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1. INTRODUCTION

The increase of the efficiency of the processesthaddecrease of their
costs have become one of the most important plagipf the chemical
industry. But in many cases these design purposesi@ independent
from each other, and the structure design haskm it#o consideration
these two requirements. In the chemical industeyntiost frequently used
technology is the component separation, which cotweally takes place
in distillation columns. These distillation systewften contain mass-, or
energy-recirculation, and some processes are rot earried out without
recycle.

The conventional composition controls usually keépe output

compositions at their prescribed values by intarfginto the mass-, or
energy balances. In case of recycle a symbolidipedieedback is added
to the system, which has some harmful effects ercémtrollability of the

system. In order to avoid these effects, modiftoati have to be carried
out in the structure and in the settings of thetrmbihoops.

In case of more complex systems, a very importargston is the

decomposability of the task of the control struetdesign. If the control
structure for the whole system can be carried guldsigning the control
structures for the individual blocks, then the tadkthe design of the
global control structure is decomposable. But & ttontrol structure for
the whole system can be carried out only by simelbais design for the
individual blocks, then the control structure taslesign is not

decomposable.

In the present work | investigated hypothetical amlistrial systems from
the point of the effects on the recycle and theodgmsability, | worked

out strategies to determine the control structure the ethylbenzene-
system in the time- and in the frequency-domains.

2. LITERATURE REVIEW

Most of the recycle-focused publications reflectgxpectable difficulties
of the control of recycle systems and expose thesipte unstable
behaviour. The recycle systems require speciahtidte and their control
structure design is more difficult. In the litersguthere are preliminary
investigations on the correlation of the flow raié the recirculated
material streams and the unfavorable effects of réwycle. In many
articles the subject of these investigations is ¢baventional reactor-
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distillation column system. The recycle, as angrdéed part of the system
has become part of the process design/control mdsegarchy, therefore
it is necessary to investigate the effect of rezyelthe earlier stages of the
process design. In some cases without any congolcte causes
permanent instability. In the recycle systems tesponses for the
disturbances, the gains and the time constantkeofdsponse functions,
and the order of the transfer functions differ frohat of the systems
without recycle. There are known recycle-compensatinethods, but
these can neither be applied independently fronrélgcle systems nor
applicable for all of the recycle cases.

The investigation of the recycle systems were edraut mainly based on
mathematical models and rarely based on realiegigidustrial systems.
In particular theoretical works can be found on tineestigation of the
decomposability of the task of the control struetdesign and these works
recommend the hierarchical consideration of therdlzeeting techniques.
The Analytical Hierarchical Approach is a good susmyn of the
recommendations for the decomposing methods. Tha staps of the
AHP:

e Estimation and selection of the possibilities of tprocess-
decompositions (with the help of operational caodi)

e Setting up a systematic priority order by the degjgals

» Priority also for the control goals

» Selecting from the competitive, favorable altewedi

This method suggests a multi-level approach forctir@rol shcemes, and
it can be applied successfully. Later the model wasgeloped with a
secvential extension.

At present time there cannot be found works inliteeature which would
apply the tools available in the frequency-domainthe analysis of the
effects of the recycle and which would apply decosability
investigation for the control structure designfecycle systems. My work
makes attempts to add new results to the stateeo$dience in these two
fields mainly, using several tools which are prexddby process
simulators and modern mathematical softwares.
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5.) | proved that values of the different contrbildy indices show
correlation with the flow rates and the number @ftenial streams in the
recycle loop. The increase of the recirculated nedtélows generates
more unfavorable controllability indices while theality of the controls
decreases. Therefore, if more design opportundtiesapplicable, the one
alternative has to be chosen which operates withr hess recycle streams
or operates with the smaller flow rate of the radimted stream.

6. APPLICATION OPPORTUNITIES

The results can help the design of control strestdior industrial systems
making the structure design simpler and fasterthadconsistency of the
results can be expected in the steady-state, intithe- and in the
frequency-domains. The results of the hypothetistesps can be
generalised for 2x2 MIMO-systems, if their trandigmction matrices are
similar to the investigated ones. The measuringhods in the steady-
state-, in the time- and in the frequency-domaind ¢he new, own
modified controllability indices in the frequencepwdain provide good
description and model for the investigated striegulhe decomposability
which can be used during the control structuregie$or the industrial
system makes the design of the global structurepleimand more
efficient.

7.PUBLICATIONS
In scientifical journals:

1. Marcell Horvath, Zsolt Szitkai, Peter Mizsey - Investigation of
controllability of systems with recycle - A caseidy. Periodica
Polytechnica&2007, 51/2, pp. 37-44.

2. Marcell Horvath , Peter Mizsey - Decomposability of the Control
Structure Design Problem of Recycle Systems - Eny. Chem.
Res.,2009 48 (13), pp 6339-6345 [IF: 1.895]

3. Marcell Horvath , Peter Mizsey - Decomposability Investigations
for Control Structure Design of Recycle Systems time
Frequency-domain — Revista de Chira@l0
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3. CALCULATION METHODS

The quantitative description of recycle effectsais essential part of my
work which can highlight the importance of the rdeyanalysis.

| investigated the effects of the applied recydlesase of hypothetical

and industrial systems in the steady-state-, in tihee- and in the

frequency-domains. In the first two cases the recyeffects were

guantified by analyzing the response functions landvaluating different

controllability indices while in the frequency-domavith the help of the

state-space representation | calculated differerguency-dependent
controllability indices and this way | carried owomprehensive

investigation for different systems. After constmg the composition

control loops, | investigated the decomposabilityeistigation of the task
of the control structure for the whole systemsstfirbased on the results
of the load-rejection analysis (IAE-values). In thhequency-domain the
decomposability investigations were based on tligerdnt frequency-

dependent controllability indices (CN, MRI, RGA).

The results which represent the whole investigatadtture are presented
as two-variable functions, where the indipendentialdes were the
different control structures of the individual wmiof the system. The
results proved the decomposability conceptions, leaudng the results, |
recommended a strategy for a simpler, faster, meffieient control
sructure design possibility for the ethylbenzengdpcing industrial
system. The function which represents the whol¢esygjives a global
control structure and proves that there is no oplagning of the different
controls for the individual units which could resud a better control
performance. So this way it is the best global mdrgtructure for the
system.

4. RESULTS
A plenty of preliminary investigations prove thatdase of simple systems

the increase of the transfer gain of the recyclé pauses harmful effets
on the whole system with and without control, t@6g. 1).
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Fig. 1: The effects of recycle in case of a simple system

The investigated ethylbenzene producing complenstréal structure can
be seen orFig. 2. | investigated this system in the steady-stateth:
time- and in the frequency-domains, | showed arahtified the effects of
the applied recycles in this three domains. | deieed the control
structures for the system.

Fig. 2: Industrial system for ethylbenzene, 1: benzeneetBylene, 8:
ethylbenzene, 7: diethyl-benzene, 9: triethyl-beeze

In the steady-state domain | applied step-disturban registered the
output compositins and obtained the steady-stamgratability indices:
NI (Niederlinski-index), CN (condition number), MRMorari resiliency
index), RGA (reltive gain array), and based ondheventional criteria for
these indices | determined the control structucgsttie recycle and no-
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5. THESES

1) | proved that the relative gain array (RGA), assteady-state
controllability index, changes in case of recyclhis proves that in
presence of recycle the controllability propertiésinge since the recycle
modifies the controllability of the given system.

2.) | developed new controllability indices and kgogb them for the
characterization of recycle systems. The new irdare the averaged and
the integrated values of the conventional indicethe frequency-domain.
These are the averaged condition number and thgrated MRI values.
With the help of these new indices, constants @aprbsented instead of
functions where these constants indicate the dynaetavior and offer a
more representative and sipmler way to characteftiee investigated
systems in the whole frequency-domain.

3.) | proved that the task of the control structdesign for the control
structure is decomposable: the most favorable cbistructure for the
recycle system is equivalent to the applicatiorihef different individual
units in the recycle loop with their most favorabtentrol structures. The
investigation of the individual units can only berreed out in presence of
the recycle. This way the control structure dedignomes a simpler and
more efficient task. The qualification and the aordethe different control
structures were based on quantitative analysiseotontrollability indices
and their frequency-functions in the investigatethdins. | examined the
decomposability possibilities for the hypotheticistems and for the
industrial system, too. In most chemical procesbesdynamic behavior
can be approached with the model of a first ordgrwith dead-time, the
statement above can be generalised for a wide raffigine recycle
systems.

4.)) | stated that based on the results of the dimamestigations in the
time-domain, the same control structures are thetrfavorable in the
frequency-domain, as well. On the grounds of tl@sult, the control
structure design of the processes can also besdantit in the frequency-
domain, and this way the control structure desigoomes significantly
simpler. This statement is based on the investigadf the industrial
technology.
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IAE-values in the time-domain and the averaged @hd the integrated
MRI-values in the frequency-domain. The 3D surfackthese functions
can be seen iRig. 4-5-6.
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Fig 4, 5 and 6:Investigations for the global system in the timed & the
freugncy-domain

The surfaces which were obtained by the simuldtidhe time- and in the
frequency-domains show that the distance of eagft fom the optimum
is monotonously increasing in case of IAE and CH decreasing in case
of MRI. It proves that there is no other pairingigfhcould issue in a
better structure like the one which is built frofretlocal best contol
structures. These decomposability results canyehsilfollowed by these
3D surfaces.

recycle cases, too. The obtained control structumeshe stady-state
domain can be seenrable 1.

Column 1 Column 2 Column 3
Without recycle L-Q R-Q L-B
With recycle L-Q R-B L-B

Table 1: Control structures in the steady-state-domainrétlux rate, Q:
reboiler duty, R: reflux ratio, B: bottoms rate)

The results of the steady-state investigationshdidepresent the dynamic
behavior of the system, therefore in order to itigate the system in the
time-domain, the steady-state investigations weteneled to the time-
domain. In the time-domain | used different stegtutibances, registered
the responses and obtained the gains and the dingams which provided
information for the tuning of the composition camtlioops. | constructed
the control loops for the systems with and withmgaycle, the obtained
control structures can be seernTable 2.

Column 1 Column 2 Column 3
Without recycle L-Q R-Q R-Q
With recycle L-Q R-B R-Q

Table 2: Control structures in the time-domain

The first column operated with the highest matefialv rate and the
second column separated the main product, thebethz€ne, therefore the
first and the second columns were the most impodistillation columns
of the investigated industrial structure. In theasly-state domain and in
the time-domain the same control structures wanenfibto be best for the
first and the second column and it can be integprets a verification of
the applied methods.

Investigations in the frequency-domain
The base of the investigations in the frequencyalomas the state-space
representation of the system:

X = Ax+Bu

y=Cx+Du+v



where A, B, C, D are the state matrices and thay wetermined by CDI
(Control Design Interface) and Matlab software. rfrthese matrices |
calculated the frequency-dependent controllabiliijices (RGAno, CN,
MRI) and from these functions | determined the omratructures for the
system with and without recycle. The results casd®n inTable 3.

Column 1 Column 2 Column 3
No recycle L-Q R-Q R-B (R-Q)
DEB recycle L-Q R-B R-Q
B recycle R-Q R-Q R-Q
Both of recycles | L-Q R-B R-Q

Table 3: Control structures in the frequency-domain

With the frequency-domain results the investigatiohthe recycle-effects
for the industrial system have been completed. Jieady-state results
show consistency with the results from the timed dhe frequency-
domain, the dynamic- and the state-space modékafystem is correct.

Decomposability studies

In the second part of the present work | inveséidahe decomposability
possibilities of the task of the control structdesign for the hypothetical
and for the industrial system, too.The investigadtggdothetical system can
be seen irFig. 3. This contains two 2x2 MIMO systems and one recycle
stream. For the modelling of the blocks, | used dtlgptical transfer
function matrices which can be seemable 4.
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Fig. 3: 2x2 hypothetic MIMO-system with recycle

10 1 10 1 0 . 1 .
—[10s+1 1s+1 |4 -o01s —| 1s+1 100s+1|,-ox —| 01s+1 10s+1

G 1 10 ° G, = 1 10 ° ) Gs = 1 e 0 10 els
1s+1 10s+1 100s+1 1s+1 10s+1 01s+1

Table 4: Transfer function matrices for the hypothetic syste

Two constructions are possible for the control kofpplying DP (direct
pairing) the first controlled variable is contralleby the second
manipulated variable whereas the second contrelieidble is by the first
manipulated variable. In case of CP the first culgd variable is

controlled by the first manipulated variable, am& tsecond controlled
variable is by the second manipulated variableeAthe tuning of the
control loops, | applied disturbances and measuhed IAE (integral

absolute error) values for the control loops andlifjed the different

control structures with their IAE-values. The indival blocks and the
connected system were investigated too and thdétsesghich can be seen
in the dissertation prove that the design tasktercontrol structure of the
whole system is decomposable.

Similar, but more extended investigations were iedrrout for the
industrial system, based on load-rejection analyssing different
frequency-dependent controllability indices. Theutes showed similar
results as previously in the steady-state- andchéntime-domains. The
load-rejection analysis was carried out by applyisturbances and the
IAE-values for the output compositions were regede while in the
frequency-domain new, modified controllability iods were used
(average CN-values and integrated MRI-values). Ecated these
measurements for the individual units and for th®l system too. The
results of the investigations showed that the nfasbrable control
structure for the global system can be built frowa best control structures
of the different individual units and no other frair of the individual
control structures can result in a preferred cargnacture for the global
system.

This fact proves the decomposablity of the taskhef control structure
design for the industrial technology and offersrapder way to construct
the global control structure. The results wereohiced as two-variable
functions where the independent variables were applied control

structures of the first and the second columns, thedvalues were the
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