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A stra tegy is proposed for the cont rol of constan t -dist illa te-composit ion opera t ions of ba tch
dist illa t ion columns. The proposed control law is der ived in the framework of Nonlinear Internal
Model Cont rol. The dist illa te composit ion is est imated from selected t ray tempera ture
measurements by an observer . The same observer provides the est imate of the system sta tes
tha t a re necessary for the computa t ion of the cont rol a lgor ithm. Result s are provided for binary
and mult icomponent separa t ions of idea l and nonidea l systems. Severa l sources of process/
model mismatch are considered in order to provide a rea list ic test scenar io for the proposed
procedure. It is shown tha t the proposed cont roller ensures fast and smooth t ransit ion from
the sta r tup phase to the product ion phase, and t igh t composit ion cont rol unt il the end of the
opera t ion . Moreover , the tuning of the cont roller is per formed very easily. F ina lly, the on-line
computa t ion of the cont rol law is st ra igh t forward, which is a promising resu lt toward pract ica l
implementa t ion of the proposed method.

1. In troduction
A remarkable shift toward batch product ion technolo-

gies has been observed dur ing the past decade. One of
the reasons is tha t the market demand is changing
much more frequent ly than in the past , and product
specifica t ion requirements are becoming st r icter and
st r icter . The flexibility of a ba tch process is such tha t
these shor t -term changes and severe pur ity require-
ments can be accommodated. Moreover , because the
product ion amounts in a ba tch process are usua lly
small, the raw mater ia ls inventor ies can be kept to a
minimum, which often results in an economic incent ive.
With in a ba tch process, ba tch dist illa t ion is a ubiq-

u itous way of physica l separa t ion of binary and mult i-
component mixtures. Many differen t components and
mult iple product fract ions can be separa ted in the same
batch column, and a t a much lower capita l cost than
would be associa ted with the relevant t ra in of cont inu-
ous columns. The st reams coming from a batch column
may be themselves the desired products; in such a case,
they can be direct ly placed in the market . Alternat ively,
the dist illa t ion may serve as a way of recover ing one or
more components in order to recycle them to a cer ta in
stage of the ba tch process, or as a method of removing
an undesired component from a byproduct st ream in
order to comply with the regula t ions on byproduct
discharge. However , no mat ter what the object ive of
the dist illa t ion , the pur ity requirements are normally
st r ict , and a significan t economic pena lty exist s if the
specifica t ion requirements are not met . The develop-
ment of accura te methodologies for t igh t composit ion
cont rol in ba tch columns is necessary.

Tradit iona lly, a ba tch rect ifier can be opera ted in two
ways: constan t reflux ra t io and constan t dist illa te
composit ion . In the fir st case, the reflux ra t io (or the
reflux ra te) is kept constant throughout the dist illa t ion ,
which resu lt s in a cont inuously changing dist illa te
composit ion . This is inheren t ly an open-loop st ra tegy.
Therefore, un less a proper feedback from the plan t is
considered, the average product composit ion is known
only a t the end of the ba tch . Therefore, if an off-
specifica t ion product were obta ined, the ba tch would
have to be blended or rerun, with a significant economic
loss.
Constant-dist illa te-composit ion operat ion is more dif-

ficu lt . In fact , to keep the dist illa te composit ion to the
desired va lue throughout the whole ba tch , one needs
to cont inuously adjust (increase) the reflux rate. On the
other hand, the product composit ion can be cont rolled
accura tely dur ing ba tch product ion , i.e., th is mode is
inheren t ly a feedback opera t ion .
A third operat ing mode, opt imal operat ion, has gained

a t ten t ion in recent years, and it is determined by
maximizing off-line a prespecified profit funct ion . This
operating procedure often results in a piecewise constant-
reflux-ra t io opera t ion , and is normally implemented in
an open-loop fash ion . Therefore, the drawbacks of
opt imal opera t ion are somewhat simila r to those of
constan t reflux opera t ion . In fact , the closed-loop
implementa t ion of open-loop opt imal profiles is st ill an
open issue, a t least from a control standpoint .1 Usually,
the opt imal profiles cannot be tracked with convent ional
linear cont rollers, because of the nonlinear and t ime-
varying na ture of the process.2
This work provides a framework for obta in ing t igh t

dist illa te composit ion cont rol in ba tch rect ifiers. It has
been recognized3 tha t cont rolling the dist illa te pur ity
in a ba tch dist illa t ion opera t ion is difficu lt , even when
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binary mixtures are used. This is due to the inheren t
dynamic and t ime-varying na ture of ba tch dist illa t ion .
However , recent developments of nonlinear cont rol
theory4,5 have made a t t ract ive techniques ava ilable for
the cont rol of a number of nonlinear processes. The
nonlinear cont rol st ra tegy sketched by Barolo and
Ber to6 is complemented in th is paper and extended to
both nonidea l systems and mult icomponent mixtures,
thus resu lt ing in a powerfu l, yet simple to implement ,
cont rol st ra tegy. The paper is organized as follows.
F ir st , an overview of the previous findings in the field
of composit ion cont rol of ba tch dist illa t ion is provided.
Then , the process is defined and convent iona l temper-
a ture cont rol is considered. The development of a
composit ion est imator is then illust ra ted for both binary
and ternary mixtures. Nonlinear In terna l Model Con-
t rol7 (NIMC) is then br iefly reviewed, and a cont rol law
is der ived for binary separa t ions. Result s from the
NIMC-based cont rol law are compared in the following
sect ion to those provided by a convent iona l composit ion
cont roller for a binary mixture; rela t ionsh ips with
another nonlinear cont rol st ructure are a lso cla r ified.
Fina lly, the NIMC stra tegy is extended to mult icompo-
nent mixtures, and a test case is ana lyzed on a ternary
separa t ion .

2. Summary of P revious Findings
Convent iona l st ra tegies for constan t composit ion

operat ion of batch dist illa t ion columns usually comprise
a tota l-reflux sta r tup phase, which is car r ied out unt il
the process approaches the steady sta te. Then , a
cont roller is switched on in order to dr ive the dist illa te
composit ion to the desired va lue and main ta in it a t the
desired level (by manipula t ing the reflux ra te, for
example). F ina lly, the opera t ion is stopped when the
reflux ra t io reaches a prespecified limit ing va lue.
Ear ly studies on the composit ion cont rol of ba tch

dist illa t ion8,9 focused on a cont rol st ra tegy simila r to
tha t used for one-poin t composit ion cont rol in cont inu-
ous columns. After the sta r tup phase, a propor t iona l-
integral (PI) temperature controller (TC) was set in such
a way as to main ta in the pilot t ray tempera ture a t the
desired setpoin t . This st ra tegy is indeed simple, and
can be accomplished with a minimum of measurement
and cont rol inst rumenta t ion . However , as will be
discussed later , a drawback is that the overhead product
is usua lly obta ined a t a purer level than needed. This
is because the reflux ra t io is cont inuously increasing
during the batch product ion, so that if good temperature
cont rol is ensured, the fract iona t ing capacity of the
column increases as the t ime progresses.
More recent ly, a number of studies were published

in the field of ba tch dist illa t ion , but they were rela ted
main ly to the modeling, simula t ion , and opt imiza t ion
of ba tch columns.10,11 Rela t ively few papers addressed
the issue of feedback cont rol of a convent iona l (i.e.,
rect ifying) batch column. Quintero-Marmol et a l.12 and
Quin tero-Marmol and Luyben13 studied the feedback
control of a constant-reflux-rat io-operated batch column.
They proposed and compared differen t methods for
est imat ing on-line the dist illa te composit ion , and found
that an extended Luenberger observer provided the best
overall performance. Bosley and Edgar14 considered the
issue of implement ing on-line the opt imal opera t iona l
t ra jectory determined a pr ior i by opt imizing off-line the
per formance of a ba tch column; they proved tha t
nonlinear model predict ive cont rol is very effect ive in
t racking the opt imal per formance.

F inefrock et a l.3 studied the problem of composit ion
cont rol in a binary ethanol/water ba tch column. They
indica ted tha t because a batch column is an in tegra t ing
system, the deplet ion of ligh t components throughout
a run crea tes a cont rol problem somewhat like a ramp
load when composit ion is being cont rolled. Moreover ,
soon after sta r tup, the column is brought from a low-
plan t -ga in composit ion space (i.e., the steady-sta te
space) to a high-plan t -ga in composit ion space. There-
fore, if a h igh cont roller ga in is selected from the
beginning of the product ion phase, oscilla t ions both in
the reflux ra te and in the dist illa te composit ion are
observed when the sta r tup phase is switched to the
product ion phase. This is the reason composit ion
cont rol proves to be very cha llenging even for a binary
mixture. They noted tha t if a PI composit ion cont roller
is employed, the cont roller ga in should be increased
dur ing the opera t ion in order to enable cont rol to be
main ta ined, and the cont roller in tegra l t ime constan t
should be decreased accordingly. The authors suggested
using a ga in-scheduled PI cont roller to accomplish th is
object ive (an approach tha t was recent ly re-examined
by Filet i and Pereira 15). Assuming tha t the dist illa te
composit ion was per fect ly known at any t ime instan t ,
a t ime-based ga in-scheduled PI cont roller was shown
to give good resu lt s. However , the scheduling was a lso
heavily dependent upon the composit ion setpoin t and
upon the amount and composit ion of the feed charge.
Thus, a ga in scheduling based on an on-line ana lysis of
some system sta tes was proposed. This scheduling was
obta ined by reconst ruct ing the plan t dynamics off-line
by means of linear models. This approach yields a more
flexible cont roller , which works well on ly in the range
in which the linear models have been fit to the actua l
plan t response. In addit ion , the off-line computa t ion of
the system dynamic character ist ics is quite lengthy.
F inefrock et a l.3 recognized tha t nonlinear model pre-
dict ive control is one of the best approaches for dist illa te
composit ion cont rol. However , because th is st ra tegy
requires that an opt imizat ion problem be solved on-line,
the resu lt may be computa t iona lly prohibit ive, even
with the cur ren t ava ilability of comput ing facilit ies.
In the field of nonconvent iona l ba tch dist illa t ion ,

Sørensen et a l.16 proposed to cont rol a react ive ba tch
rect ifier by using a convent iona l PI tempera ture con-
t roller in order to t rack a prespecified opt imal temper-
a ture t ra jectory. Following a st ra tegy devised by Bor-
tolin i and Guar ise17 for binary mixtures, Wit tgens et
a l.18 showed tha t a TC can be employed for composit ion
cont rol of mult ivessel ba tch dist illa t ion columns oper -
a ted at tota l reflux, if the number of t rays is sufficient ly
la rge. Farschman and Diwekar19 considered the dua l
composit ion cont rol in a middle vessel ba tch column.
They assumed tha t the product composit ion was per -
fect ly known at any instan t of t ime, and showed tha t
the middle vessel provides a decoupling of the two
composit ion cont rol loops. The same decoupling effect
of the middle vessel was previously observed by Barolo
et a l.20

3. The Proce ss

In this work, a model is considered as the representa-
t ion of a ba tch rect ifier ; the separa t ion of both binary
and ternary mixtures is considered. The process dy-
namic equa t ions are repor ted in Appendix 1. Unlike
other models used for simila r studies,12,14 th is model
considers varying molar holdups on each t ray. The
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in terna l liqu id ra te Lm on stage m is determined by
means of the linear ized version of the Francis weir
formula :

where Lm ,0 is the reference va lue of the in terna l liqu id
flow rate, Hm and H 0 are the actual and reference molar
holdups on t ray m , and τ is the t ray hydraulic t ime
constan t . The energy ba lances are not included in the
model; therefore, the vapor ra te is constan t inside the
column. Other assumpt ions are good cont rol of the
reflux drum level, idea l t rays, well-mixed capacit ies,
boiling feed, tota l condensa t ion with no subcooling,
negligible heat losses, and atmospher ic-pressure opera-
t ion . The model and systems character ist ics a re il-
lust ra ted in Table 1 for both of the mixtures considered.
The binary system is a mixture of ethanol and water .

This is a highly nonideal mixture, the rela t ive vola t ility
R of which is between 1 (a t the azeot ropic composit ion)
and ∼11 (a t la rge ethanol dilu t ion). The vapor-liqu id
equilibr ium is descr ibed through the Nonrandom Two
Liquids (NRTL) model, the parameters of which were
taken from Gmehling and Onken.21 The t ray temper-
a tures are determined by numer ica l solu t ion of the
vapor-phase const ra in t equa t ions.
The ternary system exhibits constant rela t ive vola t il-

ity. The vapor pressure Pj of component j is determined
through the Clausius-Clapeyron equa t ion :

where Aj and Bj are listed in Table 2 for each component .
Therefore, as in the approach of Quin tero-Marmol et

a l.,12 the tempera ture on stage m is determined by the
following equa t ion :

where Ptot is the tota l pressure, Rj is the rela t ive
vola t ility of component j, and xm ,j is the liqu id-phase
composit ion of component j on stage m .

In the following discussion , we refer to th is model as
“the process” or “the plan t”.

4. Binary System: Temperature Control

As was noted in the previous Summary sect ion ,
convent iona l cont rol st ra tegies consider the implemen-
ta t ion of a simple tempera ture cont roller in order to
keep the dist illa te composit ion close to the desired value.
The advantage of this procedure is that it is conceptually
very simple; plan t personnel t rust in it , par t icu la r ly if
they have had a previous exper ience with the one-poin t
composit ion control of continuous columns. Both Block,8
and Bor tolin i and Sca li,9 noted tha t the measur ing
element must be placed somewhat lower than the top
of the column in order to ensure a sensit ive response of
tempera ture to changes in the dist illa te composit ion .
For a composit ion setpoin t xD,sp ) 0.84 (mole fract ion),
a proper loca t ion for the measur ing device is on t ray
no. 4 (the bot tom tray is t ray no. 1). Figure 1a illust ra tes
the performance of a PI tempera ture controller with the
following tuning: KC ) -15 000 mol/(h×°C) and τI )
0.1 h .

Table 1. Mode l and Systems Characteris tics

binary system ternary system
vapor boilup, mol/h 5400 6000
t ray holdup (steady sta te), mol 30 30
reflux drum holdup, mol 250 300
tota l feed charge, mol 8000 30000
nomina l feed composit ion (mole fract ion) 0.4/0.6 0.2/0.6/0.2
est imated feed composit ion (mole fract ion) 0.3/0.7 0.3333/0.3333/0.3334
t ray hydraulic t ime constan t , h 0.001 0.001
number of idea l t rays 8 10
rela t ive vola t ility (nonidea l) 4/2/1
nomina l composit ion setpoin t 0.84 0.95/0.95

Table 2. Vapor-P re ssure Coe ffic ien ts for the Ternary
System (Temperature in K and Vapor Pre ssure in
mmHg)

component 1 component 2 component 3
A1 B 1 A2 B 2 A3 B 3

-4000.44 12.0178 -4000.44 11.3247 -4000.44 10.6316

Lm ) Lm ,0 +
Hm - H 0

τ (1)

ln Pj )
Aj

T - Bj (2)

Tm )
Aj

ln
RjP tot

∑
k)1

3

Rkxm ,k

-Bj

(3)

Figure 1. Binary mixture under convent iona l tempera ture
cont rol: (a ) tempera ture and composit ion responses; (b) composi-
t ion profiles in the column at differen t t ime instan ts.
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Clear ly, a lthough the tempera ture is main ta ined to
the setpoin t , the dist illa te composit ion dr ift s away from
the specifica t ion . This is because the tempera ture
setpoin t is chosen in such a way tha t the composit ion
specificat ion is met from the early steps of the operat ion;
tha t is, a t rela t ively low values of the reflux ra t io.
However , as long as the reflux ra t io increases (tha t is,
as long as the opera t ion progresses), the fract iona t ing
capacity of the column increases (Figure 1b), and
therefore the tempera ture setpoin t should be increased
in order to achieve the same dist illa te composit ion . If
the setpoin t is not increased, a t the end of the ba tch
less product is actua lly obta ined, because the product
is purer than required.
Note that a lthough the dr ift in the dist illa te composi-

t ion was significan t , the tempera ture on t ray no. 5
changed by only 0.05 °C dur ing the dist illa t ion . This
did not a llow the tempera ture cont rol t ray to move
fur ther up in the column.

5. Composition Estimator

A different approach considers controlling direct ly the
dist illa te composit ion xD,j. It is well-known tha t an on-
line measur ing device, such as a gas chromatograph ,
requires h igh investment and main tenance costs, and
delivers delayed responses. Therefore, pract ica l and
economic incent ives exist for using ava ilable low-cost ,
fast measurements (such as tempera tures) in order to
provide an est imate of the product composit ion . In the
field of ba tch dist illa t ion , Quin tero-Marmol et a l.12
proved that an extended Luenberger observer can t rack
successfu lly the product composit ion profile in a con-
stan t reflux ra t io opera t ion . The same kind of observer
is used here for constan t composit ion opera t ions. The
observer st ructure will be out lined in the following
discussion . For an exhaust ive descr ipt ion , the reader
should refer to the or igina l work of Quin tero-Marmol
et a l.12
For a nonlinear system descr ibed by the following set

of equa t ions:

the extended Luenberger observer is the dynamic
system defined by

In the above equa t ions, x is the vector of the sta te
var iables (liqu id composit ion on the t rays, reflux drum,
and reboiler ), u is the vector of the inputs (including
measured disturbances), z is the vector of output
measurements (tempera tures), f and h are nonlinear
vector funct ions, and the symbol ∧ indica tes an est i-
mated proper ty. As expla ined by Quin tero-Marmol et
a l.,12 the observer ga in mat r ix K is chosen in such a
way tha t the est imat ion er ror e ) x - x̂ goes to zero a t
a desired velocity. It is easy to show that the est imat ion
er ror dynamics depends on K th rough the following
dynamic equa t ion :

where A and C are the J acobian mat r ixes the elements
of which are expressed by

To est imate the fu ll sta te vector x , the system of eqs
4 and 5 must be completely observable. Yu and Luy-
ben22 proved tha t a cont inuous dist illa t ion column is
observable as long as the number of measurements is
a t least Nc - 1, where Nc is the number of components;
the same argument was used by Quin tero-Marmol et
a l.12 in order to assess the observability of a ba tch
column. A rigorous test of observability was considered
by Ber to,23 and repor ted by Barolo and Ber to.6

Quin tero-Marmol et a l.12 computed the ga in mat r ix
K with reference to the A and C matr ixes eva lua ted a t
the beginning of the opera t ion . They proved tha t
although K is kept constant despite the changing system
dynamics, an accura te est imat ion of the sta te vector is
obta ined.
Clear ly, a process model is needed in order to build

the observer . This model is illust ra ted in the following
subsect ion .
5.1. The Model. The model used as a representat ion

of the process dynamics reta ins the basic character ist ics
of the process. However , severa l sources of process/
model mismatch have been in t roduced in order to
provide a rea list ic test scenar io for the proposed proce-
dure. As a major mismatch, the model’s t ray hydraulics
is neglected, thus leading to a constan t -molar -holdup
model. For the ethanol/water system, we have a lso
considered an est imated representa t ion of the vapor-
liqu id equilibr ium (VLE); in th is case, the system VLE
has been descr ibed by means of an empir ica l composi-
t ion-dependent rela t ive vola t ility, according to the fol-
lowing expression :

As for the ca lcu la t ion of the equilibr ium tempera ture
a t any t ray liquid composit ion x, two different composi-
t ion-dependent tempera ture cor rela t ions were used:

and

The parameters for use of eqs 11-13 are listed in
Table 3.

6. Non linear Controlle r

The proposed nonlinear cont roller is the same as tha t
considered by Barolo and Ber to.6 It relies on the NIMC
st ructure proposed by Henson and Seborg.7 The same
dynamic equat ions used for developing the composit ion
est imator (eq 4) are considered in the development of
the controller model. However , it is convenient to recast

x3 ) f(x ,u ) (4)
z ) h (x ) (5)

x3 ) f(x ,u ) + K[z - h (x̂ )] (6)

z ) h (x̂ ) (7)

e3 ) (A - KC)e (8)

ai,j ) ∂fi/∂x̂j (9)

ci,j ) ∂h i/∂x̂j (10)

R(x) ) R0 + p1e
-(x-x0)/v1 + p2e

-(x-x0)/v2 (11)

T (x) ) T 0 + q1e
-(x-x0)/w1 + q2e

-(x-x0)/w2

0 e x e 0.5 (12)

T (x) ) exp(q1 + q2x + w 1x
2 + w 2x

3)
0.5 < x e 0.89 (13)
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the cont roller model in the following sta te-space nota-
t ion :

In the above equa t ions, u is the manipula ted input
(i.e., the reflux ra te R ), λ is a sca la r funct ion , and # is
the cont rolled output , i.e., the overhead composit ion of
the jth component .
NIMC belongs to the class of geomet r ic cont roller s

tha t linear ize the system input-outpu t map exact ly.
The fundamentals of the method will be illustrated here.
Some concepts from the different ia l geometry theory are
reca lled.
The Lie der iva t ive L$λ(x ) of the smooth sca la r func-

t ion λ(x ) with respect to the smooth vector field $(x ) is
the sca la r funct ion defined by

where n is the dimension of the sta te vector x . More-
over , the symbol L$

k λ(x ) indica tes the k -t ime repea ted
itera t ion of L$λ(x ); tha t is L$

k λ(x ) ) L$(L$
k-1λ(x )), with

L$
0λ(x ) ) λ(x ). Simila r ly, LγL$λ(x ) is the Lie der iva t ive
of λ(x ) made fir st in the direct ion of $(x ), and then in
the direct ion of the smooth vector field γ(x ). The
rela t ive order r of a process model like tha t in eqs 14
and 15 is defined as the least in teger for which the
following condit ion holds t rue:

Thus, the rela t ive order of a process is the number of
t imes tha t the output must be differen t ia ted with
respect to t ime in order to recover the input u explicit ly.
Roughly speaking, the rela t ive order is a measure of
“how direct ly” the manipula ted input a ffect s the con-
t rolled output .
Following the above nota t ion , the NIMC cont rol law

is the following:7

with ηr+1 ) 1. The er ror δ provides the feedback signa l
from the plan t , and it is defined as δ ) #sp - (# - #̂),
where the suffix sp refers to the setpoin t va lue. The
coefficien ts ηi are the cont roller design parameters. In
the or igina l development , the NIMC technique employs
the process model as an open-loop observer , for which
observability is not required. It can be proven7 tha t for
open-loop stable, perfect ly modeled processes that oper-

a te about a stable equilibr ium poin t with u (t) ) u 0, the
model sta te converges asymptot ica lly to the plant sta te.
However , a ba tch column does not opera te about an

equilibr ium poin t . Moreover , the cont rol object ive is to
keep the overhead composit ion xD,j close to the setpoin t ,
and th is is ach ieved by cont inuously varying the ma-
nipula ted input . Because a measure of xD,j is not
ava ilable, the dist illa te composit ion is est imated here
by the extended Luenberger observer . The NIMC
cont rol law is modified accordingly. In par t icu la r , it is
assumed tha t the cont roller model is a per fect repre-
sen ta t ion of the process (# ) #̂; δ ) #sp). Note tha t th is
assumpt ion is reliable only if the observer est imat ions
are good.

7. Binary System: Non linear Control

To keep t rack of the nota t ion used in eqs 14 and 15,
it is useful to note that , for the binary case, the following
equa lit ies hold:

The rela t ive order of the model in eqs 14 and 15 is r
) 2 (see Appendix 2). In pract ice, th is is because tota l
condensa t ion of the overhead vapor is assumed (γD(x )
) 0), so that the reflux can affect the dist illa te composi-
t ion only through a change in the overhead vapor
composit ion . For a per fect model in it ia lly a t rest and
with #(0) ) #sp(0), the closed-loop t ransfer funct ion
(CLTF) for setpoin t changes is7

where ϵ is the closed-loop t ime constan t , and the
cont roller tun ing parameters have been chosen such
tha t η1 ) ϵ-2 and η2 ) 2ϵ-1. By applying eq 18, the
following cont rol law can be der ived:

Table 3. P arameters for Use of Equations 11-13

eq 11 eq 12 eq 13
0 e x e 0.5 0.5 < x e 0.89 0 e x e 0.5 0.5 < x e 0.89

R0 0.63537 0.11098 T 0 76.978 -
p1 9.76 1.24 q1 12.02 4.44107
p2 5.198 0.5264 q2 10.82 -0.11859
v1 0.0769 0.4484 w 1 0.03537 -0.04667
v2 0.3561 0.9804 w 2 0.3844 0.08313
x0 0.0 0.51475 x0 0.0 -

x3 ) $(x ) + γ(x )u (14)
# ) λ(x ) (15)

L$λ(x ) )∑
i)1

n ∂λ(x )

∂xi
$i(x ) (16)

LγL$
r-1λ(x ) * 0 (17)

u )

η1δ - ∑
k)1

r+1

ηkL$
k-1λ(x )

LγL$
r-1λ(x )

(18)

x ) [xDxNlxml
xB

], $(x ) )

[ VHD
(yN - xD)

V
Hm
(yN-1 - yN)

l
V
Hm
(ym-1 - ym )

l
V
HB
(xB - yB)

-VyB

], γ(x ) ) [01Hm
(xD - xN)

l
1
Hm
(xm+1 - xm )

l
1
HB
(x1 - xB)

x1

],
and λ(x ) ) xD (19-22)

Z (s)
Z sp(s)

) 1
(ϵs + 1)2

(23)

R )
xD,sp - x̂D

ϵ2
-
2V(ŷN - x̂D)

ϵHD
- V
HD[ VHm

(ŷN-1 - ŷN)
∂ŷN
∂x̂N

- V
HD
(ŷN - x̂D)]

V(x̂D - x̂N)
HDHm

∂ŷN
∂x̂N

(24)
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In eq 24, a ll of the sta tes appear ing in the cont rol law
are est imated through the extended Luenberger ob-
server . The effect of the closed-loop t ime constan t ϵ is
clear from eqs 23 and 24. A small va lue of ϵ (i.e., a fast
closed-loop response) result s in an aggressive controller
act ion . Note tha t a lthough the off-line der iva t ion of the
control law appears to be somewhat difficult to calculate,
the ca lcu la t ions tha t need to be per formed on-line are
kept to a minimum. This is very important for pract ica l
implementa t ion .
A sat isfactory tuning of the controller can be achieved

by consider ing the convent ional star tup procedure.6 The
column is brought to the steady sta te, and the NIMC
cont roller is then switched on. Therefore, for per fect
sta te est imat ion , the expected system response is given
by eq 23, which allows one to adjust ϵ until a sat isfactory
response is obta ined. Note tha t immedia tely after the
product ion phase is sta r ted, the cont rol act ion may be
very aggressive, because the dist illa te composit ion must
be moved from the steady-sta te va lue to the setpoin t
va lue. This resu lt s in severe spiking of the reflux ra te.
To avoid th is occur rence, the reflux ra te is passed
through a ra te-of-change filt er .24 Alterna t ively, one
could consider filt er ing the setpoin t , as indica ted by
Henson and Seborg.7
For the actua l composit ion est imat ion , only one tem-

pera ture measurement was made ava ilable to the
observer ; to th is purpose, the bot tom tempera ture was
chosen , because the reboiler composit ion dynamics is
the slowest in the column. Increasing the number of
measurements did not lead to significant improvements
in the observer est imations (this evidence is well-known;
see, for example, J oseph and Brosilow25). The temper-
a ture measurement was upda ted every 0.01 h (36 s).
This was a lso chosen as the cont roller t ime in terva l.
Note tha t because ba tch processes are run through
repea ted cha ins of opera t ions, the actua l feed composi-
t ion may not be known accura tely; the composit ion
usua lly resu lt s from the blending of “fresh” feed with
recycled (slop) cuts. Therefore, an error in the est imated
feed composit ion was a lso considered, as indica ted in
Table 1. This paramet r ic mismatch adds to the st ruc-
tura l mismatch tha t der ives from neglect ing the t ray
dynamics.
F igure 2 shows the plan t response for a closed-loop

t ime constan t of 0.04 h; a fter 1.5 h the composit ion
profile in the column was expected to be sufficien t ly
close to the steady sta te composit ion profile. The PI
tempera ture cont roller was clear ly outperformed by the
NIMC controller . In fact , the nonlinear controller drove
the dist illa te composit ion to the setpoin t quickly, and

the setpoin t was main ta ined up to the end of the
opera t ion; moreover , the reflux ra te profile was smooth .
Note tha t by the end of the opera t ion the reflux ra te
must be increased very rapidly in order to keep the
product on specifica t ion . This was evidence tha t the
plan t ga in decreased considerably by the end of the
opera t ion .
The observer adequa tely est imates the dist illa te

composit ion. Only a slight difference between the actual
and est imated overhead composit ion is observed. This
est imat ion er ror is because the observer employs ap-
proximate cor rela t ions in order to eva lua te the system
vapor-liqu id equilibr ia .
As a compar ison , the per formance of a convent iona l

PI composit ion cont roller is repor ted in Figure 3.
Note tha t the dist illa te composit ion significan t ly

undershoots the setpoin t when we switched from the
sta r tup phase to the product ion phase. Moreover , the
PI cont roller cannot cope with the varying plan t ga in :
a fter t ) 4 h, the plan t response is severely degraded.
Increasing the cont roller ga in resu lted in an oscilla t ing
response a t the beginning of the product ion phase.
The problem in chemica l processing is more often the

lack of measurements than the low quality of measure-
ments.26 The Luenberger observer has some degree of
built -in robustness, which can often be enough to
compensa te for noise on the tempera ture measure-
ments.27 This was tested in the run represented in
Figure 4, in which random numbers with zero mean and
standard devia t ion σ ) 0.5 °C were super imposed onto
the tempera ture measurement in order to mimic the
existence of measurement noise.

Figure 2. Binary mixture: cont rol of the dist illa te composit ion
under NIMC (ϵ ) 0.04 h).

Figure 3. Binary mixture: cont rol of the dist illa te composit ion
with a PI cont roller (KC ) 60 000 mol/h ; τI ) 0.12 h).

Figure 4. Binary mixture: cont rol of the dist illa te composit ion
under NIMC and noise in the measured tempera ture (ϵ ) 0.04 h;
σ ) 0.5 °C) .
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The performance of the NIMC controller is very good.
However , note tha t if a la rge amount of noise were
expected, the use of a stochast ic est imator (like an
extended Kalman filt er ; see, for example, Bara t t i et
a l.28) would be advisable.
7.1. Re lationsh ips w ith Globally Linearizing

Control (GLC). The proposed modifica t ion to the
NIMC control law makes this control st ructure resemble
the GLC st ructure proposed by Kravar is and Chung.29
The GLC cont rol law is descr ibed by the following
equa t ion :

where the )k coefficien ts a re the cont roller tun ing
parameters, and v is an externa l PI cont roller :

The sta te vector can be obta ined by either an open-
loop or a closed-loop observer .
By applying eq 25 to the model previously descr ibed,

the following cont rol law is der ived:

and the CLTF for setpoin t changes resu lt s:

After some cumbersome algebra ic computa t ions are
per formed, which are omit ted for conciseness, it can be
proved23 tha t the GLC closed-loop response (eq 28) is
equiva len t to the modified NIMC closed-loop response
(eq 23) when the GLC tuning parameters a re chosen
according to

Note tha t both )0 and KC,GLC can be specified arbi-
t ra r ily; they were set to )0 ) KC,GLC ) 1 mol/h in th is
case. Therefore, for ϵ ) 0.04 h , the following set t ings
resu lt : )1 ) 0.1 mol, )2 ) 0.0016 mol × h, and τI,GLC )
0.08 h . With th is tun ing, a response per fect ly equiva-
len t to the one represented in Figure 2 was indeed
obta ined.
7.2. Modification to the P roposed Approach .

Much of the complexity ar ising in the off-line der ivat ion

of cont rol law (eq 24) resu lt s because the rela t ive order
of the dist illa te composit ion with respect to the reflux
rate is r ) 2. If a rela t ive-order-1 system were obtained,
the cont rol law would appear to be simpler .
Note tha t if the cont rol object ive is keeping xD

constan t , th is is ach ieved only if the ethanol mole
fract ion yN in the overhead vapor is constan t and equa l
to the dist illa te composit ion setpoin t , too. Therefore,
one might choose the (est imated) overhead vapor com-
posit ion as the cont rolled var iable; a somewhat simila r
approach was considered by Cast ro et a l.30 for the
composit ion cont rol of cont inuous columns. It is in tu i-
t ive (and can also be proved r igorously) that the rela t ive
order of yN with respect to R is 1. Thus, by using eq 18
with η1 ) ϵ-1, one gets the following simpler expression
for the manipula ted reflux ra te:

In th is case, the CLTF resu lt s:

where Z (s) is now the (Laplace t ransformed) overhead
vapor composit ion. Figure 5 presents the results for the
cont rol of ŷN with NIMC.
Clear ly, the cont roller per formance is as good as tha t

represen ted in Figure 2.

8. Ternary System: Non linear Control

One of the advantages of the proposed procedure lies
in the fact tha t it can be readily extended to mult icom-
ponent mixtures. Here, we consider the case of a
constant -rela t ive-vola t ility ternary mixture as specified
in Table 1. The object ive of the separa t ion is to recover
the more vola t ile component and the in termedia te
component a t a constan t pur ity. In the indust r ia l
pract ice, the column is sta r ted up as usua l; then , the
more vola t ile component is withdrawn at the required
constant pur ity unt il the reflux ra t io reaches a specified
maximum value. At th is poin t , the reflux ra te is
lowered (for example, following a ramp decrease) in
order to a llow the in termedia te component to reach the

u )

v - ∑
k)0

r

)kL$
kλ(x )

)rLγL$
r-1λ(x )

(25)

v ) KC,GLC[(#sp - #) + 1
τI,GLC

∫0t(#sp - #) dθ] (26)

R )

v - )0x̂D - )1
V
HD
(ŷN - x̂D) - )2

V
HD[ VHm

(ŷN-1 - ŷN )
∂ŷN
∂x̂N

- V
HD
(ŷN - x̂D)]

)2
V

HDHm
(x̂D - x̂N )

∂ŷN
∂x̂N

(27)

Z (s)
Z sp(s)

)
KC,GLCs +

KC,GLC
τI,GLC

)2s
3 + )1s

2 + ()0 + KC,GLC)s +
KC,GLC
τI,GLC

(28)

)1 ) KC,GLCϵ(2 +
)0

2KC,GLC) (29)

)2 ) KC,GLCϵ
2 (30)

τI,GLC )
2ϵKC,GLC

)0
(31)

Figure 5. Binary mixture: cont rol of the overhead vapor com-
posit ion under NIMC (ϵ ) 0.04 h).

R )

1
ϵ
(xD,sp - ŷN) -

V
Hm
(ŷN-1 - ŷN)

∂ŷN
∂x̂N

1
Hm
(x̂D - x̂N)

∂ŷN
∂x̂N

(32)

Z (s)
Z sp(s)

) 1
ϵs + 1 (33)
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top of the column. When th is component has reached
the desired pur ity, constan t composit ion cont rol is
sta r ted aga in according to the NIMC cont rol law.
To make the der iva t ion and the implementa t ion of

the cont rol laws easy, it is assumed tha t dur ing each of
the two product ion phases a binary mixture is found in
the top t rays of the column. This approximat ion holds
t rue for most separa t ions car r ied out a t constan t reflux
ra t io,13 and it is even more closely met when the column
is opera ted a t constan t dist illa te composit ion . There-
fore, the resu lt ing cont rol laws are aga in expressed by
eq 24, where x̂ and ŷ are now the mole fract ions of the
component tha t is being withdrawn at the desired
purity. However , note that the composit ion est imat ions
are st ill per formed with reference to the complete
ternary system. Three tempera ture measurements are
employed, and they are loca ted in the reboiler , t ray no.
5, and t ray no. 10.
The NIMC cont roller tun ing parameter ϵ1 was tuned

as indica ted previously, while ϵ2 was adjusted for
sa t isfactory per formance. F igure 6 illust ra tes tha t the
nonlinear cont roller per formance is very good. Both
products a re kept a t the desired setpoin ts, and the
reflux profile is smooth .
The controller robustness against modificat ions in the

sta r tup policy and product specifica t ions was checked.
Because sta r tups and shutdowns of ba tch columns are
very frequent , there is a st rong economica l incent ive to
reduce the sta r tup t ime. For th is reason , the more
vola t ile component withdrawal was sta r ted as soon as
this component met the composit ion specifica t ion, with-
out wait ing for the steady sta te to be a t ta ined. More-
over , the composit ion setpoin ts were changed to xD,sp1
) 0.93 and xD,sp2 ) 0.97, while the same cont roller
tun ing was reta ined.
As is shown in Figure 7, the cont roller per formance

is st ill excellen t .
In cont rast to the resu lt s found by Quin tero-Marmol

et a l.,12 it was observed tha t when the number of idea l
t rays becomes la rge, the number of ava ilable tempera-
ture measurements becomes cr it ica l. For example, in
a 20-idea l-t ray column, seven tempera ture measure-
ments were employed in order to obta in a good per for -
mance of the observer ; moreover , the sampling in terva l
had to be decreased to 18 s. Although neither the
number nor the loca t ion of the tempera ture measure-
ments were opt imized in this study, preliminary results
showed tha t ignor ing the t ray dynamics may resu lt in
too rough a simplifica t ion when the reflux ra te is not
constan t and the number of t rays is la rge. However ,

th is result needs fur ther ver ifica t ion; we leave thorough
study of th is poin t to a fu ture work.

9. Conclu s ions

A stra tegy was proposed for the cont rol of constan t
composit ion opera t ions of ba tch dist illa t ion . The st ra t -
egy relies on a modified NIMC7 st ructure. Sta te est i-
mat ion, which is necessary for pract ical implementat ion
of the proposed cont rol law, was provided by an ex-
tended Luenberger observer , as proposed by Quin tero-
Marmol et a l.12 St ructura l and parametr ic mismatches
were considered between the process and it s model, in
such a way as to provide a rea list ic test scenar io for the
proposed procedure.
The result s for a binary mixture of ethanol and water

clear ly show the advantage of the proposed approach
over convent iona l PI cont rol. The t ransit ion from the
sta r tup phase to the product ion phase is fast and
smooth , and the composit ion cont rol is t igh t unt il the
end of the opera t ion .
The proposed cont rol st ra tegy can be easily extended

to cont rol the dist illa te pur ity of mult icomponent mix-
tures. Dur ing each product ion phase, a simple cont rol
law can be obta ined by assuming tha t the system is
pseudo-binary. A test case for a ternary system indi-
cated that the NIMC controller performance is good, and
it is robust in the face of modifica t ions in both the
sta r tup policy and the pur ity specifica t ions.
The ana logies with another nonlinear cont rol st ruc-

ture, GLC,29 were poin ted out . In the case considered
here, NIMC and GLC can be made equivalent by proper
tuning of the GLC controller . In addit ion , changing the
controlled output was shown to result in a simplificat ion
of the NIMC cont rol law without loss of per formance.
The proposed NIMC cont roller can be tuned very

easily; a single parameter needs to be tuned for each
component tha t is withdrawn as the dist illa te product .
Moreover , the on-line computa t ion of the cont rol law is
st ra igh t forward, which is a promising resu lt toward
pract ica l implementa t ion of th is method. The st ra tegy
can a lso be readily extended for the on-line t racking of
opt imal t ra jector ies determined by off-line opt imiza t ion
studies.
We believe tha t fur ther research in th is field should

address the problem of select ing the best tempera ture
measurement loca t ions, especia lly in the case of mul-
t icomponent separat ions. In fact , it has been found that
increasing the number of t rays makes the extended
Luenberger observer harder to tune.

Figure 6. Ternary mixture: cont rol of the dist illa te composit ion
under NIMC (ϵ1 ) 0.06 h; ϵ2 ) 0.06 h).

Figure 7. Ternary mixture: cont rol of the dist illa te composit ion
under NIMC with modified sta r tup procedure and modified
product specifica t ions (ϵ1 ) 0.06 h; ϵ2 ) 0.06 h).
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Nomenclature

a ) element of the mat r ix A
A ) coefficien t for the Antoine equa t ion
A ) J acobian mat r ix of the funct ion f
B ) coefficien t for the Antoine equa t ion
c ) element of the mat r ix C
C ) J acobian mat r ix of the funct ion h
e ) vector of the est imat ion er rors
f ) element of the funct ion f
f ) nonlinear vector funct ion
h ) element of the funct ion h
h ) nonlinear vector funct ion
H ) holdup (mol)
K ) gain mat r ix of the Luenberger observer
KC ) propor t iona l ga in of the tempera ture cont roller (mol/
h /°C)

L ) reflux ra te (mol/h)
Nc ) number of components
p ) parameter for use of eq 11
P ) vapor pressure (mmHg)
q ) parameter for use of eqs 12 and 13
r ) system rela t ive order
R ) reflux ra te (mol/h)
s ) Laplace opera tor
T ) t empera ture (K or °C)
t ) t ime (h)
u ) manipula ted input
u ) vector of inputs
v ) parameter for use of eq 11; a lso externa l PI cont roller
V ) vapor ra te (mol/h)
w ) parameter for use of eqs 12 and 13
x ) mole fract ion in the liqu id phase
x ) vector of sta tes
y ) mole fract ion in the vapor phase
z ) vector of output measurements
Z ) Laplace-t ransformed cont rolled var iable

S ubscripts
B ) reboiler
D ) dist illa te
j ) gener ic component
m ) gener ic t ray
N ) tota l number of t rays; a lso top t ray
sp ) setpoin t
tot ) tota l

S uperscripts
∧ ) est imated proper ty
• ) t ime der iva t ive

Greek Letters
R ) rela t ive vola t ility
) ) GLC tuning parameter
γ ) smooth vector field
δ ) er ror as defined by the NIMC cont rol law (18)
ϵ ) closed-loop t ime constan t (h)
$ ) smooth vector field
λ ) smooth sca la r field
η ) NIMC tuning parameter
τ ) t ray hydraulic t ime constan t (h)
τI ) in tegra l t ime constan t (h)
# ) cont rolled output

Acronym s
CLTF ) closed-loop t ransfer funct ion
GLC ) Globally Linear izing Cont rol
NIMC ) Nonlinear In terna l Model Cont rol
NRTL ) Nonrandom Two Liquids
PI ) propor t iona l + in tegra l
TC ) t empera ture cont roller

Appendix 1sProce ss Dynamic Equations

The process (i.e., plan t ) dynamic equa t ions are de-
ta iled here. The in terna l flow ra tes of liqu id are
ca lcu la ted by means of the Francis weir formula (eq 1).
At the beginning of the opera t ion , it is supposed tha t
the reboiler , a ll the t rays, and the reflux drum are filled
with the liqu id feed.
Reboile r (Subscript B).

Bottom Tray (Subscript 1).

In te rmediate Trays (Subscript m ).

Top Tray (Subscript N ).

Re flux Drum (Subscript D ).

Appendix 2sDetermination of the Re lative
Order r of the Disti lla te Composition w ith
Respect to the Re flux Rate (Binary Mixture )

Because

dHB

dt ) L 1 - V (A.1.1)

d(HBxB)
dt ) Lx1,j - VyB,j j ) 1 or j ) 1,2 (A.1.2)

dH 1

dt ) L 2 - L 1 (A.1.3)

d(Hx1,j)
dt ) L 2x2,j + VyB ,j - L 1x1,j - Vy1,j

j ) 1 or j ) 1,2 (A.1.4)

dHm

dt ) Lm+1 - Lm (A.1.5)

d(Hmxm ,j)
dt ) Lm+1xm+1,j + Vym-1,j - Lmxm ,j - Vym ,j

j ) 1 or j ) 1,2 (A.1.6)

dHN

dt ) R - LN (A.1.7)

d(HNxN ,j)
dt ) RxD,j + VyN-1,j - LNxN ,j - VyN ,j

j ) 1 or j ) 1,2 (A.1.8)

HD
dxD
dt ) V(yN ,j - xD,j) j ) 1 or j ) 1,2 (A.1.9)

∂xD
∂x ) [1 0 0 ... 0 ... 0] (A3.1)
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we have

and therefore the rela t ive order is not 1.
On the other hand

and

Therefore, the rela t ive order is 2.
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Lγλ(x ) ) LγxD )∑
i

∂xD

∂xi
γi(x ) ) 0 (A3.2)

L$λ(x ) ) L$xD )∑
i

∂xD
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$i(x ) )

V

HD

(yN - xD) * 0
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