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a b s t r a c t
Divided wall column is a promising energy-alternative for separation process which is capable of achieving typically 30% energy and capital cost savings compared with a conventional distillation system.
Despite such advantages, divided wall column (DWC) is not widely used from the fear to run into controllability problems due to the DWC complexity. A proﬁle position control scheme was proposed to
overcome the control problems. Relative gain array analysis and singular value decomposition were used
to determine optimal control conﬁguration. Dynamic simulation showed that the proﬁle position–product composition cascade control can keep the product purities at the desired values in the face of feed and
internal disturbances.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
The divided wall column has been recently spotlighted as a
promising separation process from its energy saving capability.
The divided wall column can save the energy and equipment cost
of about 30–50% in comparison with the conventional distillation
sequences [1–4]. All over the world, the divided wall column of
about 40 is operated and 30 is operated in the BASF group [5].
The divided wall column is the complicated distillation system
consisting of a prefractionator and main column. Despite economic
efﬁciency of the divided wall column, control and operation of the
column are considerably difﬁcult [9,10]. Presently, the conventional control strategy using the PI controller is used but effect of
the energy saving is not obtained by operating at non-optimal region considering the safety margin due to the control difﬁculty.
Investigation of divided wall column is classiﬁed into the optimal design and optimal control. The researches of the optimal design are many but the researches of the optimal control are still
insufﬁcient [8,12–16]. Halvorsen and Skogestad obtained some
relationships between optimal operation and some measurements
which can be deduced from the composition proﬁle or the states
[12]. They found that the position of maximum mid-component
composition in the main column coincides with the sidedraw location and the temperature difference over prefractionator has a
maximum value when the optimal separation occurs. Adrian
et al. tested different types of PI controller concepts and recommended the control structure that three temperatures in the
DWC are controlled by reﬂux ratio, and liquid split ratio, and side
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draw rate [5]. They compared the structure with model predictive
control (MPC) and found that MPC gives a better control performance. Wang and Wong showed that a temperature control with
composition cascade can handle feed disturbances and internal
disturbances such as changes in liquid and vapor split ratio. They
controlled three product compositions by manipulating reboiler
duty, reﬂux ﬂow, and side draw rate [16].
In this paper, a divided wall column with vapor side draw at the
condition close to optimal is selected to examine the performance
of the proposed control system. The proposed control system is
based on proﬁle position control to obtain desired column proﬁles
which makes major separations of the mixture occur at the desired
locations in the column. The proﬁle positions of the column can be
thought as a feedback variable to represent the state of the DWC.
The proﬁle positions in column sections of the divided wall column
are chosen as controlled variables. From relative gain array (RGA)
and singular value decomposition (SVD) analysis, we determined
an optimal control structure for the control scheme. The performance of the proposed control scheme is compared with that of
conventional temperature-product composition cascade controller
for the feed ﬂow composition and feed ﬂow rate disturbances.
2. Divided wall column design
Fig. 1 shows a schematic diagram of the proposed divided wall
column. There are ﬁve degrees of freedom for the DWC: reﬂux ﬂow
rate, reboiler boilup, sidedraw rate, liquid split ratio and vapor split
ratio. With three product compositions controlled, the divided wall
column has two additional degrees of freedoms for the operation
optimization [6]. They are the liquid and vapor split ratios which
are internal variables related with energy consumption. Generally,
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Fig. 1. Simulation concept of divided wall column.

We introduced the divided wall column concept consisting of
four columns for simulation: prefractionator (PC), upper column
(UC), lower column (LC) and main column (MC). The DWC system
separates a mixture of benzene, toluene, p-xylene. The divided wall
column conﬁguration is composed of 20 trays of PC, 15 trays of UC,
15 trays of LC, and 20 trays of MC. The compositions of top, side and
bottom products are nearly 98 mole%, respectively. Feed stream is
assumed to have the composition of 0.2/0.6/0.2 (B/T/X) as a saturated liquid. Feed enters to 10th stage from the top in PC and side
product is drawn at 10th stage from the top from MC as vapor. Details of the divided wall column are listed in Table 1.
A steady-state rigorous simulation model for the divided wall
column was developed using Aspen plus (Ver. 2006). Equilibrium
stages and no heat transfer through the dividing wall are assumed.
Aspen property (Ver. 2006) was used for the property prediction of
pure components and binary parameters. Nonrandom two-liquid
(NRTL) activity coefﬁcient model was used for the prediction of vapor–liquid equilibrium of this system and the vapor phase was assumed to be ideal gas.
Halvorsen and Skogestad found that the temperature difference
over the prefractionator always has its maximum and the maximum composition of the mid-component occurs at the side product stream tray when the column is at its optimum [12–15]. Fig. 2
shows temperature proﬁle in the proposed divided wall column.
Major separation occurs in the region which shows sharp temperature gradient and reﬁning takes place in the other regions which
show ﬂat temperature gradient in the proﬁle. If major separation
occurs in the middle of the column, we can obtain maximum separation. In the ﬁgure, the regions with sharp temperature gradient
exist in the middle of both prefractionator and main column, indicating that maximum separation has been attained in the system.
This shows that the proposed design of divided wall column is
optimal.
3. Proﬁle position controller design
Distillation column shows temperature and composition proﬁles which represent a dynamic or steady-state of the column.

the liquid and vapor split ratio depend on parameter that consists
of pressure drop and cross-sectional area ratio. In the liquid split
ratio, an adjustment is possible by a distributor and the vapor split
ratio is more inﬂuenced by the pressure drop between prefractionator (PC) and main column (MC) [6,7]. The liquid split ratio is
not only the manipulated variable but also design variable. In this
study, the liquid split ratio and the vapor split ratio are not considered as manipulated variable.
Table 1
Steady-state conﬁguration for divided wall column with vapor sidedraw.
Feed ﬂowrate (kmol/h)
Feed liquid fraction (q)
Composition
Feed (mole fraction)
Distillate
Sidedraw
Bottom
Number of trays

Feed stage
Sidedraw stage
Temperature (°C)
Column pressure (atm)
Pressure drop (atm)
Tray type

Total
Prefractionator
Upper column
Main column
Lower column
(vapor)
Top
Bottom

100
Saturated liquid (q = 1)
Benzene/toluene/p-xylene
0.2/0.6/0.2
0.9845/0.0155/0
0.003/0.9870/0.01
0/0.0187/0.9813
50
20
15
20
15
25 (10)
25 (10)
80.35
153.5
Atmospheric
0.01
Sieve
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Fig. 2. Temperature proﬁles of the proposed divided wall column.
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Fig. 3. Temperature proﬁle propagation of main column for reﬂux ﬂow rate change (a), side valve position change (b), and reboiler heat duty change (c).

From the column proﬁle, we can reduce useful information, to control and optimize the state. For example, optimal column proﬁle
indicates that optimal separation has been obtained. Control of a
tray temperature in the column is generally used to obtain the de-

Table 6
RGA analysis for temperature-composition cascade control.

Table 2
RGA analysis for proﬁle position control scheme.

DC1 (Upper PP, Z1)
DC2 (Middle PP, Z2)
DC3 (Lower PP, Z3)

sired column proﬁle, which can be regarded as a control objective
in distillation column operation.

DM1
(Reﬂux ﬂowrate)

DM2
(Sidedraw)

DM3
(Vapor boilup)

0.47424
1.5477
0.07346

0.94512
0.061857
0.00698

0.52912
0.60956
1.0804

DC10 (XD)
DC11 (XS)
DC12 (XB)

DM4
(Temp. of NS27, T2)

DM5
(Temp. of NS6, T1)

DM6
(Temp. of NS44, T3)

0.0000
1.0003
0.0003

1.0000
0.0000
0.0000

0.0000
0.0003
1.0003

Table 7
SVD analysis of control conﬁgurations.
Table 3
RGA analysis for temperature control scheme.

DC4 (Temp. of NS6, T1)
DC5 (Temp. of NS27, T2)
DC6 (Temp. of NS44, T3)

DM1
(Reﬂux ﬂowrate)

DM2
(Sidedraw)

DM3
(Vapor boilup)

0.15646
0.45984
0.3837

1.0229
0.01307
0.00981

0.17934
0.55323
0.62611

DM1 (Reﬂux ﬂowrate)

DM2 (Sidedraw)

DM3 (Vapor boilup)

0.11919
1.1916
0.3108

0.97517
0.043822
0.019

0.09436
0.23544
1.3298

Table 5
RGA analysis for proﬁle position – product composition cascade control.

DC13 (XD)
DC14 (XS)
DC15 (XB)

CV
Z1,
XD,
XD ,
T1,
XD ,

Z2, Z3
XS, XB
XS, XB
T2, T3
XS, XB

MV

CN (SVD)

S, R, V
S, R, V
Z1, Z2, Z3
S, R, V
T1, T2, T3

107.555
16.4436
3.7930
173.1988
4.3927

Table 8
Control loop pairing for the various conﬁgurations.

Table 4
RGA analysis for product composition control scheme.

DC7 (XD)
DC8 (XS)
DC9 (XB)

Paring number
1
2
3
4
5

DM4 (Middle PP, Z2)

DM5 (Upper PP, Z1)

DM6 (Lower PP, Z3)

0.0000
0.9981
0.0019

1.0000
0.0000
0.0000

0.0000
0.0019
0.9981

Pairing method

Controlled variables
(master)

Controlled
variables (slave)

Manipulated
variables

SLV (proﬁle
position)

–
–
–

Z1
Z2
Z3

S
R
V

SLV (temperature)

–
–
–

T1
T2
T3

S
R
V

Cascade SLV (proﬁle
position)

XD
XS
XB

Z1
Z2
Z3

S
R
V

Cascade SLV
(temperature)

XD
XS
XB

T1
T2
T3

S
R
V
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Fig. 4. Variation of the mid-component composition in the side product stream for
proﬁle position change in prefractionator.

The conventional control strategy measures the temperature of
a tray and controls the separation of a mixture. Subjected to a small
disturbance, the stable operation is possible since the sensor can
recognize the change of the column proﬁle. But for a big disturbance, the temperature sensor is easily saturated; proper control
action to regulate the disturbance cannot be done. This is because
the temperature sensor experiences a nonlinear temperature proﬁle during the propagation of the disturbance; it is also difﬁcult
to tune the control parameters due to its nonlinear characteristics.
The nonlinear behavior is characterized by movement of composition or temperature proﬁle to propagate to column ends, giving the
dramatic changes in end composition of columns. The travel of the
proﬁle is driven by the imbalance between upward force by vapor
ﬂow and downward force by liquid ﬂow rate. We can move the
proﬁle to the desired location in the column by adjusting the liquid
and vapor ﬂow rates.
Fig. 3 shows the propagation of temperature proﬁles for the
change of the manipulated variables: reﬂux ﬂow rate, side draw
rate, and reboiler heat duty. Increasing the reﬂux ﬂow rate moves
the column proﬁle downward and increasing the reboiler heat duty
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Fig. 5. Two PI control with cascade composition control strategies in proposed divided wall column (left: cascade proﬁle position PI control; right: temperature PI control).
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moves the column proﬁle upward with preserving almost the same
column proﬁle shape, indicating the proﬁle positions can be controlled by manipulating the liquid and vapor ﬂow rates in the column. Increasing the side draw rate moves the column proﬁle in the
upper column downward but does not change the proﬁle in lower

column so that the proﬁle position in upper column can be adjusted by changing the side draw rate.
Therefore, proﬁle position can be employed to obtain the desired column proﬁle for DWC. The proﬁle position can be regarded
as a point where temperature gradient is the largest in a column

Fig. 6. Dynamic response of product purities under the proﬁle position – product composition cascade control scheme for feed ﬂow rate disturbance (±20%) and feed
composition disturbance (0.15/0.70/0.15, 0.25/0.50/0.25).
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section. We propose proﬁle position control, that is, the strategy
controlling the location in which the temperature differential is
largest in the column section. When the tray temperature of the
column section is measured, the temperature differences between
neighboring measured trays can be calculated. The proﬁle position
can be determined by dividing the sum of the temperature differ-

937

ences multiplied by its position by the sum of the temperature
differences:

Pn1
j¼m Z j DT j
Z ¼ Pn1
;
j¼m DT j

ð1Þ

Fig. 7. Dynamic behavior of the proﬁle position (Z) and set point (Z*) for feed ﬂow rate disturbance (±20%) and feed composition disturbance (0.15/0.70/0.15, 0.25/0.50/0.25)
in each column (upper column, prefractionator and lower column) under the proﬁle position- product composition cascade control.
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where j is the measurement tray number, m is the ﬁrst measurement tray number, and n is the last measurement tray number in
a column section. DTj is the temperature difference between the
jth measurement tray and the (j + 1)th measurement tray and Zj is
the midpoint between jth and (j + 1)th measurement trays [11].
The proﬁle position controller is used for instantaneous control to

move the proﬁle position to the desired location in the column.
However, an offset from the set point in a product composition
may occur when the proﬁle position of the column is ﬁxed at a speciﬁc point. The temperature proﬁle can experience a noticeable
change in the proﬁle shape. Besides, some model-plant mismatch
in the proposed controller can bring about an offset from the set

Fig. 8. Dynamic response of product purities under the temperature – product composition cascade control scheme for feed ﬂow rate disturbance (±20%) and feed
composition disturbance (0.15/0.70/0.15, 0.25/0.50/0.25).
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point in product purities. Therefore, to remove the offset, a control
tray temperature or product composition controller can be employed and cascaded as a primary controller to the proﬁle position
controller to remove the offset. A PI controller is used as the primary controller for product purity and provides a set point to the
proﬁle position controller.
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4. Sensitivity analysis
Relative gain array (RGA) and singular value decomposition
(SVD) are used to investigate the controllability at optimal operating condition for the divided wall column. Tables 2–7 show the results of RGA analysis and SVD analysis for the four control

Fig. 9. Dynamic response of product purities under the proﬁle position – product composition cascade control scheme for internal disturbances in liquid split (0.5 ? 0.475
and 0.525) and vapor split (0.5 ? 0.515 and 0.485).
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conﬁgurations: proﬁle position control, temperature control, proﬁle position-product composition cascade, and temperature-product composition cascade.
For the proﬁle position control conﬁguration, three proﬁle positions (Z1, Z2, Z3) in upper column, prefractionator, and lower column were controlled by side draw rate (S), reﬂux ﬂow rate (R), and
vapor boilup rate (V). Table 2 suggests that Z1 should be controlled
by S, Z2 by R, and Z3 by V. Z1 can be controlled by manipulating
sidedraw rate (S), changing the vapor ﬂow rate in upper column.
For the temperature control conﬁguration, three temperatures
(T1, T2, T3) in the upper column, prefractionator, and lower column were controlled by S, R, V. The controlled variables are temperature of 6th tray (T1), temperature of 27th tray of
prefractionator (T2) and temperature of 44th tray (T3). The result
also recommends that T2 should be controlled by R, T1 by S, and
T3 by V, as shown in Table 3. Selected stage temperatures are all
located at steep fronts. The RGA results recommend the same control conﬁguration with the proﬁle position control scheme but
show that the temperature control scheme gives more interaction
between control loops than the proﬁle position control scheme.
Table 4 shows RGA results for product composition control
scheme. The results recommend that top product composition
(XD) should be controlled by S, side product composition (XS) by
R, bottom product composition (XB) by V. RGA and SVD results indicates that there exists much less interaction between product composition control loops than both proﬁle position control and
temperature control scheme, as shown in Tables 4 and 7. However,
the composition control loops contains a very large time delay or
time constant so that the controlled variables respond very slowly
to changes in manipulated variable.
Both temperature control and proﬁle position control give offsets in product compositions because the controlled variables are
not product compositions. To overcome the time delay of the composition loops and remove the offsets in product compositions
which arise when employing temperature or proﬁle position control only, we consider temperature-composition cascade and proﬁle position-composition cascade control. Table 5 recommends
that for proﬁle position-composition cascade, Z1 is paired with
XD, Z2 is paired with XB, and Z3 is paired with XB. Table 6 suggests
that for temperature-composition cascade, T1 is paired with XD, T2
is paired with XS, and T3 is paired with XB. Very little interactions
exist between the primary control loops of the two cascade control
schemes. Table 8 summarizes control loop pairings for the four
control conﬁgurations.
Fig. 4 shows a variation of the mid-component composition in
the side product stream for the change of proﬁle position in prefractionator. We found that the concentration of the side product is
closely related with the proﬁle position in a prefractionator. This
result conﬁrms that the proﬁle position in prefractionator (Z2)
can be cascaded to sideproduct composition (XS) controller. Fig. 5
illustrates the proﬁle position-product composition cascade control scheme and temperature-composition cascade control scheme,
where PPC denotes proﬁle position control.

turbance (±20%) and feed composition disturbance under the proﬁle position-composition cascade control. Z* is the setpoint by the
composition controller. The composition controller measures the
changed concentration of each product and calculates location of
the proﬁle position (Z*). The proﬁle position controller moves the
proﬁle position (Z) to the set point (Z*). The ﬁgure shows that the
proﬁle position controllers are capable of following the setpoints
given by composition controllers. The cascade temperature PI control strategy was simulated to provide a comparison of control performance with the proposed control scheme. The cascade
temperature PI control scheme has a similar control conﬁguration
proposed by Wang and Wong [16]. The temperature control
scheme shows more oscillatory response and longer settling time
for feed ﬂow rate and feed composition disturbance than the proposed control strategy as shown in Fig. 8. Dynamic responses of the
proposed control scheme for internal disturbances such as changes
in liquid split ratio and vapor split ratio are provided in Fig. 9. The
proposed control scheme is shown to give a good control performance for the disturbances.
Proﬁle position controller can deal with nonlinearity and interaction problems which exist in control of the divided wall column,
which improves the control performance remarkably. These results
indicate that tight control of proﬁle positions can prevent the propagation of feed disturbance to the product composition and leads
to stabilizing operation of the divided wall column.
6. Conclusion
A proﬁle position control scheme was proposed for control of
divided wall column with vapor sidedraw. We use the proﬁle position in each column as a controlled variable and the controlled
variables are looped with manipulated variables such as reﬂux
ﬂow rate, side draw rate, reboiler heat duty based on the result
of RGA and SVD analysis. Simple PI controller is employed for the
control of the proﬁle position and the proﬁle position controllers
are cascaded to the product composition controllers to remove
the offset in product compositions. The proposed control scheme
gives better control performance and shorter settling time than
conventional temperature-composition cascade control scheme.
We found that proﬁle position control of each distillation section
makes the column very stable in the face of large feed disturbances. Tight control of proﬁle position at the desired location
along the column section leads to a stable and optimal separation
in the divided wall column. Estimation of the proﬁle position is
based on very simple calculation and thereby the proposed control
scheme can be easily applied to the operation of real divided wall
column in the ﬁeld.
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Figs. 6–9 show dynamic responses of the proposed control
scheme and temperature-composition cascade control structure.
First order lag of 1 min was considered for temperature controller
and proﬁle position control scheme and dead time of 6 min for
composition controller. The proposed cascade control strategy
gives a stable dynamic response in product compositions for large
feed ﬂow rate and large feed composition disturbances as shown in
Fig. 6. Fig. 7 shows closed-loop dynamic behavior of the proﬁle
positions (Z1, Z2, Z3) and their set points (Z*) for feed ﬂow rate dis-
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