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Chapter r 

7 7 
Conclusions s 

Thee objective of this work was to develop an approach for the simultaneous design and 

optimizationn of complex flowsheet structures while explicitly taking dynamic behavior and 

controllabilityy features into account. We have shown that there are many interactions between 

thee structure of a flowsheet and its control system. We especially saw that recycles greatly 

affectt dynamic behavior and controllability. In view of these considerations it is relevant to 

includee controllability features in the conceptual design stage. 

Inn this project we have developed a systematic approach to evaluate dynamic behavior and 

controllabilityy of complex flowsheet structures. It consists of a combination of steady state 

andd dynamic simulations with a linear controllability analysis, both static and in the 

frequencyy domain. In addition to the standard controllability tools (RGA, SVD), a number of 

moree sophisticated tools applicable to MIMO systems (PRGA, CLDG, RDG) are employed 

too study the closed loop behavior of decentralized feedback control structures, before actually 

implementingg them in a dynamic model. It is demonstrated that this approach improves 

understandingg the behavior of a large plant with complex recycle structures as illustrated by a 

casee study handling the impurities material balances in a balanced VCM plant. 

Concerningg the VCM case study, it is shown that the material balance of impurities is a 

plantwidee problem. It is shown how the interaction between recycles may be exploited to 

createe flowsheet and control alternatives with feasible plantwide control properties that 

cannott be achieved with a stand-alone column. Using the positive feedback effects of the 

recyclee streams and the negative feedback effects of chemical reactors and exit streams yields 

aa flowsheet design and control structure alternative with acceptable control properties. The 
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reallyy plantwide nature of the problem clearly evolves from the fact that in the optimal 

structuree the manipulated variables belong to different units. 

Itt is furthermore shown that the introduction of an additional reactor to destroy hardly 

removablee impurities improves the performance of the control system. However, by using 

manipulatedd variables from one column only (column S2) it is still not possible to keep all 

threee impurities within their bounds under disturbances. Also the amount of impurities that is 

removedd from the system (distillate of column S4) should be used in a control structure. In 

thiss situation only two controllers are required to control all three impurities. 

Thee introduction of the extra reactor also gives access to alternative flowsheets with different 

recyclee structures. Closer examination of these alternatives shows that the recycle structure 

stronglyy affects the nominal operating point of the plant and furthermore the way in which it 

influencess the controllability. Therefore, part of the discussion on recycle structures shifts to 

aa discussion on nominal operating points, in particular the nominal values of the impurity 

levels. . 

Thee case study also demonstrates that the application of controllability analysis tools on large 

dynamicc models is not a trivial task. The linear state space realizations that are derived from 

nonlinearr dynamic models of complex flowsheets might become very large and difficult to 

handle.. Such state space realizations need to be reduced before a controllability analysis can 

bee performed. A proper method for this reduction is truncation of a balanced realization. 

However,, balancing large systems is not possible with standard tools. Therefore, we have 

introducedd a method to find approximate solutions to the Lyapunov equations, required for 

balancing.. This method is based on Oblique projections of the state space matrices on Krylov 

subspacess of the controllability and observability matrices. Based on the same approach, a 

loww rank approximate state space realization can be developed directly, without the formation 

off a balanced realization first. Since this method might fail if there is only a weak relation 

betweenn the inputs and the outputs of the state space realization, a decomposition step is 

introduced.. The Krylov model reduction scheme is more appropriate to solve small 

subsystemm with similar eigenvalues than large systems with a broad range of eigenvalues. 

Combiningg the reduced subsystems finally yields a state space realization of low order that 

stilll provides an accurate description of the input-output behavior of the corresponding 

system.. Hence, when a controllability analysis cannot be performed on the complete state 

spacee realization, a reduced realization can be used yielding fast and accurate results. 

Inn view of the objective as formulated in the beginning, optimization as a key issue had not 

beenn explicitly addressed until this stage of the work. The obvious reason is that it is not 
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triviall to incorporate optimization into a systems approach. In other words, the optimization 

off dynamic problems requires a special approach and we have tried several options. One 

optionn is to solve the dynamic model with an integration routine at each iteration of the 

optimizationn routine, that is placed in an outer loop. This separation of dynamic model and 

optimizationn problem has the advantages of keeping the optimization problem small while 

fastt and robust dynamic solvers can be used. However, a disadvantage might be that the 

gradientt function of the optimization problem has to be developed numerically. This requires 

manyy additional function evaluations, including integration of the dynamic model. Therefore 

itt might be relevant to add the dynamic model to the optimization problem as equality 

constraints.. Doing this the gradient function can be developed analytically, which reduces the 

numberr of function evaluations considerably. However, this requires discretization of the 

dynamicc model, for which the method of orthogonal collocation on finite elements is used. 

Exampless showed that if a moderate number of elements suffices to collocate the dynamic 

model,, this approach is worthwhile. On the contrary, if many elements are required, the 

optimizationn problem becomes very large and difficult to solve, resulting in intermediate 

infeasiblee or non-optimal solutions. Therefore, for such systems the two step method is 

preferable. . 

Anotherr advantage of the direct approach is the fact that it conveniently allows to formulate 

flowsheett and control superstructures with integer variables. Thus, the problem of finding an 

optimall flowsheet and control structure with respect to a certain objective function (e.g. an 

economicc potential) can be formulated as a large Mixed Integer Nonlinear Optimization 

Problem.. Additional constraints on design and control, including plantwide controllability 

criteria,, can be added to this formulation. However, since it turns out to be difficult to find 

solutionss for these large problems, the use of the two step method to solve such a problem 

stilll seems preferable. In principle, the same flowsheet and control superstructure can be 

formulated.. In the dynamic model, 0-1 splitters can be used to put the streams in the right 

directions.. On the other hand, it might be preferable to select only a few relevant basic 

flowsheett structures using heuristics and experience. Then subsequently each structure can be 

optimizedd with a reduced number of optimization variables and the final result can be 

compared.. It cannot be said on beforehand which approach will be superior. To this end 

furtherr research in this area will be needed. 




