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Abstract-Terminal composition control of a pilot scale binary distillation column operated under the 
control of an IBM 1800 digital computer has been studied for disturbances in feed flow rate. Con- 
ventional two point control, whereby the overhead composition is controlled by reflux flow rate and 
bottom composition by means of steam rate, was demonstrated to be unsatisfactory. Two alternate 
control systems, namely a noninteracting control system and a ratio control system were evaluated. 
The noninteracting control system was constructed from a transfer function representation of the 
distillation column dynamics, determined from a series of on-line pulse tests. The results show that 
a very significant improvement in the control of both compositions is achieved by using noninter- 
acting control or the ratio control scheme suggested by Rijnsdorp compared to the behavior that 
results using conventional two point feedback control. However, the control performance obtained 
using noninteracting control was only marginally better than that using the ratio control scheme. 

INTRODUCTION 

THE SIMULTANEOUS control of overhead and 
bottoms composition in a binary distillation 
column using reflux and steam flow as the mani- 
pulated variables often proves to be particularly 
difficult because of the coupling inherent in the 
process. The result of this coupling, which 
causes the two control loops to interact, leads 
to a deterioration in the control performance of 
both composition control loops compared to 
their performance if the objective were control 
of only one composition. Analog simulation was 
employed by Rosenbrock [ 11 in 1962 to demon- 
strate this behavior. Extensive studies by 
Rijnsdorp in 1965 [2,3] and recently by Davison 
[41 outline the conditions which give rise to 
interaction between the two composition control 
loops. This inherent interaction suggests the 
utilization of a noninteracting control system. 
Zalkind [5,6] has presented the practical aspect 
of designing the noninteracting compensators 
for such a system using as his main example 
the disturbance to a two loop system as a result 
of a change in set point. Luyben[8] used digital 
simulation to study two different approaches to 
noninteracting control namely; “ideal de- 
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coupling”, where the closed loop response of 
each loop is the same as it would be if the closed 
loop were under manual control, and “simplified 
decoupling” which involves the use of non- 
interacting compensators to isolate the two 
loops. He concluded that the “simplified 
decoupling” approach as employed earlier by 
Zalkind was the preferred approach. 

An alternate approach to the two point or 
dual quality control problem is to employ the 
control scheme suggested by Rijnsdorp[31 and 
subsequently studied by Rijnsdorp and van 
Kampen[7]. The control system reduces the 
effects of interaction when the overhead and 
bottoms compositions are controlled by reflux 
and steam flows respectively. This scheme 
utilizes a ratio controller to control the ratio of 
the overhead vapor rate to reflux flow rate with 
the setpoint of the ratio controller being adjusted 
by the signal from the overhead composition 
controller. Overhead composition is thus 
rendered insensitive to variations in steam flow 
rate which cause the overhead vapor rate to 
change. 

This study presents an experimental evalua- 
tion of the ratio control system suggested by 
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Rijnsdorp and a noninteracting control system 
employing noninteracting compensators for the 
simultaneous control of both terminal composi- 
tions. The resulting control behavior is compared 
with that obtained using conventional feedback 
control of overhead and bottoms compositions. 

EXPERIMENTAL EQUIPMENT AND 
PROCEDURE 

with the control calculations performed at 
2.5 min intervals as dictated by the time required 
for a gas chromatograph analysis. 

The conventional two point or dual quality In the case of the ratio control system, as Fig. 
control system and the ratio control system 2 shows, the overhead composition is controlled 
proposed by Rijnsdorp are shown schemati- by cascading the output of the composition 
cally in Figs. 1 and 2. Fig. 3 is the schematic controller to the setpoint of a ratio controller 

overhead and bottom composition. The pro- 
portional plus integral control action of the con- 
trollers was expressed as 

m(f) = &e(f) + KJe(f) + ma(f) (1) 

Fig. 1. Schematic diagram of the conventional two point column control system. 

representation of the noninteracting control that adjusts the ratio of overhead vapor rate to 
system. The evaluation of the control perfor- reflux flow rate by manipulating the refly flow 
mance of the different control schemes has been rate. There was no direct measurement of the 
performed utilizing a pilot scale distillation overhead vapor rate, as can be seen from Fig. 
column that is interfaced with an IBM 1800 Al, so it was necessary to estimate the flow 
digital computer. A schematic diagram of the rate of this stream. The flow rate, averaged over 
column as well as a brief description of the a 15 set interval, was determined from a material 
column and its associated instrumentation are balance about the condenser assuming that the 
given in Appendix A. Typical operating condi- condenser level was essentially constant which 
tions are also given. Detailed documentation is justified in that the level was under close 
of the system is given by Svrcek[91 and Pacey control and also the time between successive 
[lo]. The IBM 1800 digital computer provided control calculations was sufficient to allow for 
the composition controller function for both the level to recover from any sudden changes 
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Fig. 2. Schematic diagram ofthe column ratio control system. 

OLING WATER 

Fig. 3. Schematic diagram of the noninteracting column control system. 

in reflux flow introduced at the previous control position controller function. The procedure 
interval. The computer thus also functions as 
the ratio controller in controlling the overhead 

employed for establishing the noninteracting 

composition. Implementation of the noninteract- 
compensators is outlined in Appendix B. The 
tests of the different control schemes were 

ing control system involved the use of the performed at a steady state condition typified 
computer to provide the required nonintemcting 
compensator action as well as provide the com- 

by the steady state operating conditions given 
in Table Al. A complete description of the 
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different programs utilized in this study :and 
their associated listings can be found in the 
M.Sc. thesis of Berry [ 111. 

RESULTS 

The control performance of the column was 
studied for nominal changes of lifteen percent 
in the feed flow rate. The first tests were con- 
ducted with an objective of control of either 
overhead or bottoms composition but not both 
terminal compositions. In these tests and in all 
subsequent tests the controller constants were 
adjusted to minimize the integral of the absolute 
error (IAE) so the IAE values provide an 
indication of the control performance. The 
interaction so evident in the results for the 
control of only either overhead or bottoms 
composition shown in Fig. 4 is a strong indication 
that the control performance of the column will 
likely be unsatisfactory when an attempt is 
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Fig. 4. Response of overhead and bottoms compositions 
under single loop and conventional dual quality control. 

made to control both product compositions. 
Simultaneous control of both product composi- 
tions using the-same settings used for individual 

antrol of the product compositions yielded 
the result also shown in Fig. 4. The oscillatory 
behavior which characterizes the column’s 
response is due to the interaction of the control 
loops. In fact, since the system did not reach 
steady state in a reasonable time, no IAE 
values are given as any comparison would be 
meaningless. An examination of the responses 
shows that as the overhead composition, under 
control of reflux flow, begins to recover from the 
initial disturbance the composition then deviates 
in the opposite direction. This is the direct result 
of the effect of the change in steam rate which is 
attempting to control the bottoms composition. 
It can thus be reasoned that slower control 
especially on the bottoms composition would be 
desirable in an attempt to reduce the oscillations. 
The behavior that resulted when the proportional 
and integral control action gains were reduced 
for both loops is shown in Fig. 5. Also shown 
are the results for simultaneous control of both 
compositions using the single loop settings 
already presented in Fig. 4. The controller 
settings, for conventional two point control, 
that yielded the results in Fig. 5 are summarized 
in Table 1. 

Table 1. Controller settings for conventional two point 
control 

Composition controller settings 
Test Disturbance Overhead Bottoms 
code (lb/min) K, KI K, K, 

Pl-1 0.34 -0.35 -0.10 0.12 0.035 
Pl-2 -0.36 -0.35 -0.10 0.12 0.035 
Pl-3 0.34 -0.20 -0.045 O-040 0.015 
Pl-4 -0.36 -0.20 -0.045 o+to 0.015 

As can be seen by the values given in Table 1 
a substantial reduction in control action in the 
bottom loop was necessary to prevent the over- 
head composition control loop from being overly 
disrupted by the interaction due to the control 
action for the bottoms composition. This can be 
readily appreciated by referring to Eq. (B-2) 
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Fig. 5. Comparison of conventional control using single loop and tuned controller settings. 

which shows that the overhead composition is 
more sensitive to changes in steam rate than 
in reflux rate. It should be noted that the reduc- 
tion of the proportional gain was more significant 
than the reduction in the integral action, simply 
because sudden changes in the steam rate are 
less acceptable than a gradual change. It is also 
to be noted that in order to prevent sustained 
oscillation of the overhead composition, the 
proportional and integral action constants for 
the overhead controller had to be reduced to 
the values shown in Table 1. A comparison of 
the IAE values for the results shown in Figs 4 
and 5 show that there is a distinct deterioration 
in the control performance when both loops are 
operative using conventional two point control. 
In fact the IAE values are approximately 
double the values that resulted when only a single 
loop was operative. The behavior of the column 
using the conventional two point control system 
supports the work of Rijnsdorp [2,31 and Davison 
[41, who concluded that such a system would 
exhibit severe interaction. 

The objective of the ratio control scheme 
proposed by Rijnsdorp was to reduce the effect 
of the interaction, particularly on control of 
the overhead composition. That this is indeed 
the case can be seen from the results presented 

in Fig. 6. Comparison of the performance of the 
ratio control system with that obtainable with 
the conventional two point control scheme shows 
that the ratio control system represents a vast 
improvement over the conventional scheme. 
In the case of the ratio control system it can be 
seen that the overhead composition has been 
rendered insensitive to control action taken in 
the bottom loop by comparing the response of 
the overhead composition with those shown for 
the conventional control system. Reference to 
Fig. 5 reveals that use of the ratio control system 
has reduced the IAE for the overhead composi- 
tion by about one half and in the case of an 
increase in feed rate even some improvement in 
control of the bottoms composition. This is 
due to the fast control that may be employed 
in the bottoms control loop. Care should be 
exercized when comparing the performance of 
the different control systems on the basis of the 
IAE for the bottoms composition since the gas 
chromatograph analysis becomes unreliable at 
compositions below approximately 0- 3 % 
methanol. A potential drawback of the ratio 
control system is that this system ignores the 
effects of control action in the top loop on the 
bottoms composition. This does not appear to 
seriously alfect the controllability of the column 
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Fig. 6. Comparison of column performance under ratio and conventional control. 

used in this study but it should be noted that the 
reflux has a relatively small effect on the bottom 
product composition. However because of 
stability limitations, which make close control 
of the bottoms composition impossible, the 
particular control behavior exhibited by the 
bottoms composition may not be indicative of 
the type of performance that might be expected 
in other distillation column control systems. 

Noninteracting control of the column also 
resulted in a significant improvement in the 
control performance compared to that obtained 
using the conventional two point control system. 
A typical result is shown in Fig. 7 along with the 
result for the conventional control system, It can 
be seen from the result using the noninteracting 
control system that the overhead composition 
is no longer disrupted by the control action taken 
in the bottom loop as was the case under con- 
ventional control. Furthermore, the oscillatory 
type of behavior has been eliminated. 

The controller constants and the correspond- 
ing IAE values for the results shown in Figs. 6 
and 7 are listed in Table 2. 

Examination shows that the IAE values that 
resulted when using the noninteracting control 
system were approximately one half of those that 
resulted when the conventional control system 

was employed. It is also obvious, on the basis of 
control of overhead and bottoms composition, 
that the performance of the noninteracting 
control scheme is only marginally better than 
that of the ratio control system. However the 
most significant feature of the results obtained 
using the noninteracting control system is that 
the simultaneous control of the overhead and 
bottoms composition is as good as that obtained 
when only one terminal composition was being 
controlled. This can be readily appreciated by 
comparing the results in Figs. 4 and 7. Further- 
more, the controller constants that yielded a 
minimum IAE response with noninteracting 
compensation were the same as those employed 
to obtain a minimum IAE response when the 
terminal compositions were controlled separate- 
ly. These results suggest that noninteracting 
compensation has been such as to allow the two 
control loops to function independently of one 
another, it is reasonable to suggest that non- 
interacting compensation would show an even 
greater improvement in the control behavior of 
the column if the bottoms composition control 
loop was more stable. Consequently, it is likely 
that the improvement in control that would result 
from applying noninteracting compensation to 
an industrial column would be even more signi- 
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Fig. 7. Comparison of column performance under noninteracting and conventional control. 

Table 2. Controller settings and IAE values for the conventional, ratio and noninteracting 
control systems 

Test 
code 

Pl-3 
Pl-4 

R-l 
R-3 
C-l 
c-3 

Composition 
Controller settings 

Disturbance Overhead Bottoms 
Figure (lb/min) K, K, K, K, 

6,7 0.34 -0.20 -0.045 oG40 0.015 
-0.36 

6 0.34 -0*090 -0.015 0.10 0.025 
-0.38 

7 0.34 -0.35 -0.10 0.12 0.035 
-0.40 

IAE values 
Overhead Bottoms 

11.9 29.3 
20.8 24.4 
5.1 18.5 

12.9 25.7 
4.1 16.7 
9-6 21.7 

ficant than that demonstrated with the pilot 
scale distillation column. 

CONCLUSIONS 

The experimental results in this study have 
substantiated the conclusions of Davison [41 
and Rijnsdorp [2,31 concerning the severe 
interaction that would exist if a conventional 
two point control system were used. The results 
have shown that if the interaction is ignored 
it causes a serious deterioration in the perform- 
ance of the control system. In addition as a direct 
result of the interaction in the control loops it 
was very difficult to tune the individual composi- 
tion controllers and furthermore the resulting 
control action was extremely slow and/or 

oscillatory in nature. Therefore the direct 
control of both overhead and bottoms composi- 
tions is not recommended unless a means of 
reducing the interaction is employed. 

Use of the ratio control system, proposed by 
Rijnsdorp [3,71, in which the overhead composi- 
tion is controlled by manipulation of the reflux 
flow to adjust the overhead vapor rate to reflux 
flow ratio resulted in excellent control perform- 
ance. The significant improvement in the control 
behavior compared to that obtained using con- 
ventional two point control, particularly in the 
case of the overhead composition, resulted since 
this scheme provides an effective means of 
reducing the interaction effect of the steam flow 
on the overhead composition. 
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The results obtained when the noninteracting 
control system was implemented indicated that 
the noninteracting compensators had essentially 
eliminated the inherent interaction. It is 
particularly significant to note that the com- 
pensators were designed on the basis of only a 
first order plus time delay transfer function 
representation of the effect of reflux and steam 
flow on the terminal compositions. In addition 
to the much improved control of the overhead 
composition and a somewhat improved per- 
formance in the bottom composition loop over 
the control possible with the conventional two 
point control system, the difficulty in tuning 
the individual control loops was greatly reduced 
due to the noninteracting compensators. 

Although there is little difference between the 
performance of the ratio and noninteracting 
control systems used in this study, the latter 
system would be preferred. However, in the case 
of industrial columns the additional improvement 
in control performance that may be possible using 
a noninteracting system might be offset by diffi- 
culties encountered in establishing an adequate 
model for synthesizing the compensators. How- 
ever, if the compositions of multiple side streams 
are to be controlled by their respective drawoff 
rates a form of noninteracting compensation 
would be necessary. 
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APPENDIX A analysis and further details of the chromatograph system 
This study was performed using a 9 in diameter, 8 tray are given by Berry11 11. A typical set of steady state 

column equipped with a total condenser and a basket type operating conditions are given in Table A 1. 
reboiler. The trays, at a spacing of 12 in, are fitted with four 
23 X 18 in. bubble caps arranged in a square pattern. Figure 
Al is a schematic diagram of the column showing its APPENDIX B 
associated instrumentation and interface with the IBM 1800 The required form of the compensators for the noninter- 
digital computer. Analog controllers were employed on all acting control system can readily be established by consider- 
control loops except for the overhead and bottoms composi- ing Fig. Bl. Since the requirement of the compensators, 

0 A GAS CHROMATOGRAPH 

0 CR COMPOSITION RECORDER 

0 FR FLOW RECORDER 

0 FRc FLOW RECORDER 
CONTROLLER 

0 LL,c LIQUID LEVEL 
INDICATOR CONTROLLER - 

0 F,C PRESSURE INDICATOR 
CONTROLLER 

3 

TRC TEMPERATURE RECORDER 
CONTROLLER 

COOLING WATER 

Fig. Al. Schematic diagram of the column. 

tion which were controlled by means of the computer. 
The required control action for the manipulative variables 
in the composition loops, reflux and steam flow, were 
cascaded to the set points of the appropriate flow con- 
trollers. A continuous in-line capacitance cell developed by 
Svrcek[9] was used for analysis of the overhead composi- 
tion. Bottoms composition was analyzed by means of a 
Beckman Series C gas chromatograph modified so that 
sample injection and analysis of the chromatogram were 
performed by the computer. Conditions employed for the 

D,, and D,, must be to eliminate the effect of overhead and 
bottoms composition control actions on the bottoms and 
overhead composition respectively, it follows that 

Dz,(slP2p(s) +pz,(s) = 0 
and 

D,,(slp,,(sl +P,,(s) = 0. 

In general it follows that 

D,(slp&l +p&) = 0 
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Fig. Bl. Simplified block of the noninteracting column control system. 

Table A 1. Typical steady state operating conditions 

Stream 
Flow 

@b/min] 
Composition 

[wt.% methanol] 

Overhead 1.18 
Reflux 1.95 
Bottoms 1.27 
Feed 2.45 
steam I.71 

Reflux 151.7 
Feed 168.0 
steam 233.0 
Condensate 227.5 
Reboiler 209.6 
Plate 1 203.6 

2 194.4 
3 181.2 
4 172.9 
5 164.1 
6 156.8 
7 152.1 
8 148.5 

Condenser 143.9 

%*O 
%.O 
0.5 

46.5 
- 

Temperature [“F] 

so 

4(s) =-p&)/P,‘(s). (B-1) 

It is obvious from Eq. (B-l) that in order to specify the 
compensators a knowledge of the process transfer functions 
is necessary. The transfer functions characterizing the 
column dynamics were established by pulse testing. Para- 
meters of assumed first order plus time delay transfer func- 
tions were determined from the transient data. The time 
delays were established visually and the gains and time con- 
stants determined by a least squares fit employing Rosen- 
brock’s direct search technique[l2]. Figure B2 shows 

99 
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REFLUX FLOW 

96 

- MODEL 

STEAM FLOW 

XD 96 

94 1 I I I I 
0 17.5 35.0 52.5 70.0 

TIME (min.) 

Fig. B2. Transient response of overhead composition to 
pulses in steam and reflux flow. 

experimental data from four tests and the first order plus 
time delay transfer function model fit to the data. In view of 
the satisfactory representation of the transient behavior 
evident in Fig. B2, average values of the transfer function 
parameters were used for specifying the compensators. The 
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simplifled dynamic model was expressed as: 

where 
In order that the compensators be physically realizable, 

as can be seen by the required form given by Eq. (B-l), the 
time delay associated with P, must be greater than that of 
PIi. Since the transfer functions given by Eq. (B-2) satisfy 
this restriction it is a straight forward procedure to imple- 
ment the compensators. The details of expressing Eq. (B- 1) in 
difference equation format and the exact expressions em- 
ployed for implementation of the compensators using the 
IBM 1800 computer are given by Berry 1111. 
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