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Abstract

In this work different control structures for a three-product Petlyuk column are compared.
The selection contains two different composition controls, a temperature control and the
development to cascade control setups. All of them are tested with large disturbances in
the feed rate and feed composition.

The main part is about the implementation of the control structures and the overall
rating of their performance and stability. An overview of the strengths and weaknesses
of the different layouts is given as well as some general recommendations for the tuning
of these complex control structures.







Contents

[List_of Tables| \Y}
[Cist of Figures| Vil
(1__Introduction 1
3
2.1 Petlyuk Column| . . . .. .. ... ... ... .. 3
2.2 Controller Tuning Rules| . . . . . ... ... ... ... ... .. ...... 5
2.2.1 SIMC tuning rules| . . . . . . .. ..o oo D

[2.2.2  Tuning procedure|. . . . . . . ... o L o 6

3 Simulation Models 7
3.1 Basics of the MATLAB model and steady state| . . . . . . ... ... ... 7
3.2 Control Structures| . . . . . . . . . . ... 9
[3.2.1 Initial Control Structure (Setup 1)l . . . . . ... .. ... ... .. 9

13.2.2  Setup 2: Control of side stream purity with boil-up|. . . . . . . .. 10

13.2.3  Setup 3: Temperature control| . . . . . . . ... 10

[3.2.4  Setup 4: Cascade Controlf . . . . . .. ... ... ... ....... 15

[3.2.5  Setup 5: Cascade Control with fixed Vapor Splitf . . . . . .. . .. 17

13.2.6  Setup 6: Partial Cascade Control| . . . . . . . ... ... ... ... 19

4 Results and Discussionl 21
[4.1 Initial Control Structure (Setup 1)[ . . . . .. . ... ... ... ... ... 21
4.2 Setup 2: Control of side stream purity with boil-up|f. . . . . . . . ... .. 21
4.3 Setup 3: Temperature control| . . . . . . ... o000 24
4.4 Setup 4: Cascade Control| . . . . .. . .. ... ... Lo 27
4.5  Setup 5: Cascade Control with fixed Vapor Split| . . . . . ... ... ... 27
4.6 Setup 6: Partial Cascade Controlf . . . . . . ... ... .. ... ... ... 29
b Conclusion| 31
Bib graphy| 33

111






List of Tables

8.1 Parameters of themodell . . . . . . . .. ... . oL 7
3.2 Steady state values| . . . . . . . ... 9
(3.3 Nominal Flow rates|. . . . . . ... ... .. .. .. .. ... 9
|3.4 Initial controller pairing and tuning parameters| . . . . . . ... ... ... 10
[3.5  Controller pairing and tuning parameters of Setup 2| . . . . . . . ... .. 11
3.6 Stages and nominal values for the temperature control (Setup 3)| . . . . . 15
3.7 Tuning parameters of the cascade control (Setup 4)[. . . . . . ... .. .. 17
3.8 Tuning parameters of the cascade control with fixed vapor split (Setup 5)[ 18
3.9 Tuning parameters of the partial cascade control with fixed vapor split(Setup 6) 19
[5.1  Performance of the different control structures (—— error, — constraints not

reached, o constraints slowly reached(> 300 min), + constraints reached

(< 300 min), ++ constraints quickly reached(< 100 min))| . . . . ... .. 31







List

of Figures

1.1  Thermally and mass-coupled setup according to Petlyuk| . . . . . ... .. 1
[2.1 Direct and indirect sequence to separate a mixture of the three components |

| A, B and C (Condensers and reboilers are not shown)| . . . .. ... ... 3
[2.2  More advanced structures to separate three components A, Band C| . . . 4
[2.3  Combination of the prefractionator and the main column into one divided |

| wall columml . . . . . . . . 4
[2.4  Step response to a change of the controlled value u(t) . . ......... 5
[3.1 Implementation of the Petlyuk structure| . . . . . . . .. .. ... ... .. 8
3.2 Control structure of setup 1 . . . . . . . . ... ... o000, 11
3.3  Control structure of setup 2| . . . . . . . . .. ... L. 12
[3.4  Control structure of setup 3 / Temperature Control| . . . . ... ... .. 13
3.5  Temperature changes in the prefractionator and the main column for |

| changed controller values| . . . . ... ... ... ... ... ..... 14
3.6 The temperature profile does not change for feed rate variations, while |

| changes in the feed composition have an obvious effect onit| . . . . . . .. 15
[3.7  Control structure of setup 4 / Cascade Control, with primary loop (index |
[ 1) and secondary loop (index 2)|. . . . ... ... .. ... . ........ 16
[3.8" Changes of the temperature profile for a feed composition of 30/20/50 . . 17
[3.9 Control structure of setup 5 / Cascade Control with fixed vapor split, with |

| primary loop (index 1) and secondary loop (index 2)| . . . . .. ... ... 18
[3.10 Control structure of setup 6 / partial Cascade Control, with primary loop |

| (index 1) and secondary loop (index 2)[. . . . . . .. ... ... ... ... 20
4.1 Steady State] . . . . . ... 22
4.2  Effects of small changes in feed rate and feed composition (Initial model)| 22

4.3 Major changes of the Feed rate: 130 % (Initial model)| . . . .. ... ... 23
4.4 Major changes of the feed composition (Initial model)] . . . .. ... ... 23
|4.5  Comparison of the initial model and Setup 2 for a decreased feed rate of |
....................................... 24
4.6 Comparison of the initial model and Setup 2 for a feed composition of |

| 50/20/30)| . . ..o 25
[4.7 Smaller and shorter deflection with temperature control (Feed rate 70 %)| 25
4.8 Temperature control reacts faster, but does not meet the concentrations |
setpoints for minor variations in the feed composition (Feed composition |
30/40/30) . . .o 26

VII



List of Figures

4.9 In Temperature Control, major changes in the feed composition cause |
| large deflections and violations of the constraints| . . . . . . . . ... ... 26
4.10 With Cascade Control, the requested purities can be reached for most of |
| the changes in the feed compositions (Here: Feed composition 40/40/20)| . 27
[4.11 High fractions of component A causes errors in the Cascade control (Here: [
| Feed composition 50/30/20)[ . . . . . . . . . ... 28
|4.12 Example of Overshoot in Setup b, caused by growing I-part of not active |
[ controller VB2l . . . . . . . . 28
|4.13 The partial cascade control is slower than pure temperature control for |
[ changes in the feed rate (decreased feed rate of 70%)[. . . . . . . . . ... 29
|4.14 The final Setup meets all constraints for cases where previous layouts fail |
| (e.g. for composition 30/50/20) . . . . .. ... L oL 30

VIII



1 Introduction

The separation of several products is a common task in chemical processes. For many
liquid components, continuous distillation is a good choice. But if the feed contains
more than two different components, another column has to be added for every further
component and the investment costs rise. Furthermore the separation problem becomes
more and more complex as the possible combinations of the different columns increase.
For a mixture of only three substances (A, B and C), one can for example use a direct
or indirect sequence. Another possibility would be a setup with a small prefractionator
where A and C are split and a main column for the more difficult A/B and B/C splits.

A major improvement comes with the thermally and mass-coupled setup introduced by
Petlyuk et al. [2], where a prefractionator and a main column are connected so that mass
streams flow in both directions. With this setup only one condenser and one reboiler is
needed for the hole setup (see figure . Compared to a sequential setup, this structure

A
AB
|
ABC . B
Main
Column
—
BC
Prefractionator
C

Figure 1.1: Thermally and mass-coupled setup according to Petlyuk

can save up to 25 % investment costs and 35 % energy costs [6].

Still there are only view columns of this type in industrial use. The downsides of this
structure are the difficulties in controlling and operating which often outweigh the benefits.
Especially in processes where conditions change frequently, the large number of degrees
of freedom can become a problem.

This work compares different control structures like composition control, temperature
control and full cascade control as well as partial cascade control for a Petlyuk like




1 Introduction

three-product column. The aim is to find a control structure with a good response to
dynamic disturbances in the feed. At the same time, the effort for tuning should be

manageable.




2 Theory

2.1 Petlyuk Column

The straightforward method to distillate a mixture of three components (A, B and C,
where A is the light component and C the heavy one) is the use of a direct or indirect
sequence (see figure . Depending on the difficulty of the Split A/B and B/C and the
fractions of the three components, the more suitable and economic method can be chosen.
In every setting a large first column is needed to achieve a sharp split of two of the
substances. Simultaneously the third fraction has a part in the mass flows and therefore
requires bigger dimensions of the equipment, but is not purified in this section.

Another better possibility would be a setup with a prefractionator (see figure on
the following page) in which the easy split between A and C takes place in a smaller
first column (the prefractionator) and the more difficult A/B and B/C splits are handled
in the main column. In this setup every section has only to be big enough to hold
the components that are actually separated in this section. The selection of the best
layout depends on the feed composition and many other parameters like energy costs,
the interest in investment costs and process details of the separation problem.

But still each column needs a separate condenser and reboiler. A major improvement
comes with the thermally and mass-coupled setup introduced by Petlyuk et al. [2], where
the prefractionator and the main column are connected in both directions (see figure
on the next page). Therefore parts of the liquid coming down from the main column can
be used as reflux in the top of the prefractionator and the steam going up can replace
the boil up in the small column. So with this setup only one condenser and one reboiler

Second
Column

(a) Direct Sequence (b) Indirect Sequence

Figure 2.1: Direct and indirect sequence to separate a mixture of the three components
A, B and C (Condensers and reboilers are not shown)
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Column Column
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C C

(a) Setup with Prefractionator (b) Thermally and mass-coupled setup according to

Petlyuk

Figure 2.2: More advanced structures to separate three components A, B and C

ABC B

Figure 2.3: Combination of the prefractionator and the main column into one divided
wall column

is needed for the hole setup and the investment costs as well as the energy consumption
can be reduced significantly.

A further step to save material and space is the combination of the prefractionator and
the main column in one single column, a divided wall column. An internal wall separates
the feed stage from the stage of the side product and prevents remixing (see figure .
Compared to a sequential setup, this structure can save up to 25 % of investment costs,
35 % of energy costs and 40 % of pace [6]. Even the additional costs for the wall inside
are compensated by saving a complete column and most of the external piping.

Nevertheless, only a few of these Petlyuk and divided-wall columns have been built. The
disadvantage of this structure is the increased number of degrees of freedom. As a result
both the design and the controlling become more complex and the whole structure gets
difficult to built and to handle.




2.2 Controller Tuning Rules

time

Figure 2.4: Step response to a change of the controlled value u(t)

2.2 Controller Tuning Rules

Besides the correct pairing of inputs and outputs, one of the main tasks in accomplishing a
good control structure is the tuning of the controllers. Especially for a complex setup like
the divided wall column, a systematic procedure is needed to find well working settings.
In this work, all PI controllers are tuned using the SIMC tuning rules as described by
Skogestad [4].

2.2.1 SIMC tuning rules

The procedure according to Skogestad would be to first obtain a first or second order
model of the control problem and then to derive the controller settings following the
SIMC rules. In case of the divided wall column, probably a higher order model would be
needed to sufficiently represent the actual column. Nevertheless, as the whole column
already is a MATLAB model, the faster method is to examine the response of the system
to step changes in the manipulated variables.

Based on the steady state, a small step change of a controlled value (u(t), in this case
the flow rates in the valves) is made for each valve separately. After a time delay 6, the
corresponding measured value (y(t), here the compositions) will change and settle at a
new level (see figure . For the tuning rules, several parameters of the step response
have to be measured. The effective time delay 6 (the time between the step in u(t) and
the first response of y(t), also known as dead time), the dominant lag time constant 7
(the time the measured value takes to reach 63 % of its maximum; starting after the dead
time) and the steady state gain k (which is defined as the ratio of the response amplitude
and the step size).
o — DYoo
Ay
Furthermore, the closed-loop time constant 7. is used as a tuning parameter to tighten
(higher 7.) or de-tune (lower 7.) each controller. A good initial value can be 7, = 6, which

(2.1)
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results in a good compromise between speed, stability and robustness.

If the lag time is much bigger than the time delay (71 > 8 - ), the first order response
can be approximated by an integrating process. Instead of the the gain k, the value of k¥’
is then used for the tuning, where k’ is the slope of the approximated linear response
divided by the step size.

i — Ay/At

Au

In practice, the time period in which the slope is measured, should be about the same
size as the used 7.. If 6 is very small and the integrating approximation is used, the
SIMC rules result in 7. = 0 ~ 0 and 7. has to be set to an adequate value bigger than
Zero.

(2.2)

Based on these values, the controller settings can be calculated as follows

First Order Integrating

. 1 T 1 1
Controller gain: K. = i j_ 7 c=1 p—
Integration time constant: 171 =min[r,4- (1. +0)] m=4-(1c+0)

2.2.2 Tuning procedure

The dynamic response of a distillation column is strongly nonlinear and therefore is
harder to handle the further the current operation point is away from the nominal value.
The use of a logarithmic composition instead of the pure concentrations is sufficient to
counteract most of this non-linearity. So the measured value for every controller y(t) is
actually In(z;(¢)) and the setpoint is In(x;(0)). [3]

The procedure for all control structures is to tune the controllers in the prefractionator
independently at first, while all other loops are open. Then these two loops are closed
and the remaining controllers in the main column are tuned one by one, while the other
loops in the main column stay open. After all parameters are obtained and all control
loops are closed, usually the boil up and the reflux have to be de-tuned as they most
likely interact.




3 Simulation Models

Starting with an existing MATLAB model of a Petlyuk column, different setups are
implemented. The originally used composition control is first changed to temperature
control and then to cascade control.

3.1 Basics of the MATLAB model and steady state

The core of the program is based on column A as it is introduced by Skogestad and
Morari [5] and used in several of their papers (e.g. [3]). While column A only works on
binary mixtures, the expansion to three and four product separation was done by the
Distillation Group of Sigurd Skogestad at NTNU. As the key aspect of this studies is the
controlling and not the column design, some assumptions are made to get an easier model.
This allows to focus on the control structure without having to care about the effects of
non-ideal mixtures which are in most cases small but time-consuming to calculate.

The properties of the theoretical components A, B and C are close to a mixture of ethanol,
propanol and n-butanol. The pressure in the column and the relative volatilities are
assumed as constant. Moreover, constant internal molar flows in each section, a total
equilibrium on all stages and a total condenser are used. While the flow dynamics of
the vapor are neglected, the liquid dynamics are approximated by a linear model. The
parameters of the column are summarized in table

In this model, three single columns are used to represent the divided wall column (see
figure on the next page). In terms of controlling and thermodynamics, this setup is
equivalent to an actual divided wall setup. Each column consist of two sections with
20 theoretical stages in each section. The first column (section 1 and 2) works as the
prefractionator and the other two (section 21 to 24) form the main column. In the
main column, there are also the three stages top, S1 and reboiler which represent the
condenser, the stage where the side stream is branched off and the reboiler. In order

Table 3.1: Parameters of the model

Relative volatilities [A B C] [4.2 2.1 1]
Stages in prefractionator 2x20
Stages in main column 4 x 20
Feed rate 1 kmol/min
Feed composition equimolar
Feed state saturated liquid
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Stage 1 (top)

F =1 kmol/min
zZF=1/3,1/3,1/3

ABC

Stage 41 (bottom)

Figure 3.1: Implementation of the Petlyuk structure

Stage t (top)
Stage 1
L
RL=L22/L21 @
S1 N
RV=V23/V24
ve
Stage 81

Stage r (reboiler)

v




3.2 Control Structures

Table 3.2: Steady state values

column main prefractionator
position distillate residue side product | top  bottom
nominal impurity [mol %] 0.5 0.5 0.5 0.05 |0.29 0.08
by component B B C A C A
Table 3.3: Nominal Flow rates
Stream L VB RL RV S D R

nominal flow [kmol/min] 1.0034 1.3382 0.6535 0.4019 0.3318 0.3348 0.3333

to prevent confusion between the component B and the bottom product, the bottom
product is called residue (R) in the following. In all cases a LV-configuration is used.
The two external flows in the top and bottom (D and R) are used to control the liquid
hold-up in the condenser and the reboiler. This leaves five degrees of freedom to control
the concentration profiles within the columns. The liquid reflux (L) and the vapor
boil-up (VB) are typically used to control the composition in the main column. The
prefractionator can be controlled by the ratio of vapor and liquid that is returned from
the main column. The vapor split is defined as the percentage of vapor which rises
in the upper parts of the main column (Ry, = vapor flowgection 23/vapor flow section24)-
Accordingly, the liquid split is the percentage of liquid that flows into the lower parts of
the main column (Vy, = liquid flowsection 22/liquid flow section21). With the side stream
(S), the middle part of the main column can be controlled.

Based on a steady state, the effects of step changes in the feed rate and the feed
composition are tested. The steady state is adopted from earlier work of Dwivedi et al.
[1], who used this state close to minimal energy consumption. The nominal key impurities
(table and related controller settings (table are shown above.

Dwivedi et al. [1] also showed that in terms of energy consumption and controlling it is
suitable to over-purify the streams in the bottom and top of the prefractionator

3.2 Control Structures

For all simulations, variations of a L-V-configuration are used where the reflux (L) and
boil up (VB) control the compositions in top and bottom of the main column.

3.2.1 Initial Control Structure (Setup 1)

In the initial setup, the simplest control structure is used. While it is comparatively easy
to implement this setting, the system is very sensitive to changes in the feed rate and
the feed composition.




3 Simulation Models

Table 3.4: Initial controller pairing and tuning parameters

Controller L VB S mnone| RL RV | D R
key component B B C A C A liquid level
column main prefractionator main
position distillate residue side product top bottom | condenser reboiler
Te 6 15 5 25 30

K. 0.339 0.139  —0.557 —0.109 —0.033 1 1

TI 45 70 28 100 120 1000 1000

In addition to the reflux and boil up, the liquid split (Ry,) and vapor split (Ry) are used
to control the compositions in the top and the bottom of the prefractionator. The side
stream (S) controls the composition of the side product. In this initial case, only the
impurity of component C in the side stream is controlled (see also table and figure
on the next page).

Initially the approach for the best tuning was to first set the prefractionator and then
to try to tune the main column accordingly. It was assumed that a tightly tuned
prefractionator would stabilize the whole system. But with a tight controlling in the
prefractionator, the mass flows going into the main column start to fluctuate very fast.
While the many stages of the main column can handle small deflections in the composition
well, changes in the flow rates disturb all the controllers. Therefore it is recommended to
tune the small column at least about the factor 5 slower than the big one.

3.2.2 Setup 2: Control of side stream purity with boil-up

The uncontrolled concentration of component A in the side stream can cause impurities in
the side product for certain feed compositions. As the attempt to control both components
A and B in the side stream by the controller S1 leads to poor dynamic behavior [1], a
second criterion for the boil up is added. Therefore, the controller VB is split into two
parts VBB1 and VBB2. While VBB2 is the known part depending on the concentration
of component B in the reboiler, VBBI controls the concentration of A in the side stream.
The boil up is coupled to a maximum selector which transmits the bigger of the two
values (see figure on page . The new parameters are shown in table on the
next page. Due to the maximum selection, single product streams may be over-purified
in some cases, but then all purity constraints are met in the new states.

3.2.3 Setup 3: Temperature control

A further step to improve the performance of the column is to use temperature control.
In practice it is easier to measure the temperature in the column than to measure the
composition. A temperature sensor works continuously and very fast. Measuring the
concentration can be done with an gas chromatograph and can take up to 15 minutes for

10
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oF

ABC

O

ORic

Figure 3.2: Control structure of setup 1

Table 3.5: Controller pairing and tuning parameters of Setup 2

Controller L VB2 S  VB1| RL RV
key component B B C A C A
column main prefractionator
position distillate residue side product top bottom
Te 6 15 5 19 25 30
K. 0.339 0.139 —-0.557 0.1 | —0.109 —0.033
TI 45 70 28 80 100 120

11
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Figure 3.3: Control structure of setup 2
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ol Stage 74 !
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Figure 3.4: Control structure of setup 3 / Temperature Control

one measurement. Temperature control also brings some additional advantages. As the
temperature is not measured at the end of the column but around the middle of a section
(see figure , changes can be detected much earlier and the controller is able to respond
to disturbances before they even reach the product streams. Therefore, the whole column
profile is stabilized and the sensitivity to disturbances is reduced. Furthermore there
is no need to split the boil up controller when using temperature control. Instead of
one controller for each the concentration of A and C in the side stream, the monitored
temperature is dependent of both concentrations.

For this simulation, the liquid phase is assumed as an ideal mixture and the temperature is
approximated by an linear weighting of the boiling temperatures of the three components
with their mole fraction.

Tr> T (3.1)
7

To decide at which stage the temperature should be controlled, the stage with the highest
steady-state gain has to be found for each controller. Therefore, all control loops are
opened (except the level controllers D and B) and the changes of the temperatures of
each stage are plotted for a certain change of the controller value. In most cases, you

13
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Figure 3.5: Temperature changes in the prefractionator and the main column for changed
controller values

would expect graphs like the one in figure There should be no or only a small
change in the temperature at the ends of the column and a maximum around the middle
of the section closest to the changed flow. Normally you would choose the stage with the
highest temperature change as control point (stage 12 for RL) and tune the controller

according to the SIMC-rules (see section [2.2)). A logarithmic temperature is not used in
these simulations.

However, the effects of the position must always be taken into account. The highest gain
in figure is obviously at stage 28. But regarding the liquid flow dynamics and the
outlet S7 between the control point and the controller, this setting would be difficult to
handle and the performance would be slow. So for this case it seems more reasonable to
choose stage 74, which has a lower gain but is much closer to the controller.

A similar scenario occurs for the controller S1 (no figure). The stage with the highest
temperature change is above the outlet of the side stream. As the side stream branches
off the liquid flow, only the section below is affected directly. The changes in the section
above are caused indirectly by the increasing boil-up. To avoid this complex connection,
the stage with the second highest gain is chosen. This one is below the side stream and
can be affected directly by the controller.

The determined stages for all controllers, the controller settings and the corresponding
nominal temperatures can be seen in table [3.6] on the facing page.

While temperature control is a good choice for changing feed rates, its fails for changes
in the feed composition. The source of this problem lies in the nature of the temperature
control itself. A different feed rate requires a proportional adjustment of all controllers
and does not change the temperature profile in the column (figure on the next
page). The temperature control can handle this variations very good, because it already
reacts when the changes reach the measure points and not only after the product purity

14



3.2 Control Structures

Table 3.6: Stages and nominal values for the temperature control (Setup 3)

Controller L VB S | RL RV
column main prefractionator
Section 21 24 23 1 2
Stage 8 74 50 12 28
Nominal Temperature 81.6°C 114.2°C 100.3°C | 92.0°C 102.5°C
Te 1 1 0.5 5 5
K. 0.477 —0.564 —1.459 | —0.282 —0.125
I 6.7 4 4.8 23 20
prefractionator prefractionator
1051 ; 1101 -
© 100} o 105}
g £ 100t
i E ol
& 5 10 5 20 2 %0 % 40 & 5 10 15 20 2 %0 % 40
stage stage
120+ main column —/ 120+ main column
O 11of VB O 11of B
g nominal % nominal
= : end i : end
70 . : ‘ :

70

10 20 30 40 50 80 10 30 50 80

stage

60 70 20 40

stage

60 70

(a) Feed-rate 130 % (b) Feed composition 30/20/50

Figure 3.6: The temperature profile does not change for feed rate variations, while changes
in the feed composition have an obvious effect on it

drops. In contrast to this, a change in the feed composition has a strong effect on the
temperature profile (see figure . So even if the controllers manage to hold the
temperatures at the different measurement points, the constraints for the products may
be violated. In order to deal with the changing demands on the temperatures for different
feed composition, a cascade control is needed which also considers the product purities.

3.2.4 Setup 4: Cascade Control

The results from section show that changes in the feed composition implicate the
need to adjust the setpoints of the temperature control. Therefore a second control
loop (primary loop) is added to the previous model. This new control layer changes
the temperature setpoints according to the concentrations of the key-components in the
column (see figure on the next page). The present temperature control (secondary
loop) is tuned tight and stabilizes the temperature profile over the complete column

15
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Figure 3.7: Control structure of setup 4 / Cascade Control, with primary loop (index 1)
and secondary loop (index 2)
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3.2 Control Structures

Table 3.7: Tuning parameters of the cascade control (Setup 4)

Controller L VB S | RL RV

Te 10 15 5 10 15
primary loop K. —4.98 2.51 —0.323 | —0.693 0.748
T 43 60 5 40 60

Te 2 2 0.5 5 5
secondary loop K, 0.341 —0.282 —-1.49 | —0.286 0.125
T 10 8 4.68 22.8 20

Temperature [°C]

90

L _ - nominal
— RL end

i T
5 10 15 20 25 30 35 40
stage
main column

Temperature [°C]

nominal
end

10 20 30 40 50 60 70 80
stage

Figure 3.8: Changes of the temperature profile for a feed composition of 30/20/50

very fast. The primary loop can be tuned slower and only adjusts the temperature
setpoints so that the concentration constraints in the product streams are met. In order
to prevent an interference between the two control layers, their speed, respectively the
tuning parameters 7. should differ at least by the order of five to ten. The used controller
parameters are shown in table In contrast to setup 2, the uncontrolled concentration
of component A in the side stream is not a problem in this setup. Apparently, the three
controlled temperatures are sufficient to stabilize the whole column profile. Anyway, none
of the controllers has a direct influence on the concentration of A in this stream.

This combined control structure results in a changed temperature profile (see figure ,
but the product streams comply better with the specifications than with pure temperature
control.

3.2.5 Setup 5: Cascade Control with fixed Vapor Split

In addition to some control problem of Setup 4 (see section , a variable vapor split
is also complicated to implement structurally. Any use of a valve would cause changes
in the pressure drop of both parts of the column and make the already complex control
structure even more difficult. Thus the most common way is to use a fixed vapor split.
To be able to control the state in the bottom part of the prefractionator anyway, a second
criterion can be added to the boil up controller. For this setup, the part VB3 is added.

17



3 Simulation Models

ABC O Stage 29 Q ,,,,,,,,, cc
S2
@e iy Stage 52 “

Figure 3.9: Control structure of setup 5 / Cascade Control with fixed vapor split, with
primary loop (index 1) and secondary loop (index 2)

It monitors the same stage and temperature as the former controller RV, but instead of
the vapor split, now it changes the boil up (see figure . Similar to the part VB1 in
section the two criterions (VB2 and VB3) are coupled with a maximum selector
and the boil up is adjusted to the bigger value. The vapor split is fixed to the nominal
value of 0.4. The tuning parameters for the other controllers stay basically the same as
for Setup 4. The values for the new part VB3 are shown in table 3.8

Table 3.8: Tuning parameters of the cascade control with fixed vapor split (Setup 5)

Controller L VB2 S | RL VB3(RV)
Te 10 15 5 10 10
primary loop K. —4.98 2.51 —0.323 | —0.699 0.732
I 44 60 5 40 40
Te 2 2 0.5 5 5
secondary loop K. 0.341 —0.279 —1.49 | —0.286 —0.267
T 10 8 4.68 22.8 20

18



3.2 Control Structures

Table 3.9: Tuning parameters of the partial cascade control with fixed vapor split(Setup 6)

Controller L VB2 S | RL VB3(RV)
Te 10 5 5 10 10
primary loop K. —4.98 0.331 -0.323 | —0.699 0.202
I 44 30 5 40 40
Te 2 - 0.5 5 -
secondary loop K. 0.341 - —1.49 | —0.286 -
I 10 - 4.68 22.8 -

3.2.6 Setup 6: Partial Cascade Control

Besides the mentioned issues, the control structures introduced as Setup 4 and Setup 5
work quite well for many of the tested cases. As a downside, the tuning of their controllers
is not straight forward. The boil up and the reflux are most likely to interfere with each
other and start to oscillate easily. In combination with the prefractionator and the side
stream, the system gets so complex that any controller might couple with any other one.
Once a single controller starts to oscillate, it will drag along the other controllers and
disturbances will built up over the whole system. So even if the temperature control
is tuned well, it has to be re-tuned after the primary loop is closed. The SIMC rules
are a good start for initial tuning parameters, but the final tradeoff between speed and
robustness has to be found by trial and error and a stepwise retuning of all controllers
in several turns. Slight changes in the parameters of setup 5 can already cause major
failures for most feed cases.

An easier approach for a good control structure is a partial cascade control, where only
some of the streams are handled by a primary and a secondary loop. In setup 6 the
secondary loop (temperature control) for the boil up is removed (see figure on the
following page). Like in the first two setups, the primary loops of VB2 and VB3 directly
control the composition and not the temperature setpoints in this layout. Their tuning
parameters are adjusted to a not tight composition control (see table .

Although the states in the bottom of the prefractionator and the main column are only
controlled by a slow composition control, the tight temperature control in the upper
parts stabilizes the profiles in the whole column. So the combination of fast temperature
control in the upper part and slower composition control in the rest of the columns is
sufficient to meet all product specifications.
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3 Simulation Models

ABC

2

Figure 3.10: Control structure of setup 6 / partial Cascade Control, with primary loop
(index 1) and secondary loop (index 2)
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4 Results and Discussion

Compared to the steady-state (figure on the following page), where the feed rate is
1 kmol/min and the feed composition is equimolar, several simulations with different feed
properties are tested in the following. The variations of the feed rate range from —30 %
to 30 % in steps of ten percentage points. The short notation is Fxxx, where xxx is the
absolute percentage (for example F120 for an increased feed rate of 20%). The feed
composition is tested for all possible combinations of mole fractions from 0.2 to 0.5 in
steps of 0.1. The different cases are named xAABBCC, where AA is the molar percentage of
the component A, BB the percentage of B and CC of component C (e.g. x203050 for 20 %
A, 30% B and 50 % C). Combinations of both rate changes and composition changes are
not simulated.

4.1 Initial Control Structure (Setup 1)

The initial control structure is able to deal with slight changes in the feed rate (10 %) and
small changes in the feed composition (see figure on the next page). The impurities
of the three products show clear deflections, but settle, regarding the size of the column,
in a comparatively short time (about 400 min).

For major modifications of the feed properties, the effects are more serious. A variation
of the feed rate of 30 % causes a disturbance in the product purity of about 3 percentage

points (see figure on page [23)).

The influence of the feed composition depends very much on fractions of the components.
A high concentration of C causes some oscillating during the first 300 min but still results
in the defined product purity (see figure on page . At the same time, a high
amount of A in the feed leads to less oscillation, but then the purity of the side streams
drops down from 99.45 % to 90.85 %. This is because of the uncontrolled concentration of
the component A in the side stream (see figure on page . In general, this initial
setup does not reach the specified product composition for cases with big differences
between A and C in the feed.

4.2 Setup 2: Control of side stream purity with boil-up

With this layout, the product purities can be reached for all feed properties that were
already tested in the previous section. For an increased feed rate, there is no difference
as the critical value for this case is the bottom product purity. But for a decreased feed
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4 Results and Discussion
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4.2 Setup 2: Control of side stream purity with boil-up
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4 Results and Discussion
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Figure 4.5: Comparison of the initial model and Setup 2 for a decreased feed rate of 70 %

rate, the new part of the controller VBBI1 adjusts the concentration of the side product
(see figure [4.5]).

For a variation in the feed composition a similar trend occurs. There is no change in the
profiles for a low fraction of A, because the boil up sticks to the part VB2. However, there
is an advantage for changes to a low fraction of C in the feed. As shown in figure
on the facing page, in this cases the maximum selection follows the part VB1 and the
increased boil-up results in a sufficient purity of the side stream. The over-purifying of
the bottom product is a result of the increased boil-up that has to be accepted in this
setup.

4.3 Setup 3: Temperature control

In direct comparison to setup 2, the temperature control shows its strengths and weak-
nesses. For any changes of the feed rate, the new control structure is superior (see
figure on the next page). There are hardly any variations in the product purities and
the whole system settles at the steady state after only 100 min.

But when it comes to the changes in the feed composition, the temperature control is
inferior in almost all cases. It is a bit faster for minor feed changes (see e.g. figure on
page , but already with this small change, the purity constraints are not met. For
most of the simulations it does not reach the constraints and shows even larger deflections

(see e.g. figure and figure on page .

For a combination of high fractions of the component C and low fractions of A it is not
even possible to finish the calculation due to numeric errors of the solver.
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4.3 Setup 3: Temperature control

0 Impurity x502030 Controller Values
10 T T 3
—1L
— VB
— St
25 —RL
10" RV
= 2
c g
8 ©
8,2 E
= 10°F Y 1.5
o <}
S 3 TN —
o
= 1
107} b\
—
0.5 h -
y\{» I
10" 0
0 100 200 300 400 0 100 200 300 400
time [min] time [min]
(a) Initial model

0 Impurity x502030
10 T T T T 3
Xg (top)
X, (side)
Xg (side) 2.5
107t Xg (bottom) |4
= 2
c g
8 ©
8,2 E
= 10°F — 15
z
= \ ®
o
= 1
107} N E
- T~ os
107 ;
0 100 200 300 400
time [min]
(b) Setup 2

Controller Values

—L

—VB
— 81
—RL
— RV
——-VB1

>C—§*\**77

S~

0 100 200 300
time [min]

400

Figure 4.6: Comparison of the initial model and Setup 2 for a feed composition of

Impurity F70 Controller Values
0
10 T T T 3
Xg (top) L
. — VB
Xp (side)
. 25 —st
X (side) § —RL
107} Xg (bottom) — RV
——-VBi1
= 2r | VB2
S £
i< o
g 102} £ 15
2 5
§ o= 5 |
\ S N—
“ = ’\V\Vu
. \
107} P\ —
2\ ] o5f —\ o
\\ - A\
! R Y/ N D
0 100 200 300 400 0 100 200 300 400
time [min] time [min]
(a) Setup 2

0 Impurity
10 T T T T
Xg (top)
X5 (side)
X (side)
107} Xg (bottom) 4
f=
o
g, 2
E 10°F
<
[<} —
=
107}
107

0 100 200 300 400
time [min]

(b) Temperature control

F70

25

3 )

Mole flow [kmol/min]

0.5

Controller Values

— L
— VB
— St
—RL
— RV

—

R

0 100 200 300 400
time [min]

Figure 4.7: Smaller and shorter deflection with temperature control (Feed rate 70 %)

25



4 Results and Discussion
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4.4 Setup 4: Cascade Control
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Figure 4.10: With Cascade Control, the requested purities can be reached for most of
the changes in the feed compositions (Here: Feed composition 40/40/20)

4.4 Setup 4: Cascade Control

The combination of temperature control and composition control results in a model that
works fast and smooth for most of the tested feed settings. For variations in the feed rate
it works even a bit faster than the pure temperature control. The major improvement
can clearly be seen for variations of the feed composition. While the pure temperature
control fails for many settings, the cascade control fulfills the constraints for the product
purity in most of the cases (see e.g. figure [4.10)).

This Setup is clearly superior to all previous structures, but it still has some weak spots.
For a combination of a high fraction of A and a low fraction of C it fails completely
(see figure on the next page). Due to the too high amount of A in the bottom of
the prefractionator, the "boil up" in the prefractionator has to increase respectively the
vapor split is changed to 0 by the controller. Therefore, all of the vapor goes through
the prefractionator and there is now vapor stream in the main column that can act as
counter flow to the liquid stream. So this constellation causes a error in the simulation
and obviously would not work in practice either.

4.5 Setup 5: Cascade Control with fixed Vapor Split

The fixed vapor split and the maximum selection for the boil-up solve the problem with
the extreme reaction of the RV-controller. At the same time, a new issue occurs. While
the boil up is coupled with one of the two controller parts (e.g. VB3) in the beginning,
the integrating-part of the non-active controller (here: VB2) still runs. Therefore, the
modulus of the I-part of VB2 further increases (see figure on the following page).
If now the conditions in the column change in a way that VB2 should be active (the
concentration of B at the bottom of the column becomes too high at about 150 min), the
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4 Results and Discussion
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4.6 Setup 6: Partial Cascade Control
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Figure 4.13: The partial cascade control is slower than pure temperature control for

changes in the feed rate (decreased feed rate of 70 %)

high remaining I-part causes a dead time of this controller. Once the I-part is decreased
and the proportional part is big enough to overcome the I-part, the maximum selector
suddenly switches from VB3 to VB2 (here at about 300 min). As the measured error for
VB2 is already very high at this point, the sudden change of the controlled stream causes
a massive overshoot. Depending on the amplitude of the overshoot the whole system can
be disturbed.

There are several solutions to this known problem of the increase of an inactive I-part.
The easiest one would be to stop the integration for the non-active controller. But some
basic test runs with this implementation are not productive at all. Others are not tested
as the problem does no longer exist in Setup 6 (section .

4.6 Setup 6: Partial Cascade Control

For changes only in the feed rate, this final setup can not compete with pure Temperature
control or full Cascade control. Due to the maximum selection there occurs some over-
purifying or lag time in the beginning (see figure . Nevertheless all feed rates can be
handled within a reasonable time and without violating the constraints.

On the other hand, there is an advantage for every chase with changes in the feed
composition. Here, the partial cascade control can handle every tested scenario. Even in
extreme cases like the feed composition of 30/50/20 where Setup 5 completely fails, this
control structure is able to meet all constraints and reaches its new steady state within
300 min (see figure on the next page).

Any impurities in the product streams and minor oscillations disappear within the
first 300 min for all tested feed compositions. Only for a few compositions there is an
over-purifying of the side stream that takes longer to resettle to its initial value.
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4 Results and Discussion

Figure 4.14: The final Setup meets all constraints for cases where previous layouts fail
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(e.g. for composition 30/50/20)
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5 Conclusion

In conclusion, it can be said that the best control structure for a Petlyuk or divided
wall column has to be found depending on each process. Setups that are more complex
can handle a bigger variety of feed changes. But on the other hand, they are harder to
implement and to tune, and can be slower. An overview over the performances of the
different control structures is given in table

The basic structure, Setup 2 (section on page , is the easiest one to implement.
It can also handle all tested feed scenarios, but the disadvantages are the occurring
oscillations and the very slow response to the step changes.

To get a speed boost it is possible to control some feed changes with temperature control
(section on page . While it is much faster for changes in the feed rate the purity
requirements are not met for most of the changes in composition.

So especially for processes where the feed composition is unsteady, the temperature control
has to be advanced to a cascade control which includes temperature and composition parts
(section on page . This layout copes with minor changes in the feed composition
in a reasonable time. Major changes still cause violations in the purity requirements or
result in numeric errors. Furthermore, the tuning for a full cascade control is not straight
forward and even with the help of methods like the SIMC tuning rules the final controller
settings can only be found by many altering changes and a lot of manual work.

Some of the problems can be solved be using a fixed vapor split as in Setup 5 (section
on page . Due to the modifications this model is slower for major feed rate changes.
It can handle more but still not all changes in the feed composition. The problems from
Setup 4 are eliminated by the fixed vapor split, but new problems emerge simultaneously
for some of the cases.

This can finally be solved by opening some of the temperature loops and using a partial

Table 5.1: Performance of the different control structures (—— error, — constraints
not reached, o constraints slowly reached(> 300 min), + constraints reached
(< 300 min), ++ constraints quickly reached(< 100 min))

feed changes feed rate feed composition  complexity
+10% 4+30% minor  major

Setup 2 Composition Control 0 o} 0 o} low
Setup 3 Temperature Control ++ ++ - —— low
Setup 4 Cascade Control ++ ++ + ——Jo very high
Setup 5 CC w/ fixed vapor split ++ + o/+ —/o high
Setup 6 Partial Cascade Control +/+ + + + o/+ medium high
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5 Conclusion

cascade control (section on page . This final setup can deal with all tested scenarios,
and is faster than the basic setup. Though the tuning and the control structure is more
complicated and it is a bit slower than the full cascade control for changes in only the
feed rate.

Anyhow, the effort is manageable by following the SIMC tuning rules. In addition to
these tuning rules, it seems, contrary to first thoughts, more practicable to tune the
prefractionator looser than the main column.

However, even with the last setup there are still some problems with unnecessary over-
purifying of multiple products at the same time. Depending on the process, these
variations might still be too big. So for an even more advanced control structure, a model
predicted control (MPC) might be necessary. The effort of programming and tuning of a
MPC in comparison to the results these controllers can provide, should be considered in
further work.
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