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A new model-based control strategy for the internal thermally coupled distillation column (ITCDIC) is presented. Based
on the nonlinear wave theory that describes the nonlinear dynamics in the separation processes, a simplified nonlinear
wave model is established that concerns both the wave propagation and the profile shape. An advanced controller
(WGGMC) is formulated by combining the nonlinear wave model with a generalized generic model control (GGMC).
Compared with a conventional generic model controller based on a data-driven model (TGMC), and another wave-
model based generic model controller (WGMC) developed in our previous work, WGGMC exhibits the best performan-
ces in both servo control and regulatory control. Furthermore, WGGMC can handle a very-high-purity system of ITC-
DIC with top product composition of 0.99999, while the other two controllers fail to work. © 2013 American Institute
of Chemical Engineers AIChE J, 59: 4133-4141, 2013
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Introduction

Distillation is one of the most widely used unit operations
in chemical industry. However, the high-energy consumption
and relatively low-energy efficiency of distillation make a
large amount of energy wasted. Any improvement of the
energy efficiency in distillation will economize a great deal
of energy.'™ The internal thermally coupled distillation col-
umn (ITCDIC) is a new kind of column in which internal
thermally coupling is adopted between the rectifying section
and the stripping section. For a conventional distillation col-
umn, an additional heat source has to be introduced in the
reboiler and the hot flow is cooled down in the condenser,
and, therefore, a great deal of energy is wasted. However,
ITCDIC has neither a reboiler nor a condenser during normal
operation, and heat exchange is accomplished between the
rectifying section and the stripping section, which is shown
in Figure 1. So the energy efficiency is largely improved. In
order to provide the necessary thermal driving force for the
heat transfer, the rectifying section is operated at a higher
pressure than the stripping section.” "2 Recently, a work by
Cabrera-Ruiz et al.'® has shown that when one includes the
compressing energy the savings are significantly affected,
and in some cases hybrid structures which combine HIDiC
(heat-integrated distillation column) and conventional col-
umns have been proved to have higher economic potential
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than that totally using HIDiC in the separation of ternary
mixtures, which reveals that the use of HIDiC should be
carefully investigated for certain mixtures before real
applications.

Because of the high degree of thermal coupling relations
between the two sections of ITCDIC, the interactions are
highly intensified as manifested in the following aspects:
high nonlinearity, asymmetric behavior, inverse response and
high sensitivity to external disturbances. The complex
dynamics bring a lot of trouble in modeling and control
design.z’g’““20 The great majority of modeling is based on
linear approximation or data for simplicity. Most controllers
of ITCDIC are also based on the linear approximation model
or the data-driven model. PID, and IMC using reduced-order
model are proposed by Naikawa and Zhu et al.'>*'"%
Recently, an adaptive GMC and an adaptive GPC are also
researched by Liu et al.>**> These control strategies can
work well in the neighborhood of the nominal operating
point for set-point transfer and external disturbances. How-
ever, when the operating conditions have a sharp change,
most of the controller’s performances deteriorate obviously,
because the large model mismatch between the simplified
model and the real plant destroys the robustness of the con-
troller. Especially when the concentration of the column end
reaches an extremely high purity, the model mismatch is
more pronounced and the tight control of the dual-end can-
not be realized by these linear approximation model and
data-driven model. Although first-principle model” is an
effective model to capture the dynamics of ITCDIC, its com-
plex structure makes it hardly used in a control model. In
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Figure 1. Schematic diagram of an ideal ITCDIC.

consideration of the aforementioned fact, an advanced non-
linear model must be established for more effective control-
lers, which should contain the following characteristics:
accurately describing the dynamics of ITCDIC and the struc-
ture simple enough for control design.”®

Early research on chromatography proposed a wave theory
to describe the distinct behavior in the separation processes.
Systems with distributed parameters often exhibit dynamic
phenomena which resemble traveling waves.”’?? This theory
has been successfully extended to conventional distillation
columns.**! Hwang established a nonlinear wave theory for
conventional binary distillation columns.**** The theory
clearly presented the dynamic behavior of distillation col-
umns such as high steady-state gains, large response lags,
strong nonlinearity and asymmetric dynamics and a wave
velocity was derived to describe the movement of the wave
profile. From then on, the wave theory is widely used in
modeling of distillation columns and control design. Mar-
quardt drew on the wave theory to characterizing the distilla-
tion column dynamics and proposed rigorous wave velocity
formula and the function of the wave profile from differen-
tial material balances.>* Kienle used wave theory for model-
ing in ideal multicomponent distillation processes.35
Balasubramhanya®® developed a low-order wave model for
high-purity distillation columns with online updated profile
parameters. Luyben®’*® pioneered a study of profile propaga-
tion and profile position control in high-purity distillation
columns. Based on the wave model, a novel generic model
control strategy was proposed to control a traditional distilla-
tion column by Han and Park.** Group led by Henson intro-
duced a model predictive control based on wave model in
nitrogen purification columns.**** An extension of the wave
model to variable flow rates in a conventional distillation
column was presented by Stein et al.** Also, Hankins**
developed a wave model with varied molar flow rates and
demonstrated that the assumption of constant pattern wave
still held true in conventional distillation columns. As will
become apparent from the literature reviewed, wave theory
is a promising tool to characterize the dynamics of distilla-
tion columns. However, since the construction of ITCDIC is
quite different from that of a conventional distillation col-
umn, the nonlinear wave theory cannot be directly applied to
the modeling of ITCDIC, because molar flow rates in ITC-
DIC change drastically over every stage due to the internal
thermally coupling.*’ Liquid mole flow is cumulated from
the top stage to the bottom, and vapor mole flow is
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cumulated from the bottom stage to the top. Also the shape
of wave changes more obviously than that in a conventional
distillation column, which makes the wave velocity computa-
tion more difficult. In our previous work,*® a nonlinear wave
model of ITCDIC was proposed and a generic model control
strategy for ITCDIC based on the proposed model was
designed, however, compositions in each tray should be
measured for the estimation of wave velocity and there were
many differential terms in the wave model, so some errors in
the variables to be differentiated might lead to amplification
of the error and hence a more simplified wave model is
required.

In this work, a simplified nonlinear wave model is estab-
lished for ITCDIC. The wave velocity is first derived from
the profile function and differential material balances in ITC-
DIC, and then a nonlinear wave model of ITCDIC is estab-
lished. Based on the proposed wave model, a generalized
generic model controller (WGGMC) is developed for ITC-
DIC. In the case study, another two GMC controllers, which
are based on a data-driven model (TGMC) and a nonlinear
wave model (WGMC) presented by Liu et al.® respectively,
are adopted for comparison. Results prove the efficiency of
the proposed nonlinear wave model of ITCDIC, and
WGGMC shows its excellent performance in servo control
and regulatory control. Especially, WGGMC realizes the
very high-purity control with the top product composition of
99.999%, whereas the other controllers fail to work properly.

Simplified Nonlinear Wave Model of ITCDIC

Dynamics of separation processes could be described by
the propagation of concentration profile. In distillation col-
umns, nonlinear wave can be imagined as a spatial structure
(concentration profile) moving with a certain propagation
velocity along a spatial coordinate. Therefore, two factors
are essential for building the nonlinear wave model: the
describing function of concentration profile and the deriva-
tion of the wave velocity.

In conventional distillation columns, the profile shape is
analytically derived by Marquardt under a second-order poly-
nomial approximation to vapor—liquid equilibrium. In ITCDIC,
the same method is used and the profile function is derived*®

Xr,max _Xr,min

X(j) =X, _min + , , 1,2, ... f—1
W) - I+exp (—k-(j—S1)) / !
(H
G Xs,max _Xs,min .
X(]):XJ—min ]:f>f+17'“an (2)

T Trexp (—h(-52))

where X, max> X; mins K X5 max> Xs min» ks are the six pro-
file parameters which are generated from the composition
concentration data calculated from the mechanism model
of ITCDIC’. X, min and X, max denote the asymptotic lim-
its of the rectifying section when the profile extends to an
infinite distance; X mi, and X nh.x denote the asymptotic
limits in the stripping section. k,.k, characterize the tan-
gent of the inflection points S; and S, (k,, k; do not equal
the tangents). S| and S, are the representations of the pro-
file positions in the rectifying section and stripping sec-
tion, respectively. Nonlinear least-square estimation is
employed to calculate the initial values of the six parame-
ters and update them online (take rectifying section as an
example)
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Figure 2. The liquid concentration by the profile func-
tion and real concentration at the initial
steady state.
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In this work, benzene-toluene system is taken as an illus-
tration. Figure 2 shows the concentration profiles by real
concentration of the initial steady state and by the profile
function, respectively when the column works in the stable
operating point. The operating conditions are listed in
Table 1. From Figure 2, we can see that the two curves
almost coincide with each other. Therefore, in order to dis-
tinguish the two profiles clearly, the differences between the
two profiles are given in Figure 3. The result shows that the
two profiles are very close to each other and the largest devi-
ation is less than 0.003, which confirms the validity of the
profile function.

In the previous work,*® we derived the wave velocity by
cumulatively integrating the relationships between wave
velocity and the material balances in each column stage.
From Figure 3, we have already known that the errors are
oscillating around zero, but the amplitude and the frequency
are irregular, so the cumulative integration of all stages
might increase the error. As shown in Figure 3, the errors
near the top and bottom of the column (stage 1 and stage n)

are almost equal to zero, which means that the profile func-
tion has higher accuracy at the two ends of the column. If
we derive the wave velocity from stages 1 and n, not cumu-
lative integration of all stages, the errors of stages 1 and n
between the real concentration obtained from the mechanism
model” and the concentration from the wave model could be
further eliminated. Based on the aforementioned considera-
tion, the simplified nonlinear wave model is proposed.

The component mass balances in stages 1 and n of ITC-
DIC are as follows

HXm/df:V2Y2_V1Y1 —Li1X; 3)
Han/dt:_vnYn +Ly—1Xp—1— Ly X, 4

In Egs. 1 and 2, the parameters such as X, naxs X, mins £
X max> Xs min and k, change little with variation of time, so
we give the assumption that the parameters mentioned previ-
ously have no time dependence and the derivatives of them
are approximate to zero. Combining Eq. 1 when j=1, Eq. 2
when j=n, with Eqs. 3 and 4, we can obtain the wave
velocity by derivation of Eqgs. 1 and 2 on both sides

as, _ (1+exp (—k,(1=51)))*(Va¥2 = V1Y —Li X))
dt _er(Xr_max — X _min )eXP (_kﬂ(l =5 ))

dSy _ (1+exp (—ks(n=52)))* (= VaYu+Lo-1Xs—1 ~LaXa)
dt _ksH(Xs,max —Xs_min )eXP (_ks (n_SZ))

)

©)

Combining Egs. 1, 2, 5 and 6 with thermally coupled rela-
tions, vapor and liquid molar flow rates and vapor—liquid
equilibrium relationships, we can establish the simplified
nonlinear wave model of ITCDIC. The other relations are
listed as follows:

Thermally coupled relations

Q=UA(Tj=Tjss—1), G=1,....f—1) (N
Tj=b/(a—Inp,,;)—c ®)
Py, j=P/[X;+(1-X;) /] ©)
Vapor and liquid molar flow rates
Li=01/2 10)
-1 [=2
Ly-1=)_ O/i+Fq=> Qi (11)
k=1 k=1
Vi=F(1—q) 12)
L,=F-V, (13)
Vo=Vi+L, (14)

-1 f-2
Va=Vit Y Ok/i=F(1=q)= > Oi/’ (15)
k=1 k=1

Vapor-liquid equilibrium relationships

Table 1. Operating Conditions

Name Value Name Value
Stage number 40 Feed thermal condition 0.501
Feed stage 21 Pressure of stripping section[MPa] 0.3387
Feed flow rate [kmol/h] 100 Heat transfer rate in each stage[W/K] 9803
Feed composition (benzene) 0.5 Latent heat of vaporization[kJ/kmol] 30001.1
(toluene) 0.5 Liquid holdup in each stage[kmol] 1.5
Relative volatility (o) 2.317 Antoine constant (@) 15.9008
Antoine constant (b) 2788.51 Antoine constant (c) —52.36
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Figure 3. The errors between the profile function and
real concentration at the initial steady state.

Yi=aX;/[(a=1)X;+1], (j=1,2,n) (16)

According to Eqgs. 8 and 9, the relationship of composition
and temperature is derived

X;=(ape! (17)70—1) /(o=1) 17

where T; is the temperature of stage j, p is the pressure of
rectifying column or stripping column, o is the relative vola-
tility. Then the composition in stage j can be derived from
Eq. 17.

The simplified model system should track the output vari-
ables as accurately as possible when operating conditions
change, which is an important criterion for evaluating model
validity in control system design. In ITCDIC, we concentrate
more attention on the track of the concentrations of the top
and bottom stages because the ultimate target is to keep
them consistent with the set-points.

Same as earlier, benzene-toluene system is taken as an
illustration. The system is disturbed by a +20% step change
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Figure 4. The liquid concentration of the two wave
models and the mechanism model under
+20% step disturbance of F.
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of the feed flow F 0.3 h after the initial time. Figure 4 shows
the changes of the liquid concentrations at the top and bot-
tom stages calculated by the mechanism model,” the simpli-
fied wave model proposed above and the wave model
presented in the literature.*® From the figure, we can see that
the three curves are too close to distinguish each other, so
we depict the errors of the concentrations by the two wave
models in Figure 5, respectively. From Figure 5, the advan-
tages of this model exhibit in two aspects: smaller error and
also faster speed in eliminating error. The error comes close
to zero soon in the simplified wave model, which means that
the error would not be accumulated and the wave model
could self-tune.

The results prove our inference that the errors of stages 1
and n between the real concentration from the mechanism
model and the concentration from the wave model could be
further eliminated, which has been analyzed earlier.

Generalized Generic Model Controller Design for
ITCDIC Based on Wave Model

Basic principle of Generalized Generic model control

Generalized generic model control (GGMC) was first pro-
posed by Wang et al.,*” which is an expansion coming from
generic model control (GMC).*® GGMC inherits the advan-
tages of GMC, for example, nonlinear process model can be
directly used, controller parameters can be easily tuned and
model/plant mismatch can be compensated. Also, GGMC
has its own advantages over GMC, for instance, GGMC can
easily handle nonlinear MIMO processes with relative order
larger than one, and furthermore, MIMO nonlinear processes
can be naturally decoupled by GGMC.

Consider the following MIMO nonlinear process

x(1)=f (x, d, 0)+8(x, d, O)u() (18)
y(1)=h(x) 19
where the state vector x(7) € R", the input vector u(r) € R™,

the output vector y(f) € R™, d is disturbance vector, 0 is the
process parameter vector, and f, g, & are nonlinear functions.
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Figure 5. The errors between the wave models and the
mechanism model under +20% step disturb-
ance of F.
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Assume that the relative orders of the system are
r={ry,r2,..., 'm}, and the reference trajectory for the ith
process output y; is as follows

Iy
ViV Ak =k (57—, +ka (i—y,)dr (20)
0

where y; is the output variable, k;.,...,kip are controller
parameters, and y is the set-point.
Then the solving of u is transformed into the following

optimal control problem:

In

min J [H()@ w,d, )" WH (x,u,d, t)} dt
0 2D
st. x=f(x,d,0)+g(x,d,0)u(r)
y=h(x)

where W is a weighting matrix H(x,u,d)=[hy,hy, ..., hy]"
and
ty
hi=y} iy kg = ki (5= ,) _kiOJ (07 =y;)ar
0
(22)

If there are no constraints, and at least one element of u
appears in each of the m equations represented by 20, then u
can be solved out. For details and the stability analysis of
GGMC, see Wang et al.®

Generalized Generic model control for ITCDIC

In ITCDIC, the controlled variables are the concentrations
of the top and bottom products, Y; and X,, and the manipu-
lated variables are the pressure of the rectifying section (P,)
and feed thermal condition (g). Because Y; can be easily
derived from X; by vapor-liquid equilibrium relationships,
for convenience, X; and X, are controlled.

Normally, the derivative of the reference trajectory in a
generic model control (GMC) for ITCDIC is of the follow-
ing form

!
Xi=kf1(Xi*—Xl~)+kizj (X;*—X;)dt,i=1,n (23)
0

Define
—krexp (—k(1-51))
Kv,= Xr,max _XI',min 2%
Vi ( )(1+6Xp(—k,.(1—51)))2 ( )
Kvp=Xs max —Xs_min ) —ksexp (—kg(n sz))2 05
(1+exp (—ki(n—S5)))

Then combining Eqgs. 3 and 4, Egs. 5 and 6 can be written
as

X1=KviS, (26)
X,=Kv,S> 27)

Combining Eqs. 26 and 27 for briefness, we can obtain
X;=Kv;S,i=1,n (28)

where S represents S | or S ». From Eq. 28 we can obtain the
following equation
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& o KV,‘X,’
KV[ KV,'Z ’
The combination of Eqs. 23, 28 and 29 leads to
6o —knX+kio (XF—X;)
KV,'

i=1,n (29)

t
KV,‘k,‘l (Xz* _X,‘) +KV,*/€,‘2J (Xz* —X,')dt
0

- X ,i=1,n

1

(30)

Use 29 to substitute into 30 and we have

t

Xi+k pX =K (X7 —X;) +k’,—0J (X;=X;)dt,i=1,n  (31)

0
where

K n=Kvikii—Kv; (32)

K i1 =Kvikip—Kvikiy (33)

Kio=—Kvikp (34)

From Egs. 23 to 31, a conventional GMC controller of
ITCDIC is converted to a GGMC controller based on the
nonlinear wave model. Although there are 6 controller
parameters (k';p, k';; and K';) in 31, it is obvious that based
on Egs. 32-34 the values of the six parameters are deter-
mined by k;, kj», which means that the transformation does
not increase the number of the parameters. Furthermore, Kv;
in 24 and 25 is calculated online in the process and, hence,
plays the role of self-tuning in GGMC, which is a huge
advantage over traditional GMC. Also, it is worth noting
that Kv; contains the information of the profile shape and,
hence, renders the self-tuning a physical meaning.

According to Egs. 3, 4 and 16, we can obtain

Xi1=(VaYo t VoY o=V Y =V Y L\ X, —LiX,) /H ~ (35)
X;n = (_Vnyll_VnYn +Ln71X,,7] +Ln*Ianl _Lan_Lan)/H
(36)
‘ X,
e — 37)
(= DXi+1]

Transformations of Eqgs. 10-15 lead to the following
equations

Vi=F(1-q) (38)
[,=% (39)
2

V2=V1+L1 40)
L,=Fg 41

. _Q.nferl
V== (42)
L,\=Fg+V, (43)

The derivative form of Eq. 7 is
0,=KqP,+Bg (@4)

where
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Table 2. Integral Absolute Value of Error (IAE) [10_6]

Control strategy WGGMC WGMC TGMC

Top Bottom Top Bottom Top Bottom

Servo 6.183  5.224 11.98 11.56  27.29 20.68
F+15% 0.1316 0.5216 0.2385 0.8388 51.38 5.916
Zi+15% 0.4484 3.042 2740  3.558 12.01 9.925
P,+15% 0.1481 0.4858 0.7030 1.123 87.37 11.20
UA-b
Kq;= 3 (45)
(a=InP,;)"(Xi+(1-X;) /o)
—UA-b-P,(1-1/0)X;
Bgi= F(A—1/a)X;

(a—InPy,,) (X +(1-X;) /)
—UA - b-P(1=1/)X ;s

n . Si=1,2, .1
(a=InPypivs—1)" (Xivp1+(1=Xirp—1)/2)

(46)

Incorporating Eqs. 37-46 into Eqs. 35 and 36, and com-
bining Eq. 31, we can obtain the analytical solutions of dg/d¢
and dPr/dt, which are the derivatives of the manipulated var-
iables. With the aforementioned procedure the system is nat-
urally decoupled by the GGMC controller.

Case Study

An ideal ITCDIC with 40 stages is chosen as a representa-
tive column where binary mixture, benzene-toluene is sepa-
rated. Detailed initial operating conditions are shown in
Table 1.

For the high-purity control of this ITCDIC, we adopted
another two control strategies as comparisons with the pro-
posed generalized generic model controller based on simpli-
fied nonlinear wave model (WGGMC): the GMC controller
based on the traditional data-driven model (TGMC) and the
WGMC controller proposed by Liu et al.* in the preceding
research. Detailed comparisons show that our control strat-
egy (WGGMCO) outperforms the other two control strategies.
Table 2 presents the integrated absolute errors (IAE). How-
ever, Figures 6-9 illustrate the efficiency of WGGMC.

In the very-high-purity control of ITCDIC, the set-point of
the top increases to 0.99999. In this case, TGMC and

x10°
5 . ; . -
....... TGMC
meeeen WGMC
— WGGMC
15 , ; A ;
0 05 1 1.5 2 2.5
Time/h
.
5 i i ; i
0 05 1 15 2 25

Time/h
Figure 6. Servo control when set-points are set as
0.9991 and 0.0029.
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Time/h
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Figure 7. +15% step disturbance of F.

WGMC fail to work properly, while WGGMC can handle it
well. We also add some disturbances in the process and the
WGGMC controller is qualified for the job as well. The spe-
cific performance can be seen from Figures 10-12.

The following section will describe the performances of
different controllers in detail.

High-purity control

Servo Control. Figure 6 compares the servo control
results of the three controllers when we change the top set-
point from 0.998995 to 0.9991, and meanwhile change the
bottom set-point from 0.002997 to 0.0029. It takes about 2 h
for TGMC to reach new set-points in both top and bottom
sections, and it takes about 1 h for WGMC to reach the new
operating point. At the top end, the performance of
WGGMC is a little better than that of WGMC; however, it
only takes about 0.5 h for WGGMC to track the new set-
point at the bottom, which is much better than WGMC.
Altogether, TGMC has the most sluggish response speed,
while WGGMC responses with the fastest speed.

Regulatory Control. The feed flow rate F, the feed mole
fraction Z; and the pressure of the stripping section P are
the main disturbances for ITCDIC. When system stay at a

1 T T T

........

> 1
=l i
1 WGMC
- WGGMC
5 i . : i
) 0.5 1 15 2 25
Time/h
x 10
2 . . .

AX

0 05 1 15 2 25
Time/h

Figure 8. +15% step disturbance of Z.
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Figure 9. +15% step disturbance of Ps.

steady operating point, step disturbances from F, Z; and P
are introduced into the system, respectively and the
responses of the three controllers are investigated. Although
TGMC could control the system, the deviation is rather large
and the response is rather sluggish. The performances of
TGMC are far from the other two controllers, and hence the
responses of TGMC are not depicted in the figures so as to
see clearly the comparison of WGGMC and WGMC.

Figure 7 shows the regulatory control of WGGMC and
WGMC under a +15% step change of F. Both controllers
handle the disturbance well. The transition time of the two
responses is almost the same, but the oscillation of WGGMC
is weaker than that of WGMC.

Figure 8 shows the comparison results of WGGMC and
WGMC under a +15% step change of Z. From the figure,
although the performances are almost well-matched in the
control of the bottom product, WGMC shows a larger devia-
tion and also the response is more sluggish in the control of
the top product, taking about 1.5 h to be stable, whereas it
takes only less than 0.5 h for WGGMC to return to the
steady state.

x10

0 0.5 1 15 2 25
Time/h

AX
n
o o

-5 L s L L
o 0.5 1 15 2 25

Time/h

Figure 10. Servo control when set-points are set as
0.99999 and 0.002.
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Figure 11. Very-high-purity control with disturbances.

Figure 9 presents the comparison of WGGMC and
WGMC under a +15% step change of P,, WGMC shows a
large deviation in the control of the top product. It takes
about 1.5 h for WGMC to return to the desired state, while
WGGMC only needs 0.5 h at the top and the deviation at
the top is very small. At the bottom, the advantages of
WGGMC are also apparent.

Table 2 shows IAE of the different processes. It can be
seen obviously that although WGMC has a larger improve-
ment compared to TGMC, the errors of the WGGMC system
are much smaller than that of WGMC at both ends of the
column. The results reveal the efficiency of WGGMC in
both servo control and regulatory control.

Very high-purity control

Figure 10 shows the performances of WGGMC in very-
high-purity control. The top set-point increases from
0.998995 to 0.99999 and meanwhile the bottom set-point
decreases from 0.002997 to 0.002. From the figure,
WGGMC works well in the very-high-purity control. It takes
about 1 h for the bottom to reach the new set-point. The
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Figure 12. Partial enlarged figure of very-high-purity
control with disturbances.
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purity of the top increases a little slow because the purity is
rather high and the offset is eliminated after 2 h.

In Figure 11, a +10% step change of F and a +10% step
change of Z; are also introduced, respectively 1.25 h after
the initial time. Because the purity of the top product is very
high, the performances of the controller after disturbances
are introduced are difficult to be observed. So we enlarge
Figure 11 from 1.25 h to 5 h in order to see clearly, as
shown in Figure 12. The top product reaches an extremely
high purity and the impact of the disturbances is too small to
be observed from the figure, so the curves of the top end
almost coincide. At the bottom, the impact is apparent. The
disturbance of F is eliminated quickly, while the disturbance
of Zs leads to a little oscillation and it takes a longer time
for the controller to eliminate the impact. Overall, WGGMC
could handle the disturbances in very-high-purity ITCDIC.

Conclusion

In this work, a simplified nonlinear wave model of ITC-
DIC is established based on a nonlinear wave theory. The
model test shows that the model has great accuracy espe-
cially at the top and bottom stages, which is very conducive
to the control design. A generalized generic model control
strategy based on this wave model (WGGMC) is then intro-
duced into the system. WGGMC not only inherits the advan-
tages of conventional GMC, but also realizes the self-tuning
with a physical meaning. In the case study of the benzene-
toluene ITCDIC system, compared with a GMC strategy
based on a data-driven model and another wave-model-based
GMC (WGMC), WGGMC has the best performance. In the
very-high-purity control of ITCDIC, TGMC and WGMC fail
to work properly, while WGGMC can handle it well even if
there are disturbances. The whole work proves the efficiency
of the presented wave model and the control system of
ITCDIC.
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Notation

a,b,c = coefficient of the Antoine equation
F = feed flow rate, kmol h™!
H = stage holdup, kmol
k,ks = characterize the tangent of the inflection points S; and S,
L = liquid flow rate, kmol h!
Pr = pressure of rectifying section, Mpa
Ps = pressure of stripping section, Mpa
P,, = vapor saturated pressure, Mpa
= energy required, kW
= feed thermal condition
= the desired value of the controlled variables
S; = inflection point of rectifying section
S, = inflection point of stripping section
T = absolute temperature, K
UA = heat-transfer rate, W K!
V = vapor flow rate, kmol h™'
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X = mole fraction of liquid
X, min = the minimum asymptotic limits of the rectifying section
X, max = the maximum asymptotic limits of the rectifying section
X, min = the minimum asymptotic limits in the stripping section
X;ma,& = the maximum asymptotic limits in the stripping section
~ X = the estimation of liquid mole fraction

Y = mole fraction of vapor
Z; = mole fraction of feed

Greek letters
o = relative volatility
) = latent heat, J kmol ™!

Subscripts
f= feed stage
J = stage number (counted from the top to the bottom, namely,
from 1 to n)
r = the rectifying section
s = the stripping section
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