nevestheke have not
seen it presented in this way before.

The main result is a simple rule to check whether an inventory control systemis
consistentHere, consistency means that the mass balances for the entire plant are
satisfied Price and Georgakid993. In addition, we usually want the inventory
control system to bself-consistent Self-consistency means that, in addition to
plantwide consistency, the mass balance for each unit is satisfied by itsalfy)o

9



10 Self-consistent inventory control

without the need to rely on control loops outside the unit. Consistency isiaeeq
property, because the mass balances must be satisfied in a plant, wéedfeas
consistency is a desired property of an inventory control system. biipgaan
inconsistent control structure will lead to a situation with a fully open or closed
control valve and the associated control loop cannot fulfill or attain th&rcloset
point.

In most plants, we want the inventory control system to use simple PID con-
trollers and be part of the basic (regulatory) control layer. This is Umed# is
generally desirable to separate the tasks of regulatory (stabilizing) tanttsu-
pervisory (economic) control. From this it follows that the structure of threnn
tory control system is usually difficult to change later.

The importance of consistency of inventory control structures is oftem-ov
looked. Our work is partly inspired by the many examples of Kida, who hasngi
industrial courses in Japan on control structures for many years. pkrsonal
communicationKida, 2008 he states thdtnost process engineers, and even aca-
demic people, do not understand the serious problem of inconsistéplantwide
control configurations. When writing a paper, you have to clearly explagypoint
and make them convinced at the very outset. Otherwise they will not listen to o
read through your detailed statements, but skip them all”

A very good early reference on inventory control in a plantwide setting is
Buckley (1964. He states that material balance control must be in the direction
of flow downstream a given flow and opposite the direction of flow upstraa
given flow. Price and Georgakid 993; Priceet al. (1994 extended this and state
that the inventory control must “radiate” outwards from the point of &giflow
(throughput manipulator). As shown in this paper, all these statementscare a
sequence of requiring the inventory control system to be self-consisten

Downs (1992 provides a very good discussion of material balance control
in a plantwide control environment, with many clarifying examples. However, it
is somewhat difficult for the reader to find a general rule or method thrabea
applied to new cases.

Luybenet al. (1997 propose a mainly heuristic design procedure for plant-
wide control. Luybenet al. procedure consist of, among otherStép 6. Control
inventories (pressures and levels) and fix a flow in every recyclé€.ld@pssible
limitations of this guideline are discussed in the present paper. Another-guide
line of Luybenet al. (1997 is to “ensure that the overall component balances for
each chemical species can be satisfied either through reaction or esdinssrby
accounting for the component’s composition or inventory at some poing¢iprt
cess”. As discussed later, this guideline is a bit limited because entrance (feed)
streams is not considered.

Specific guidelines for designing inventory control structures areepted by
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Georgakis and coauthorPrice and Georgakid993 Priceet al, 1994. They
propose a set of heuristic guidelines for inventory control design in rt\ide
environment and also discuss consistency. The authors also state the imoporta
of a self-consistent inventory control structut8elf-consistency appears to be the
single most important characteristic governing the impact of the invermmyrol
structure on system performarice

As already mentioned, Fujio Kida from JGC Corporation in Japan has devel-
oped a lot of teaching materidida, 2008 and written several papers (eKjda,
2004 on inventory control. Unfortunately, the work is published in Japanebkg o
but nevertheless it is clear that there are many detailed rules and soniie requ
detailed calculations. Our objective is to derive, if possible, a single rulevilu-
ating the consistency of inventory control system that applies to all caskethat
only requires structural information.

The organization of the paper is as follows. First, we define self-consiste
ventory control in Sectio2.2 The main result in this paper is the self-consistency
rule presented in Sectidh3. Thereafter, the rule is used to discuss consistency of
flow networks in Sectior2.4, which also discusses more specific rules that can be
derived from the general self-consistency rule. Several examplesws of inven-
tory control are given in Sectio?.5, before the paper is concluded in Sectibf
Note that the present paper focuses on analysis of a given controls®. The
design of the inventory control system, which in particular is related to theplac
ment of the throughput manipulator, is discussed in more detail in a sepayae p
(Chapter).

Remark on notationin this paper, when a flow is left unused or with a flow
controller (FC), then this indicates that this ig&enflow. By the term "given
flow” we mean that the flow isot used for inventory control but rather given by
conditions outside the inventory control system. For example, a "giveri tiaw
be

a throughput manipulator (TPM),
a flow that comes from another part of the plant (disturbance fopany,

a fixed flow

p w0 dRE

a flow that is used for other control tasks (eg., control of composition o
temperature).

2.2 Definition of self-consistent inventory control

The dynamic mass balance for total or component mass in any unit or proces
section can be written (e.owns 1992:
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Inflow + Generation - Outflow - Consumption = Change in inventory

To keep the inventory within bounds, the change in inventory must be within
bounds, and over a long time (at steady-state) the change in inventoryomust
zero. Thus, there must be a balance between the In-terms (inflow +agiengr

and Out-terms (outflow + consumption). However, without control this is1eot
essarily satisfied. The main objective of the inventory control system igdbi“s
lize” or provide “self-regulation” of all inventories such that the massizda are
satisfied. This leads to the self-consistency rule, which is the main result in this
paper, but let us first define some terms.

Definition 2.1. Consistency An inventory control system is said to tensistent
if the steady-state mass balances (total, components and phasesjisfieddor
any part of the process, including the individual units and the overalltplan

Remark. The use of mass balances for a phase may seem odd, and issdausnore
detail in the next section.

Since the mass balance must be satisfied for the overall plant, it follows that a
consistent inventory control system must‘able to propagate a production rate
change throughout the process and in particular if such a changeygsegichanges
in the flow rates of major feed and product streaniBtice and Georgakid993.

Definition 2.2. Self-regulation Self-regulation is when an acceptable variation
in the output variable is achieved without the need for additional controlrwhe
disturbances occur.

Note that the above definition of consistency allows for “long loops” (nodllo
loops) where, for example, the feed rate controls the inventory at the etlge
of the process (as illustrated in Figu2ed). This is often undesirable and self-
consistency is when the steady-state mass balances are satisfied alsoNbmaly
precisely, we propose the following definition:

Definition 2.3. Self-consistencyA consistent inventory control system is said to
be self-consistentf there islocal “self-regulation” of all inventories. This means
that for each unit theéocal inventory control loops by themselves are sufficient to
achieve steady-state mass balance consistency for that unit.

Remark 1 “Self-regulation” here refers to the response of the preedth its inventory
control system in operation. If self-regulation is achekvéthout active control then this
is referred to as “true” self-regulation.

Remark 2 The term ‘local inventory control loops” means that no control loops inviody
manipulated variables outside the unit are needed for tovgrtontrol of the unit (see
Figure2.4for a system that does not satisfy this requirement).
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Remark 3 The definitions require that the “steady-state mass basdrce satisfied. We
are here referring to thdesiredsteady-state, because an inconsistent inventory control
system may give a steady-state which is not the desired amreexample, a component
with no specified exit will eventually have to exit somewhbkue this may not be a desired
operation point.

Example 2.1. Self-regulation.“Self-regulation” may or may not require “active”
control, as mentioned in Rematk As an example, consider regulation of liquid
inventory (m) in a tank; see Figuz1(a) The outflow is given by a valve equation

Mout = G f(2)/Ap-p  [kg/s]

where z is valve position. The pressure drop over the valve is

Ap = p1— p2+pgh

where h is the liquid level, which is proportional to the mass inventory, e.g.,
m = hpA for a tank with constant cross section area A. If the pressure dgp
depends mainly on the liquid level h, then the inventory m is self-regulatasl. Th
is the case in Figur@.1(a)where p = p2 soAp = pgh and the entire pressure
drop over the valve is caused by the liquid level. Thiag; ~ v/h, which means
that without control a doubling of the flovin,; will result an a four times larger
liquid level (h). If this change is acceptable, then we have self-regulatioother
cases, it may be necessary to use “active” control to get sufficidfitegulation

of the inventory. Specifically: In Figur2.1(b) p1 — p2 = 99 bar so the relative
pressure contribution from the liquid levedgh) is much too small to provide ac-
ceptable self-regulation. For example, for a large tank of water with10 m, the
contribution from the level is only abott% (ogh~ 1000 kg/m- 10 m/€ - 10 m

= 10° N/n? = 1 bar). In this case “active” control is required, where the level
controller (LC) adjusts the valve position z, see FigRri(b)

@ p1 =1 bar @ p1 =100 bar

4 .

SR AR O

h h|™
P2 = Pope=

| i 1 bar | i‘ 1 bar

(a) Self-regulation is possible without (b) “Self-regulation” requires level control.
“active” control.

Figure 2.1: Self-regulation of inventory in a tank with a given feed rate.
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2.3 Self-consistency rule

As a direct consequence (implication) of the statements in Sezihwe propose
the following rule to check if an inventory control system is self-consistent.

Rule 2.1. “Self-consistency rule”: Self-consistency (local “self-regulation” of all
inventories) requires that

1. The total inventory (mass) of any part of the process (unit) mussdie
regulated” by its in- or outflows, which implies that at least one flow in or
out of any part of the process (unit) must depend on the inventoryeitisad
part of the process (unit).

2. For systems with several components, the inventory of each cemipain
any part of the process must be “self-regulated” by its in- or outflowbyr
chemical reaction.

3. For systems with several phases, the inventory of each phasey qfasin
of the process must be “self-regulated” by its in- or outflows or by phase
transition.

Remark 1 The above requirement must be satisfied for “any part of tloeges”. In
practice, it is sufficient to consider the individual unitagpthe overall process.

Remark 2 A flow that depends on the inventory inside a part of the predsoften said
to be on “inventory control”. Inventory control usually wlves a level controller (LC)
(liquid) or pressure controller (PC) (gas and in some cased), but it may also be a
temperature controller (TC), composition controller (G€)even no control (“true” self-
regulation, e.g. with a constant valve opening). Obvigusliffow controller (FC) can not
be used for inventory control because flow is not a measumvehiory.

Remark 3 Itis possible to extend the “self-regulation” rule to eneimgentory, but this is
not done here. We also doubt if such an extension is very Lideftause in most cases the
energy balance will maintain itself by “true” self-regutat (without control), for example
because a warmer inflow in a tank leads to a warmer outflow.

Proof of self-consistency rule.

1. Aboundary (control volume) may be defined for any part oftfaxess. Lein[kg]
denote the inventory inside the control volume andngtand my; [kg/s] denote
in- and outflows. Then the (total) mass balance is

d . .
G2 MY Mo kgl

If all terms are independent of the inventary then this is an integrating process
wheremwill drift out of bounds %“ # 0 at steady-state) when there is a disturbance
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in one of the terms (e.gni,, Moyt ). T stabilize the inventory we must have “self-
regulation” wheremy, or myy: depends on the inventorynf, such thaim is kept
within given bounds in spite of disturbances. More pregisgl, must decrease
when m increases omgy; Mmust increase whem increases, such that is kept
within given bounds in spite of disturbances.

2. Similarly, letna [mol A] denote the inventory of component A inside the cohtro
volume and leha jn andria oyt [Mol A/s] denote the in- and outflows. The mass
balance for component A is

dnA .
dt
whereGa is the net amount generated by chemical reaction. To stalitie inven-

tory we must have “self-regulation” wherg in, Na out Of Ga depend oma such
thatna is kept within given bounds in spite of disturbances.

An example where the inventony is self-regulated because of the reaction term
Ga is the irreversible reactioA+ B — P, whereB is in excess and is the limiting
reactant. In this case, an increase in inflow ofr i) will be consumed by the
chemical reaction.

Z Nain — Z Naout+Ga [mol Als]

3. The rule for the individual phase follows by simply definitg control volume as
the parts of the process that contain a given plfaaed applying the mass balance
to this control volume. LetnP [kg] denote the inventory of the given phase inside
the control volume and letPj, andmPy [kg/s] denote the in- and outflows. The
mass balance for a given phase is then

dnf .
g = 2= b+ G [kgs]

where G” is the net phase transition over the phase boundary. Toliztaktie
inventory we must have “self-regulation” wheng,, . or G® depends on the
inventory () such thatmf is kept within given bounds in spite of disturbances.

An example where we need to consider individual phases ish tenk where a
two-phase feed is separated into gas and liquid.

O

Example 2.2. Stream with two valves.To demonstrate the self-consistency rule
on a very simple example, consider a single stream with two valves; see Fig-
ure 2.2(a) There is only a single (small) hold-up m in this simple process (il-
lustrated by the big dot), so consistency and self-consistency are hesarte

The pressure p depends directly on the inventory m (for a liquid the depend

is very strong; for an ideal gas itis & mTRT). Thus, self-regulation of inventory

is the same as self-regulation of pressure. To apply the self-consistalecyve
define a control volume (dotted box) as shown in Figuiand note that the in-
flow is on flow control in all four cases, that is, the inflow is independetef



16 Self-consistent inventory control
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(a) OK (consistent control structure since outflow depends on inwentpr
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(b) Not consistent control structure since outflow is given.
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(d) Not consistent control structure since outflow does not depemdatly on
inventorym.

Figure 2.2: Four different control structures with two valves and givélow.
Note: For the flow controllers (FC) it does no matter whethentalve is downstream (as
shown above) or upstream of the flow measurement.
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inventory m. Thus, according to Ru®el, to have consistency (self-regulation),
the outflow must depend on the pressure p (inventory m) and mordécgcthe
outflow must increase when p increases.

Four different control structures are displayed in Figu2e2. According to
Rule 2.1, the structure in Figure2.2(a)is consistent since the outflow increases
when the pressure p (inventory m) increases. Thus, we have “telétegulation
with no need for active control.

The control structure in Figur@.2(b)is not consistent because the outflow is
independent on the inventory m. Even if the set points for the two flow tergro
were set equal, any error in the actual flow would lead to an imbalancéhwh
would lead to accumulation or depletion of mass and the inventory wouldenot b
self-regulate