Copyright © 2002 IFAC

15th Triennial World Congress, Barcelona, Spain

A HYBRID AUTOMATON REPRESENTATION OF
SIMULATED MOVING BED PROCESSES

Tobias Kleinert * Jan Lunze**

*Institut of Control Engineering, Technical University Hamburg -
Harburg, Hamburg, Germany, email: kleinert@tu-harburg.de
“*Institute of Automation and Computer Control, Ruhr University
Bochum, Bochum, Germany, email: lunze@esr.ruhr-uni-bochum.de

Abstract: Simulated Moving Bed (SMB) chromatographic separation processes show typical
hybrid phenomena: discrete state jumps and switching dynamics. The SMB principle and
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1. INTRODUCTION tively. Both approaches are used here to derive models
based on the theory of hybrid automata. Two interest-

] ] o ) ing results can be verified: First, the choice of repre-
Hybrid systems are of increasing interest in mod- saniation determines, whether the system shows state
ern system theory. A system is called hybrid, if it ;,mns or switching dynamics. Second, the structure of
contains coexisting continuous-variable and discrete-,q giscrete-event subsystem is prescribed by the SMB
event subsystems, and if neither a purely continuousprincime. Therefore, the performance of the whole
nor a purely discrete model can be used to describe theSystem is set up by design and configuration of the
dynamic behaviour with sufficient detail. Typical phe- -5ntinuous-variable subsystem. The paper discusses,

nomena encountered in hybrid systems are switches,qy the model representation is affected if closed loop
of the dynamics and state jumps in the continuous process control is applied.

subsystem.

This paper investigates Chromatographic SeparationRecent research dealing with the system theoretical
processes in the context of hybrid systems theory.analysis and the closed-loop control of SMB sepa-
These processes are widely used for the large scaldation processes is described in (Klattal, 2000),
separation and purification of chemical mixtures. To (Kloppenburg, 2000) and (Schramet al, 2001). A
simulate the counterflow between solvent and fixed common modelling approach is the approximation of
adsorbent, the Simulated Moving Bed (SMB) princi- the SMB process with the True Moving Bed process,
ple combines the continuous-variable separation pro-which assumes a true countercurrent, and the optimi-
cess with discrete changes of inlet and outlet positionssation of the separation process based on simulations,
in a circle of separation columns. Thus, the abrupt respectively. Here, a new approach based on hybrid
change of the dynamic behaviour by a discrete actionSystems methods is proposed and evaluated.

Is a characteristic issue of this process. The focus of this work is the hybrid modelling of the

Two approaches are common in chemical processSMB process. The SMB principle and its continuous
modelling to cope with the problem of representing and discrete dynamics are presented. The modelling
the switching dynamics of such processes, namely theconcepts are described and compared with respect to
use of a fixed or a moving coordinate system, respec-



hybrid phenomena. Simulation results are shown and Feed: A+B
the closed-loop control is briefly discussed.

Solvent + A+B
N

2. SIMULATED MOVING BED PRINCIPLE
Solvent

Chromatographic separation is based on the different Solvent
retention behaviour of several spices towards an ad-
sorptive, porous solid. If carried by a suitable solvent
through the solid, two spices can be separated from
each other, if the adsorptive mass exchange of one of
the spices dominates the exchange of the other spice.
Therefore, the resulting propagation velocity of the
concentration peak is lower and the distance between
the two concentration peaks of the spices increases
which leads to the separation.

Solvent

Fig. 2. Simulated Moving Bed principle

For a continuous separation a counterflow between thecolumns and are switched at equidistant, discrete
P times tp = N-tswitch, N=1,2,3,..., to move the port

solid and the solvent is necessary. Fig. 1 shows SUChposition. This is realised with multiport valves, which

a setup of the fictitious True Moving Bed (TMB) sep- . :
. : allow to connect one port to different inputs and out-
aration process. The mixture of the two components . o
puts by changing the valve positidfP.

A and B are fed continuously to the middle of the
separation column. The stronger adsorbed componenfhe step from continuous to discrete port movement
is mainly carried with the solid and the less adsorbed can be interpreted as a temporal and spatial discretisa-
one is carried with the solvent. As a result, the profiles tion. The result is a plant setup that can be realised in
of the solvent concentratiortg andcg in the column a technical scale. The principle is called Simulated
show areas where the solvent carries only one of theseM oving Bed or SMB technique. Note, that the larger
two components. There, pure components can be rethe number of columns, the closer is the approxima-
covered. tion of the TMB process by the SMB process.

A
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3. PROCESS CHARACTERISTICS

3.1 Concentration distribution

; ; ; ; z If set up properly, concentration profiles similar to the
Inlet: Feed A+B§ TMB process can be realised by an SMB process. That
! 3 | ; . Solvent means that pure solved componeAtanc_i B_ can be
S S P SOOI | recovered at the outlet ports. As the solid is fixed, the
“ " Solid concentration profiles move through the columns in
Outlet: l Outlet:l the direction of the solvent flow. If plotted over the
Component A Component B spatial coordinate, the concentration profiles shown

in Fig. 3 are obtained, which change over time. At
Fig. 1. Fictitious True Moving Bed separation process t = Ntswitch+ ot, whereét is an infinitesimal time step,

the profiles have the form shown in the left diagram.
The TMB principle cannot be technically applied Until the next port switch a movement along the
because it necessitates the movement of the solidaxis takes place. Before the right front @f reaches
through the separation column. If the inlet and outlet the outlet at the positiorzg, the next switch must
ports are moved instead of the solid, the relative move-be initiated. For complete separation, the remaining
ment between solvent, ports and fixed solid results in three fronts have to fulfil similar criteria. Especially
the same counterflow as in the TMB process. For thethe last front betweems andzrec has to be adsorbed
technical realisation, the column has to form a circle, completely such that the recycling stream, which is fed
in which the solvent flow is established. The ports back to the inlet atpes, consists of pure solvent.
are moved around this circle in the direction of the
solvent flow (Fig. 2). The result isgimulationof the
countercurrent of the TMB process.

Currently, the process is usually driven under open-
loop control with a sep of constant process param-
eters. The parameters are the mass flawgo my

To realise the movement of the ports and the sol- between the ports, the feed concentratipga g, and
vent circulation, the column is divided into at least the time periodsyiich between two switching events.
four single columns. The ports and the pump for With the parameter vectqy, the form and movement
the solvent circulation are positioned between the of the concentration profiles are determined. Thus, for



] e : convective andDg 2 a X the dispersive mass transport.

lH Q(x) is a nonlinear function
my | | i oz, o Q

1(X1)
. X) = , 4
wllw | I 1 o= () @
. 1 Profil
‘“ml B 2 Movement 7 / which describes the adsorption behaviour, Bpds a
i ] e constant parameter. The solvent flow velosity v(z)
o : is assumed to be constant between the inlet and outlet
. A z . . . .
.Jlmusc AT (0 12) s = (04 1)t - & ports and thus is a piecewise constant functiom of

. . o zelp = v(Z2=yv
Fig. 3. Profile movement between the switching events zely = Vv(@2)=w
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a proper setu , the cyclic steady state of the pro-
brop p op y y P zely = Vv(z)=wv

cess results in a complete separation of the mixture.

" The dynamics ok depend on the right hand terms of
For the survey of the outlet composition the mea- g. (3). Thus, due to (5) the dynamics changd;in

surement of the concentration is necessary. Two se 7

W|th| LTIV,
tups are possible. On the one hand, continuous mea-
surements in the outlet streamszatand zg, on the If an initial condition and two boundary conditions are
other hand, temporally discrete measurements at timesgiven, a unique solution for the evolution fn time
tmeas= to -+ Stmeas, With Stmeas€ [0, tswitch) » Detween  and space exists. The initial conditiort at tg is given
the columns at coordinateseas can be performed by

(Kloppenburg, 2000). X(t0,2) = %o(2) . (6)
Two boundary conditions are given for the coordinates
Zn,j andZoyt;i:

3.2 Continuous dynamics 1 ’3—)2( = @- (x(t,zm,i) — cin(t)|2m7i)

()

First principle modelling allows to derive the de- ox
scription of the mass exchange dynamics. Depending 2. 5
on the depth of mass transport and mass exchang
modelling, more or less general models can be de-
rived (Spieker, 2000). Here, the equilibrium dispersive
model (Eqg. (3)) is used to describe the general effects
of the concentration evolution. Accordingly, for the

=0

Zout,i

erhe interconnection of the columns and the port po-
sitions are taken into account by the first boundary
condition. The input concentration of the column at
the positiong, ; is

description of the continuous dynamics, a partition of - CinAlt) ®)
zinto the intervals MM T\ eng(t) /],
’ Zn,i
I = [ZDes Za) Special ” h . dz
i = [2a,zre) pecial positions arepes, Wherecy, = 0, andzn i,
I = [zre, Z8) 1) whereci, depends on the outlet concentratiorzzat |
v = [Z8,ZRed) and on the feed concentration. Eq. (1) to (8) give the

complete representation of the equilibrium dispersive
is suitable (compare Fig. 3). Based on the processmodel. Based on this equations the continuous state
descriptions given in Section 3.1, the continuous stateand the outpuy of the SMB process can be computed.
variablex and the outpuy can be defined as follows:

_ (a2 3.3 Discrete dynamics
xt.2) = (cs(nz)) ) ’
Y(t,2) = X(tmeas Zmeas - Switching the port positiolV P means an abrupt

change of the continuous dynamics. It is a discrete
. _ o ~eventEgyich, which is initiated if certain conditions
The state equation derived from the equilibrium dis- are fulfilled by some continuous states. Thus, the dis-

A further continuous state is the time counfer

persive model is crete staté is a function ofEgyitch:
8x L 9%x | = 1(Eswitch) 9)
Fow (vEengz).  ©

Eq. (3) describes the propagation of a spatial wave. 4. PROCESS MODELLING

The equation contains the first temporal state deriva-

tive on the left side and the first and second spatial Obviously, an SMB process contains continuous and

state derivative on the right side, wherev %x is the discrete dynamics, which should be represented by a



which assign successor states to the actual state like
v | continuous Subsystem | ¥, x:=x and | :=1 are notincluded.
x = f(x(t,2),v)
=1 c
3 4.2 Subsystem representation
v=£() Euin = f(6) Y P
| To simplify the representation of the continuous-
variable subsystem, Eq. (3) is written as
Discrete Subsystem Esuien )
— l = VP(Eswitch) X= fC<X7 I ) ) (10)
[
wherex denotes the partial temporal state derivative,
Fig. 4. Hybrid system structure X = X(t,z) the continuous state defined in Eqg. (2) and

| the actual location, indicating the valve position.
continuous or a discrete subsystem, respectively. TheEq. (10) is supposed to give a complete description
continuous subsystem includes the mass exchange andf the statex in I; and thus includes the dynamic
a clock. The discrete subsystem consists of the valvesspecification (5) and the boundary condition (7) and
which position the inlets and outlets. The discrete (8). The temporal derivative of the time countgis 1.
subsystem affects the continuous part by a change of Thus, if the continuous state variables are lumped in
(Eq. (5)). Note, that due to the first boundary condition the variable

in Eq. 7, no state jump occurs a& zr.. The discrete X(t,2)
subsystem reacts on switching evelBigiich triggered k(t,z) = ( C(’t) ) ,
by the time countet.
The system is represented in Fig. 4. It is an au- p1 can be defined as
tonomous hybrid dynamical system with the discrete . f (x|

. | C(Xv )
outputl and the outpuy of the continuous subsystem. K=u(x8,1) = 1 :

Because the representation of the discrete-event sub-
system depends on the choice of the modelling con-

4.1 Hybrid automata cept, it is described in the following sections.

The considerations made so far show, that a hybrid
model is suitable to represent the SMB process. For

this task a hybrid automaton is chosen. 5. PROCESS MODELLING BASED ON A FIXED

A hybrid automaton (Aluet al., 1993) can be viewed COORDINATE SYSTEM

as a generalisation of the timed automaton, in which

the behaviour of continuous variables is represented inThe 'natural’ point of view concerning the inlet and

each automaton state by a set of differential equations.outlet port positions and their movement is fixing the
Thus, a hybrid automaton A= {X,D, us, us, us} origin zp = O of the spatial coordinate system at one
consists of five elements: column interconnection. Then, for a four column SMB
plant with the column length df, four different valve

n . L .
(1) The seX € R" of the continuous-dimensional positions are possible (Fig. 5).

statex.
(2) The seD of discrete statels(locations).
(3) Alabelling functionu, that assigns to each loca-

. . . z=0 L 2L 3L 4L z

tion| possible dynamics of. ; ; ; ; ;

(4) A labelling functionp, assigning to each loca- ; ; ; ; ;
tion | an exception setix(I) € X. As long as  vp, f i f i !
x € X\uz(l) holds, a transition of the locatidn Des A Ee B Rec

is not possible. ! ! ! ! |

(5) A labelling functionus that assigns to each pair VP } v i } é

" . 2 ’ | Rec | Des ) Ee

ee D atransition relatioruz(e) C X< . Forl,l" € | | | | ‘

D ando,0’ € X the state(c’,l’) is called the ‘ } } ‘ }

: / ; VP, f v W v ‘

successor state ¢&.,1), if (o,0’) € us(l,l’) . Fe % Rec'Des A |
Initial states arexg andlg. In the automaton graph, l | | | |
each locationl is represented by a node, which is vp, ‘ f i M ¢‘
labelled byu; and {X\uy}. Possible transitions are Fe B Rec Des A

represented as edges of the graph which are labelled o
with the transition relationus. Transition relations ~ Fig. 5. Port positions in a four column SMB plant



The vectorzy = (Zpes, Za, Zre, Z8,Zred) | SPeCcifies the
combinations of the valve positions:

zp1 = (0,L,2L,3L,4L)"

Zp2 = (L,2L,3L,4L,0)7

Zp3 = (2L,3L,4L,0,L)7

Zps = (3L,4L,0,L,2L)7

Thus, the seb consists of four discrete states
D:le{VR,VR, VR VR}

The mapping¥ : | — W(l) is defined by:

W:izp=2i=1=VR, forie{l,234}

Thus, each statk can be associated with the corre-

sponding representation of the continuous dynamics

specified by Eq. 10.
If £ enters the exception set

p2(l) = {&|¢ > tswitch} (11)

a transition (I,1’) takes place.{ is reset and the
valve position is switched. The dynamias change,
whereas the continuous stateemains the samex (=

X). The automaton graph of the system is given in Fig.

Q = tswitch g = tswitch

Fig. 6. Fixed coordinate system representation

6. PROCESS MODELLING BASED ON A
MOVING COORDINATE SYSTEM

A further choice of the spatial representation is a
moving coordinate system If the origin zg = 0 of
the spatial coordinate is set to

Zpes-= 2,

results in a state jumfo, ¢’) initiated by the discrete
actionEgyitch:

0<z<3L = X(to,2) :=X(to,z+L) (12)
3L<z< 4L = X(to,2) :=X(to,z—3L)

X labels the successor state. Note, that Eq. (12) applies
to a four column SMB plant only. The graphical
representation of this modelling concept is shown in
Fig. 7.

S = tuion

x:=x(tz+L) for 0 <z =< 3L
x:=x(t,z-3L) for 3L<z < 4L
¢=0

Zpes:=0

Fig. 7. Moving coordinate system representation

7. COMPARISON

Section 5 and 6 show the application of the proposed
modelling approaches of an open-loop controlled four
column SMB plant. Both approaches can be extended
to a setup with a higher number of columns. Further
more, the hybrid automaton modelling concept can be
extended to a more general representation as proposed
e.g. in (v. d. Schaft and Schuhmacher, 2000), to in-
clude the output variables of the subsystems. However,
only under the assumption that all ports are switched
simultaneously, the representation remains symmetric.
Then, with each of the two modelling approaches one
of the discussed hybrid systems phenomena can be
verified: Switching dynamics or state jumps, respec-
tively. The state jump results from the fictitious view
of a moving observer, who realises the port switch as
a spatial shift of the continuous state

The proposed modelling approaches enable the appli-
cation of methods form hybrid systems theory to the
analysis and control of the SMB process. In general,
process simulation and system analysis can be per-
formed. Further on, control actions and conditions for
a control action for open-loop and close-loop control
can be derived.

8. SIMULATION RESULTS

A dynamic process simulation was implemented al-
lowing single port switching and dynamic variation of
the process parametpr See (Kleinert, 2002) for fur-
ther detail. Fig. 8 shows the steady state concentration
profile movement between two switching events. The

the set of discrete states has only one componentfigure shows an incomplete separation under nonlinear

D: I € {VR}. If { enters the exception set (11) at
t = to, the coordinatey is reset to the position of the
solvent inputzpes. However, this modelling concept

conditions. For the implementation of the nonlinear
function Q(x) in Eq. (4) data published in (Lubbert
et al, 2001) were used.
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Fig. 9. Supervisory control of the SMB process
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Zone End jumps, which are typical hybrid system phenomena.

Fig. 8. Simulation results Further, on it was shown that because the discrete
subsystem is determined by the process principle, the
performance of the process has to be set up by the
design of the continuous subsystem. The choice of the

The so called triangle theory publlishejd in (Stettal, hybrid system representation allows the application of
1993) offers a method for the estimation of the process hybrid systems methods to the SMB process.

parameter$ of an SMB process. The procedure leads

to the reduction of complexity, which itself leads to

the simple model repre_sentatlon proposec_i in Sect. 5 11. REFERENCES
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