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Introduction
Fluidized catalytic cracking (FCC) process is one of the most important processes in the refinery industry since it can convert a large amount of feedstock into more valuable products. It is known that the FCC process involves highly nonlinear and significantly coupled dynamics, leading to the following characteristics: has two different operating regimes called the full combustion mode and the partial combustion mode and the dynamics of the two modes are quite different; and shows complex steady-state behaviors such as multiple steady-states and input multiplicities (Arbel et al., 1995, and Han and Chung, 2001a and b). Therefore, the control system design for FCC processes should be complicated. According to the studies of Arbel et al. (1996) and Hovd and Skogestad (1993), an FCC process can be stabilized using a well-designed regulatory control system. However, the control performance of the FCC process highly depends on how to select the control structure for each combustion mode. If the stabilization of the system is the only purpose of control, a conventional PID control system can be sufficient to achieve this goal. However, there is the demand on more sophisticated and efficient control systems, especially concerned with on-line optimization, which drives industries to adapt advanced control systems such as model predictive control (MPC) to FCC processes. 

MPC has several advantages over conventional PID control because it is based on optimization techniques and dynamic process models: MPC has the ability to deal with process constraints, dead-time, inverse response, and coupling. In addition, one does not need to find an optimal control structure to get best control performance, that is, no parings of controlled and manipulated variables are needed. 
The purpose of this study is to investigate the performance of the DMC algorithm when controlling the full and partial combustion modes of the FCC process. Two distinct DMC systems are designed for full and partial combustion modes, respectively. The top level of the control system is built using the DMCplus (Aspen Technology Inc., 1999) consisting of a linear programming (LP) optimizer and a dynamic matrix controller. The basic regulatory control consisting of five PI control loops is in the lowest level of the control system. The control models for the DMC are obtained using a dynamic simulator. Then, the control performance is observed when the hierarchical control system applied to both combustion modes.

Dynamic Process Model

The dynamic model for an FCC process originally developed by Han and Chung (2001a and b) was revised in this study. The models for most of auxiliary units (the feed preheating system, catalyst cooler, blower, wet gas compressor, stack gas expander, and the CO boiler) were added to the original model in order to capture their dynamics. A macroscopic model for the main-fractionator was also developed and incorporated into the dynamic model. 

The simulator is implemented by modular structured Fortran 90 code and is featured by the followings: 1) can predict the state variables in the reactor, regenerator, main-fractionator, and auxiliary units of an FCC process; 2) can simulate both full and partial combustion modes of the regenerator; 3) can predict the yields of 10 lumps and light gases (hydrogen, methane, ethane, propylene, n-propane, 1-butene, iso-butane, and n-butane) based on the 10-lump model (Arbel et al., 1995) and the light gas yield mode (Ellis et al., 1998); 4) employs the momentum balance to predict the molar expansion and catalyst slip in the riser; 5) adopts the two-region, two-phase theory (Kunii and Levenspiel, 1991) for the regenerator model.
Basic Regulatory Control

The basic regulatory control system is in the lowest level of the hierarchical control system and the set-points are transferred from the DMC. In this study, the following five control loops are in service during the supervisory control:
CL1: regulates the catalyst bed level in the disengaging-stripping section by manipulating the slide valve on the spent catalyst transport line.

CL2: regulates the pressure difference between the disengaging-stripping section and the regenerator by manipulating the stem position of the stack gas valve.

CL3: regulates the temperature of the combined feed entering the riser by adjusting the fuel flow into the pre-heater.

CL4: regulates the flow rate of the air into the regenerator by manipulating the stem position of the air blower suction valve.

CL5: regulates the pressure of the overhead drum of the main-fractionator by manipulating the suction valve on the wet gas compressor.

Other loops for controlling flows and temperatures, such as the flow rates of dispersion and stripping steam, the flow rates of boiler feed waters, and the exiting steam temperatures of the CO boiler and catalyst cooler, assumed to be perfectly controlled at their set-points. That is, actual control loops are not implemented to these loops. The control loops are basically tuned on the basis of ATV (auto tune variation) method and Tyreus and Luyben settings (Riggs, 1999) and then are detuned by trial-error method.
Dynamic Matrix Control

The control objectives for full and partial combustion modes of the FCC process are different due to the disagreement in their dynamics. In the full combustion mode, the primary objective of the control is just to sustain the system in full combustion mode. A failure to control the full combustion means that the system drifts to partial combustion. On the other hand, in the partial combustion mode, the primary objective is to stabilize the process against the undesired situations that may cause the system to be unstable or sometime to be a quenched state, such as a lessen air rate, high coking rate, or low regenerator temperature. The secondary purpose of the control is to maximize the economic profit of the process operation.

In this study, the DMC system consisting of 10 controlled, 6 manipulated, and 2 feed forward variables are designed for both combustion modes. The following nine controlled variables are chosen for both combustion modes in common:
C1: The riser outlet temperature is highly related to the economic profit of an FCC process. Typically, this temperature is controlled to maximize the conversion, gasoline, or light gases depending on market situation and its set-point is usually determined by a higher level optimizer. 

C2: The regenerator dense bed temperature is typically controlled to achieve the following purposes: to maintain the system in a stable operation region; to provide sufficient heat to vaporize and crack the feeds; to avoid an irreversible deactivation of the catalyst and the damage to the cyclones; and to minimize the coke on regenerated catalyst. The dense bed temperature is also highly related to the economic profit and its set-point is usually given by a higher level optimizer.

C3 and C4: The pressure drops across the regenerated (C3) and spent catalyst transport lines (C4) should be maintained within certain bounded ranges to avoid flow reversal and catalyst erosion.  

C5 - C7: Valve stem positions should be maintained within valid ranges to prevent the valves from sticking. The stem positions of the spent catalyst slide valve (C5), the stack gas valve (C6), and the suction valve on the wet gas compressor (C7) are controlled.

C8 and C9: The wet gas compressor load (C8) and the air blower load (C9) are controlled within their design limits. Because these auxiliary units consume a large amount of energy, they are related to the economic profit.

The rest of the controlled variables are alternatively selected according to the combustion mode. In the control of full combustion, the stack gas oxygen concentration (C10A) is controlled within a bounded range or a set-point to maintain the system in full combustion. In the control of partial combustion, the temperature of the regenerator freeboard (C10B) is controlled to avoid the damage to the regenerator and cyclones due to the afterburning reaction in those units (Arbel et al., 1995).

The following six manipulated variables are held for both combustion modes in common:
M1: The set-point of the combined feed flow rate is usually assigned by a higher-level optimizer or an operator. However, this variable selected as a manipulated variable, with allowing small movement in the set-point because the changes in the feed flow rate have a large effect on the system dynamics and including this variable can increase the controllability.

M2: The set-point of the combined feed temperature.

M3: The stem position of the regenerated catalyst slide valve is directly manipulated by the DMC.

M4: The set-point of the total flow rate of the air into the regenerator.

M5: The set-point of the pressure difference between the reactor and the regenerator.

M6: The set-point of the pressure at the overhead drum of the main-fractionator.
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The following two variables are chosen as feed forward variables: ambient air temperature (F1) and the weight ratio of heavy fuel oil to light fuel oil (F2).

Fig. 1 Control responses under the full combustion mode.
Control Simulations and Results

Fig. 1 shows the control responses to the full combustion mode. The riser outlet and dense bed temperatures track their set-points very well as shown in Figs 1a and b. The stack gas oxygen concentration deviates from its bounded range when the set-points are changed (Fig. 1c). Fig. 2 shows the control responses to the partial combustion mode. The riser outlet and dense bed temperatures track their set-points smoothly, but show more sluggish tracking responses than full combustion control (Fig. 2a and b). The freeboard temperature is well controlled within its bounded range (Fig. 2c). In this study, the simulation results showed that the DMC algorithm was capable of controlling both full and partial combustion modes of the FCC process.
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Fig. 2. Control responses under the partial combustion mode.
Conclusions

The control performance of the dynamic matrix control algorithm was investigated for an FCC process operated in both full and partial combustion modes. A hierarchical control system consisting of the following components was developed: two DMCplus controllers each comprised of 10 dependent and 8 independent variables, the basic regulatory controller with 5 loops, the dynamic simulator for the reactor, regenerator, main-fractionator, and auxiliary units of an FCC process.

The simulation results showed that the DMC algorithm was capable of controlling both full and partial combustion modes of the FCC process.
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