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Summary y 

Thee central question in this thesis is 'How to design and optimize complex plants with 

superiorsuperior dynamic behavior and controllability features'. Such complex plants, which are 

usuallyy highly integrated, involve interactions through recycles of materials and energy. As 

farr as only steady state operation is concerned, the design procedure incorporates already 

systematicc methods. However, a systematic approach of the plant dynamics, at the conceptual 

designn stage, which aims to create better flowsheet alternatives from controllability point of 

view,, is not yet available. The goal of this work is to study both fundamental issues, as the 

dynamicss of recycles and plantwide controllability, as well as to develop computer analysis 

tools,, which can contribute to formulate a systematic approach for the optimal dynamic 

designn of a complex chemical plants. 

Thee first issue described in chapter 2, deals with the development of a 'Systematic Approach 

off  Plantwide Controllability'. The proposed method combines steady state design with 

dynamicc modeling and controllability analysis tools, both static and in the frequency domain. 

Inn addition to well-know controllability analysis tools, as Relative Gain Array and Singular 

Valuee Decomposition, new tools are introduced to analyze the link between design, recycles 

andd performance of plantwide control structures. These tools are the Performance Relative 

Gainn Array, the Closed Loop Disturbance Gain and the Relative Disturbance Gain. For the 

firstt time, they are applied in this thesis for multivariable plantwide control purposes. This is 

inn contrast with previous studies, directed almost exclusively to individual units or academic 

exercises. . 

Thee approach is applied in Chapter 3 to the 'Plantwide Controllability of Impurities in a Plant 

withh Recycles', namely to study the dynamics of impurities in a complex Vinyl Chloride 

Monomerr (VCM) plant. In a first stage we demonstrate that interactions between recycles 

mayy be exploited to create viable plantwide control structures, which may imply variables 

belongingg to different units. Such control structures would be infeasible when only the stand-

alonee behavior of units is considered. Thus, the controllability properties of complex plants 
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aree determined by the competition between positive feedback effects, typically recycles, and 

negativee feedback effects, like exit streams and chemical reactors. As a consequence, an extra 

reactorr for the conversion of impurities is introduced to improve the controllability. Hence, 

thee use of chemical conversion to eliminate components accumulating in recycles may be 

viewedd as a general design rule for recycle systems. Controllability tools, particularly SVD 

andd CLDG, can be used to asses quantitatively both the reactor design and some structural 

changess of the flowsheet. 

Chapterr 4 is devoted to 'Recycle Interaction Effects on Plantwide Controllability'. This thesis 

presentss for the first time a quantitative approach of this crucial industrial issue, particularly 

withh implications on retrofitting. Thus, we demonstrate how connectivity between existing 

unitss can be seen as a degree of freedom in designing plants with recycles. The introduction 

off  a chemical converter of impurities generates several flowsheet alternatives with different 

controllabilityy properties, some being better as the original flowsheet. Again, the interaction 

betweenn the recycle loops enables a better control of the material balances of components. It 

iss demonstrated that the recycle structure strongly affects the nominal operating point of the 

plant,, which in term affects the controllability. Therefore, the evaluation of controllability 

propertiess of the new recycle structures has as an important consequence the need to redesign 

thee whole plant, this time from a plantwide control prospective. 

Thee above case study demonstrates that through dynamic flowsheeting, with control features 

incorporated,, essential knowledge is obtained both on design and operation. In addition, the 

largee dynamic plant models give access to a whole class of controllability tools that usually 

aree applied on small problems. Consequently, a large dynamic model requires an adequate 

reductionn in size, which is not a trivial problem. 

Chapterr 5 deals with the 'Large Scale Model Reduction'. Standard reduction algorithms often 

faill  for large systems. Therefore, a method is introduced to find low rank approximate 

solutionss to large Lyapunov equations by using Oblique Projection Methods on Krylov 

subspacess of the Controllability and Observability spaces. It is demonstrated that the system 

iss balanced by using approximate solutions, which enables the selection of the most important 

statess to be included in the reduced model. It is also described how the projection methods 

aree used to generate reduced state space realizations directly, without balancing. 

Wee also demonstrate that decomposition of a large system into a number of subsystems 

improvess the large-scale model reduction methods. A dynamic VCM plant model with a state 

spacee realization of 668 states cannot be reduced by standard methods. Application of the 

Krylovv model reduction scheme on the full realization also fails. However, when the system 
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iss decomposed into 10 subsystems, each containing a small range of eigenvalues, the 

realizationn can be reduced easily into 115 states without affecting the input-output behavior 

significantly. . 

Upp to this point the thesis demonstrates that the systems approach, including a linear model 

reductionn step, might be used to evaluate several design and control alternatives in order to 

comparee their performances with respect to some control objective. In this approach each 

alternativee is analyzed separately. However, it could be more interesting to built-up a 

'superstructure'' with the alternatives suggested by the systematic approach, where the 

evaluationn of controllability would be handled simultaneously. Flowsheet structure and units 

designn might be kept free for optimization. Plantwide controllability criteria, necessary for a 

controllablee plant design, can be added as additional constraints. 

Therefore,, we consider another approach, described in Chapter 6, devoted to 'Dynamic 

Optimizationn of Flowsheet and Control Structures'. We compare two basically different 

approachess for solving these dynamic optimization problems. In the first approach, a dynamic 

modell  is solved by standard integration within the optimization routine, placed in an outer 

loop.. The optimization problem itself contains the object function and additional constraints 

too ensure a controllable plant design. This two step approach has the advantage that the 

optimizationn problem is small, while fast integration routines can be used to solve the 

dynamicc model. However, a disadvantage is that the gradient function of the optimization 

problemm can only be developed numerically. This requires many additional function 

evaluations,, including the integration of the dynamic model. Therefore, in some cases it 

mightt be interesting to add the dynamic model directly to the optimization problem as 

additionall  constraints. This requires the discretization of the model equations for which the 

methodd of orthogonal collocation on finite elements can be used. A disadvantage of this 

methodd is that the size of the optimization problem is enlarged considerably. However, since 

thee gradient function can be developed analytically, the number of function evaluations is 

reducedd and therefore the optimal solution might be found in less time. 

Wee have shown that both methods are applicable on small problems and that it depends on 

thee problem characteristics which one is the better choice. The problem of the Trambouze 

reactionn in a batch reactor with discrete charges is solved much faster with the direct 

approach,, while the optimal controller settings of a dynamic vapor-liquid flash drum are 

foundd more easily with the two step approach. In conclusion, if the dynamic model can be 

collocatedd on a reduced number of finite elements, it is interesting to try the direct method. 

Forr systems with a complex dynamic behavior it is better to use the two step method. 
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Nott investigated in this thesis is the influence of a mixed integer problem formulation of 

flowsheetflowsheet and control superstructures on the dynamic optimization methods. That will be a 

subjectt for further research. 


