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One of the most popular approaches to controlling multi- 
variable systems in chemical processes may be to use multiloop 
SISO (single-inputlsingle-output) control. One of the major 
concerns of this approach is to find the best control structure 
among various alternatives. Structural transformation is very 
useful for analyzing different control structures, because 
knowledge of the properties of any base control structure makes 
it possible to investigate various arbitrary structures without 
any further experiments or modeling. If the complete open- 
loop transfer functions (COTF’s) G and D of a base structure 
are available, transformation into an arbitrary structure can 
be made straightforwardly using the relationships between in- 
puts of the base structure and inputs of the arbitrary structure. 
For distillation columns, however, it is difficult to find the 
COTF’s experimentally, because slow composition dynamics 
and fast inventory dynamics exist simultaneously. When we 
make all the loops open and introduce a step change in a 
manipulated variable to find the COTF’s, inventory outputs 
violate operational constraints long before composition out- 
puts approach the steady state. 

For this reason, the modified open-loop transfer functions 
(MOTF’s) have been used commonly instead of the COTF’s. 
By “modified open loop” we mean that composition loops 
are open while all inventory loops are closed. Indeed, most 
published dynamic models for distillation columns use the 
MOTF’s. Another important reason to use the MOTF’s is that 
there are only few pairing tools and decoupler design methods 
to handle the COTF’s including integrating dynamics. 

There have been several researches on transformation of 
distillation control structure (Skogestad and Morari, 1987; 
Haggblom and Waller, 1988, 1990; Yang et al., 1990). 
Haggblom and Waller (1988, 1990) presented a structural 
transformation method for perfect inventory control; however, 
Haggblom and Waller (1990) and Yang et al. (1990) have 
pointed out that when inventory control dynamics are included, 
this method is not valid except when inputs for inventory 
control are not changed by transformation. In addition, 
Haggblom and Waller do not explain clearly why their method 
is valid for the special cases. Yang et al. (1990) presented the 
extended method including inventory control dynamics based 
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on the framework of Haggblom and Waller’s method. Al- 
though Yang et al.’s method provides a good insight into the 
effects of internal flow dynamics, the relationships between 
inputs for inventory control and inputs for composition control 
should be modified whenever inputs for inventory control are 
changed by structural transformation. 

In this work, a new framework based on the relationships 
between the COTF’s and the MOTF’s is presented for the 
structural transformation of distillation control structures. The 
framework provides another view of structural transformation 
for distillation control structures, which has certain theoretical 
advantages. Using the framework we suggest a simple method 
of the structural transformation for the general dynamic case 
including inventory control dynamics. We also demonstrate 
why Haggblom and Waller’s method is valid for the special 
cases. 

Framework for Structural Transformation 
Consider a simple distillation column in Figure 1 ,  which may 

be viewed as a 4 x 4 system by neglecting the pressure control. 
Four flows are used usually as inputs or manipulated variables 
(that is, the reflux flow L ,  the boilup V, the distillate flow D, 

Figure 1. Two product distillation column. 
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and the bottom flow B) to keep two inventory outputs (the 
receiver holdup Mt and the base holdup Mb) and two com- 
position outputs (the top composition y and the bottom com- 
position x). Two out of four inputs are used for inventory 
control and the other two for composition control. The feed 
flow F and the feed composition z acts as disturbances. 

For a base structure, the complete open-loop relation among 
the output vector Y ,  the input vector u, and the disturbance 
vector d is given by: 

Considering inventory and composition loops, we can rewrite 
Eq. 1 in the following block partitioned form: 

(:) = (9:‘. . ! .  G?.) (2) + (.DF.)d (2) 
G;, : G;; Di 

where subscripts c and i stand for composition and inventory, 
respectively. Similarly, the complete open-loop relation for an 
arbitrary new structure is given by: 

Note that d is independent of control structures while u depends 
on control structures. The block element matrices Gic, Gi; and 
Di of the COTF’s G and D include fast integrating dynamics, 
and can be obtained directly from plant tests. On the other 
hand, G,, Gcj. and D, have much slower nonintegrating dy- 
namics. Therefore, it is difficult to find G,,, Gci, and D, ex- 
perimentally, because I: violates inventory constraints before 
Y,  approaches the steady state when step changes in u or dare  
introduced. 

For this reason, the modified open-loop system shown in 
Figure 2 is considered. For the base structure, modified open- 
loop relationships among the composition output vector x, 
the composition input vector ucr and d are represented using 
the MOTF’s L, and Lcd as follows: 

where 

L,,= (au,/au,), and Lcd=(ayc/ad)uc, 

Similarly, modified open-loop relationships for the new struc- 
ture are represented using the new MOTF’s L’, and L’cd as 
follows: 

where 

By structural transformation what we are trying to accomplish 
is to obtain 15 I,, and L ’cd from L,, Led, and some additional 
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Figure 2. Conceptual diagram for the modified open- 
loop system. 

information of the base structure. For example, Haggblom 
and Waller (1988, 1990) used the relations among inputs for 
inventory control, inputs for composition control, and dis- 
turbances as the additional information: 

where 

Figure 3 shows the block diagram for the modified open- 
loop system in Figure 2. If u’ and u are related by the trans- 
formation matrix H as: 

(7) 

then, from Eqs. 3 and 7, Figure 3 can also be represented in 
terms of G’ , D, Hand K; as shown in Figure 4. These equivalent 
block diagrams provide a clear insight into the principle of 
structural transformation. Based on Figure 4 we investigated 
the relations between the COTF’s and the MOTF’s. Y, can be 
regarded as the function of u,, d and u’,,  that is, K =  K(uC, 
d, u’,) where u, and d are independent variables while u’ ,  
depends on both u, and d. Note that regarding Y, as the func- 
tion of u ’ ,  makes it easy to analyze the relationships between 
the MOTF’s used in Haggblom and Waller’s approach and 
the COTF’s. Applying the chain rule of partial differentiation 
gives: 

I ’  I 

Figure 3. Modified open-loop system represented in 
terms of G and D. 
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H ci 

I ‘  I I 
Figure 4. Modified open-loop system represented in 

terms of H, G’, and D. 

The relations between the MOTF’s of the base structure and 
the COTF’s of the new structure can now be derived from 
Eqs. 8 and 9. From Figure 4 and the definitions of the MOTF’s 
L,, Led, Mic, and Eqs. 8 and 9 become: 

L,  = ( G c;(Z+ H;;K; G ’ ;;) - ‘HjC] 

+ { G I ,  - G’~;(Z+ H;;K;G ;;)- ‘H;;K;G’ jc ) ( H ~ ~  + H,MJ (10) 

+ G cc - G c i ( ~ +  H ; ~ K ~ G  ij) - l ~ i i ~ i  G ic 1 ( H ~ ~ M ~ ~ )  (I 1) 

Led= (Dc- G’c; (I+H;~;G’; ; ) - ’H;;K;D;)  

The relations between the MOTF’s of the new structure and 
the COTF’s of the new structure can also be derived from Eqs. 
10and 11. I f H c c = H ; ; = I a n d H c ~ = H ; c = O ,  thenL’ccandL’cd 
are identical to Lcc and Led, respectively. Substituting these 
conditions into Eqs. 10 and 11 yields: 

Transformation for the General Case 
In the general case where inventory control dynamics are 

included, as seen from Eqs. 10-13, it is difficult to obtain the 
MOTF’s of the new structure (L  lec and L ’cd) from the MOTF’s 
of the base structure (Lcc, Lcdr Mic, and Mid) alone. Thus, 
Haggblom and Waller’s method is no longer valid. Fortu- 
nately, however, the peculiar characteristics of distillation col- 
umns make the situations somewhat simple if the L Vstructure 
is chosen as the base structure. 

If we choose the LV structure as the base structure, then 
G,, becomes a null matrix because ui (D and B )  has no effect 
on Y,  (JJ and x) when the mixing dynamics in the accumulators 
are neglected. Therefore, from Figure 3, we can see that L,  
and LCd are identical with Gcc and D,, respectively. 

G c c  = Lcc 

Dc=Lcd 

Therefore, we can determine G ,  and D, by obtaining L ,  and 
Lcd experimentally. Furthermore, we can also obtain Gic, G,, 
and D; experimentally. Thus, the COTF’s G and D can be 
completely determined by knowing L,, Lcdr Gic, Gj;, and D;.  
Once G and D are determined, structural transformation into 
any new structure is straightforward. If u and u’ are related 
by the transformation matrix P as: 

(;) = ( P ? .  PjC . ; . -“.) P;; (5) u ‘ ;  

then the MOTF’s L ’ ,  and L’cd of the new structure can be 
derived from block diagram algebra as follows: 

where 

Note that for the case where the nonlinear relationships among 
inputs are desired (for example, the ratio of flow rates) P 
becomes partial derivatives at the nominal operation condition. 

Transformation for the Special Cases 
In this section, using the relationships between the COTF’s 

and the MOTF’s we analyze Haggblom and Waller’s method 
and demonstrate the validity of their method for the special 
cases. 

Inventory loops perfectly controlled 
Perfect inventory control may be often a good approxi- 

mation since the inventory dynamics are much faster than the 
composition dynamics. For the perfect inventory control case, 
Eqs. 12 and 13 reduce to: 

Furthermore, the terms in Eqs. 8 and 9 become: 

(a = D, - G ~ ~ ~ G ~ ~ ~ - ~ D ~  (24) 

Using the results of Eqs. 20-24, we can rewrite Eqs. 10 and 
11 more compactly as: 

Equations 25 and 26 are readily rearranged as follows: 
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Table 1. UCSB Simulation Model of L Y  Structure for Impurity Control* 

G,, = 

- 3.58e-”ls 3.38e- 2’2r - 0.51 5e-’’7S 23. le-4’9s 
27.6s+ 1 22.8s+ 1 

9.97e-”& - 213e-l”” 
19.2.+1 19.8s+l Led= I 13.9e- - 18.9e-0’6” L,, = 

-0.775 0.818 

0.775 -0.818 ~ _ _ _  11 - 1.0 
D, = 

0.038 - 1.2 [G ;] K ,  = 

- 1.0 [: i] 
*Time constants and time delays are expressed in minutes: all inventory-controlled variables are in terms of moles; the unit of P-controller is min-’. all composition 

gains have been multiplied by lo3. 

The results show that L ICc and L ‘cd can be obtained from L,,, 
Lcd, Mjc, and Mjd. This approach clearly explains why Haggblom 
and Waller’s method is valid under the assumptions of steady 
state or perfect inventory control. 

Inputs for inventory control unchanged 
Consider the case where inventory control dynamics are 

included, but inputs for inventory control are not changed by 
transformation (Hi, = 0 and H,, = 0. Substituting HI, = 0 and 
H,,=Zinto Eqs. 10 and 11, and using Eqs. 12 and 13, we can 
easily show that Eqs. 10 and 11 readily reduce to Eqs. 25 and 
26, respectively. Thus, Haggblom and Waller’s approach is 
still valid. 

Example: Transformation from LV to DV Structure 
The dynamic model based on the UCSB simulation model 

(Yang, 1991) was used to confirm the proposed method. The 
model is shown in Table 1. GI,, GI,, D, and K, were derived 
from M,,, Mld, and the parameters of P-controllers in the Yang 
model (1991) by using the properties of internal flow dynamics 
in distillation columns. For simplicity, holdups in terms of 

moles are used for inventory control loops instead of levels 
used in the original work by Yang et al. (1990). 

Consider transformation from L Vstructure to D Vstructure. 
u and u‘  are: 

Thus, the transformation matrix P is: 

L I c C  and L I c d  obtained by the proposed method are given in 
Table 2. The open-loop responses of the DV structure were 
also investigated using the MOTF’s obtained by structural 
transformation for the two cases: 1. the case with the as- 
sumption of perfect inventory control; 2. the case without the 
assumption of perfect inventory control. Figure 5 shows the 
open-loop responses of the top and bottom compositions to a 
step change of AV= 0.1 mol/min. The dynamic responses with 
and without the assumption of perfect inventory control are 
different signficantly. In this case, we may have severe troubles 
when we design composition control loops based on the perfect 
inventory control. 

Table 2. MOTF’s of DV Structure Obtained by Structural Transformation 

3.38e- 2.2r -3.78e-”ls 1 lAyl 1 4.62e-2’1s + 
(19.2s+ 1)(1.47s+ 1) (19.8s+ 1) (19.2s+ 1)(1.47s+ 1) Lh] - 17.9e-“& - 18.9eC0-’”+ 14.7eC1’2” 1 L A V ]  
(13 .b+ 1)(1.47s+ 1) (12.6s+ 1) (13.2S+ 1)(1.47s+ 1) 

- 0.5 15e- 5” -0.176e-”ls 23. le-4’95 5 ~ 4 e - ~ * ‘ s  1 
(27.6s+ 1) (19.2S+ 1)(1.47s+ 1) (22.8s+ 1) (19.2S+ 1)(1.47s+ 1) 

+ + 
9.97e-’.& 0.685e-l’> -213e- I . ” +  -21.5e-’Ok 1 L&J L (10.8s++(13.2.~+ 1)(1.47s+ 1) (14.5s+ 1) (13.2S+ 1)(1.47s+ 1) 
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Notation 
B =  
d =  

D =  

D =  
F =  
G =  

H =  
I =  
K, = 
L =  
L =  

M =  

Mf ,  Mb = 

P =  

v =  
Y =  
Y =  
z =  

u =  

x =  

-0.06 1 
0 20 40 60 80 100 

SIMULATION TIME (MIN) 

I 
0 20 40 60 80 100 

SIMULATION TIME (MIN) 

Figure 5. Open-loop responses of DV structure for a 
step change of AV=O.1 mollmin using the 
MOTF’s obtained by structural transforma- 
tion. 

-0.504 

1. with the assumption of perfect inventory control; 2. without 
the assumption of perfect inventory control. 
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bottom flow rate, mol/min 
disturbance vector 
complete open-loop transfer function between disturb- 
ances and outputs where all inventory and composition 
loops are open 
distillate flow rate, mol/min 
feed flow rate, mol/min 
complete open-loop transfer function between inputs and 
outputs where all inventory and composition loops are 
open 
transformation matrix 
identity matrix 
controller for inventory loops, min- ’ 
reflux flow rate, mol/min 
modified open-loop transfer function between inputs (or 
disturbances) and outputs where inventory loops are closed 
modified open-loop transfer function between inputs for 
composition control (or disturbances) and inputs for in- 
ventory control where inventory loops are closed 
liquid holdup in the receiver and the base, respectively, 
mol 
transformation matrix 
input or manipulated variable vector 
boilup rate, mol/min 
bottom composition, mol fraction 
top composition, mol fraction 
output vector or controlled variable vector 
feed composition, mol fraction 

Superscripts 
‘ = new control structure 

Subscripts 
c = index for composition 
i = index for inventory 
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