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The opportunity analysis of using two Proportional-Integral (Pl) controllers, tuned with Skogestad'’s variant
of Simple Internal Model Control based (SIMC) method, for controlling the top and bottom compositions of
a propylene/propane distillation column represents the paper aim. The SIMC method for PID controllers is
the simplest and extremely good model in tuning procedures. Because the distillation process is nonlinear,
the process model is described by a reunion of different linear models, for the different process operating
ranges and, for each operating range, different sets of controllers’ tuning parameters are computed using
SIMC tuning method. In order to validate the experimental results a comparison is made with the case when
the PI controllers are tuned using Ziegler-Nichols (ZN) method that uses the step response and process

approximation exactly as Skogestad'’s variant of SIMC.
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This paper goal is to present a good and simple method
for controlling the top and bottom compositions of a binary
distillation column using two Proportional-Integral
controllers.

The paper continues the author’s studies for top and
bottom compositions control at propylene/propane
distillation column. Initially, the control solution considered
for this process was using model based control algorithms,
such Model Predictive Control [1] or Internal Model Control
[2]. The results obtained were good, but the computing
and implementation effort were substantially. Then, the
solution was to use the oldest, the simplest and easy to
implement control algorithm, namely PID, with its
particular PI form.

In order to obtain the best control system efficiency there
are a great variety of tuning methods. These methods can
be divided into classical and optimization methods.

The classical tuning methods named Internal Model
Control (IMC) based PID tuning (IMC-PID), with its variant
- Skogestad’s SIMC, use formulas based on the process
model parameter values (gain, time constants and dead
time) [3]. Other classical tuning methods such Ziegler-
Nichols (Z-N), can use formulas based on some tuning
parameter values that bring the process to its limit of
stability [4].

The optimization tuning methods based on Neural
Networks (NN) [5], Genetic Algorithms (GA) [6] or
Differential Evolution (DE) [7] relies on the optimization of
a function such Integral of Absolute magnitude Error (IAE),
Integral of the Squared Error (ISE), Mean of the Squared
Error (MSE) or Integral of Time multiplied by Absolute Error
(ITAE).

Due to the wide variety of the tuning methods [8], the
tuning method using Genetic Algorithms was presented in
one of our study [9]. The results were good, but the
computing effort is extremely high. In this paper it
considers the solution of tuning the PI control algorithm
using SIMC (Skogestad Simple Internal Model Control).

The SIMC tuning method uses the classical PID tuning
ideas presented by Ziegler and Nichols [4], the IMC-PID
tuning results from [3], and the tuning rules presented by
Smith and Corripio [10]. Ziegler-Nichols tuning method
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offers poor efficiency for processes with dominant delay
[11]. Also, the IMC-PID tuning from [3] gives poor
disturbance response for integrating processes [12], but is
a robust one and offers good responses for setpoint
changes. The SIMC tuning rule works well for both
integrating and pure time delay processes, for setpoints
and disturbances changes [13].

Considering the paper goal, to control the top and bottom
compositions of a nonlinear binary distillation column using
a simple control algorithm (PI) using simple and powerful
methods (ZN and SIMC), the contributions can be
summarized as follows:

-The nonlinear process was linearized, being
approximated by first order lag with dead time transfer
functions, having different constants according to the
process operating point;

-The SIMC and ZN controller tuning methods were
implemented in order to find the PI controllers tuning
parameter values; these values adapts to the process
operating range;

-The proposed control system was tested with respect
to setpoint and disturbance step change and the simulation
results were compared between the two tuning methods
that were used;

-Because the control system response to setpoint step
change has a small overshoot in case of using SIMC and a
large overshoot in case of using ZN, in order to obtain a
better dynamic response, having a smaller overshoot, a
first order lag prefilter with its time constant being equal to
the inverse of the zero of the closed-loop transfer function
was used, in the setpoint value path.

PI controller tuning

The Proportional-Integral-Derivative (PID) control
algorithm is described by the following time domain
equation:
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0= @k O+ [ e@d+T,—). ()
where c(t) is the controller output, ¢ (t) - the initial controller

output value, e(t) - the error value, which is the difference
between the desired process output value (setpoint) and
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the actual output value, k. - the controller gain; T the integral
time constantand T, is the derivative time constant [14].
The PID controller transfer function is:

1
Grols) =k, (U 4T, ) @

The PI algorithm, which is a particular form of PID
algorithm, can be obtained by setting the derivative time
constant from equations (1) or (2) equal to zero (T,=0).
This algorithm was used for the study considered i in this
paper.

Industrial processes are nonlinear, with different gains
and settling times, depending on the process operating
range and channel. In order to use an efficient control
algorithm, it must be able to consider the process
nonlinearities. A way to do this is to describe the process
model by areunion of linear models for the different process
operating ranges and channels, and in case of using the PI
control algorithm, for example, different sets of tuning
parameter values to be considered, according to the
process operating range.

Tuning a Pl (Proportional-Integral) controller using
Skogestad Simple Internal Model Control (SIMC) method

The IMC-Based PID control design procedure is a general
control design method which is based on the Internal Model
Control concept and structure [3]:
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Fig. 1. The IMC structure

In figure 1, Q(S) is the primary IMC controller transfer
function, G (s) the IMC controller transfer function, r-
setpoint, ¢ - -controller’s output, y - process output, G (s)
the process model transfer function and G (s) the process
transfer function.

From the IMC equivalent structure (fig. 2) and the closed-
loop control general structure (fig. 3), we have:
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Fig. 2. The IMC equivalent structure
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Fig. 3. A control system closed-loop structure

If the process model is represented as a first order with
time delay transfer function
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the primary IMC controller transfer function is:
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where k is the process model gain, T is the process
model time constant, 7 is the time delay and T_is a filter
time constant. The filter is considered in order to obtain a
semiproper and not improper transfer function for Q(s).

The values for the process model parameters from (4)
(k_, T_.and 7) can be easily found from the process step
response (fig.4) [13].

Infigure 4, uis the system input variable with the steady-
state value oy -system output variable with the steady-
state value 3, T, settllng time: the time until system output
reaches 98% from B, T - the time until system output
reaches 63% from B 7 -fime delay.
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Approximating the process model time delay as

e =1-7-5, ™
and considering T,=0, we have:

T;-5+1
Gpls) =ky- TS T 8)
From (3) the PI tuning parameters, k_ and T, will be:
LT
"k T+t ©
T =min( T_4-(T_+1)) (10)

T itis considered as tuning parameter.

The main limitation on achieving a fast closed-loop
response is the time delay (t). Selecting the desired
response time equal to the time delay,

T =z, (12)
gives areasonably fast response with moderate input usage
and good robustness margins [13].

Tuning a Pl (Proportional-Integral) controller using Ziegler-
Nichols (ZN) method

The Ziegler-Nichols (ZN) tuning method gives the
controller tuning parameters k. and T using equations (12)
and (13) based on two parameters that characterize the
process dynamics, which can be easily determined
experimentally, the controller critical gain (k) and the
oscillations period of the controller output (P ) [4]

In order to find the two parameters the controller has
only the proportional term, with asmall controller gain (k. )
andwith T, =e and T =0. Then, the gain (k) is increased
until the loop oscillates for a setpoint step change with
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constant amplitude. This controller gain value is the critical
gain (k. =k ). The oscillations period of the controller output
(P.) must be recorded and the controller tuning parameters
(k, and T), are computed based on k_ and P_ values,
according to formulas:

k

k, = 22 (12)
P.

I = 1_’* 13)

In this paper, in order to control the top and bottom
compositions of a propylene/propane distillation column,
two PI controllers tuned using Skogestad Simple Internal
Model Control (SIMC) will be used. The results will be
compared with the ones that can be obtained in case of
using Ziegler-Nichols (ZN) tuning method that uses the
step response and process approximation with the first
order lag with dead time, exactly as SIMC.

Propylene-propane distillation column

The binary distillation column (fig. 5) uses the L-B control
strategy, as the reflux flow is used to control the top product
(propylene) composition and the bottom product flow is
used to control the bottom product (propane) composition

[15].
P PC )
[ :\._L
A.Clgi () €
F.xr

pr

Fig. 5. Propylene / propane distillation column

In figure 5, PC, FC and LC are pressure, flow and level
controllers, L is the reflux flow, P - pressure, p’ -pressure
setpoint, B -bottom product flow, H, _-reflux tank level, H, '
-reflux tank level setpoint, H, -bottom column level, H_"
bottom column level setpoint, F -feed flow, x_ -feed
composition, 1-x.-bottom product propane composition
and x_ is the top product propylene composition.

The considered process block diagram is presented in
figure 6. The process has two outputs (the top/propylene
and bottom/propane compositions), two control variables
(the reflux and bottom product flows) and two disturbances
(the feed flow and feed composition).

The process was previous simulated with HYSYS®
simulation environment, observing that it has a nonlinear
behavior, characterized by different gains and settling
times for different operating ranges and process channels
(fig. 6, tables 1 and 2 [16].
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Fig. 6. Distillation process block diagram

The procedure of obtaining the process parameters (k
and T _) using the process step response, from tables 1 an
2, was presented in detail in a previous paper [16].

Table 1
PROCESS GAIN (km), SETTLING TIME (Tst) AND TIME CONSTANT
(Tm) VALUES FOR L-xD PROCESS CHANNEL, WITH THE OPERATING

RANGE
xp [molir] | k= Ta[min] | Tw [min]
0.55-0.90 0.63 | 1008 264
0.90-0.92 035 | 1020 333
0.92.0.99 030 | 081 3
0.540.96 035 [ 950 PER:
0.96-0.93 030 | 928 Pk
0.98-1.00 028 | 881 220

*xr 1z the propylene molar fraction in the top of

the distillation column
Table 2
PROCESS GAIN (km), SETTLING TIME (Tst) AND TIME CONSTANT
(Tm) VALUES FOR B-(l-XB) PROCESS CHANNEL, WITH THE

OPERATING RANGE

I-xg ™ [mol.ir.] | T [min] | Tew [min]
0.58-0.90 078 | 3300 813
0.90-0.92 098 | 3832 1408
0.92.0.94 104 [ 8373 1580
0.94-0.96 -110 [ 6928 1732
0.96-0.93 . 05 I X 1780
0.95-1.00 130 | 8222 2058

*xg 1z the propylene molar fraction and 1-xs iz the

propane molar fraction in the bottom of the distillation column

A possible way to express the process model, for the
two channels L-x, and B-(1-x,), is by a first order transfer
function with dead time:

-

=)

k-
O )

where Kk _is the process gain, T is the time delay (dead

time) and T_ is the time constant - the time until the system

output reaches 68% from its steady-state value [13]. The

time delay is 3 min for L-x, process channel and 5 min for
B-(1-x,) process channel.

The parameters of the process model (k , Tand T ),

which appear in (14), have different values according to
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the process operating range and process channel,
according to tables 1 and 2.

Results and discussions

The top and bottom compositions of the propylene/
propane distillation column (fig. 5) will be controlled using
two PI controllers.

The nonlinear process was linearized for the two main
channels, L-x, and B-(1-x;), and for different operating
ranges, see relation (14) and tables 1 and 2. The two P|
algorithms will have different sets of tuning parameters
according to the process operating range, and will be
computed using SIMC and ZN tuning methods.

The proposed control system structure is presented in
figure 7.

Infigure 7, x, is the top product propylene composition,

X, -top composmon setpoint,1-x; -bottom product propane
composition, (1-x;)™- bottom composmon setpoint, L- reflux
flow, B- bottom product flow, L"-reflux flow setpoint and B
is the bottom product flow setpoint.

The two Pl controllers tuning parameter values (k. and
T.), were found using Skogestad Simple Internal Model
Control (SIMC) method presented above, using equations
(9) and (10).

M
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o Top composition A
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I
0
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™ Pl contreller T
E I B, l-xg
M
I':':LI t'F_E\ T
s

Implemented using MATLAB® Simulated using HYSY5®

Fig. 7. The proposed control system structure

The obtained tuning parameter values are presented in
tables 3 and 4.

The control system (the two Pl controllers) was
implemented in MATLAB®, the tuning method, using

The procedure was applied for every process operating  Skogestad Simple Internal Model Control, was
range from tables 1 and 2.
Table 3
TUNING PARAMETER VALUES FOR THE TOP COMPOSITION Pl CONTROLLER, WITH THE PROCESS OPERATING RANGE
Skogestad (SIMC) tuning Ziegler-Nichols (ZN)
xn [mol.fr.] method tuning method
k= Ti[min] ks Ti[min]
0.580-0.900 [ 264 103 083
0.901-0.920 8.0 333 122 964
0.921-0.940 105 243 159 962
0.941-0.960 170 pER 133 °.60
0.961-0.980 129 53 194 950
0.9381-1.000 131 220 200 957
*xr, 1z the propylene molar fraction in the top of the distillation column
Table 4
TUNING PARAMETER VALUES FOR THE BOTTOM COMPOSITION PI CONTROLLER, WITH THE PROCESS OPERATING RANGE.
Skogestad (SIMC) Ziegler-Nichols (ZN)
1-x5" [molfr.] tuning method tuning method
k= Ti[min] k= T; [min]
0.530-0.900 -108 813 157 164
0.901-0.920 -143 1408 e ) 163
0.921-0.940 151 1580 223 164
0.941-0.960 157 k) 231 LX)
0.961-0.930 BER 1780 -230 16.6
0.931-1.000 -I71 2056 251 16.6
=5 15 the propylene molar fraction and 1-xs 15 the propane molar fraction in the bottom of the
distillation column
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Fig. 8. Top composition trend when the Pl controller setpoint
increases from 0.91 mol. fr. to 0.93 mol. fr., using Skogestad (SIMC)
tuning method (k.=8.0, T=25.5 min, k. =10.5, T, =24.5 min) and
ZN tuning method (k. =12.2, T, =9.64 min, k, =15.9, T, =9.62 min)

implemented also in MATLAB® and the process was
simulated in HYSYS®

Afeature of the HYSYS® simulator is the presence of the
DDE (Dynamic Data Exchange) driver that can be used to
communicate with other environment, such EXCEL or
MATLAB® using the DDE protocol.

There are two synchronous DDE data communications
that can be set between HYSYS® and MATLAB®:

- DDE communication based on client label;

- DDE communication based on the transmission of
strings.

The second variant was implemented for this study, in
order to link the two environments (HYSYS®and MATLAB®).

In tables 3 and 4 appear also the values of the tuning
parameters obtained using ZN method, using (12) and (13).

The two PI controllers tuning parameters once
computed using SIMC and ZN were saved for each
operating range and, in real operation, each time a process
operating range is changed the adequate Pl tuning
parameter values are loaded in the controller, according to
tables 3 and 4.

The process nonlinearities are considered, as for the
different process operating ranges we will have different
PI tuning parameter values.

The proposed control system was tested for step
changes in the top and bottom composition setpoints. The
results obtained using SIMC tuning method were compared
in terms of static and dynamic efficiency with the ones
obtained if ZN tuning method is used.

From figure 8 we observe that in case of using SIMC, the
top (propylene) composition becomes equal with its
setpoint with good static (no offset) and dynamic efficiency
(with a small settling time and negligible overshoot). In
case of using ZN we have large output overshoot and a
settling time bigger than in the case of using SIMC.

When the top (propylene) composition controller
setpointis changed so that the process output pass through
three operating ranges (fig. 9, table 3) we also obtain a
good static and dynamic efficiency of the control system
response, better in case of using SIMC, than ZN.

In case of using a standard PI controller, with tuning
parameters that do not adapt to the process nonlinearities,
we obtain the results from figure 10.

As we can observe from figure 10, the control system
settling time increases substantially, in comparison with
the case presented in figure 9.

In this case, was considered that the tuning parameter
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Fig. 9. Top composition trend when the PI controller setpoint
increases from 0.93 mol. fr. to 0.97 mol. fr., using Skogestad (SIMC)
tuning method (k, =10.5, T, =24.5 min, k, =12.0, T, =23.8 min, k_
=12.9, T, =23.2 min) and ZN tuning method (k, =15.9, T, =9.62 min,
k,=18.3, T. =9.6 min, k, =19.60, T, =9.59 min)
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Fig. 10. Top composition trend when the PI controller setpoint
increases from 0.93 mol. fr. to 0.97 mol. fr., using a standard PI
controller with tuning parameters that do not adapt to the process
operating range, using SIMC tuning method (k, =6.8, T, =26.4 min)

range considered (table 3), namely k, =6.8 and T, =26.4
min.

The tests were made also for the bottom (propane)
composition control loop.

From figure 11 we can observe that using SIMC tuning
method for the proposed bottom (propane) composition
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Fig. 11. Bottom composition trend when the PI controller setpoint

increases from 0.91 mol. fr. to 0.93 mol. fr., using Skogestad (SIMC)

values are the ones found using SIMC for the first operating  tuning method (k, =-14.4, T, =140.8 min, k, =-15.1, T, =156.9 min) and
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ZN tuning method (k, =-21.2, T, =16.5 min, k. =-22.2, T, =16.6 min).
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PI controller we obtain better control system dynamic
efficiency, than in the case of using ZN.

In case of changing the bottom (propane) composition
controller setpoint so that the process output pass through
three operating ranges (fig. 12) the PI controller adapts to
the process nonlinearities, (table 4).
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Fig. 12. Bottom composition trend when the Pl controller setpoint

increases from 0.93 mol. fr. to 0.97 mol. fr., using Skogestad (SIMC)

tuning method (k, =-15.1, T, =156.9 min, k. =-15.7, T, =173.2 min,

k, =-15.8, T, =178.0 min) and ZN tuning method (k, =-22.2, T, =16.6
min, k. =-23.1, T, =16.6 min, k. =-23.9, T, =16.6 min).

In case of using a standard Pl controller with tuning
parameters that do not adapt to the process nonlinearities,
as infigure 13, we can observe that the control system
settling time increases substantially, in comparison with
the case presented in figure 12.
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Fig. 13. Bottom composition trend when the controller setpoint
increases from 0.93 mol. fr. to 0.97 mol. fr., using a standard PI
controller with tuning parameters that do not adapt to the process
operating range, using SIMC tuning method
(k. =-10.6, T, =82.5 min)

In this case, the tuning parameter values are the ones
found using SIMC for the first considered operating range
(table 4), namely k., =-10.6 and T. =82.5 min.

In order to get a better insight, the two controllers were
tested also in case of disturbances (feed flow (F) and feed
composition (x_)) step change.

The results are presented in figures 14-17. Here are
presented the process response and the control system
response to a disturbance increase of 5%, in case of using
SIMC and ZN tuning methods.
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Fig. 15. Top composition trend when the feed composition (x)
increases with 5%.
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Fig. 16. Bottom composition trend when the feed flow (F)

increases with 5%.

T | T
| PROPANE COMPOSITION: [—w—2ZN
: --=-SINC

—~==1"" CONTROL SYSTEM FESPONSE TO IfSTURBANCE

l————
o mrm

=
ED-‘}E‘" o
g
L] e R e EECEEE LT EEEEERERES
3

R R e e i
g
2

083fp--------- Fom--s

Dgz : 1 : 1

[4] 50 100 150 200 250
Time [minu]

Fig. 17. Bottom composition trend when the feed composition (x.)
increases with 5%

The simulation results show that the SIMC and ZN tuning
methods offer also a good response in case of disturbance
step change.
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In order to obtain an even better dynamic response to
setpoint step changes, in both studied cases (Pl controllers
tuned with SIMC and ZN, respectively), a first order lag
prefilter was implemented in the setpoint path, having the
time constant equal to the inverse of the zero of the closed-
loop transfer function. This is done in order to reduce the
control system response overshoot.

The prefilter time constant should be also adapted to
the process operating range.

The simulation results are presented in figure 18 and
figure 19.

As we can see from figure 18 and 19 when the prefilter
is used, in comparison with figure 9 and 12, when there is
no prefilter, the control system overshoot is reduced,
obtaining an even better dynamic response in both studied
cases (Pl controllers tuned with SIMC and ZN).
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Fig. 18. Top composition trend when the PI controller setpoint
increases from 0.93 mol. fr. to 0.97 mol. fr., using SIMC and ZN
tuning methods and a first order lag prefilter in the setpoint path
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Fig. 19. Bottom composition trend when the PI controller setpoint
increases from 0.93 mol. fr. to 0.97 mol. fr., using SIMC and ZN
tuning methods and a first order lag prefilter in the setpoint path

As we can observe form the above presented results,
when the SIMC tuning method it is used we obtain better
control system efficiency characterized by smaller settling
times, controlled output overshoots and controller output
efforts.

The SIMC tuning method has also the advantage of being
extremely simple, easy to implement and having a
computing effort that is smaller even in comparison with
ZN method.

Conclusions

This paper presents the results of controlling the top and
bottom compositions of a propylene/propane distillation
column using two PI controllers tuned with the Skogestad
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Simple Internal Model Control (SIMC) tuning method.
Because the process is a nonlinear one, was considered
the case of Pl controllers that use different sets of controller
tuning parameter values, computed according to the
process operating range.

The results were compared with the ones obtained
when the ZN tuning method is also used for the two PI
controllers.

It was showed that in case of using the SIMC method
for tuning the Pl controllers we obtain better control
systems dynamic efficiency in terms of settling times,
output overshoots, control effort and consumed power than
in case of using ZN.

The case of PI controllers that have tuning parameters
which do not adapt to the process nonlinearities and have
fixed values equal to the ones computed for the first
operating ranges, was also considered. In this case, the
control systems dynamic efficiency is worse, characterized
by a substantial increase in the control systems settling
times.

Also, the simplicity of the SIMC tuning method must be
mentioned as a big advantage.
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