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ABSTRACT 

A detailed study of vacuum distillation column control implementations was 

performed with special emphasis placed on control configuration selection. Two vacuum 

separations were studied; toluene from xylene and ethylbenzene from styrene. Rigorous, 

dynamic simulations were developed for these two systems that incorporated varying 

tray-to-tray pressure drops and coupled, dynamic material and energy balances for each 

tray of the column. These columns were benchmarked against published data. 

For single-ended composition control, manipulating the reflux flowrate provided 

the best control of the overhead impurity for setpoint changes as well as for feed 

composition disturbance rejection. Bottom impurity control was best handled by ratioing 

the vapor boilup rate and the bottoms flowrate (boilup ratio, V/B). For dual-ended 

control, the [L,V] and [L,V/B] configurations provided better control of both product 

streams when the column has a reflux ratios near 1. In addition, the [L/D,V] and [L,V] 

configurations both provide good product impurity control especially when the bottom 

product stream is more valuable. These two configurations also performed best as the 

column's reflux ratio increased. Advanced control techniques such as decoupling and 

feedforward compensation were studied and decoupling was found to improved control 

performance on both product streams. Feedforward compensation improved 

configurations were ratio control was implemented (reflux ratio or boilup ratio) or when 

the process has slow dynamics. 

In addition. Dynamic Matrix Control (DMC) was applied to both the 

xylene/toluene columns and the styrene/ethylbenzene column. A [2x2] DMC controller 

was compared with decentralized PI controllers on several control configurations. For 

setpoint tracking, DMC improved control responses by decoupling control action on both 

ends of the column. For unmeasured feed composition disturbances, DMC did not have 

the control performance of PI as DMC lacked feedforward compensation for 

disturbances. In addition, DMC considered both product compositions as having equal 

importance. Finally, the minimum move suppression factors allowed by the DMC 
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package were used which limited DMC performance for unmeasured disturbances. DMC 

does provide benefits on the styrene/ethylbenzene column by allowing the styrene 

composition to have a higher control priority. As a result, DMC performed comparably 

to PI for feed disturbances. 
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CHAPTER 1 

INTRODUCTION 

Distillation is one of the most important processes employed by the petrochemical 

industry with nearly 40,000 distillation columns in use in the United States (Humphrey et 

al, 1991). The arrangement of trays in a column allows for an efficient and economical 

use of energy resources and plant area and minimizes the complexity of separating two or 

more chemicals fi'om each other when significant differences between the components' 

boiling points. Distillation also plays an important role in industry as it is typically the 

final purifying step before sale of a chemical. Thus, a distillation column must be 

operated to maintain product quality for varying process conditions. 

Controlling distillation columns is an important step in keeping the column's 

products at the desired purity. Applying process controls to the column allows material 

and energy flows into and out of the column to be manipulated which affects the purity of 

the products. With proper control implementation, process disturbances have less 

influence on product purity. As a result, product variances are reduced aids in meeting 

International Standard Organization (ISO) standards. This is important as companies 

trade in global markets. In addition, customers can demand that variances in the product 

be documented. Reducing product variability is a growing trend in the chemical 

processing industry (CPI) (Dovms and Doss, 1991). 

Distillation control application has changed dramatically in the last 60 years. 

Initial column operation was by manual control. Plant operators adjusted energy and 

material flowrates by hand to maintain a temperature which indicated the product purity. 

With the application of proportional-integral (PI) controllers, distillation column control 

shifted to automatic control of either the overhead or bottom product purity. Products 

were typically over-purified in this case in order to guarantee product purity when plant 

upsets occurred (Luyben, 1975). While only one product purity is controlled, the other 

product for a two-product distillation column is allowed to vary. As a result, more of the 

desired product is lost to the other product stream as the column does not adequately 
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separate the chemicals. In addition, over-purifying the desired product wastes energy. It 

is estimated that 2.4 quads' of energy are used in U.S. industry for distillation which 

represents 3% of the energy consumed in the U.S. (Humphrey et al, 1991). Additional 

work by Humphrey et al. showed that 10 to 15% excess energy is consumed in typical 

distillation operations. It is common industrial practice to use too much energy in 

distillation columns (Riggs, 1993). As energy costs increased in the 1970s, studies by 

Luyben (1975, 1992) found that distillation is one of the costhest processes found in a 

chemical plant and that lower energy usage was possible controlling both product 

purities. Finally, the CPI has tightened energy usage by integrating heat usage among 

many processes. With this increased integration, the effects of plant upsets can 

significantly influence product composition and variability. 

To improve the energy efficiency of distillation, columns are operated to maintain 

purity specifications for both the overhead and bottom products, and this is known as 

dual-ended control. Controlling both product purities reduces the amount of product lost 

to downstream operations where it may not be recovered and also insures a more stable 

feed for these downstream processes. In addition, the variability of the product 

composition is reduced with the proper control system implementation. 

Dual-ended distillation control introduces complications. Skogestad and Morari 

(1987) report that dual-ended control is complicated by nonlinear behavior, sluggish 

responses, control loop interaction and manipulated variable selection. Distillation is a 

nonlinear process as different operating regions have different steady-state process gains. 

As a result, controllers tuned for one region may not control well in another region. In 

addition, as the purity of the products increase, steady-state gains change and process 

dynamics change drastically. Interaction between the composition control loops further 

complicates dual-ended control as changes in one control loop introduces a disturbance to 

the other control loop. Finally, control configuration selection remains an active area of 

study in distillation process control. 

1 quad = 10'' BTU, or 170 million bbl of oil. 
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Dual-ended distillation control has a variety of manipulated variable pairings to 

keep the product compositions at some purity specification. Manipulated variables are 

selected to control the overhead composition, the condenser/accumulator level, the 

column pressure, the bottom composition and the reboiler level. Each of these control 

configuration possibilities respond differentiy to changes in the product specifications. 

Also, each configuration responds differently to process disturbances. As a result, control 

configuration selection plays a role in reducing product variability and energy usage for a 

distillation column. 

In addition to traditional proportional-integral (PI) controllers more advanced 

controllers such as Generic Model Control (GMC) (Lee and Sullivan, 1988) and Dynamic 

Matrix Controls (DMC), (Cutler and Ramaker, 1979) are being implemented on 

distillation columns. Parkinson and Fouhy (1995) found that industry faces challenges 

determining which control application is economically justified and determining which 

type of control technology to apply. The application of these more complex control 

systems requires models of the process. Yet, developing models for these advanced 

controllers requires significantly more time and costs than traditional controls. 

This work focuses on control configuration selection and controller selection 

issues for vacuum distillation. Vacuum distillation is the separation of chemicals where 

the column's pressure is below atmospheric pressure. Vacuum distillation is important 

where the application of heat is detrimental to the chemical species being separated or 

where reactions or polymerization may occur due to high temperature. Common 

industrial vacuum columns include the vacuum tower of a crude oil refinery and 

styrene/ethylbenzene separations. 

This study uses detailed, dynamic simulations of several xylene/toluene columns 

and a styrene/ethylbenzene column to compare different control structures andcontrollers 

for composition control. The choice of control structure has been discussed (Luyben, 

1992; Skogestad and Morari, 1987; Shinskey, 1984) using idealized simulations of 

columns. This study is novel in that a detailed simulation of a vacuum column has been 

performed. These simulators factors in varying tray-to-tray pressures (Choe and Luyben, 
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1983) in the equations modeling the column (Kulkami, 1995). With a detailed 

simulation, control by different control configurations can be compared to evaluate 

control performance when disturbances or product specifications change. 

The goal of this work is to develop guidelines for selecting the optimal or near 

optimal dual-composition control configuration for a vacuum distillation column. In 

addition, this work compares the control performance of conventional control techniques 

with advanced, model-based controllers for dual composition control of a vacuum 

column. Additional objectives of this work include determining optimal control 

strategies for single-ended control of vacuum distillation colunms and determining the 

advantages of implementing advanced conventional control techniques such as 

feedforward compensation and decoupling. These issues are explored using computer 

simulations of five xylene/toluene columns and a styrene/ethylbenzene column. The 

styrene/ethylbenzene separation is considered as a single process operation to provide 

comparative control results for vacuum distillation control. 

A review of literature on vacuum distillation, control system structures for 

distillation columns and tools for selecting configurations is found in Chapter 2. Chapter 

3 discusses the modeling and development of the xylene/toluene and styrene/ 

ethylbenzene columns studied in this work. The results of single-ended control of the 

various xylene/toluene columns using PI controllers are presented in Chapter 4. Dual-

ended PI control results are found in Chapter 5. Chapter 6 discusses the implementation 

and results of GMC control. DMC control is another advanced control technique applied 

to the xylene/toluene and styrene/ethylbenzene columns and Chapter 7 compares DMC 

with PI control results. Finally, conclusions and recommendations for future work are 

summarized in Chapter 9. 



CHAPTER 2 

LITERATURE REVIEW 

Luyben (1996) states that distillation has received the most attention from control 

engineers in both academic and industrial settings. Distillation is typically the final 

finishing step in purifying chemicals before sale. Distillation is also an energy intensive 

step and one of the most expensive process units to operate in a chemical plant. Luyben 

goes on to state that a distillation column is the most difficult to control because of long 

deadtimes, long lags, and process nonlinearities inherent to the process. Distillation is 

such an intensely studied area of control that Luyben (1992), Rademaker et al. (1975), 

Nisenfeld and Seeman (1981), Shinskey (1984), Buckley et al. (1985) and Deshpande 

(1985) have all written books on the subject. Kister (1990, 1992) has written an 

exhaustive review on design and operation of distillation columns. The studies of 

distillation have focused not only control aspects but on the time response or dynamics of 

distillation. While some consider distillation technology dead, it remains at the forefront 

of control research due to its importance in separating materials. 

This chapter will look at aspects necessary to model and dynamically simulate 

distillation columns. In addition, proportional-integral (PI) control for distillation 

columns and control configuration selection will be discussed. A PI controller can be 

applied to control only one product (single-ended or one-point control) or to control both 

products (dual-ended control). Few sources exist for specific discussion of control 

configuration selection on vacuum distillation columns and efforts to aide in deciding 

which control configuration to implement will be discussed. Finally, advanced control 

techniques such as Generic Model Control (GMC) and Dynamic Matrix Control (DMC) 

are reviewed. Control configuration selection affects any controller implemented. 

2.1 Distillation Modeling and Simulation 

Distillation modeling primarily focuses on having the necessary first principle 

equations relating mass and energy transfer for each tray in the column. Stathaki et al. 
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(1985) reviews dynamic distillation modeling. The authors note that most simulation 

work is for binary columns. Multicomponent separations are more common in actual 

industrial environments. Development of a generalized modeling scheme for distillation 

columns is provided by Gani et al. (1986). Gani reviews the necessary mass and energy 

balances on each tray as well as the assumptions that are applicable for a variety of 

columns in order to formulate a generalized model for distillation. Finally, Holland 

(1981) discusses a wide variety of distillation modeling techniques for a variety of 

multicomponent separations. Grassi (1992) provides an overview of combining tray-to-

tray calculations and dynamic simulation. 

To model the energy balance on each tray, three options are available (Fuentes 

and Luyben, 1982). The first modeling technique assumes that no energy changes occur 

with time on each tray. Thus, the energy derivative is set to zero and vapor flowrates are 

typically found by rearranging the energy equation in a steady-state form. Another 

method assumes that the enthalpy derivative equals zero, the vapor flowrate is found by 

solving an algebraic equation. The third method uses the entire energy model. This is 

the most rigorous method and provides the most realistic results. The problem with this 

technique is that the energy equation typically has small time constants and requires small 

integration stepsizes to insure accuracy (Choe and Luyben, 1987). 

Choe (1985) simulated three distillation columns to compare the assumptions 

made in typical models. Depending on the separation being performed, assumptions such 

as neglecting the vapor holdup and neglecting energy dynamics are applicable. For 

vacuum distillation columns, pressure must be modeled from tray to tray as varying 

pressure has a strong influence on liquid-vapor equilibria. Yet, the low pressures allow 

vapor holdup to be dismissed. In addition, Choe and Luyben (1987) point out that 

pressure drop can be calculated from the vapor velocity using a dry-hole pressure drop 

calculation and from the head of the liquid on the tray. Liquid flows are found with the 

Francis weir formula (Smith, 1963). The energy balance for a vacuum column is an 

ordinary differential equation. Finally, techniques for integrating column simulations 

depend on the stiffness of the differential equations. The LSODES metiiod (Hindmarsh, 



1983) is necessary to model the column as the energy differential equations have much 

shorter time constants than the composition loops on each tray. 

Kulkami (1995) took Choe's work on the m-xylene/toluene vacuum system and 

developed both steady-state and dynamic simulators for that column. His work looked at 

modeling the column for the specifications set forth by Choe as well as implementing 

dual-ended PI controls for eight control structures. In addition, Kulkami implemented 

Process Model-Based Control (PMBC) for dual-ended control and investigated 

decoupling and feedforward schemes for PI. His work provides the foundation for the 

xylene/toluene studies in this research. 

2.2 Distillation Dynamics 

Distillation presents a challenge to control due to process nonlinearities and 

asymmetric dynamics. McDonald and McAvoy (1987) studied open-loop distillation 

column responses and observed a significant degree of nonlinearity in the process gains. 

For a high-purity column, changing a manipulated variable caused one of the product 

streams impurity to approach zero while the other product impurity increased. As a 

result, the steady-state gain for the higher purity product decreases while the lower purity 

product gain increases. McDonald and McAvoy also noted that more linear results were 

observed using smaller perturbations to the process. In addition to changing process 

gains, asymmetric dynamics were observed. Depending on the size and direction of the 

manipulated variable change, time constants ranged from 50 minutes to over 500 minutes 

for their column. Fuentes and Luyben (1983) looked at a column with 10 ppm impurities 

in both product streams. With this column, drastic changes were observed in the process 

gains, time constants, and deadtimes as the column is perturbed from nominal operating 

conditions. As a result, Georgiou et al. (1988) reported having difficulty finding suitable 

transfer function models for several columns under study for DMC controls. 

In addition to simulator resuhs, asymmetric resuhs have been shovm on existing 

distillation columns. Stathaki et al (1985) studied the dynamic behavior of a column 

separating light hydrocarbons. Stathaki et al. found the composition profiles in the 



column shift and influence the process dynamics. De Lorenzo et al. (1972) observed 

changing time constants on a binary distillation column. Akita et al. (1969) also noted 

that the time required for a process to move from one steady-state to another depends on 

the direction of the change. De Lorenzo noted that changes in reflux that brought the 

column back to a state of maximum separation lead to slower responses in the 

composition. Kapoor et al. (1986) studied distillation columns and found that the long 

time constants for high-purity distillation colunms are due to the recycle stmcture of the 

distillation column. The recycle loop has a positive feedback gain near 1 which is much 

higher than typical recycle loops. 

2.3 Distillation Control 

Distillation is an important process in chemical processing plants. Implementing 

process controls on a distillation column is important in order to maintain product 

specifications. These products may be final products for sale and must meet some purity 

specification. The products may go to other processes which require their feed stocks be 

a certain purity. The process control system must manipulate material and energy flows 

to obtain the proper product purity. For a distillation column, five manipulated variables 

are available to control five variables. The controlled variables are: overhead 

composition, bottom composition, tower pressure, accumulator level, and kettle or 

bottom sump level. To control these variables, the reflux flowrate, reboiler heat duty, 

condensation rate, distillate flowrate and bottom flowrate are manipulated to maintain the 

necessary material and energy balances. Typically the pressure or condensation rate is 

controlled by manipulating the cooling medium flowrate. 

The remaining four manipulated variables are available to control levels and 

product compositions. The control configuration (manipulated pairing) determines how 

well the product specifications remain at desired values when setpoint changes and 

disturbances occur. The subject of configuration selection is one of the main focuses in 

distillation control research. For stable operation, two manipulated variables must be 

used to control the levels of the accumulator and reboiler. Thus, the [5x5] problem is 
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reduced to a [2x2] problem where the remaining two manipulated variables are available 

to control the overhead and bottom compositions. The issue of configuration selection 

determines which two manipulated variables are used to control composition. 

2.3.1 Single-Ended Composition Control 

Single-ended control is the control of one product purity while allowing the other 

product purity to remain uncontrolled. This is the most common control configuration 

implemented in industry (Luyben, 1992; Skogestad and Morari, 1987; Skogestad et al, 

1990; Ryskamp, 1980). Controlling one composition typically involves overpurifying the 

more valuable product while allowing the other product purity to vary greatly. As a 

result, additional energy is used in the column (Luyben, 1975). The extra energy input 

guarantees the product will meet purity specifications when disturbances enter the 

column. 

Several control studies have been performed for single-ended control. Deshpande 

(1985) recommends overhead purity control by manipulating the distillate flowrate, D, 

and keeping the reboiler heat duty, V, constant. The bottom flowrate is adjusted to 

maintain the level in the reboiler. Deshpande says distillate control is applicable for 

changes in both the feed flowrate and feed composition. To control bottom composition, 

the bottoms flowrate should be manipulated while the level in the reboiler is maintained 

by adjusting the reboiler heat duty. Reflux is kept constant and the accumulator level is 

controlled by the distillate flowrate. Nisenfeld and Seeman (1981) also advocate using 

the appropriate material balance variable for single-ended control. 

Skogestad and Morari (1987) recommend that neither the distillate nor bottom 

flowrates remain constant for single-ended control. Skogestad et al. (1990) also wams 

against control using either the distillate or bottoms flowrate as it locks the material 

balance and prevents changing the distillate to feed flowrate ratio. Controlling the 

overhead impurity with reflux or the reflux ratio (L/D) provides satisfactory control. 

Bottom impurity control is best using either the reboiler heat duty or boilup ratio (V/B). 

The reflux ratio schemes are preferred by Skogestad and Morari as they provide better 



feed flowrate disturbance rejection and less variation in the uncontrolled composition. 

Control using the distillate or bottoms flowrate is best for columns with high reflux ratios 

or high boilup ratios as distillate or bottoms flowrate may not control accumulator or 

reboiler level well. This study will look at the selection of manipulated variables for 

single-ended control for the xylene/toluene column to provide recommendations for a 

vacuum column. 

2.3.2 Dual-Ended Composition Control 

Increasing energy costs in the 1970's spurred industry to use energy more 

efficiently. Typical distillation operations were mn in manual control with plant 

operators setting the reflux or steam duty on the columns to achieve the purity 

specification needed. Typically the products were overpurified to guarantee that the 

product is always at or exceeding the purity specification. Luyben (1975) found that 

energy consumption on distillation columns is minimized when both products are 

controlled at a desired purity. Ryskamp (1980) implemented dual composition control on 

several industrial distillation columns and found that substantial savings could be realized 

when both product purities are controlled. Energy savings of 30% were reported by 

Ryskamp. Dual composition control provides benefits to the plant whether or not both 

products are of equal value. For products with equal value, dual composition control 

minimizes the energy usage. Processes downstream from the distillation column also 

benefit from less disturbances in their feed streams. Chiang and Luyben (1985) 

compared several cases of distillation control to quantitatively measure energy savings. 

The most significant improvement was for columns with low relative volatilities and high 

feed compositions. 

As proportional-integral-derivative (PID) controls are the most common control 

technique, these controllers are implemented on distillation columns in order to control 

the overhead and bottom impurities. As a distillation column is a multi-input/multi-

output (MIMO) system, implementing decentralized controllers designed for a single-

input/single-output (SISO) process leads to complications. In addition, Skogestad and 
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Morari (1987) list several complications to implementing dual-ended composition 

control. Distillation columns exhibit strongly nonlinear behavior, sluggish responses, 

difficulty in measuring product compositions, difficulty in selecting the manipulated 

variables to use, and strong interactions exist between the control loops. Stability issues 

are also present as interactions in the colunm cause problems in obtaining fast responses 

for both control loops. 

In distillation control, significant research has focused on finding the best control 

configuration to use for dual-ended control. No significant literature existed for 

configuration selection (Skogestad and Morari, 1987) beyond Shinskey's (1977) book on 

distillation control. Configuration selection concems which of four manipulated 

variables are used for composition control. In addition to these four variables, ratios of 

reflux flowrate (L) to distillate flowrate (D), or reflux ratio (L/D), and the ratio between 

vapor flow rate (proportional to reboiler heat duty), V, to bottoms flowrate (B), or the 

boilup ratio (V/B) can be used. Typically the reflux flowrate, distillate flowrate or reflux 

ratio is used for overhead composition control. Likewise, the reboiler heat duty, bottoms 

flowrate, or boilup ratio are used for bottom composition control. Throughout this 

document, dual-ended control configuration will be listed in the form of what 

manipulated variables are used for the overhead and bottom composition control. Thus, 

the [L,V] configuration refers to the control configuration where reflux flowrate is 

manipulated by the overhead impurity controller to control the overhead composition. 

The reboiler steam duty is manipulated to control the bottom composition. 

Shinskey (1977, 1984) looks at configuration selection in great detail. Shinskey 

advocated the use of the steady-state Relative Gain Array (RGA) (Bristol, 1966) for 

configuration selection. The relative gain array determines the interaction between 

control loops by ratioing steady-state gains for the closed and open-loop responses. 

Shinskey (1984) determined that the [L/D,V/B] configuration yielded the best results for 

most control applications. Skogestad and Morari (1987) also agree with Shinskey's 

findings. Skogestad et al (1990) also summarize Shinskey results that configurations 

with RGAs between 0.9 to 4.0 are good configuration choices. The [D,V/B] 
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configuration (Shinskey, 1984) is recommended whenever its RGA is the highest of the 

inferior configurations and the [L/D,V/B] configuration RGA is too high to be a viable 

configuration. Skogestad et al. make this recommendation as well for columns with very 

high purity products or large relative volatilities. These types of colunms require a 

material balance configuration where the distillate or bottoms flowrates are used for 

composition control. 

Using RGA for configuration selection is recommended by a number of authors 

(Shinskey, 1984; Jafarey et al, 1979; Nisenfeld and Stravinski, 1968; McAvoy, 1979). 

McAvoy (1981) looks at control system stability and RGA for configuration selection. 

Yet, RGA measures only the steady-state interaction between loops. Information on 

dynamic interaction is also critical in selecting the control configuration. Skogestad et al. 

(1990) investigated using dynamic RGA (Witcher and McAvoy, 1977; Bristol, 1978) and 

stmctured singular value analysis for configuration selection. Skogestad et al. 

recommended that this technique be used for configuration selection. Based on these 

techniques, the [L/D,V/B] configuration remained the best control configuration. 

Studies of other frequency domain techniques have examined configuration 

selection. The Morari Resiliency Index (MRI) (Morari, 1983) measures the robustness 

and ease with which a control configuration performs. A low MRI value indicates a 

favorable control stmcture. The Closed Loop Disturbance Gain (CLDG) (Skogestad et 

al, 1991; Hovd and Skogestad, 1992) measures the interaction of control loops when 

disturbances affect a process. Similarly, Giiay et al (1997) proposed a root-mean-

squared measurement to measure nonlinearities to evaluate the effect of nonlinearities on 

closed loop interactions. Niederlinski (1971) proposed an index to aide in finding the 

proper input-output pairing. Yu and Luyben (1986) recommended finding the 

configuration selection based on an RGA analysis, MRI analysis and the Niederlinski 

index. Haggblom (1997) noted that developing accurate models is difficult for partially 

control plants (i.e., the level controls are closed) and process identification is difficult for 

nonlinear systems. Moudgalya et al (1987) proposed a dual pulse technique for better 

models of systems with long time constants. A Fourier transform is required, but this 
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technique is beneficial in that the process does not significantly deviate from setpoint. A 

drawback to this method is that it has no provisions for nonlinearity. Thus, the models of 

the process and errors in those models may select configurations which are not the best. 

Despite all the analysis, Skogestad (1997) summarizes that there is not one 'best' 

control configuration for distillation control. For simple problems where the steady-state 

RGA value is less than 5, the [L,V] configuration is recommended and is also a good 

configuration for single-ended control. Skogestad recommended the [L/D,V/B] 

configuration for most colunms. The [L/D,V] configuration lies between [L,V] and 

[L/D,V/B]. Eight control configurations' are studied in this work to compare the 

stmctures for their ability to handle setpoint and feed composition disturbances. The 

[D,B] configuration is not studied as liquid flow dynamics respond quickly and prevent 

decoupling either end of the column. 

2.4 Decentralized PI Controller Tuning 

Level control consists of adjusting the gain on the level controller to maintain an 

adequate level. This study implements proportional-only level controls. Marlin (1995) 

offers guidelines to find controller settings for proportional-only and proportional-integral 

(PI) level controls. Rademaker et al (1975) recommends loose level tuning whenever a 

material balance stream (B or D) manipulates the level. Tight levels are necessary when 

energy balance streams (L or V) are used for level control. Level dynamics are faster 

than composition dynamics and level controllers are tuned prior to any composition 

controller tuning. 

Ziegler and Nichols (1942) developed the first consistent tuning guidelines for PI 

controllers. By placing the control loop in a limit cycle, the ultimate period and gain 

could be determined for the controller. From these settings, a controller gain and reset 

time could be calculated which generated a quarter-damped decay response for setpoint 

' Configurations studied were [D,V], [D,V/B], [L,B], [L/D,B], [L/D,V], 
[L/D,V/B], [L,V] and [L,V/B]. 
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changes. Luyben (1986) developed a new tuning procedure for SISO controllers used in 

a MIMO system. Luyben's Biggest Log-Modulus (BLT) system uses Ziegler-Nichols 

tuning mles, open-loop transfer fiinctions, and a "detuning" factor, F, that is applied to all 

control loops. The tuning factor, F, is adjusted until the "biggest log modulus" attains a 

reasonable value. A reasonable value guarantees stable control when all control loops are 

in automatic and stable control when the other control loops are in manual. 

The Ziegler-Nichols (1942) tuning parameters are generated using open-loop 

responses or pulse tests (Luyben, 1990). The drawback to open-loop testing is testing on

line may be cormpted due to disturbances or asymmetric dynamics may not provide 

adequate open-loop models (Riggs, 1997). In addition, the size of the tests may deviate 

the system from nominal conditions and dismpt normal operations. A more recent 

technique developed by Astrom and Hagglund (1984) allows the process to be tested with 

small oscillations near the nominal operating region. The Auto Tune Variation (ATV) 

method finds the ultimate gain and period for the process in significantly less time than 

open-loop or pulse testing techniques (Riggs, 1997). 

The BLT method requires finding the open-loop transfer functions for the MIMO 

system. For a distillation column, determining these functions can be difficult and 

inaccurate. Instead of calculating a detuning factor, Toijala and Fagervik (1972) 

implemented their own detuning factor, F, which simply scales the calculated controller 

gain and reset time for all the controllers. For more aggressive control, F is decreased. If 

the control system is too aggressive, the detuning factor is increased which decreases 

controller gain and increases the reset time. 

Tyreus and Luyben (1992) developed new tuning mles for processes that exhibit 

large time constants for open-loop responses. For high purity columns, this type of 

response is common. The new tuning mles are expressed in terms of ultimate gain and 

period determined by the ATV method. Testing of this new procedure yielded better 

control results than the Ziegler-Nichols settings. 
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2.5 Model Predictive Control 

With the increasing power of computers and better modeling techniques, control 

systems incorporating a model of the process are becoming more common. As a resuh, a 

distillation column can be viewed as a multivariable process and manipulated variable 

changes can be coordinated to reduce interaction or decouple changes to the system. 

Model Predictive Control (MPC) incorporates a model of the process that calculates the 

future responses based on past and present control actions. Based on the model and past 

actions, the current control move is calculated to reach the control objectives (setpoint). 

MPC is applicable to both SISO and MIMO processes. MPC on MIMO processes takes 

advantage of the model in order to decouple control actions. Several forms of model 

predictive control exist. 

2.5.1 Generic Model Control 

Lee and Sullivan (1988) developed Generic Model Control (GMC) which 

calculates manipulated variables to force a model of a system to follow a desired 

trajectory. Modeling errors in the process model are adjusted on-line in order for the 

model to reflect the process and improve control action. The reference trajectory that the 

plant follows has parameters to minimize deviation between the actual process value and 

the desired setpoint. These parameters also influence the reference trajectory. At every 

control interval, the model and reference trajectory are evaluated to determine the proper 

manipulated variable action to implement. The model may be a dynamic or steady-state 

model of the process. Steady-state models may be used with GMC (Cott et al, 1989) but 

disturbances should be filtered to improve model performance (Lee, 1993). GMC is also 

able to handle constraints on process variables. 

GMC has been successfully appHed to distillation columns (Riggs et al, 1993). A 

steady-state tray-to-tray model was implemented on a low-purity column separating light 

hydrocarbons. The product streams under control had less variability than the previously 

implemented PI controls and the amount of off-specification material produced dropped 

significantly. A high purity application of GMC was performed by Douglas et al. (1994). 
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Douglas found that high performance dual composition control requires good models of 

process nonlinearities. In comparing the GMC controller developed for this tower, 

Douglas found that its performance could not be matched by conventional PI controls. 

Flathouse and Riggs (1996) developed a new tuning technique for the reference 

trajectory. Lee and Sullivan (1988) specify the reference trajectory as a user-specified 

path where two gains (per controlled variable) are adjusted to define the aggressiveness of 

control desired. Finding these parameters is a trial and error procedure. Flathouse and 

Riggs found similarities in the control laws for GMC and PI. As a resuh, applying the 

ATV method to the GMC controller output generates the necessary ultimate gain and 

period for the GMC controller. Ziegler-Nichols or Tyreus-Luyben tuning mles may be 

applied as well as the appropriate detuning factor. For multivariable GMC control, an 

ATV test is conducted for each controlled variable. Integral of Absolute Error (lAE) 

resuhs were reduced 20% lower than the conventional PI controls for two demonstrated 

cases. 

Kulkami (1995) implemented steady-state GMC control on the xylene/toluene 

high purity column. He used the Flathouse-Riggs (1996) control law modification to 

GMC to identify control parameters using the ATV method. Sluggish control 

performance was noted with the model-based controller for both setpoint and feed 

disturbance tests. Including disturbance variable measurements improved control 

performance. 

2.5.2 DMC Control 

Dynamic Matrix Control (DMC) is the most popular form of MPC control 

implemented. Cutler and Ramaker (1979) developed the DMC algorithm which predicts 

future process behavior based on the past control actions and calculates the current and 

future control moves to achieve the desired target value. DMC can be applied to a single 

control loop but the controller's ability to handle multivariable systems demonstrates the 

full benefits of using this controller when constraints and other economic factors 

influence control decisions and priorities. The DMC algorithm is based on linear step-
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response convolution models which are used to predict future controlled variable 

responses. DMC handles both square and non-square control situations. The dynamic 

matrix is a NP x NC matrix containing NP convolution model coefficients for NC 

calculated future moves. A least-squares solution is performed to minimize the integral 

of error/time curve between the predicted values of the controlled variables and the 

desired values for those variables. The DMC algorithm is aware of deadtime and unusual 

dynamics (i.e. inverse responses and ramp-like behaviors) in order to prevent degradation 

of control. 

DMC uses linear convolution models of the process, and identification of those 

models is critical to DMC operation. Box et al (1994) discuss identification techniques 

for time series models. Cutler and Yocum (1991) describe a technique for taking plant 

data and creating the convolution methods using the inverse of the DMC control 

algorithm. The inverse model can be calculated from process responses as the inputs are 

known. Thus, another least-square calculation can obtain the convolution models. 

Smoothing may be applied to reduce an ill-conditioned dynamic matrix and minimize 

model degradation due to noisy data. 

A number of industrial DMC applications are documented for distillation column 

control (Cutler and Finlayson, 1988; Hokanson et al, 1989; Tran and Cutler, 1989; 

Cemik et al, 1991; O'Conner et al, 1991). Each of these applications reduced energy 

usage as well as improved controllability. 

Application of the DMC algorithm in the academic community has explored 

distillation systems with nonlinearity. McDonald and McAvoy (1985) applied DMC to a 

moderate-purity column and had difficulty obtaining process models. They suggested a 

on-line multivariable gain and time constant scheduling routine to update the process 

model. This technique is known as nonlinear DMC. Maurath et al (1985) applied a 

DMC-like algorithm to a dual-composition controlled low-purity column and found his 

controller to be affected by modeling errors. Georgiou et al (1988) also looked at a 

nonlinear DMC controller for columns with product impurities ranging between 10 and 

10000 ppm. Their studies found that regulatory performance of DMC was worse 
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compared to decentralized, diagonal PI controllers when impurity levels decreased in the 

product streams. A nonlinear DMC algorithm was developed which improved DMC 

performance for high purity columns but did not perform as well as PI controls using an 

[L,V] control configuration. 
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CHAPTER 3 

MODEL DEVELOPMENT AND CONSIDERATIONS 

This chapter looks at modeling the xylene/toluene columns and the 

styrene/ethylbenzene column. The columns are simulated with rigorous dynamic models 

to account for varying tray-to-tray pressure drop using the FORTRAN programming 

language. The first sections of this chapter discuss the modeling approach for the 

xylene/toluene columns. The vapor-liquid equilibrium equations, energy calculations, 

and vapor/liquid hydraulics are developed as well. The steady-state simulators of the 

columns aid in developing dynamic simulators for control system studies. Likewise, a 

similar model development for the styrene/ethylbenzene simulator concludes this chapter. 

3.1 Xylene/Toluene Vacuum Column Modeling Assumptions 

Much of the simulation work builds upon the modeling efforts of Kulkami (1995). 

His work involved developing the simulation, benchmarking the simulator, and the initial 

control work for the high purity xylene/toluene column. This column separates m-xylene 

and toluene and is modeled as a binary separation. The distillate product contains a high 

purity fraction of toluene with a 1000 ppm impurity of m-xylene. The bottoms product 

contains high purity m-xylene with a 1000 ppm impurity of toluene. Figure 3.1 shows a 

schematic of the high purity xylene/toluene column. 

In addition to Kulkami, Choe and Luyben (1987) studied this column by 

examining the equations needed to dynamically model a vacuum column. Choe's (1985) 

work developed the vapor hydraulic model used for the tray-to-tray pressure drop 

calculations necessary for vacuum column modeling. In addition, Choe and Luyben 

developed the modeling routines used to solve the steady-state simulation. 

As outiined in Kulkami's (1995) work, a number of modeling assumptions were 

made to simulate the xylene/toluene column, and these assumptions were: 

1. Each tray is a sieve tray. 

19 



( ^ ( ^ 

Feed Stream 
67.0 mole % Toluene 

18.0 kgmol/min 

Reflux 

Reflux 
Ratio=1.2 

To Vacuum Source 
• 

Distillate Product 
99.9 mole % Toluene 

12.066 kgmol/min 

Steam for Reboiler 
Bottoms Product 

99.9 mole % Xylene 
5.944 kgmol/min 

Figure 3.1: Xylene/Toluene High Purity Distillation Column 

2. Vapor holdup on each tray is negligible. 

3. Liquid holdup on each tray varies with time. 

4. Liquid dynamics on each tray are modeled with the Francis Weir formula (Smith, 

1963). 

5. Due to lower pressure, ideal gas behavior describes the vapor phase. 

6. Raoult's law describes the vapor-liquid equilibrium (VLE) relationship. 

7. Sensible heat changes on each tray are negligible. 
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8. Negligible secondary heating effects due to mixing. 

9. Each tray is modeled as a non-ideal stage using stagewise efficiency. 

10. Reflux from the accumulator is a saturated liquid. 

11. The reboiler is an equilibrium stage. 

12. All vapor is condensed in the condenser. 

13. The four control values are modeled with first order dynamics. The time constant 

is four seconds. 

14. Heat transfer dynamics in the reboiler are modeled as a first order differential with 

a time constant of eight seconds. 

15. Composition analyzers have five minute sampling times. 

16. Liquid collected in the accumulator is well mixed. Thus, the distillate and reflux 

have the same composition as the dmm. 

17. The liquid in the reboiler is well mixed such that the bottoms product composition 

equals that of the reboiler. 

18. Liquid on each tray is well mixed. 

19. The accumulator pressure is set at 90 mm Hg for all simulations. 

The significant difference in modeling this column compared to other distillation columns 

is the rigorous inclusion of vapor hydraulic calculations to find the pressure drop over 

each tray. In high pressure columns, tray-to-tray pressure drop is negligible, yet it is 

necessary when dealing with vacuum systems. In a vacuum column, pressure drops 

between the trays has a strong influence on the vapor-liquid equilibrium and on the vapor 

hydraulics. As the pressure ranges from 90 mm Hg at the top of the column to 420 mm 

Hg at the bottom of the column in the high purity column, the vapor density increases by 

a factor of 4 from the condenser to the reboiler. This is a significant change in vapor 

density which differentiates vacuum columns from higher pressure columns. 
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3.2 Xylene/Toluene Liquid-Vapor Equilibrium and Energy Modeling 

A number of algebraic equations are used to relate vapor and liquid phase 

composition, the phase enthalpy, phase density and the temperatures and pressures of 

each tray. These equations are applicable for both the steady-state and dynamic models 

of each column. 

Vapor and liquid composition is related by the Antoine equation with coefficients 

provided by Choe (1985). Pressure for each tray is calculated based on known tray liquid 

compositions and the tray temperature is calculated by material and energy balances for 

the tray. For toluene, the vapor pressure is related to the temperature by the following 

Antoine equation: 

logP"" =16.0137- ^-^^^ (3.1) 
^ — (7;.+273.15)-53.67 ^ 

/, toluene 

where P̂ ^̂  is the saturated pressure of toluene in mm Hg at temperature T in °C. For m-

xylene, the saturated pressure is found by 

logP.'^' , =16.1390- ^}^^ (3 2) 
^^^^,,^-xylene (J. + 273.15) - 58.04 ^ ^ 

The total pressure for a particular tray is found by summing the partial pressures of the 

individual components based on their tray liquid compositions, Xy, (Sandler, 1989) and 

by the equation 

P =x P^"' + X P^"' f3 31 
^i •'^ i,toluene •'^ i,toluene -^ i,m-xylene-^ i,m-xylene ' V • / 

Vapor compositions are found by 

x.P. Sat 

y..=^-^ (3.4) 

where v* is the ideal, equilibrium vapor composition for component j leaving tray i. 

To calculate the liquid enthalpies for each component, a simple calculation is 

made based on integrating the liquid specific heat capacities of each component from a 

reference temperature (298 K) to the tray temperature, Tj. For toluene, the liquid enthalpy 

is calculated by 
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hi,toiuene=3104.8816 + 19.1973*Ti+ 0.01566*Ti' (3.5) 

where hj toiyĝ e is in kcal/kgmole and Tj is in °C. All enthalpy calculations are in units of 

kcal/kgmole. For m-xylene, the liquid enthalpy is calculated by 

hi,m-xyiene=3914.3282 + 22.2618*Ti+ 0.01671*Til (3.6) 

To calculate the vapor enthalpies for each component, a simple calculation is 

performed by integrating the vapor specific heat capacities of each component from a 

reference temperature (298 K) to the tray temperature, Tj. For toluene, the vapor enthalpy 

is calculated by 

Hi,toiuene=12706.1079 + 13.1799*Ti+ 0.010468*Til (3.7) 

For m-xylene, the vapor enthalpy is found by 

Hi,„,.xyiene=14802.4551 + 16.4841*Ti+ 0.012144*Til (3.8) 

The net enthalpy for each phase is found by multiplying the mole fraction, Xy, of each 

component j by the component's enthalpy. Thus, the overall enthalpy of the liquid phase 

leaving tray i is 

"i ^i,toluene'n,toluene ^i,m-xylene^n,m-xylene' W*- ' / 

Similarly, the enthalpy of the vapor stream leaving tray i is found by 

•* î yi,toluene-'^i,toluene Ji.m-xylene^^i.m-xylene" ^^J.1U^ 

Note that for a binary separation, 

^ - x y l e n e " ^ "toluene l-^ • ^ 1 / 

ym-xylene~^~y toluene* V / 

Tray temperature is found by the quadratic equation from the liquid phase concentration 

of toluene, Xit̂ î n̂e. and toluene's liquid enthalpy, \,^i^^^,. The tray temperature is 

calculated by 

T, = -'^Z^^ ' (3.13) 
2a 

where 

b=(22.2618-3.06446 Xj'), 

c=(3914.3282 - 809.4466 Xj - h,), 

a=(0.01671 - 0.0010435 Xi), 
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Tj is the tray temperature in °C, hj is toluene enthalpy on tray i in kcal/kgmole, and Xj is 

the mole fraction of toluene in the liquid leaving tray i. 

3.3 Vapor and Liquid Hydraulics Modeling 

3.3.1 Vapor Flowrate Calculation 

Vapor flowrate calculations use the vapor hydraulic equations of Smith (1963). 

Kulkami (1995) altered the vapor hydraulic equation from a pressure drop explicit form 

to an algebraic equation where the vapor flowrate is found from the pressure drop across 

the tray. The vapor pressure drop is found by 

K, = Kj + J3,AK + K.,J (3-14) 

where h ,̂ is the total pressure drop for the vapor as it passes through the sieve tray and the 

liquid on the tray in units of meters of liquid, h ĵ is the pressure drop through the dry 

holes of the sieve tray in units of meters of liquid, and p̂  is the aeration factor for the tray, 

h^i is calculated by the following equations: 

Pvj 
^ .=0.0047244 

or,/ 

fu V 
PL,n^l yCoJ 

where the vapor velocity, U^ i, is found by 

(3.15) 

t/ . = , (3.16) 

''' 60* 4,* A / 

and V; is the vapor flowrate from tray i in kgmole/min, Ajj, is the total hole area for the 

sieve tray in ml and p ĵ is the vapor density in kgmole/ml The 60 coefficient converts 

minutes into seconds for Uu, calculation to be in units of m/sec. Co is the discharge 

coefficient and depends on tray design. The aeration factor, pj, is found using the 

equation developed by Choe (1985) 

/3. = 0.86315 - 0.27334 * F,„,. + 0.065684 * F^^ (3.17) 

where Fvâ  is a friction factor for vapor fiow through the liquid and is found by 

A, F,,,=^(3.281*^,,)V^ 
' ^i . (3.18) 
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Condensing all the equations into one for the vapor flowrate equation yields 

F, =18.287108*4 * p v / \ r ^ ^ ^ * C o P^'^^^^^^ ^> i^_Aj_ / / , +/^ ) 
^ Pv,, \ p,j,,*AVMW 0.186^^ "^-^ 

(3.19) 

where PLJ^, is the liquid density for the tray above tray i in units of kgmole/ml AVMW is 

the average molecular weight of the liquid, Pj is the pressure below the tray, and Pj+j is the 

pressure above the tray measured in mm Hg. 

Densities are required for the liquid and vapor hydraulic equations. As the 

column operates under vacuum, the ideal gas law is applicable for calculating the vapor 

density. Thus vapor densities are calculated by 

Pi 
A . / = ^ (3.20) 

where Pj is the tray pressure in mm Hg, R is the universal gas constant, which for these 

units is 62.3633 m^-mm Hg/(kgmole-K), and Tj is the temperature of the tray in K. 

Liquid densities are found using a Modified Rackett (1970) equation. Calculating 

the individual liquid density is found by 

1000 *P , , 
PLJ = ^ ^ ^ ^ . (3.21) 

1 + 1 - . 

R*TCi *Z 
/ RAJ 

where pLi is in kgmole/ml F^j is the critical pressure in bars for component j , R is the 

universal gas constant with the value of 83.11473, T̂ j is the critical temperature for 

component j , and Zj^j is a unique constant for each component. Critical constants for 

toluene and m-xylene are in Table 3.1. These calculations are necessary to take into 

account the varying pressure drops throughout a vacuum column. 

3.3.2 Liquid Flowrate Calculation 

Liquid flowrate from the tray is calculated using the Francis Weir formula (Smith, 

1963) and is based on the liquid holdup, Mj, on tray i. The liquid holdup is calculated by 

integrating the overall mass balance on the tray in the dynamic simulator. The liquid 
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Table 3.1: Critical Constants for Toluene and Xylene 

Constant Toluene m-Xylene 
Critical Pressure (P„ bar) 41.09 """35.41"""""" 

Critical Temperature (T„ K) 591.79 617.05 

ZRAJ 0.2644 0.2625 

flowrate is calculated by the following set of equations: 

4 = - ^ (3.22) 

4 = 0.84 (3.23) 

V O L - M / P L (3.24) 

H , , , ^ - (VOLA) (3.25) 

lk)w,i ̂  Hjot̂ i - h^i (3.26) 

L-110 .25 *L^*PL,*h^w/ ' (3.27) 

where Â  is the total area of the tray in units of ml Aj is the active area of the tray where 

liquid and vapor interact in ml VOL is in m^ and pL is in kgmole/ml Hĵ t̂  is the height of 

liquid above the tray surface in meters, h^,^ is the height of liquid over the weir in meters, 

h^ is the height of the weir in meters, L^ is the length of the weir in meters, and Lj is the 

rate of liquid leaving the tray in kgmole/min. 

3.4 Xylene/Toluene Vacuum Column Design 

3.4.1 Determining the Number of Trays and Feed Tray Location 

Choe's (1985) work provides the basis developing steady-state and dynamic 

simulations of the columns studied. The steady-state column design is performed in 

several stages. The first stage of design begins with a constant pressure-drop column in 

which the number of trays and feed tray are adjusted to minimize energy usage in the 

column. The reflux ratio for this column is set to 1.2 times the minimum reflux ratio 

needed to make the separation. This minimum reflux ratio is found using the Underwood 

equation (1948) and using an overall relative volatility ratio, a, (Kister, 1992) calculated 
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at the top, middle, and bottom of the column. A column diameter is calculated based on 

the vapor and liquid flowrates found in this design stage (Choe, 1985; Kulkami, 1995). 

Additional information on column design at Texas Tech is available in Hurowitz (1998). 

The second stage of column design uses parameters found in the first stage to set 

the desired reflux ratio, the number of trays in the column, the feed tray, and the column 

diameter. This model calculates pressure drop for each tray in the column as well as the 

liquid holdup on each tray. Pressure drop from the top tray to the total condenser is 

modeled with the gas flow equation (Geankoplis, 1983) assuming a constant friction 

factor for the piping and condenser. In addition, each tray is considered as an equilibrium 

stage. The feed tray and the number of trays are adjusted in order to reach the desired 

reflux ratio and minimize the amount of energy used in the reboiler. Although each tray 

is considered an ideal equilibrium tray, this design stage provides important information 

on the approximate number of non-ideal trays needed for the final design step. 

The final step in designing a column involves evaluating a rigorous, tray-to-tray 

steady-state model where the liquid and vapor leaving each stage is not considered to be 

at equilibrium (a non-ideal tray). The steady-state solution is found by varying the vapor 

flowrate from the reboiler and the reflux flowrate. These flows are adjusted with the 

Secant method (Riggs, 1994) until the pressure changes are less than 0.001 mm Hg for all 

trays. The steady-state simulation calculates the flowrates for the reflux, distillate and 

bottoms and the reboiler heat duty for the specified overhead and bottoms compositions 

and for a particular number of trays and feed tray. To find the correct number of trays 

and feed tray, a search routine adjusts the number of trays and feed tray location to meet 

the desired reflux ratio (which is kept as close as possible to 1.2 times the minimum 

reflux ratio) and minimize energy usage of the reboiler. The difference between the 

desired and calculated reflux ratio is weighted by a factor of 1,000,000 to have same 

relative magnitude of the reboiler heat duty (approximately 240,000 kcal/min). The 

selected column has the minimum sum of the reboiler energy duty and the weighted 

square of the difference between the calculated and desired reflux ratios. Table 3.2 

summarizes the specifications for the five xylene/toluene columns studied. 
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Kulkami (1995) adjusted the tray discharge coefficient (Co) and the column to 

condenser friction factor to match those of Choe (1985) for the high purity xylene/ 

toluene column. These parameters were not changed for the other xylene/toluene 

columns as there was no other industrial column data to compare to. This rational was 

reasonable as the vapor flow rates did not change considerably as the product purity 

specifications changed. Only the low purity column (99% purity for each product stream) 

had a slightly larger diameter than the other separations studied. 

As the vapor and liquid phases are not in thermodynamic equilibrium on each 

tray, an efficiency term must be introduced in the modeling of any distillation column. 

The composition of the liquid changes as it flows across the tray. Since each tray is 

modeled as a well-mixed system, an overall efficiency term allows a macroscopic model 

of each tray. Murphey (1925) ratioed the composition of the vapor leaving the liquid at a 

single point with that of the ideal equilibrium composition (y^*) based on the vapor 

composition (yi_i) entering from below the tray to develop his efficiency term and shown 

below. 

EMV = ^'*~ ^'~' (3-28) 
y, - yt-x 

The Murphey tray efficiency for the high purity xylene/toluene column was calculated by 

Kulkami (1995) to be 65% using the MacFarland, Sigmun and Van Winkle correlation 

(MacFarland et al, 1972). The Murphey tray efficiency applies to an entire tray if the 

whole tray is well mixed (Kister, 1992). As the liquid composition differs as it flows 

across the tray, a stagewise efficiency must be used. Kulkami (1995) adjusted the 

stagewise efficiency to obtain satisfactory results with Choe (1985) and found that the 

corresponding overall (stagewise) efficiency was 94%. 

3.4.2 Xylene/Toluene Column Design Parameters 

Table 3.2 provides parameters for all five of the xylene/toluene columns studied. 

Each column had a feed rate of 18.0 kgmole/min, a feed temperature of 95 °C, and a 

condenser pressure of 90 mm Hg. The ratio of active area (area where liquid and vapor 
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Table 3.2: Steady-State Design for the Xylene/Toluene Columns 

Parameter 

Distillate Flow rate 
(kgmole/min) 

Distillate Composition 
(mole fraction Toluene) 

Bottoms Flow rate 
(kgmole/min) 

Bottoms Composition 
(mole fraction Toluene) 

Reflux Ratio 

Base Temperature (°C) 

Accumulator 
Temperature (°C) 

AP per tray, average 
(mmHg) 

Total Trays 

Feed Tray (numbered 
from bottom) 

Reboiler Heat Duty 
(kcal/min) 

Column Diameter (m) 

Weir Height (m) 

Weir Length (m) 

Tray Discharge 
Coefficient (Co) 

Composition Analyzer 
Sample time (min) 

High 
Purity 
12.066 

0.999 

5.934 

0.001 

1.20773 

118.7 

49.5 

8.0 

49 

24 

240215 

3.962 

0.0635 

3.78 

0.75 

5 

Low 
Purity 
12.122 

0.990 

5.878 

0.010 

1.0976 

110.0 

49.6 

7.2 

33 

17 

227807 

3.810 

0.0635 

3.50 

0.75 

5 

High/Low 
Purity 
12.012 

0.999 

5.988 

0.010 

1.2059 

116.9 

49.5 

6.9 

46 

19 

238680 

3.962 

0.0635 

3.78 

0.75 

5 

Low/High 
Purity 
12.176 

0.990 

5.824 

0.001 

1.0981 

112.4 

49.6 

7.1 

37 

21 

229221 

3.962 

0.0635 

3.78 

0.75 

5 

Inverted 
Purity 
5.934 

0.999 

12.066 

0.001 

2.577 

113.9 

49.5 

5.8 

48 

24 

197726 

3.962 

0.0635 

3.78 

0.75 

5 

interact) is kept constant for each column at 0.80 and the hole area per active area is 0.20. 

Spacing for all trays was 24 inches. For each column, the accumulator holdup is kept 
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constant at 65 kgmole and the reboiler holdup is 120 kgmole. These holdups provide for 

5 minute residence times. Finally, composition analyzers measure the overhead and 

bottom impurities at 5 minute intervals. The reflux to the column is a saturated liquid. 

3.5 Xylene/Toluene Vacuum Column Dynamic Modeling 

3.5.1 Tray Material and Component Balances 

Early development work for the dynamic xylene/toluene model was proposed by 

Choe and Luyben (1987). Their work focused on rigorous dynamic models for a variety 

of columns by examining the assumptions that can be made to model distillation columns 

wdthout sacrificing accuracy. Choe and Luyben looked at three systems with different 

pressure specifications to examine the importance of vapor holdup and pressure changes 

when modeling distillation columns. For a vacuum distillation column, Choe and Luyben 

found that use of a rigorous vapor hydraulic model is necessary due to the large change in 

pressure that occurs between the top and bottom of the column. As the xylene/toluene 

column is under a vacuum, the rigorous vapor hydraulic model must used. 

In order to model the xylene/toluene column, material and energy balances must 

be developed for each tray, the accumulator/condenser, and the reboiler. The balances are 

developed as a set of coupled differential equations. In addition, the differential 

equations rely on calculations of the vapor-liquid equilibrium, the flowrates of liquid and 

vapor from each tray, the enthalpies of these streams and the liquid and vapor densities. 

Figure 3.2 is a schematic showing the energy and material/component balances for a 

typical tray. For the tray shown in Figure 3.2 (i.e., not the feed tray, the reboiler, or the 

accumulator), the mass and energy balance equations are: 

^ = £ „ + F , _ , - X , - K , (3,29) 
at 

d{Mfx, + M';y,) 

dt 

dt 

= L.,^,x,,,+V^_,y,_,-L.,x.,-V,y, (3.30) 
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•i+1 

v.y r J\ 

Figure 3.2: Tray Flow Schematic 

Tray i, Xj 

Vi.i>y,i 

where Mj is the liquid holdup on tray i, Xj is the toluene composition leaving tray i, yj is 

the toluene composition in the vapor leaving tray i, Lj is the liquid flowrate leaving tray i, 

Vj is the vapor flowrate leaving the tray and hj and Hj are the overall liquid and vapor 

enthalpies, respectively. Vapor holdup is necessary for high pressure columns where 

there is little difference between the liquid and vapor density (Choe and Luyben, 1987). 

For the vacuum column, the mass of liquid on each tray is significantly greater than that 

of the vapor. Thus, Mj^ is removed from the differential equations to yield the following 

equations to model a typical tray: 

J(Mfx,) 
dt 

d{Mfh^) 
dt 

= LM^M + Vi-iyi-x - A^/ - Viyi 

= z,,,/z,,,+r,_,//,_,-zA-^,^, 

(3.32) 

(3.33) 
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3.5.2 Feed. Accumulator and Reboiler Material and Component Balances 

Modifications to Eqs. 3.30, 3.32 and 3.33 must be made to model the feed tray, 

the reboiler, and the accumulator to account for additional material and energy flows. For 

the feed tray, the feed stream must be included in the calculations and results in the 

following equations: 

—^ = i«F.i + y.F-^ -L,, -V,,+F, (3.34) 

~ I'NF+\^NF+\ "*" ^NF=\yNF-\ ~ I'NF'^NF ~ ''^NFyNF "'" ^^f ' (i.3j) 
NF NF 

dt 

dMJ^phj^P 
~Z ~ I'NF+\h'NF+\ "*" ^NF=\^NF-\ ~ I'NF'^NF ~ '^NFI^NF "*" I'^f 5 (3.3o) 

where NF is the feed tray numbered from the bottom of the column hf is the feed enthalpy 

and Xf is the feed composition of toluene. 

For the accumulator/condenser, these equations model material and component 

balances: 

^ = V,,-L-D (3.37) 
at 

J(M^jc^) 
T = V^ryNT -iL + D)x, (3.38) 
dt 

where M^ is the condenser holdup, V^T is the vapor flowrate from the top tray of the 

column, L is the reflux flowrate, D is the distillate flowrate, x^ is the toluene composition 

in the distillate and y^r is the toluene composition in the vapor leaving the top tray. The 

accumulator/condenser does not have an energy balance as it is a total condenser where 

all vapor is condensed. The accumulator provides liquid holdup and requires only 

material and component balance equations. 

For the reboiler, the following equations are used. 

^ ^ = L-V,-B (3.39) 
dt 

- '=L,x,-V,y,-Bx, (3.40) 
at 
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diM'^hj.) 
^ = L,h,- V,h, - Bh, + Q, (3.41) 

where Vg is the vapor flow rate from the reboiler, hg is the enthalpy of the vapor leaving 

the reboiler, and M^^ is the reboiler holdup. Unlike the accumulator/condenser, steam 

flow (reboiler heat duty, QR) is manipulated in the reboiler and requires the energy 

balance equation (Eq. 3.41). 

3.5.3 Dynamic Simulation Development 

Table 3.3 shows the methodology used to integrate a finite differential element of 

time to calculate xj, hj, and Mj on each tray in the column. Each tray has a bubble point 

pressure calculation. The condenser has a bubble point temperature calculated as the 

pressure is fixed at 90 mm Hg. Kulkami (1995) notes that changes in the aeration factor 

and in the phase density are assumed to be small with each time step. The vapor 

hydraulic equations are evaluated with each time step. 

The dynamic simulator uses a differential equation for the tray energy balance. 

Typical distillation models use an algebraic equation by assuming equal molar overflow. 

The time constants for the energy balance equations are very small compared to the 

composition and material balance equations. As a result, the system of equations is very 

stiff. Kulkami found that a Euler stepsize of 0.0048 was required for stable integration of 

the high purity column. This small stepsize requires a large amount of computer time. 

As a resuh, an implicit algorithm, LSODES (Hindmarsh et al, 1983), integrates the 

ordinary differential equations. LSODES is the sparse Jacobian matrix solving package 

based on the LSODE package (Hindmarsh et al, 1983) and implements a variable 

stepsize, implicit integration method. The LSODES integration error tolerance limits 

(ATOL and RTOL) were adjusted to obtain the necessary level of accuracy. The use of 

the LSODES package greatly shortened the time required to simulate the xylene/toluene 

column (Kulkami, 1995). 
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Table 3.3: Dynamic Model Integration Steps 

Step Action 
1. Calculate Ti, Pi, and y[ (Eq., 3.14, 3.4, 3.5 and 3.29) 

2. Calculate Hj, pL,i and pv,i (Eq., 3.10, 3.27 and 3.28) 

3. Calculate Li (Eq., 3.20) 

4. Calculate Vi(Eq., 3.26) 

5. Evaluate the derivative equations for each tray, the feed tray, reboiler, and 
accumulator (Eq., 3.30-41) 

6. Integrate in time and calculate the new values of Mj, xj, hj. 

7. t=t+At. Go back to Step 1 

3.5.4 Level Controllers 

The accumulator and reboiler level controls are considered an integral part of the 

distillation column. As a result, they are not considered a part of the composition control 

system and the level controllers are tuned prior to composition controller tuning. 

Proportional-only controllers are used for level control. These controllers act only on the 

error between the level (holdup) setpoint and the measured level (holdup). The use of the 

integral term is not common in industry and is not considered necessary for most level 

control situations. 

Kulkami (1995) tuned the original level controllers tightly for good composition 

control. His tuning criteria called for a maximum deviation in the level holdup of 1%. 

The level tuning was adjusted by examining the changes that took place due to any 

flowrate or energy rate change made to the high purity colunm. As each control 

configuration has a different interactions at each end of the column, each configuration 

required extensive testing to find the level controller gain for changes in the manipulated 

variables as well as the disturbance variables. Table 3.4 lists the configurations studied 

and how composition and level control is implemented. Table 3.5 shows the level 

controller tuning constants Kulkami found for the high purity xylene/toluene column. 
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With the low purity, high/low purity, low/high purity, and inverted feed purity columns, a 

different tuning technique was employed. Marlin (1995) suggested a new tuning 

technique that was employed for the distillation control studies. This new tuning 

guideline reduced the amount of time required to obtain tight level controls. The criterion 

adjusted the level tuning for the accumulator and reboiler such that a maximum deviation 

of ±3% in the holdup occurs for a ±20% change the feed flowrate. The level tuning was 

adjusted to give maximum accumulator holdup deviations of ±2.0 kgmole from the 

baseline holdup of 65.0 kgmole. The maximum deviation for reboiler holdup was ±3.6 

kgmole from the baseline holdup of 120 kgmole. This new controller tuning technique 

saved a great deal of time tuning the level controllers compared to the tuning Kulkami 

Table 3.4: Control Stmcture Manipulated Variable Implementation 

Control 
Stmcture 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead 
Composition 
Manipulated 

Variable 
Distillate flow 

Distillate flow 

Reflux flow 

Reflux ratio 

Reflux ratio 

Reflux ratio 

Reflux flow 

Reflux flow 

Bottom 
Composition 
Manipulated 

Variable 
Reboiler heat 

duty 

Boilup ratio 

Bottoms flow 

Bottoms flow 

Reboiler heat 
duty 

Boilup ratio 

Reboiler heat 
duty 

Boilup ratio 

Accumulator 
Level 

Manipulated 
Variable 

Reflux flow 

Reflux flow 

Distillate flow 

Total flow to 
accumulator 

Total flow to 
accumulator 

Total flow to 
accumulator 

Distillate flow 

Distillate flow 

Reboiler Level 
Manipulated 

Variable 

Bottoms flow 

Bottoms flow 

Reboiler heat duty 

Reboiler heat duty 

Bottoms flow 

Bottoms flow 

Bottoms flow 

Bottoms flow 
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performed. Tables 3.6-3.9 show the tuning parameters used for the other four 

xylene/toluene columns studied. 

3.6 Xylene/Toluene Dynamic Model Responses and Benchmarking 

Kulkami (1995) benchmarked the high purity column against Choe (1985) whose 

column contained ideal stages. Kulkami performed a similar operation with ideal stages. 

Kulkami (1995) found good agreement with Choe's results for a 10% increase in the 

reboiler heat duty. Variables measured in this test included the feed tray temperature, the 

liquid composition on the feed tray, and the liquid flow rate from the feed tray. 

Table 3.5: High Purity Level Controller Settings 

Control Structure Accumulator level controller gain' Reboiler level controller Gain^ 
[D,vr™™~" "™" " ^j~~~~~~~~- ^ _ - ™ ^ 0.85 

[D,V/B] 2.0 0.9 

[L,B] 0.9 30000 

[L/D,B] 1.5 30000 

[L/D,V] 2.0 0.85 

[L/D,V/B] 1.9 1.5 

[L,V] 0.9 0.95 

[L,V/B] 1.1 1.6 

'Accumulator level controller gains are in units of (kgmole/min)/kgmole. 
^Reboiler level controller gains for control configurations where the reboiler heat duty (V) 
or boilup ratio (V/B) controls bottom impurity have gains of (kgmole/min)/kgmole. 
Configurations with bottom flow rate controlling bottom impurity have level controller 
gains of (kcal/min)/kgmole. 
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Table 3.6: Low Purity Level Controller Settings 

• • • •• i ' ^ 

Control Stmcture Accumulator level controller gain Reboiler level controller Gam 

[D,V/B] 7.50 1.25 

[L,B] 7.50 32500 

[L/D,B] 6.0 25000 

[L/D,V] 1.75 1.25 

[L/D,V/B] 12.50 1.25 

[L,V] 1.17 1.00 

[L,V/B] 2.00 0.25 

'Accumulator level controller gains are in units of (kgmole/min)/kgmole. 
^Reboiler level controller gains for control configurations where the reboiler heat duty (V) 
or boilup ratio (V/B) controls bottom impurity have gains of (kgmole/min)/kgmole. 
Configurations with bottom flow rate controlling bottom impurity have level controller 
gains of (kcal/min)/kgmole. 

Table 3.7: High/Low Level Controller Settings 

Control Structure Accumulator level controller gain Reboiler level controller Gain 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

0.35 

7.50 

2.75 

6.00 

1.60 

4.75 

0.35 

2.00 

1.20 

1.25 

17500 

27500 

1.25 

0.50 

1.20 

0.40 

'Accumulator level controller gains are in units of (kgmole/min)/kgmole. 
^Reboiler level controller gains for control configurations where the reboiler heat duty (V) 
or boilup ratio (V/B) controls bottom impurity have gains of (kgmole/min)/kgmole. 
Configurations with bottom flow rate controlling bottom impurity have level controller 
gains of (kcal/min)/kgmole. 
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Table 3.8: Low/High Level Controller Settings 

Control Stmcture Accumulator level controller gain Reboiler level controller Gain 
. ™ _ - - _ _ ™ ™ _ _ _ _ _ _ . _ . . ™ . . . . _ ^ ^ " " ^ ™ ~ "™~ 1 .20 

[D,V/B] 8.0 1.25 

[L,B] 3.0 20000 

[L/D,B] 6.0 25000 

[L/D,V] 6.0 1.25 

[L/D,V/B] 4.5 0.40 

[L,V] 1.0 1.20 

[L,V/B] 2.0 0.35 

'Accumulator level controller gains are in units of (kgmole/min)/kgmole. 
^Reboiler level controller gains for control configurations where the reboiler heat duty (V) 
or boilup ratio (V/B) controls bottom impurity have gains of (kgmole/min)/kgmole. 
Configurations with bottom flow rate controlling bottom impurity have level controller 
gains of (kcal/min)/kgmole. 

Table 3.9: Inverse Feed Colunm Level Controller Settings 

Control Stmcture Accumulator level controller gain Reboiler level controller Gain 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

1.0 

2.25 

1.70 

4.75 

1.0 

1.0 

1.90 

1.0 

0.75 

0.75 

12500 

27500 

0.75 

0.75 

1.95 

0.35 

'Accumulator level controller gains are in unhs of (kgmole/min)/kgmole. 
^Reboiler level controller gains for control configurations where the reboiler heat duty (V) 
or boilup ratio (V/B) controls bottom impurity have gains of (kgmole/min)/kgmole. 
Configurations with bottom flow rate controlling bottom impurity have level controller 
gains of (kcal/min)/kgmole. 
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3.6.1 High Purity Column 

Open-loop responses for the [L,V] control configuration on the high purity 

xylene/toluene vacuum column are shovm in Figure 3.3. Figure 3.3a shows the response 

of the overhead and bottom impurity due to a 1% increase in the reflux flowrate. The 

settling time for the bottom impurity is 1000 minutes due to the asymmetric behavior of 

the high purity column. Shorter settling times would occur for a 1%) decrease in reflux 

flowrate as the bottom impurity drops to near 0 ppm. The overhead impurity settling 

time is approximately 500 minutes. Figure 3.3b plots the overhead and bottom impurity 

responses for a 1%) increase in the reboiler heat duty with the control system offline. This 

increase in energy input drops the bottom impurity to near 0 ppm after 400 minutes. 

Steady-state nonlinearity and asymmetric dynamics push the overhead impurity from 

1000 ppm to 18,000 ppm in 600 minutes. Figure 3.3c shows the effects of increasing the 

feed flowrate to the column with no feedback controls online. The bottom impurity is 

severely impacted by this change. Figure 3.3d shows the open-loop responses for a 1 

mole percent increase in toluene in the feed. The bottom impurity settles in 

approximately 800 minutes with the overhead impurity settling by 500 minutes and the 

impurity goes from 1000 ppm to 600 ppm. 

3.6.2 Low Purity Column 

Figure 3.4 shows the open-loop responses for the low purity column with the 

[L,V] control configuration. In Figure 3.4a the bottom and overhead impurity responses 

due to a 1%) increase in the reflux flowrate are shown. This column has faster dynamics 

than the high purity column as the overhead impurity settles around 300 minutes. Bottom 

impurity changes due to the reflux increase settle by 500 minutes. Figure 3.4b shows the 

responses for the product impurities due to an increase in the reboiler heat duty. The 

bottom impurity settles around 400 minutes while the overhead impurity settles after 600 

minutes. High order dynamics are observed. The overhead impurity varies from 10000 

ppm to 22000 ppm. Figure 3.4c plots the open-loop product impurity responses for an 

increase in the feed flowrate. The overhead impurity has an inverse response as the 
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Figure 3.3: High Purity Open-Loop Responses 
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Figure 3.3: continued. 
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Figure 3.4: Low Purity Open-Loop Responses 
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Figure 3.4: continued. 
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increased flowrate initially increases overhead impurity, and as the column temperature 

and composition profiles adjust to the new feed rate, the overhead impurity drops to 9920 

ppm. The bottom impurity settles after 400 minutes. Finally, Figure 3.4d shows product 

impurity responses due to a 1 mole percent increase in toluene in the feed. The products 

both settle after 500 minutes. 

3.6.3 High/Low Purity Column 

In addition to examining control responses on a high purity and low purity 

column, a column featuring a high purity overhead product and a low purity bottom 

product provides additional insight into vacuum distillation control. Studies of columns 

with differing product purities are beneficial in order to understand how differences in 

steady-state gain influence column configuration. Figure 3.5 plots the dynamic responses 

for the overhead and bottom impurities for this column. Figure 3.5a plots open-loop 

responses for the product impurities for an increase in the reflux flowrate. Both products 

reach steady-state by 800 minutes. Figure 3.5b shows the impurity responses for a 1% 

increase in the reboiler heat duty. Overhead impurity has an S-shaped curve indicating 

high order dynamics. The bottom impurity reaches steady-state by 600 minutes. Figure 

3.5c looks at the overhead and bottom impurity changes for an increase in the feed 

flowrate. The bottom product reaches steady-state by 600 minutes while the overhead 

has slower dynamics and requires more than 1000 minutes to reach steady state. Finally, 

Figure 3.5d looks at the effects of increasing toluene fed to the column. Both products 

exhibit first-order dynamics for this test and reach steady-state by 800 minutes. 

3.6.4 Low/High Purity Column 

In addition to studying a colunm with a high purity overhead and low purity 

bottom products, a low purity overhead and high purity bottom product column was 

studied to look at the control issues where a high purity bottom product is desired. The 

low/high purity column was tested with the [L,V] control configuration and no 

composition control loops on-line. Figure 3.6 shows the results. In Figure 3.6a, the 
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Figure 3.5: High/Low Purity Open-Loop Responses 
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Figure 3.6: Low/High Purity Open-Loop Responses 
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products exhibit ramp behavior. The bottom impurity has a constant slope as the 

impurity increases due to an increase in the reflux flowrate. The overhead impurity drops 

sharply with the increase in reflux rate and slowly reaches steady-state after 1000 

minutes. The slower dynamics are also due to the 0.1% changes in reflux flowrate. 

Figure 3.6b shows the impurity responses due to a 0.1% increase in the reboiler heat duty. 

As with the increasing the reflux, overhead impurity initially increases with the change in 

the reboiler heat duty and then slowly ramps to its final value. More than 1000 minutes 

are required to reach steady-state. This behavior is a case of asymmetric dynamics where 

the dynamics of the response also depend on the size of the manipulated variable. This 

problem complicates control on the xylene/toluene column and is common with high 

purity columns (Moudgalya et al, 1987). The bottom impurity curve exhibits less ramp 

behavior and approaches steady state after 1000 minutes. Figure 3.6c shows ramp-like 

behavior for both controlled variables due to a 0.1% increase in the feed flowrate. 

Finally, Figure 3.6d shows integrating behavior for the bottoms impurity. The overhead 

impurity slowly approaches steady-state after 1000 minutes. 

The smaller step-size changes performed on the low/high purity column 

demonstrate one of the nonlinear aspects of controlling a high purity column. The length 

of time for the system to approach steady-state is influenced by the size of the change in 

the manipulated variable. Coupling these dynamics with nonlinear steady-state gains 

demonstrates the difficulty of controlling high purity distillation columns. 

3.6.5 Inverse Purity Column 

This colunm looks at the situation where the feed contains a higher xylene 

concentration and 99.9 mole percent pure products. Often colunms are fed feed stocks 

the columns are not designed for. While this column was redesigned for this particular 

feed, the number of trays and feed tray are similar to that of the high purity column. 

Figures 3.7a-3.7d plot the open-loop responses for changes in reflux flowrate, reboiler 

heat duty, feed flowrate and feed composition, respectively. Figure 3.7a shows that the 

overhead purity increases with an increased reflux rate and reaches steady-state at 600 
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minutes. Complex dynamics for the bottom impurity give a settling time of over 1000 

minutes. Figure 3.7b shows fast dynamics as both streams reach steady-state in less than 

500 minutes when the reboiler heat duty is increased by 1%. Figure 3.7c shows the 

results for a feed flowrate increase. This column exhibits long settling times for this case. 

The bottom impurity has complex dynamics and settles after 1000 minutes. Figure 3.7d 

shows the results for a 1 mole percent increase in the toluene composition in the colunm 

feed. As with the increase in feed rate (Figure 3.7c), the bottom impurity exhibhs 

complex dynamics and the overhead impurity approaches 0 ppm. 

3.7 Ethylbenzene/Styrene Modeling Assumptions 

In order to evaluate control stmctures for dual-ended composition control of 

vacuum distillation columns, an additional column study was necessary. Industrial 

representatives at the semi-annual Texas Tech Process Control and Optimization 

Consortium meeting in October, 1997, recommended the separation of styrene and 

ethylbenzene. This separation is a common vacuum separation as styrene is a major 

plastic used in a wide range of products. The separation of styrene and ethylbenzene is 

the last step in styrene production. While several techniques exist to producing styrene 

from ethylbenzene (Boundy and Boyer, 1952), the process used in this study involves the 

dehydrogenation of ethylbenzene at temperatures between 500 and 800 °C. The reactor 

products include toluene, benzene, unreacted ethylbenzene, styrene, and other impurities. 

The toluene and benzene are easily removed from the reactor effluent. 

The remaining reactor products must be separated from the styrene to meet 

industry specifications. These specifications have changed significantly with time. 

Boundy and Boyer (1952) describe a styrene product having 99.70 weight % purity. 

More recent discussions with industry (Boyden, 1998) indicate purities in excess of 99.99 

weight percent are desired. Thus, the separation of styrene and ethylbenzene offers 

similar challenges to the xylene/toluene separation studied previously. The purity 

requirements indicate that this separation is likely nonlinear and should be similar to the 

low/high purity xylene/toluene column. 
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Styrene easily polymerizes at temperatures above 90 °C without some type of 

inhibitor. Polystyrene is a rigid thermoplastic, and should the styrene polymerize in the 

reboiler (which is the hottest part of the distillation column), complete replacement of the 

reboiler or any other equipment is necessary. As a result, the temperatures of the bottom 

end of the column must be kept low in order to keep the rate of polymerization low. 

Inhibitors allow higher temperatures to be used yet inhibition of the polymerization 

reaction is strongly affected by other impurities in the styrene product (Boundy and 

Boyer, 1952). 

In order to produce styrene during World War II, Dow Chemical used two 

columns totaling 70 trays to separate ethylbenzene from styrene. If all 70 trays were put 

into a single column, the bottom tray had a pressure of 225 mm Hg. The calculated 

temperature for the bottom of this single colunm was 104°C (Boundy and Boyer, 1952). 

Thus, two towers in series were used. With this arrangement, the top pressure of each 

column was maintained at 35 mm Hg and the bottom temperature remained below 90°C. 

The first tower contained 38 trays and the second tower had 32 trays. Between each 

tower, the overhead vapor of the second tower was condensed and then reheated in the 

reboiler of the first column. Conversely, the liquid from the first reboiler was cooled and 

pumped to the top of the second colunm. The styrene product was obtained from the 

bottom of the second column, and ethylbenzene was recycled from the top of the first 

column back to the styrene reactor. 

While this tower arrangement offered a feasible simulation, it implemented 

bubble trays on each tray. In addition, little public information was available on the 

separation. Industrial information was not forthcoming as the separation is considered 

proprietary. In 1964, Dow Chemical (Frank et al, 1969) began modemizing and 

expanding their styrene monomer production plants. The Linde Division of Union 

Carbide had developed a new sieve tray from work on liquid air products. The Linde 

work led to a new sieve tray design which offered lower tray-to-tray pressure drops in the 

styrene/ethylbenzene column. As a result, a single column for the separation of 

ethylbenzene and styrene was possible. This column has 70 trays, a top tray pressure of 
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50 mm Hg and a bottom pressure of 225 mm Hg. Figure 3.8 is a schematic of the 

process. This new information provided the framework for studying an additional 

vacuum distillation separation. A new simulation was developed from the information 

provided by Frank et al (1969) based on the original xylene/toluene simulation. 

The column designed for this study does not reflect the current styrene/ 

ethylbenzene separation technology. When commercial styrene production began in 

1938, few inhibitors were available to prevent styrene from polymerizing into 

polystyrene. Polymerization in process equipment is an irreversible process and requires 

replacement of the affected equipment. As a result, styrene specifications called for 99.7 

weight %) styrene product and less than 0.3 weight % ethylbenzene (Boundy and Boyer, 

1952). Frank et al (1969) states styrene monomer is obtained with a purity greater than 

99.6+%. Problems with all styrene purification rest on reducing pressure drop in the 

column. At the bottom of the styrene tower, increasing pressure results in higher 

temperatures and a higher risk of polymerization. Frank et al also indicate that inhibitor 

science had improved from the 1930's into the 1960's. Further improvement was 

discussed by Boyden (1998). Boyden indicates styrene purities of 100 ppm or less are 

currently desired by industry. Yet review of published product specifications indicate 

that 3000 ppm is the maximum impurity tolerated in styrene. As with any product, a 

higher purity product demands higher prices and thus the drive for styrene monomer 

products with less than 100 ppm impurity. The central goal of this work is to look at 

vacuum distillation configuration selection for dual-ended control. Boyden (1998) 

indicated that the styrene/ethylbenzene colunm is typically considered as part of a whole 

process where reactor production rate is used to control styrene purity produced in the 

colunm. This research is based on the information provided by Frank et al (1969) for the 

styrene column which is treated as a separate unit. Discussion of different regulatory 

control stmctures of a styrene plant can be found in Tiirkay et al (1993). Further model 

assumptions are: 

1. Each tray is a sieve tray. 

2. Vapor holdup on each tray is negligible. 
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Figure 3.8: Styrene/Ethylbenzene Vacuum Distillation Column Schematic (based on 
Frank etal, 1969) 

3. Liquid holdup on each tray varies with time. 

4. Liquid dynamics on each tray are modeled with the Francis Weir formula (Smith, 

1963). 

5. Due to lower pressure, ideal gas behavior describes the vapor phase. 

6. Raoult's law describes the vapor-liquid equilibrium (VLE) relationship. 

7. Sensible heat changes on each tray are negligible. 

8. Negligible secondary heating effects due to mixing. 

9. Each tray is modeled as a non-ideal stage using stagewise efficiencies provided by 

Frank et al. (1969) for sections of trays. 
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10. The column is modeled in two sections. Trays 46-70 have a diameter of 17 feet 

while trays 1-45 have a diameter of 14.5 feet. 

11. The active area of the tray is 80% of the physical tray area. The remaining 20% is 

for downcomers and other mechanical elements. 

12. The coefficient of discharge on each tray is 0.8 5. 

13. The height of the weir on each tray is one inch. 

14. Negligible pressure drop between trays 45 and 46 due to column diameter 

increasing. 

14. Reflux from the accumulator is a saturated liquid. 

15. The reboiler is an equilibrium stage. 

16. All vapor is condensed in the condenser. 

17. The four control values are modeled with first order dynamics with a time constant 

of 4 seconds. 

18. Heat transfer dynamics in the reboiler are modeled as a first order differential with 

a time constant of eight seconds. 

19. Composition analyzers have a five minute sampling time. 

20. Liquid collected in the accumulator is well mixed. 

21. The liquid in the reboiler is well mixed such that the bottoms product composition 

equals that of the reboiler. 

22. Liquid on each tray is well mixed. 

3.8 Ethylbenzene/Styrene Vanor-Liquid Equilibrium 
and Energy Calculations 

Like the toluene/xylene system, a number of algebraic equations relate the 

compositions of the vapor and liquid phases and each phases' enthalpy and density. The 

physical properties are necessary to calculate the temperature and pressure on each tray. 

Vapor-liquid equilibrium is found using the Antoine equation with coefficients 

provided by Frank et al (1969). Pressure for each tray is calculated from knovm 

compositions of the tray liquid. Material and energy balances calculate the tray's 
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temperature. For styrene, the vapor pressure is related to the tray temperature by the 

following Antoine equation: 

logP^'"' =6.95711 ^ - ^ ^ (3.42) 
''«>r.« J- ^ 209.43 

where P'̂ ^ is the saturated pressure of styrene in mm Hg at temperature Tj in °C. For 

ethylbenzene, the saturated pressure is found by 

1424255 
l o g Pi%ylten.ene = 6 - 9 5 7 1 9 - ^ _ ^ ^ ^ ' ^ ^ ^ ^ . ( 3 . 4 3 ) 

The total pressure for a particular tray is found by summing the partial pressures of the 

individual components based on their liquid compositions, Xy, (Sandler, 1989) and by the 

equation 

P = X P.^"' + X P.^"' n 44^ 
/ i,styrene i,styrene i,ethylbenzene i,ethylbenzene \~''~^/ 

Vapor compositions are found by Equation 3.4. 

To calculate the liquid enthalpies for each component, a simple calculation is 

performed by integrating the liquid specific heat capacities of each component from a 

reference temperature of 298 K to the tray temperature, Tj. For the styrene, the liquid 

enthalpy is calculated by 

Kstyrene=-10021.245+23.712840*Ti+0.0332000*Ti' (3.45) 

where hĵ tyrene IS lu kcal/kgmolc and Tj is in °C. As with the xylene/toluene studies, all 

enthalpy calculations are in kcal/kgmole. For ethylbenzene, the liquid enthalpy is 

calculated by 

hi,ethyibenzene=-9263.1330+17.828000*Ti+0.0444090*Til (3.46) 

Vapor enthalpies for each component are integrated from a reference temperature 

of 298 K to the tray temperature. For the styrene, the vapor enthalpy is calculated by 

H ^_=-15594.1300-28.25*Ti+0.30795*Ti'-1.4100*10''*Ti'+2.48375*10-'T:\ 

(3.47) 

For ethylbenzene, the vapor enthalpy is calculated by 

Hiethyibenzene=-14589.1700-43.10*Ti+0.35360*T^1.6037*10-'*Ti^+3.2525*10-'*Ti'. 

(3.48) 
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The net enthalpy for each phase is found by multiplying the mole fraction, x ĵ, of each 

compenent by the component's enthalpy at the tray temperature. Thus, enthalpy for the 

liquid phase is calculated by 

^i,styrene^n,styrene ^i,ethylbenzene"i,ethylbenzene* ( ^ J . T ' - / J 

Similarly, the enthalpy of the vapor stream from a tray is found by 

^^ yi,styrene i.styrene yi,ethylbenzene-'^i,ethylbenznene* yj.DxJ) 

Note that for a binary separation, 

•^i,styrene ^ ~-^i,ethylbenzene (̂  J . J 1J 

yi,styrene ^~yi,ethylbenznene" (^J .^Z^ 

Ethylbenzene is more volatile than styrene and replaces toluene in the xylene/toluene 

simulation. Temperature on a particular tray is found by taking the liquid concentration 

of ethylbenzene, Xj ethylbenzene. and ethylbenzene's liquid enthalpy, ĥ  ethylbenzene. to calculate 

the temperature using the quadratic equation. The equation is 

-b + yjb^ -4ac 
T,= , (3.41) 

where 

b=(23.71284-5.88484Xi'), 

c=(758.112Xi-10021.245-hi), 

a=(0.011209-0.03320Xi), 

Tj is the tray temperature in °C, hj is ethylbenzene enthalpy on tray i in units of 

kcal/kgmole, and Xj is the mole fraction of Ethylbenzene leaving tray i. 

3.9 Vapor and Liquid Hydraulic Modeling 

3.9.1 Vapor Flowrate Calculation 

Vapor hydraulic equations (Eqs. 3.14-3.19) used for the xylene/toluene column 

are also valid for the styrene/ethylbenzene separation. The only significant change 

between two simulated separations is the discharge coefficient, Co, which was correlated 

with Frank et al (1969) data to 0.85. Weir heights were adjusted to 1 inch for the proper 

pressure drop profile. 
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Densities are required for the vapor hydraulic equations. As the column operates under a 

vacuum, the ideal gas law is valid (Eq. 3.27). Ethylbenzene liquid densities are found 

using a Modified Rackett (1970) equation: 

1000* P 
_ i.\J\J\J ^ c,ethylbenzene ^o ^ o \ 

PL,ethylbenzene ~^ yj.JJ) 
^c,ethylbenzene 

R* T *Z 
c,ethylbenzene RA.eihvibenzem 

where pL,ethyibeBzene IS lu kgmole/m^ Pcethyibenzne IS thc cHtlcal prcssuTC of ethylbcnzcne, R is 

the universal gas constant with the value of 83.11473, Tc ethylbenzene is the critical 

temperature for ethylbenzene, and ZRA,ethyibenzene is a unique constant for the Modified 

Rackett equation. Critical constants for Ethylbenzene are in Table 3.10. 

Liquid densities for styrene cannot be calculated for styrene using the Modified 

Rackett equation as styrene polymerizes before it reaches its critical temperature. As a 

result, a density calculation by Patnode and Scheiber (1939) is used for styrene. Styrene 

density is found by 

P s t y r e n e , i = ( 0 - 9 2 4 0 - 0 . 0 0 0 9 1 8 * T i ) / 1 0 4 . 1 5 , ( 3 . 5 4 ) 

where Pstyrene,i is in units of kgmole/m^ and Tj is the tray temperature in °C. 

3.9.2 Liquid Flowrate Calculation 

The same equations (Eqs. 3.22-3.27) used for liquid flow calculations on the 

xylene/toluene column are used for the styrene/ethylbenzene column. No modifications 

are required. Changes to the column included adjusting the weir height to 1 inch. As 

there are two different column diameters, the appropriate weir lengths had to be 

calculated for each section (Table 3.11). 

3.10 Ethvlbenzene/Stvrene Vacuum Column Steady-State Design 

The first major change in the column described by Frank et al (1969) is removing 

negligible contaminants such as the styrene tars from the feed stream. As a result, styrene 

and ethylbenzene remain. With this assumption, the simulation simplifies to a binary 

separation and fits into the existing xylene/toluene simulation framework. 
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Table 3.10: Critical Constants for Ethylbenzene 

Constant Ethylbenzene 
Critical Pressure (bar) 35.53 

Critical Temperature (K) 617.20 

ZRAI 0.26381 

The existing xylene/toluene simulation developed by Kulkami (1995) was 

modified to model the new styrene/ethylbenzene separation. The xylene/toluene 

simulation already incorporated the key elements of simulating a vacuum column such as 

the tray-to-tray pressure drop calculations, liquid and vapor hydraulic calculations, and a 

stiff integration method. As a result, calculations that depend on the physical attributes of 

the column (diameter, active tray areas, etc.) were modified to accommodate the two 

different column diameters encountered. 

The first step in developing the new simulation involved modifying the existing 

steady-state model of the xylene/toluene column. Thermodynamic information on 

styrene and ethylbenzene was gathered (Chirico et al, 1997; Scott and Brickwedde, 

1945; Pitzer et al, 1946; Reid et al, 1987; Frank et al, 1969) to provide the basic vapor-

liquid equilibrium relationships, vapor and liquid enthalpy information, and liquid 

densities for each component. The weir lengths were calculated using known geometric 

equations (Beyer, 1981) for each section of the column. Based on the information 

published by Frank et al (1969), the discharge coefficient and weir height on each tray 

were adjusted to reproduce the bottom tray pressure specified in the paper. Densities 

were calculated for the feed, overhead, and bottoms streams to determine the equivalent 

flowrate in terms of a kgmole/min units. In addition, composition measurements were 

converted from weight percent to mole fractions for use in the simulation. The steam 

usage of 25,200 Ib/hr correlates well with the 122,700 kcal/min reboiler heat duty 

calculated by the steady-state program. Design and output results from the steady-state 

60 



Table 3.11: Steady-State Design Parameters for the Styrene/Ethylbenzene Column 

Feed Flowrate 

Feed Composition 

Feed Temperature 

Distillate Flowrate 

Distillate Composition 

Bottoms Flowrate 

Bottoms Composition 

Condenser pressure 

Reflux Ratio 

Base Temperature 

Accumulator Temperature 

AP per tray, average 

Total Trays 

Feed Tray (numbered from bottom) 

Reboiler Heat Duty 

Column Diameter (Trays 1-45) 

Column Diameter (Trays 46-70) 

Weir Height 

Weir Length (Trays 1-45) 

Weir Length (Trays 46-70) 

Active Area/Total Area 

Hole Area/Active Area 

Tray Discharge Coefficient (Co) 

Reboiler Holdup 

Accumulator Holdup 

Composition Analyzer Sample time 

3.2328 kgmol/min 

0.5352 mole fraction Ethylbenzene 

110°C 

1.7819 kgmol/min 

0.96944 mole fraction Ethylbenzene 

1.4509 kgmol/min 

0.00196 mole fraction Ethylbenzene 

50 mmHg 

6.3858 

104.51 °C 

57.86 °C 

2.504 mm Hg 

70 

46 

122722.91 kcal/min 

4.42 m 

5.18m 

0.0254 m 

3.78 m 

3.23 m 

0.8 

0.2 

0.85 

70 kgmol 

65 kgmol 

5 min 

simulation are summarized in Table 3.11. Figure 3.9 shows the overall simulated design 

for the styrene/ethylbenzene separation. 
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Feed 
3.233 kgmol/min 

mole % 
Ethylbenzene 53.52 
Styrene 47.48 

58 0 
50 mm. Hg 

70 

HT-1 
Linde Trays 
17' Diameter 

46 

To Vacuum - 50 mm Hg 

Accumulator 
65 kgmol 

"B Overhead 
1.782 kgmol/min 

Ethylbenzene 
Styrene 

mole % 
96.94 
3.06 

Bottoms 
1.451 kgmol/min 

mole % 
Ethylbenzene 0.196 
Styrene 99.804 

14.5' 
Dia. 

Reboiler 
70 kgmol 

22 PSIG Steam 
122722 kcal/min 

Figure 3.9: Simulated Styrene/Ethylbenzene Column 

3.11 Styrene/Ethylbenzene Dynamic Modeling 

3.11.1 Tray Material and Component Balances 

The tray material and component balance equations for the styrene/ethylbenzene 

column are identical to those of the xylene/toluene column. No modifications are 

required assuming that the vapor density is low compared to the liquid density. For 

vacuum situations, this assumption is valid. Equations 3.29, 3.32 and 3.33 were used to 

model each tray in the column whether the diameter was 14.5 feet or 17.0 feet. 
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3.11.2 Accumulator and Reboiler Material and Component Balances 

As wdth tray to tray balances, the same equations for the xylene/toluene column 

are applicable. Equations 3.34-3.41 handle feed tray, reboiler, and accumulator balances. 

The condenser for this column is also a total condenser like the xylene/toluene column. 

3.11.3 Dynamic Simulator Development 

The output of the steady-state simulation provides the initial values for the 

dynamic simulation of the column. The steady-state simulation also provides the 

preliminary numbers for the temperature, pressure, liquid composition, vapor 

composition, approximate liquid holdups and vapor flowrates on each tray. Data from 

the steady-state simulation initializes the dynamic simulation. PI controls implementing 

the [L,V] control stmcture are applied to the dynamic simulation, and runs were made 

until the dynamic simulation began at steady-state. While no tuning is possible, the 

controller parameters are adjusted to allow the column freedom to adjust intemal flows 

(liquid, vapor and liquid holdups) and return to the nominal operating conditions. From 

this point, control evaluations are made. 

3.11.4 Level Controllers 

The tuning procedure developed for the xylene/toluene simulation was also 

applied to the styrene/ethylbenzene simulation. Proportional-only level control was 

implemented with only the level controller's gain to be determined. Using Martin's 

(1995) suggestion, level tuning of the accumulator and reboiler level controllers was 

performed by introducing a ±20%) change the feed flowrate. The level gains were 

adjusted until the level had a maximum deviation of ±3% from a baseline holdup of 65 

kgmole for the accumulator and 70 kgmole for the reboiler. Table 3.12 lists the resulting 

gains for the level controllers. 
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3.12 Styrene/Ethylbenzene Dynamic Model Responses and Benchmarking 

After the level loops were tuned, open-loop responses for the styrene/ 

ethylbenzene column were performed. Figure 3.10 shows the open-loop responses for the 

[L,V] configuration for a Wo increase in reboiler heat duty, a 1% increase in the reflux 

flowrate, a 1 mole percent increase in ethylbenzene in the feed stream, and a 1% increase 

in the feed flowrate, respectively. 

As Figure 3.10a shows, increasing the reboiler heat duty drives the bottom 

impurity to near 50 ppm and produces a high purity styrene product. Steady-state for the 

bottom impurity is reached after 1000 minutes. Overhead impurity increases to 92,000 

ppm by 1500 minutes. Increasing the reflux flowrate drives the overhead impurity from 

30,500 ppm to 22,200 ppm and the response curve appears to follow first-order dynamics. 

The settling time is near 1000 minutes. The bottom impurity is severely impacted by 

increasing reflux rate and moves from 2000 ppm to over 75,000 ppm impurity. This 

Table 3.12: Proportional-Only Level Tuning Constants for Styrene/Ethylbenzene 
Vacuum Column 

Control Configuration Accumulator Level Gain Reboiler Level Gain 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

0.06 

3.0 

0.4 

2.5 

0.06 

1.40 

0.30 

0.35 

0.35 

0.35 

3000 

24000 

0.35 

0.15 

0.35 

0.04 

'Accumulator level controller gains are in units of (kgmole/min)/kgmole. 
^Reboiler level controller gains for control configurations where the reboiler heat duty (V) 
or boilup ratio (V/B) controls bottom impurity have gains of (kgmole/min)/kgmole. 
Configurations with bottom flow rate controlling bottom impurity have level controller 
gains of (kcal/min)/kgmole. 
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product impurity is not acceptable and demonstrates the sensitivity of the bottom 

impurity to changes in the reflux rate. 

Disturbances on the system cause the bottom composition to act like an integrator. 

As Figure 3.10c shows, the overhead impurity decreases as the amount of ethylbenzene 

entering the column increases by 1 mole percent. The process response has slow 

dynamics. The bottom impurity ramps at a constant rate due to the feed composition 

change. After 2000 minutes, steady-state has not been reached. Unlike the feed 

composition change, increasing the feed flowrate immediately influences bottom 

impurity. The feed composition disturbance has a 30 minute deadtime, whereas the feed 

flowrate disturbance changes the bottom within 5 minutes after it begins. Again, the 

bottom impurity acts as an integrator and does not reach steady-state after 2000 minutes. 

The overhead impurity shows inverse action by initially increasing in value and then 

dropping after 250 minutes of simulation. The inverse response is due to the initial 

increase in the vapor flowrate when the feed rate increased. As the compositions and 

temperatures of the column adjust, vapor flowrate decreases as does the amount of 

styrene in the overhead product since a fixed amount of reboiler steam is used. Thus, the 

composition of ethylbenzene increases in the overhead. The increased flowrate of the 

bottoms stream and fixed reboiler heat duty cause the bottom impurity to increase. 

Like the xylene/toluene column, the styrene/ethylbenzene colunm exhibits 

nonlinear steady-state gains and asymmetric dynamics. The steady-state gains and 

settling times for the column depend on the magnitude and direction of the change made 

in the manipulated variables. Also, the ethylbenzene/styrene separation is similar to 

superfractionator columns which contain a high number of trays, exhibit slow dynamics, 

and separate chemicals with similar volatilities using high reflux ratios. Boyden (1998) 

said a typical styrene/ethylbenzene column has response times of 900 minutes for packed 

distillation columns which exhibit faster dynamics than trayed distillation columns. 
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Figure 3.10: Open-Loop Responses for Styrene/Ethylbenzene Column 
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CHAPTER 4 

XYLENE/TOLUENE SINGLE-ENDED PI 

COMPOSITION CONTROL 

With the development of the simulators for the various columns completed, 

control studies can be undertaken. This chapter details single-ended control of the 

xylene/toluene distillation columns. Single-ended control is maintaining one product 

purity at a desired specification while little or no attempt is made to control the 

product composition at the other end of the column. Only level controls are 

implemented at the other end of the column to maintain the column's material 

balance. Operating a distillation column in single-ended control is rather common as 

one product is typically more valuable than the other. Studies have shown, however, 

that overall plant energy consumption decreases by controlling both product 

compositions. In addition, product losses are minimized for the more valuable 

product if control is applied to the other end of the column as product losses to 

downstream processes decrease. This chapter discusses the results of the single-

ended control studies performed with the PI controller. 

All PI controllers implemented these studies use the positional PI control 

algorithm. The algorithm is 

1 ' 

u{t) = u„+ K^ysp - XO) + — \[ysp - yit)]dt (4.i) 
'̂ 7 0 

where u(t) is the output of the controller (to the manipulated variable), K̂  is the 

controller gain, ysp is the setpoint for the controlled variable, y(t) is the current 

available control variable measurement, Xj is the reset or integral time constant and û  

is the output bias for the controller. K̂ . and TI are adjustable parameters which affect 

the control response for deviations in the process from setpoint. 
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4.1 Controlled Variable-Manipulated Variable Pairings 

Although single-ended control describes controlling the product purity of 

only one of the two products from a distillation column, additional control stmctures 

must be in place to maintain the material balance of the column. The selection of the 

manipulated variable at the opposite end of the column is important. At the opposite 

end of the column, a manipulated variable must provide energy to the column, and a 

manipulated variable must maintain the material balance of the column. For 

overhead single-ended control, the reboiler heat duty, V, was chosen to provide 

energy to the column, and reboiler level is maintained by the bottoms flowrate, B. 

The reboiler heat duty, V, is held constant while the reboiler level controller adjusts 

the bottoms flowrate to preserve the material balance. The overhead composition 

can then be controlled with either the reflux flowrate, L, the distillate flowrate, D, or 

the reflux ratio (L/D). With either reflux or distillate controlling the overhead 

composition, the remaining manipulated variable (distillate or reflux, respectively) 

controls the accumulator level. Level control for reflux ratio control requires a more 

complex scheme. 

For the case were the reflux ratio controls overhead composition, the 

Ryskamp (1980) structure is implemented. This stmcture implements a ratio to 

calculate the appropriate distillate and reflux flowrates based on the reflux ratio 

output from the composition controller. The accumulator level controller determines 

the total flow from the accumulator, (L+D). Output from the accumulator level 

controller sets the distillate and reflux streams by 

^ 1 
D = KL/ D + l 

(L + D), and (4.2) 

Figure 4.1 illustrates the implementation of the Ryskamp stmcture for the reflux ratio 

control scheme. 
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For bottom composition single-ended control, the reflux is held constant to 

cool the top of the column. The distillate, D, is used to control the accumulator level 

and maintain the column's material balance. Bottom composition is affected by 

changing either the reboiler heat duty (steam flowrate or vapor flowrate), V, the 

bottoms flowrate, B, or the ratio of the reboiler heat duty to the bottoms flowrate 

(boilup ratio), V/B. While reboiler heat duty controls the bottom composition, In the 

bottoms flowrate controls the reboiler level. Likewise, reboiler heat duty is used to 

maintain level control when bottoms composition control is controlled by the 

bottoms flowrate. For boilup ratio control, the bottom composition controller 

outputs V/B. The reboiler heat duty is set by multiplying the bottoms flowrate by the 

boilup ratio. The bottoms flowrate maintains the reboiler level. Hurowitz (1998) 

describes implementation of the Ryskamp (1980) implementation for the bottom end 

of the column. This scheme was not implemented due to the significant influence of 

pressure on the bottoms vapor density. Measurements of the vapor flowrate are not 

provided in typical plant situations and additional calculations would have been 

necessary to find a temperature and pressure correlation for vapor flowrate and 

reboiler heat duty. 

Figure 4.1: Implementation of the Ryskamp L/D Ratio Scheme 
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4.2 Single-Ended Composition Controller Tuning Approach 

The tuning of the composition controller is important as the controller must 

operate over a wide range of possible operating conditions. For these conditions, the 

controller must perform to satisfactory for plant operators and control personnel. 

Controllers that fail routinely or prematurely are generally taken off-line and 

eliminates the economic benefits the controllers provide. These benefits include 

reducing product losses, saving energy, and freeing the operator to supervise other 

processes. As a result, any tuning method that is employed must be robust such that 

the controller can handle both typical operating scenarios and disturbances. Tuning 

the controller specifies the controller gain and reset time which affects the changes 

the controller makes to the process when deviations from setpoint occur. The 

following sections discuss the tuning methodology employed for the PI controller for 

single-ended control of the xylene/toluene column. The same tuning criteria is 

applicable for dual-ended control of the xylene/toluene columns and the styrene/ 

ethylbenzene column. 

4.2.1 Autotune Variation 

A variety of methods are available to tune PI controllers. Ziegler and Nichols 

(1942) developed the first analytical controller tuning mles based on observations of 

several processes. Heuristic tuning methods (Rhinehart, 1995) are guided by the 

interpretation of the system response to controller tuning. The controller is tuned in 

such a way that the tuner approves of the controller's ability to respond to process 

changes. This method is based primarily on interpretation of the control response 

and does not provide a systematic, reproducible method of tuning. 

The ATV method (Astrom and Hagglund, 1984) provides a convenient, 

quick, and systematic method for tuning both PI and Generic Model Control (GMC) 

(Lee and Sullivan, 1985) controllers. This procedure builds upon the Ziegler-Nichols 

(1942) tuning technique for finding the ultimate gain and ultimate period of a control 

loop. The Ziegler-Nichols technique involves placing a proportional-only controller 
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into a limit cycle at the critical frequency for the control loop. The controller 

operates at a region between stable control and unstable control. As a result the 

system can be greatly disturbed and may operate outside the linear region 

surrounding the nominal operating point. The technique does provide the ultimate 

gain and ultimate period to tune the controller using the correlations developed by 

Ziegler and Nichols (1942). 

The ATV method has several advantages over the Ziegler-Nichols technique. 

First, the control system is not operated in a manner that the process is nearly 

unstable. As a result, systems that have a limited stability region can be tuned. ATV 

tuning also operates the process in a limited range near the process's nominal 

operating region. As a result, the process is not greatly disturbed and tuning 

parameters are found for the normal operating conditions where linear responses take 

place. Finally, the ATV method is a faster tuning method. Figure 4.2 compares the 

results of an ATV test and an open-loop test. The open-loop test would be used to 

find the time constant and gain for the system in question. After 500 minutes, the 

open-loop test is settling. On the other hand, the ATV test has quickly assumed a 

oscillatory response in as little as 100 minutes. For systems with asymmetric 

dynamics and nonlinearity, ATV provides significant advantages. As shovm in 

Figure 4.3, the open-loop responses of the system are not linear, and have 

significantly different settling times. As a resuh, tuning from open-loop responses is 

very difficult. Since ATV maintains the process in a narrow band around the 

nominal operating point, good, reliable controller parameters can be obtained. 

ATV works by keeping the process in a closed-loop environment. The 

controller is replaced by a feedback controller with a relay element (Figure 4.4). 

This controller looks at the process response and switches the manipulated variable 

between preset high and low limits whenever the controlled variable crosses its 

nominal value. The high and low limits on the manipulated variable are user 

specified deviations from the nominal operating point and causes the manipulated 

variable to have a square-wave form. Figure 4.5 shows the input and output of ATV 

72 



1200 

1000 

a> 
.Q 
ra 
k 

re > 
• D 

a> 
o 
k 

4>< 
C o 
o 

800 

ROO 

400 

200 

100 200 300 

Time (min) 

400 500 

Figure 4.2: ATV versus Open-Loop Testing 

4500 

4000 

3500 

® 3000 
n n 

•MV Increase 

•MV Decrease 

100 200 300 

Time (min) 

400 500 

Figure 4.3: Open-Loop Testing and Nonlinearity 

73 



for the high purity xylene/toluene column on the overhead composition loop for the 

[L,V] control stmcture. 

In Figure 4.5, the feedback/relay controller monitors the controlled variable. 

To start the test, the manipulated variable is decreased by a user specified value, h, 

which cases the controlled variable to increase. After some time, the manipulated 

Process 
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Figure 4.4: Block Diagram of ATV Method 
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variable is increased by 2h. The controlled variable decreases as a result. When the 

controlled variable crosses its nominal value, the relay block reduces the manipulated 

variable by 2h. As a result, the manipulated variable has a square-wave form and the 

controlled variable oscillates in a controlled fashion around its nominal value. The 

oscillations are maintained until consistent oscillations are observed. At this point, 

the ultimate gain and period can be read from the process test. 

Figure 4.6 shows information obtained from an ATV test. Based on the 

deviation of the controlled variable, a, the period of the control variable, T, and relay 

height, h, the ultimate gain and ultimate period can be found by the following 

relations: 

4/i 
^ „ = — , a n d (4.4) 

an 
P^=T. (4.5) 

The relay height, h, is specified by the tester to overcome noise in the controlled 

variable measurement and also minimize the disturbance to the process. For all 

composition control loops, several different relay heights were used in order to 

obtain an average uhimate gain and period. Typical relay heights involved changes 

of 0.1%), 0.5%, and 1.0%) of the nominal manipulated variable. If unusual ATV 

results where encountered, smaller relay heights were used until a satisfactory result 

was obtained. 

4.2.2 Tyreus-Luyben Tuning Approach 

The tuning approach implemented in this study is the controller tuning 

method of Tyreus and Luyben (1992). Tyreus and Luyben determined a new set of 

tuning mles based on the ultimate gain and period found by the ATV Method 

(Astrom and Hagglund, 1984). The controller gain and reset time are found with the 

following equations: 

71 _ j ^ (4.6) 
^^ - 3 . 2 2 ' 
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r f = 2.2 * P„, (4.7) 

where K^^ is the Tyreus-Luyben controller gain, and r/^ is the reset time (integral 

time) for the controller. Tyreus and Luyben found that their control methods 

produced less overshoot than the Ziegler-Nichols (1942) tuning parameters. 

The Tyreus-Luyben parameters were further adjusted using a detuning factor. 

The detuning factor allows the controller to be adjusted with one parameter instead 

of adjusting both controller parameters. The controller parameters are adjusted by 

K. 
K TL 

F, 
(4.8) 

D 

T , = r - x F „ (4.9) 

where K̂  is the controller gain, Xj is the controller reset time, and F^ is the detuning 

factor. By increasing the detuning factor, the controller becomes less aggressive as 

the controller gain decreases and the reset feature of the controller has less influence 

on the output calculations. Similarly, decreasing the detuning factor increases the 
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gain, making the controller more aggressive. In addition, the reset time decreases 

which allows the integral error to have a greater influence on the controller's output. 

The optimum detuning factor is found by running the simulator through a 

series of setpoint changes. To start the test, the setpoint of the controlled impurity is 

increased by 50%). After a period of time, the setpoint is decreased to 50% below its 

nominal value. The test ends with the setpoint retuming to its nominal value after 

1200 minutes of simulation and is held for 800 minutes. Table 4.1 summarizes the 

detuning procedure for the overhead and bottom singled-ended impurity control 

studies. At the end of each test, the Integral of Absolute Error (lAE) of the 

controlled variable is recorded and another detuning factor is tested. lAE is 

calculated by 

t 

IAE= Wysp-yifpi' (4.10) 
0 

Detuning factors were adjusted in increments of 0.1 to find the lowest lAE 

value for the detuning test. In addition to obtaining the lowest lAE for the 

composition under control, the manipulated variable moves were evaluated. For 

situations were excessive ringing or oscillations occurred, a higher detuning factor 

Table 4.1: Single-Ended Detuning Factor Testing Method 

Impurity Controlled Test Time (min) Setpoint change from nominal impurity 
Overhead 10 +50% 

400 -50% 

1200 0% 

2000 end test 

Bottom 10 +50% 

500 -50% 

1200 0% 

2000 end test 
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was chosen which provided acceptable manipulated variable movement. lAE was 

the primary guide for detuning factor selection and is reported in units of (mole 

fraction)x(minute). 

4.3 Single-Ended PI Control Results for the Xylene/Toluene Columns 

Analysis of the single-ended PI control results is split into two sections. The 

first section will look at overhead impurity control for four xylene/toluene columns: 

the high purity column, the low purity colunm, the high/low purity colunm, and the 

low/high purity column. The second section will look at the bottom impurity control 

for these columns. 

Single-ended control evaluated the overhead impurity control where the 

reflux, L, distillate, D, or reflux ratio, L/D, was manipulated to control the overhead 

impurity. The reboiler heat duty, V, was kept constant and the bottoms flowrate, B, 

controlled the reboiler level. For bottom impurity single-ended control, the reboiler 

heat duty, V, the bottoms flowrate, B, or boilup ratio (V/B) was manipulated to 

control the bottom impurity. The reflux flowrate, L, was held constant while the 

distillate flowrate, D, controlled the accumulator level. 

Tuning for the level controls is described in Chapter 3. The level tuning 

parameters for the dual-ended control configurations were applied to the similar 

single-ended control structure. For single-ended overhead composition control 

where the reflux flowrate controls the overhead impurity, the level tuning parameters 

for the dual-ended [L,V] control configuration for the appropriate colunm were used. 

Similarly, for bottom impurity control using the boilup ratio (V/B), the level 

controllers' parameters for the [L,V/B] configuration were used. Single-ended 

composition controllers were tuned as described in Section 4.2 using the ATV 

method and Tyreus-Luyben tuning method. 
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Table 4.2: Single-Ended Testing Method for lAEs 

Test 
1 

Overhead Impurity 
Controlled 

2 
Bottom Impurity 

Controlled 
3 

Feed Composition 
Change 

Test Time (min) 
10 

400 
1200 
10 

500 
1200 
10 

800 

Change' 
50%) increase from nominal impurity setpoint 

50% decrease below nominal impurity setpoint 
End test 

50% increase from nominal impurity setpoint 
50% decrease below nominal impurity setpoint 

End test 
Decrease toluene in feed by 5.0 mole percent 

End test 

' I .E. , for the high purity case, overhead impurity setpoint changed from 1000 ppm to 
1500 ppm at 10 minutes. At 400 minutes, the overhead impurity setpoint changed 
from 1500 ppm to 500 ppm. For the low purity case, overhead impurity setpoint 
changed from 10,000 ppm to 15,000 ppm at 10 minutes and then to 5000 ppm at 400 
minutes. 

4.3.1 Overhead Impurity Control 

This section shows the results of the various xylene/toluene columns for 

single-ended overhead impurity control. Each tower's results are discussed with an 

overview at the end of the section. 

4.3.1.1 High Purity Column. Table 4.3 shows the tuning results for the 

overhead impurity composition controller. The detuning factors indicate that the 

Tyreus-Luyben parameters need to be slightly more aggressive to meet the tuning 

criteria. The lAE test results for the three manipulated variable configurations tested 

are summarized in Table 4.4. Figure 4.7 shows the resuhs of Test 1 where the 

overhead impurity setpoint is changed. All three of the manipulated variables show 

nearly identical impurity responses. Table 4.5 shows that controlling overhead 

impurity with reflux provides the lowest lAE for Test 1, but reflux improves the lAE 

by only 3.6% over the reflux ratio configuration. Figure 4.8 shows the responses of 

the bottom impurity for single-ended control. The bottom impurity varies 

significantly, especially as the overhead impurity becomes more pure. Significant 

impurities enter the bottoms product which is the incentive for dual-ended control. 
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Table 4.3: Tyreus-Luyben Tuning Results for PI Controller for Single-Ended 
Control of Overhead Impurity on High Purity Column 

Overhead Composition Control 
Configuration 

Distillate 

Reflux 

Reflux Ratio (L/D) 

Controller Gain' 

1674.08 

1405.415 

263.61 

Integral Time 
(min) 
88.0 

88.0 

99.0 

Detuning Factor 

1.0 

0.9 

0.9 

' Controller gain in units of (kgmol/min) (mole fraction) except for reflux ratio 
control where the units are (ratio)/(mole fraction). 

Table 4.4: Singled Ended High Purity Test Results - Overhead Impurity Controlled 

Test 

1 

3 

Manipulated Variable for Overhead 
Impurity Control 

Distillate 

Reflux 

Reflux Ratio 

Distillate 

Reflux 

Reflux Ratio 

Overhead lAE 
xlO' 
4.43 

4.30 

4.46 

4.70 

3.81 

4.97 

Bottom lAE 
xlO' 
9.71 

9.73 

9.70 

0.736 

0.735 

0.736 

The three control configurations have nearly identical bottom impurity responses as 

Figure 4.8 and Table 4.4 show. 

For the feed disturbance test (Test 3), the reflux configuration distanced itself 

from the remaining configurations. The reflux configuration performed 19% better 

than the distillate configuration. Figure 4.9 shows that the reflux stmcture had the 

smallest deviation from setpoint of the configurations yet the reflux configuration 

settles at approximately the same time as the others. The PI controllers implemented 

in this study do not have feedforward compensation applied. Thus, the controller 

must control the overhead impurity completely by feedback control. 
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Figure 4.10 shows the results of sinusoidal variation of the feed composition 

at various periods. This figure is a Bode plot of the amplitude ratio of the feed 

composition disturbance and the overhead impurity at different frequencies. The 

amplitude ratio is defined by 

Amplitude of Controlled Variable 
AR = (4.10) 

Amplitude of Forcing Variable 

With the control system online, the feed composition varies sinusoidally with an 

amplitude of 0.5 mole percent toluene. Tested periods were: 20, 40, 60, 80, 100, 

120, 160, 200, 240, 280, 320, 360, 400, 500, 600, 700, 800, 1000, 1200, 1400, and 

1600 minutes. This allowed very high frequency results (less than 100 minutes), and 

daily variances (1400 and 1600 minutes) to be evaluated to account for typical plant 

disturbances. The amplitude ratio is a direct measure of the product composition 

variability, and the Bode plot provides a powerful analysis tool to determine the 

disturbance rejection sensitivity of the controller for different periods. Thus, if the 
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feed composition to the process changes routinely, selecting a control configuration 

or even a controller for those process conditions is possible in order to reduce 

variability in the product. 

As Figure 4.10 shows, the reflux configuration has the lowest amplitude ratio 

for a significant range of the frequencies tested. Compared to the distillate and reflux 

ratio configurations, reflux has a slightly lower variance for low and moderate 

frequencies. For feed disturbance periods less than 120 minutes, no significant 

difference exists between the three configurations. Figure 4.11 highlights the results 

for the bottom impurity. As the period of disturbance increases (lower frequencies), 

the amplitude ratio increases accordingly. 

Figures 4.10 and 4.11 include a comparison of dual-ended control which is 

discussed in Chapter 5. [L,V] dual-ended control performs comparably to single-

ended control of the overhead impurity based on the amplitude ratios shown. In fact, 

for moderate frequencies, dual-ended control has a lower variance than the single-

ended configurations. The most important benefit of using dual-ended control is 

shown in Figure 4.11. With dual-ended control implemented, bottom impurity 

fluctuations are significantly less as the disturbance period lengthens. This translates 

into less product losses. Better composition control of the bottom stream also 

reduces composition fluctuations to downstream processes. 

The high purity column implementing the reflux configuration for overhead 

impurity control gave the best overall control for setpoint changes, feed composition 

disturbances, and sinusoidal feed disturbances. In addition, it has been shown that 

implementing dual-ended [L,V] control, which is one of the best configurations for 

sinusoidal feed disturbances, significantiy reduces overhead product losses while not 

significantly impacting the desired product's quality. 

4.3.1.2 Low Purity Column. In addition to the high purity column, a low 

purity column was studied with single-ended control. This colunm has nominal 

product impurities of 10,000 ppm. At this impurity, the column has higher steady-

state process gains than the high purity column. Thus, lower controller gains are 
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necessary. Table 4.5 shows the controller parameters and detuning factors found for 

the three overhead impurity control configurations. The gains of the controller are 

roughly one-tenth of those for the high purity column. 

Setpoint and disturbance tests were conducted on the low purity column with 

the lAE results summarized in Table 4.6. Both the reflux and reflux ratio 

configurations performed well for setpoint testing. The distillate configuration was 

slightly worse for the overhead lAE. Figure 4.12 shows the overhead impurity 

results for the setpoint test. The controllers have nearly identical responses although 

the reflux ratio settled in less time for each setpoint change. 

For the disturbance test, the reflux configuration performs significantiy better 

than the remaining configurations. The reflux configuration had a 23.6% lower 

overhead lAE than the distillate configuration. Figure 4.13 shows the response 

curves for overhead impurity for Test 3. Reflux has less deviation from setpoint than 

the other configurations yet all the control configurations retum the overhead 

impurity to setpoint at approximately the same time. In addition to the feed 

disturbance test, closed-loop sinusoidal tests were mn as discussed in Section 4.3.1.1. 

The closed-loop sinusoidal results are shown in Figure 4.14. For high frequencies, 

the controllers perform similarly. Yet, with periods of 80 minutes or more, the reflux 

configuration has the lowest amplitude ratios. 

Table 4.5: Tyreus-Luyben Tuning Results for PI Controller on Single-Ended 
Control of Overhead Impurity on Low Purity Column 

Configuration 
Distillate 

Reflux 

Reflux Ratio 

Controller Gain' 
148.17 

126.01 

22.84 

Reset Time 
88.0 

88.0 

88.0 

Detuning Factor 
0.8 

0.7 

0.8 

' Controller gain in units of (kgmol/min) (mole fraction) except for reflux ratio 
control where the units are (ratio)/(mole fraction). 
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Figure 4.12: Test 1 - Single-Ended Control of Overhead Composition - Low Purity 
Column 

Table 4.6: Single-Ended Low Purity Test Results - Overhead Impurity Controlled 

Test 
1 

3 

4.3.1.3 

Configuration 
Distillate 

Reflux 

Reflux Ratio 

Distillate 

Reflux 

Reflux Ratio 

TopIAExlO' 
35.58 

32.95 

33.42 

32.53 

24.85 

36.42 

Bottom lAEx 10̂  

High/Low Purity Colunm. Studies of the high/low purity 

3209 

3215 

3187 

689 

686 

690 

column 

focused on determining the control characteristics of a colunm where one end of the 

column is a high purity product and the other end is a low purity product. The 

high/low purity colunm has an overhead toluene product with 1000 ppm impurity 

xylene. The bottoms product is xylene with an impurity of 10,000 ppm toluene. 
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As with the high purity and low purity columns, the reflux, distillate and 

reflux ratio configurations were implemented on the column to control the overhead 

impurity. ATV tests and detuning runs were performed to find the controller 

settings, and the tuning results are summarized in Table 4.7. Gains for these 

controllers are similar to those for the high purity column. 

Table 4.8 summarizes the lAE resuhs for the three configurations. For 

overhead control, both the reflux and the reflux ratio configurations perform equally. 

Their responses are shown on Figure 4.15. Distillate control slightly lags the other 

configurations for the increase in the overhead impurity and is slightiy slower for the 

high purity 500 ppm setpoint. 

For feed composition disturbance testing, the reflux configuration had the 

lowest lAE of the configurations tested. This configuration was 24.3% better in 

terms of lAE than the reflux ratio configuration. The distillate configuration 

performed poorly compared to the other two configurations. Figure 4.16 shows that 

the reflux configuration has less deviation from setpoint than the reflux ratio 

configuration. All three configurations retumed to setpoint around 500 minutes after 

the feed composition disturbance entered the colunm. The final feed disturbance test 

was the sinusoidally varying feed composition test. Figure 4.17 shows that the reflux 

configuration had the lowest amplitude ratio for low and moderate frequencies. The 

reflux ratio configuration was comparable to reflux. The distillate configuration had 

the highest variance overall. 

Table 4.7: Tyreus-Luyben Tuning Results for PI Controller for Single-Ended 
Control of Overhead Impurity on High/Low Purity Colunm 

Configuration 
Distillate 

Reflux 

Reflux Ratio 

Controller Gain' 
1238.2 

1409.4 

289.0 

Reset Time 
110.0 

88.0 

88.0 

Detuning Factor 
0.8 

0.8 

0.9 

' Controller gain in units of (kgmol/min) (mole fraction) except for reflux ratio 
control where the units are (ratio)/(mole fraction). 
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Table 4.8: Single-Ended High/Low Purity Test Results - Overhead Impurity 
Controlled 

Test 
1 

3 

Configuration 
Distillate 

Reflux 

Reflux Ratio 

Distillate 

Reflux 

Reflux Ratio 

Top lAE X 
5.69 

4.64 

4.65 

4.79 

2.83 

3.78 

10̂  Bottom lAEx 10̂  
13.20 

13.16 

13.14 

727.4 

725.8 

727.2 

1800 

1600 

1400 

? 
& 1200 

•= 1000 
Q. 

- 800 
re 

I 600 
> 
O 

400 -

200 

Ki ftW 1115"^' 

1 

1 - - - Reflux Ratio 

L ' 
\ \ \ \ 

200 400 600 

Time (min) 

800 1000 1200 

Figure 4.15: Test 1 - Single-Ended Control of Overhead Composition - High/Low 
Purity Column 
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For the high/low purity column, both reflux and reflux ratio configurations 

provide good overhead single-ended control. The reflux configuration had the better 

feed disturbance rejection resuhs and had slightiy lower amplitude ratios for the 

sinusoidally varying feed composition tests. Thus, reflux is the better control 

configuration for this column. 

4.3.1.4 Low/High Purity Column. In addition to the high/low purity column, 

a column with a low purity overhead product of 10,000 ppm impurity toluene and a 

high purity bottom product of 1000 ppm impurity xylene was studied to examine 

how difficult ft is to control a column with a high purity bottoms product. The ATV 

method was applied to the three control configurations and the tuning parameters are 

shovm in Table 4.9. The controller gains are similar to those for the low purity 

column. 

The tests outlined in Table 4.2 were performed on the low/high purity column 

to evaluate overhead purity control and Table 4.10 shows the lAE results for these 

tests. For overhead impurity setpoint changes, the reflux configuration provides has 

the lowest lAE results. The distillate and reflux ratio configurations perform 

similarly. Figure 4.18 shows the results for Test 1. Again, all three configurations 

have similar response curves for the setpoint test. 

For the feed disturbance tests, the reflux configuration also had the lowest 

lAE. The reflux's lAE was 11.8% better than the reflux ratio configuration. Figure 

4.19 shows the responses of the overhead impurity due to the 5 mole percent 

decrease in toluene in the column feed. Reflux has less deviation from setpoint, yet 

all the configurations have similar responses. The controllers retum the system to 

setpoint by 400 minutes. Finally, Figure 4.20 shows the Bode plot for the 

sinusoidally varying feed composition tests. The reflux configuration has the lowest 

variance for all the frequencies studied. The reflux ratio has similar performance. 

For the low/high purity column, the best configuration for overhead single-

ended control is the reflux configuration. For each of the tests performed, it had the 

better control for setpoint and feed composition disturbance changes. 
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Table 4.9: Single-Ended Overhead Composition Control on Low/High Purity 
Column Tyreus-Luyben PI Tuning 

Configuration 
Distillate 

Reflux 

Reflux Ratio 

Controller Gain' 
160.22 

133.51 

23.92 

Reset Time 
88.0 

88.0 

88.0 

(min) Detuning Factor 
0.9 

0.8 

0.8 

' Controller gain in units of (kgmol/min) (mole fraction) except for reflux ratio 
control where the units are (ratio)/(mole fraction). 

Table 4.10: Single-Ended Low/High Purity Test Results - Overhead Impurity 
Controlled 

Test 
1 

3 

Configuration 
Distillate 

Reflux 

Reflux Ratio 

Distillate 

Reflux 

Reflux Ratio 

Overhead lAE x 
37.85 

34.75 

38.10 

40.21 

32.38 

36.73 

10' Bottom lAEx 10' 
25.20 

25.16 

25.34 

68.81 

68.58 

68.72 

4.3.1.5 Overhead Impurity Control Summary. For the four colunms 

examined, manipulating the reflux flowrate was found to offer the best overall 

control for overhead single-ended control. The reflux configuration provided the 

best results for setpoint changes, for feed composition changes, and for cyclic feed 

composition disturbances. The reflux ratio configuration performed well for the 

columns. The distillate configuration performed poorly for the tests and is not the 

configuration to implement for single-ended control of the overhead composition. 
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Figure 4.20: Closed-Loop Sinusoidal Feed Composition Results - Overhead 
Impurity Controlled - High/Low Purity Column 

4.3.2 Bottom Impurity Control 

This section shows the results of the various xylene/toluene colunms for 

single-ended bottom impurity control. Each tower's results are discussed with an 

overview at the end of the section. 

4.3.2.1 High Purity Colunm. As with the overhead impurity studies, ATV 

tuning was performed on the three control configurations for bottom impurity 

control. With the ATV ultimate gain and period, Tyreus-Luyben tuning parameters 

were calculated and detuning mns were performed. Table 4.11 shows the controller 

tuning parameters for the high purity configurations. Tyreus-Luyben tuning 

parameters required little detuning. 

Testing the high purity column for single-ended bottom impurity control 

began with Test 2 which step-tested the bottom impurity setpoint. As outlined in 

Table 4.2, the bottom impurity changes from 1000 ppm to 1500 ppm at 10 minutes 

of simulation. After 500 minutes, the setpoint is lowered to 500 ppm. The test stops 
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at 1200 minutes and the lAE results for the product streams are recorded. Table 4.12 

lists the results for the high purity column. As the table shows, the boilup ratio 

configuration had the lowest lAE for the bottom product. Controlling the bottom 

composition with the bottoms flowrate also produced low lAE results. Using 

reboiler head duty, V, for control produced the highest lAE resuhs, but this 

configuration had values close to the other configurations. The dynamic trends are 

showTi in Figure 4.21. 

For feed disturbances, the boilup ratio configuration had the lowest lAE 

results. As Table 4.12 shows, manipulating the boilup ratio to control the bottom 

impurity had an lAE result that was 16.7% lower than controlling with the reboiler 

heat duty. Figure 4.22 shows that control with the bottom flowrate led to more 

deviation in the product impurity. The bottoms flowrate configuration did settle in a 

shorter period of time than the other two configurations but it is slower in retuming 

to the 1000 ppm setpoint. The boilup ratio approaches the setpoint in less time and 

contributes to the lower lAE score. 

Figure 4.23 shows the results for a cyclic feed composition disturbance to the 

column for a variety of periods. For this test, the reboiler heat duty has the lowest 

amplitude ratio for the frequencies studied. The boilup ratio configuration 

approaches the reboiler heat duty configuration for low frequencies. Using the 

bottom flowrate to control bottom impurity has the highest variance. The figure also 

shows a comparison of single-ended control and dual-ended [L,V] control. The X 

crossed line represents dual-ended control, and the dual-ended amplitude ratios 

compare quite favorably with the single-ended resuhs. For moderate frequencies 

(periods ranging from 80 minutes to 160 minutes), dual-ended control betters the 

single-ended control configurations. As shown with overhead control, [L,V] dual-

ended control does not degrade control performance and lowers product variance for 

certain disturbance frequencies. In addition, dual-ended control limits product losses 

and reduces feed composition swings to dovmstream processes. 
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Table 4.11: Tyreus-Luyben Tuning Results for PI Controller for Single-Ended 
Control of Bottom Composition on High Purity Column 

Configuration' 
Bottoms Flowrate 

Reboiler Heat Duty 

Boilup Ratio (V/B) 

Controller Gain' 
703.84 

7849988.07 

5335755.58 

Integral Time (min) 
83.61 

88.0 

88.0 

Detuning Factor 
1.0 

1.0 

0.8 

'Distillate flowrate used to control accumulator level. Reflux rate held constant. 
'Bottoms flowrate controller gain is in units of (kgmol/min) (mole fraction). The 
reboiler heat duty gain has units of (kcal/min). Boilup ratio gain has units of 
kcal/kgmol. 

Table 4.12: Singled-Ended High Purity Test Results - Bottom Impurity Controlled 

Test 

2 

3 

Configuration 

Bottoms Flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Bottoms Flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Overhead 
lAExlO' 

9.60 

9.63 

9.63 

13.98 

12.05 

12.45 

Bottom 
lAE-x lO ' 

5.82 

6.13 

5.64 

11.10 

8.12 

6.76 

For the high purity bottom impurity single-ended control, manipulating the 

boilup ratio provided the best setpoint and feed composition disturbance rejection. 

The reboiler heat duty provided slightly lower variance for cyclic disturbances. 

Applying dual-ended control does not significantiy degrade the controller's ability to 

control variations in the bottom product. 

4.3.2.2 Low Purity Column. The low purity column allows studies to be 

performed on a column where the process gain is higher. Thus, the process is more 

sensitive to changes made to it. The Tyreus-Luyben tuning results from the ATV 

test are shown in Table 4.13. 
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Figure 4.22: Test 3 - Single-Ended Control of Bottom Composition - High Purity 
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Figure 4.23: Dual-Ended Control versus Single-Ended of Bottom Impurity Control 
for Closed-Loop Sinusoidal Feed Composition Disturbances 

For setpoint changes in the bottoms impurity, Table 4.14 shows that the 

boilup ratio (V/B) provided the lowest lAE resuh of the three configurations. Figure 

4.24 shows that the boilup ratio is more aggressive at reaching the setpoint and has 

more overshoot than the other controllers. The boilup ratio controller settles in less 

time than the other configurations. Both the bottoms flowrate and reboiler heat duty 

have similar trends for the setpoint test. 

For feed disturbances, boilup ratio control has the lowest lAE in Table 4.14. 

Both the bottoms flowrate and reboiler heat duty configurations perform poorly 

compared to the boilup ratio configuration. Figure 4.25 shows that the boilup ratio 

retums the process to setpoint faster than the other configurations and does not 

deviate as much. The boilup ratio configuration retums to setpoint about 200 

minutes faster. For cyclic feed composition disturbances. Figure 4.26 shows that the 

boilup ratio configuration has a lower amplitude ratio for the frequencies studied. 

This configuration performs very well for low and moderate frequencies. Overall, 
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Table 4.13: Tyreus-Luyben Tuning Results for PI Controller for Single-Ended 
Control of Bottom Impurity on Low Purity Column 

Configuration' 
Bottoms flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Controller Gain' 
73.55 

569216.25 

557303.32 

Reset Time (min) 
88.0 

110.0 

66.0 

Detuning Factor 
1.0 

0.8 

0.7 

'Distillate flowrate used to control accumulator level. Reflux rate held constant. 
'Bottoms flowrate controller gain is in units of (kgmol/min) (mole fraction). The 
reboiler heat duty gain has units of (kcal/min). Boilup ratio gain has units of 
kcal/kgmol. 

Table 4.14: Single-Ended Low Purity Test Results - Bottom Impurity Controlled 

Test 
2 

3 

Configuration 
Bottoms flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Bottom Flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Overhead lAE x 
81.21 

81.44 

82.78 

180.93 

170.34 

154.39 

10' Bottom lAEx 10' 
43.38 

47.37 

40.20 

107.00 

89.57 

35.99 

implementing the boilup ratio configuration provides the best setpoint and feed 

composition disturbance rejection of the three configurations under study. 

4.3.2.3 High/Low Purity Column. As with the overhead impurity control, 

studies were performed to study how differing magnitudes of impurity affect control 

performance. As explained in Section 4.3.1.3, this configuration has at nominal 

conditions a high purity overhead product and a low purity bottoms product. 

The tuning parameters for ATV and Tyreus-Luyben parameters are shown in Table 

4.15. This column was tested for bottoms impurity setpoint changes and those 

results are summarized in Table 4.16. Figure 4.27 shows the bottom impurity 

responses for this column. Both Table 4.16 and Figure 4.27 show that the boilup 
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Figure 4.26: Closed-Loop Sinusoidal Feed Composition Results - Bottom Impurity 
Controlled - Low Purity Colunm 

Table 4.15: Tyreus-Luyben Tuning Results for PI Controller for Single-Ended 
Control of Bottom Impurity on High/Low Purity Column 

Composition' 
Bottoms flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Controller Gain' 
81.29 

872413.8 

717671.5 

Reset Time 
88.0 

88.0 

66.0 

Detuning Factor 
0.9 

1.1 

0.8 

'Distillate Flowrate used to control accumulator level. Reflux rate held constant. 
'Bottoms Flowrate controller gain is in units of (kgmol/min) (mole fraction). For 
Reboiler Heat Duty gain has units of (kcal/min). Boilup ratio has units of 
kcal/kgmol. 

configuration performed better than the other configurations. This result concurs with 

the results of the low purity column as the bottom products of the columns are 

similar. Reboiler heat duty configuration had longer settling times despite less 

overshoot. 
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For feed disturbance rejection, the boilup ratio configuration performs much 

better than the reboiler heat duty or the bottoms flowrate configurations. The boilup 

ratio configuration lowers the bottom lAE result by 55% compared to the bottoms 

flowrate configuration. Figure 4.28 shows this improvement as the boilup 

configuration has less deviation from setpoint and has a 200 minute shorter settling 

time than the other configurations. The bottoms flowrate configuration deviates 

more from setpoint than the reboiler heat duty configuration does, but the bottoms 

flowrate configuration retums to setpoint quicker. Figure 4.29 shows the result of 

cyclic feed composition disturbances to the colunm. For periods less than 100 

minutes, all three configurations have similar amplitude ratios. For frequencies 

greater than 100 minutes, the boilup ratio configuration has lower amplitude ratios 

while the reboiler heat duty and bottoms flowrate have similar ratios. 

Overall, the high/low purity column favors the implementation of the boilup 

ratio configuration to control bottoms impurity with single-ended control. Neither of 

the other two conflgurations could approach the boilup ratio configuration in terms 

of retuming the process back to setpoint as fast. Despite having slightiy more 

overshoot in setpoint changes, the boilup ratio configuration retums the system back 

to setpoint faster and has less deviation from setpoint when feed disturbances entered 

the colunm. 

Table 4.16: Single-Ended Control HighA^ow Purity Results - Bottom Impurity 
Controlled 

Test 
2 

3 

Configuration 
Bottoms Flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Bottoms Flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Overhead lAE x 
23.72 

23.67 

23.86 

9.70 

8.54 

12.20 

10' Bottom lAEx 10' 
46.88 

51.17 

42.82 

79.87 

89.20 

35.99 
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Figure 4.28: Test 3 - Single-Ended Control of Bottom Composition - High/Low 
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Figure 4.29: Closed-Loop Sinusoidal Feed Composition Results - Bottom Impurity 
Controlled - High/Low Purity Colunm 

4.3.2.4 Low/High Purity Column. The final column examines control issues 

when the bottom of the column has a high purity specification while the overhead 

has a low purity specification. This column should perform similarly to the high 

purity column for bottom impurity control. Based on results in Section 4.3.2.1, the 

selected configuration should use either the reboiler heat duty or the boilup ratio 

manipulated variable. 

ATV tuning and detuning mns yielded the PI controller parameters listed in 

Table 4.17. Tyreus-Luyben tuning parameters were sufficient for all configurations 

but the boilup ratio which required a detuning factor of 0.8. The column and control 

configurations were subjected to Test 2 to measure the controllers abilities to vary 

the bottom impurity setpoint. As Table 4.18 shows, the boilup ratio had the lowest 

lAE resuh. Both reboiler heat duty and bottoms flowrate configurations had similar 

lAE results. Figure 4.30 further emphasizes these results. The boilup ratio 

104 



Table 4.17: Tyreus-Luyben Tuning Results for PI Controller for Single-Ended 
Control of Bottom Impurity on Low/High Purity Column 

Manipulated Variable 
Bottoms flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Controller Gain' 
6999.6 

7280140.7 

6139108.2 

Reset Time (min) 
88.0 

88.0 

66.0 

Detuning Factor 
1.0 

1.0 

0.8 

'Distillate Flowrate used to control accumulator level. Reflux rate held constant. 
'Bottoms Flowrate controller gain is in units of (kgmol/min) (mole fraction). For 
Reboiler Heat Duty gain has units of (kcal/min). Boilup ratio has units of 
kcal/kgmol. 

Table 4.18: Single-Ended Low/High Purity Test Results - Bottom Impurity 
Controlled 

Test 
2 

3 

Configuration 
Bottoms flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Bottom Flowrate 

Reboiler Heat Duty 

Boilup Ratio 

Overhead lAEx 10' 
48.95 

49.08 

49.21 

206.42 

188.90 

178.31 

Bottom lAEx 10' 
5.46 

5.77 

4.69 

11.11 

8.59 

4.30 

configuration brought the bottoms impurity to setpoint faster than the other two 

configurations despite having a little extra overshoot. 

The low/high purity column was tested with a disturbance where the feed 

composition of toluene decreased by 5 mole percent. Figure 4.31 shows the bottoms 

impurity responses. The boilup ratio configuration allows the impurity to drop to 

400 ppm and retums the system back to setpoint in less time than the other 

controllers. It appears that after 125 minutes, the primary control action is by 

integral action. The bottoms flowrate configuration allows the bottom impurity to 

fall to 200 ppm, producing an excessively pure product and wasting reboiler energy. 
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Figure 4.30: Test 2 - Single-Ended Control of Bottom Composition - Low/High 
Purity Column 

E a. a. 

3 
Q. 
E 

1200 

1000 

800 

600 

E 
C 400 
o 
m 

200 

• Bottom 

•Reboiler Heat Duty 

- - • Boilup Ratio 

Setpoint 

100 200 300 400 500 

Time (min) 

600 700 800 

Figure 4.31: Test 3 - Single-Ended Control of Bottom Composition - Low/High 
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Figure 4.32: Closed-Loop Sinusoidal Feed Composition Resuhs - Bottom Impurity 
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lAE results are shown in Table 4.18. Finally, the colunm is subjected to a series of 

cyclic feed composition changes to measure the controller sensitivity and disturbance 

rejection abilities. Figure 4.32 shows the amplitude ratios for the three 

configurations. The boilup ratio has the lowest amplitude ratio for the frequencies 

studied. The reboiler heat duty is slightly worse. The bottoms flowrate 

configuration has the highest overall amplitude ratio for the frequencies studied. 

For the low/high purity column, the best control configuration for bottoms 

impurity control is the boilup ratio configuration. This configuration provided the 

best setpoint tracking and disturbance rejection. 

4.3.2.5 Bottoms Impurity Control Summary. For single-ended control of the 

bottoms impurity, the best configuration for all four of the xylene/toluene columns 

studied was the boilup ratio configuration. Having the analyzer controller output the 

ratio of reboiler heat duty to bottoms flowrate provided quicker system responses to 
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setpoint changes and feed composition disturbances. Only for cyclic feed 

disturbances on the high purity column did reboiler heat duty provide lower 

amplitude ratios. For the remaining three columns, boilup ratio control was the best. 

4.4 Discussion of Single-Ended Control Results 

Single-ended control of the overhead impurity using the reflux flowrate 

yielded the best setpoint tracking results and typically the lowest amplitude ratios for 

cyclic feed disturbances. This conclusion is supported for all tests performed. For 

bottom impurity control, manipulating the boilup ratio yielded the best results for 

setpoint changes and feed composition disturbances. Only on the high purity column 

was the reboiler heat duty favored for bottom composition control. The boilup ratio 

results were similar on that column. 

The use of the reflux configuration is fairly straight forward. Adjusting the 

energy used to cool the column quickly alters the temperature profile of the column 

and the resulting composition profile. The implementation of boilup ratio control for 

bottoms impurity single-ended control solves problems for both the energy and 

material balance aspects of the column. The increase in xylene in the feed 

composition causes additional liquid traffic in the bottom end of column and 

increased bottoms flowrates. At the same time, less heat is required in the column 

due to the higher xylene compositions at the bottom of the colunm. The boilup ratio 

adjusts these two variables well. 

Finally, comparisons of single-ended and dual-ended control of the high 

purity [L,V] configuration demonstrate that controlling both product impurities did 

not significantly degrade the product quality when cyclic feed disturbances are 

present. Figure 4,8 shows the benefit of dual-ended control where less of the 

valuable product is lost to dovmstream processes. Single-ended control causes a 

significant change in the composition of the uncontrolled product. Dual-ended 

control produces more consistent products and allows downstream processes to 

operate with fewer disturbances. 
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CHAPTER 5 

XYLENE/TOLUENE DUAL PI COMPOSITION CONTROL 

This chapter looks at controlling both the overhead and bottom impurities usmg 

PI controllers. Dual-ended control is more difficult than single-ended control due to the 

interaction between the overhead and the bottom control loops via the colunm. This 

chapter begins with a discussion of configuration selection and relative gain array (RGA), 

a technique for finding the proper configuration selection based on steady-state gains. 

RGA does not necessarily determine the best control configuration to implement, so the 

control configurations will be examined with dynamic simulation. The tuning procedure 

used for each configuration is developed. Tests examine the different control 

configurations for their ability to handle setpoint tracking and feed composition 

disturbances. This chapter concludes with discussion of special control cases such as 

feedforward compensation and decouplers. 

5.1 Configuration Selection 

The selection of the control configuration for overhead and bottom impurity 

control has a significant influence on how changes to the column influence product 

purities. Certain control stmctures are better for setpoint changes while others are better 

for disturbance rejection. In addition, some control stmctures are better suited to control 

either the overhead impurity or the bottom impurity. Many authors (Luyben, 1992; 

Shinsky 1984; Skogestad and Morari, 1987) have looked at configuration selection for 

distillation columns. Typically these studies have been done using simplified models of 

distillation columns. These simplified models assume nearly first order dynamics for the 

column and lack detailed examination of tray-to-tray dynamics. This work and Hurowitz 

(1998) look at configuration selection for a variety of distillation columns using rigorous 

dynamic simulations to compare each control stmcture on a variety of distillation 

columns. This work focuses on vacuum distillation columns. 
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5.2 Steady-State Analysis 

5.2.1 RGA Analysis 

Bristol (1963) developed a methodology for determining which manipulated 

variable is appropriate to control a system output when several manipulated variables and 

control variables exist. Bristol's work examined the steady-state gains of a system for 

both closed-loop and open-loop situations. RGA has been used as the basis for 

distillation colunm control configuration selection. As a distillation column typically 

reduces to a 2x2 system (two manipulated variables and two controlled variables), RGA 

examines which control stmctures have significant influence on one another and helps to 

eliminate those control stmctures that are not appropriate for distillation control. The 

RGA calculation for a 2x2 system is easy as only one gain must be calculated for the 

system. The RGA matrix for a 2x2 system has 2 rows and 2 columns and each row or 

colunm of the RGA matrix must sum to 1. If the RGA gain, Xj,, equals 1, the two 

controllers are decoupled and do not interact with each other. 

The steady-state programs used to design the tray-to-tray dynamic simulators for 

each column were modified to find the open-loop and closed-loop gain for each control 

configuration. The overhead manipulated variables (reflux flowrate, distillate flowrate, 

and reflux ratio) are evaluated to find the open-loop gain. A small change from the 

nominal overhead impurity is made and the steady-state simulator calculates the 

necessary manipulated variable value. Thus, the steady-state open-loop gain can be 

calculated between the nominal condition and the new overhead impurity. Similarly, a 

change is made in the bottom impurity specification and a secant search is performed to 

determine the appropriate manipulated variable setting to maintain the overhead impurity 

specification. From this step, the closed-loop gain is found. By using a ratio of the open-

loop gain to the closed-loop gain, the relative gain, A-i i, for the particular configuration is 

calculated. This calculation is repeated using smaller changes to insure a linear RGA 

value is found. A linear RGA value means that the same gain was calculated for both an 

increase in the manipulated variable as well for a decrease in the manipulated variable. 

Typically, very small changes are necessary to obtain linear responses (Luyben, 1987). 

110 



With the RGA value known, the relative gain can be used to assess the control 

configuration best for control. The best configuration is one where changes in one 

manipulated variable affect only the controlled variable that particular manipulated 

variable is responsible for. With an RGA value of 1, this situation is said to exist and the 

control loops are believed to be decoupled. Ideally, a control system that performs in this 

way would be the best configuration to implement for dual-ended control. Yet this 

situation is rarely encountered in real situations. In addition, the RGA calculation is 

based solely on steady-state information and does not take into account the dynamic 

changes that occur in the colunm. As a result, RGA does not necessarily provide 

information for the ideal control configuration selection. 

The following sections discuss the RGA results for each of the differing purity 

columns. The best configurations by RGA will be determined. With analysis of the 

dynamic simulators, the ideal configuration will be found and compared to the steady-

state RGA calculation. 

5.2.2 RGA on Xylene/Toluene Columns 

5.2.2.1 High Purity Column. The high purity column is the base case design 

studied by Kulkami (1995) for PI dual-ended composition control. The results of the 

RGA calculations for the eight configurations under study are summarized in Table 5.1. 

According to the RGA values, the configurations which provide decoupling benefits are 

the [L/D,B] and [L,B] configurations. The [L/D,V/B] is also a good configuration for 

dual-ended control according to the RGA. The [L/D,V/B] (double ratio) configuration 

has good decoupling abilities for setpoint changes, yet it does not perform well for 

disturbance rejection (Kulkami, 1995). Configurations to avoid include [D,V] and [L,V]. 

The [D,V] configuration indicates that the two ends are highly coupled and that slight 

changes to one end of the column will affect the other end strongly. On the [L,V] 

configuration, more manipulated variable action is required to obtain the desired control 

response as RGA predicts the steady-state process gain is lower when all the control 

loops are closed (on-line). As a result, the control loops are coupled. Since vapor 
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Table 5.1: Relative Gain Array for High Purity Xylene/Toluene Column 

Configuration Steady-State RGA (k^^^) Value "^ 

[D,B] 00 

[D,V] 0.10 

[D,V/B] 0.24 

[ L 3 ] 092 

[L/D,B] 0.96 

[L/D,V] 1.54 

[L/D,V/B] m 

[L,V] 3.35 

[L,V/B] 1.37 

flowrates change instantaneously in the column, reboiler heat duty changes quickly 

influence the overhead control loop and a small positive feedback loop is created. 

5.2.2.2 Inverted Purity Column. The inverted purity column is similar to the high 

purity colunm with product impurities of 1000 ppm. The significant change is in the feed 

composition to the colunm. The feed stream has 33 mole percent toluene as opposed to 

67 mole percent toluene for the high purity column. This column studies control where 

the separation load is placed on the bottom of the column to remove toluene impurities in 

the bottom product. 

Table 5.2 shows the calculated RGA values for the inverted purity column. 

Configurations recommended by RGA are the [D,V/B], [D,V] and [L/D,V/B] 

configurations. According to RGA analysis, the [L,B] and [L,V] configurations are poor 

for composition control. Previous experience with the [D,V] and [D,V/B] configurations 

(Kulkami, 1995) indicate these two configurations are not very good for control of the 

high purity colunm. 

5.2.2.3 Low Purity Colunm. For the low purity column, the steady-state process 

gains are higher than those of the high purity colunm. Thus less control action is 

necessary to obtain the desired separation. Table 5.3 shows the ? ,̂, values for the low 
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Table 5.2: Relative Gain Array for Inverted Feed Purity Xylene/Toluene Column 

Configuration Steady-State RGA (k^^) Value 

[D3] ^ 

[D,V] 0.95 

[D,V/B] 0.98 

[ L 3 ] 008 

[L/D,B] 0.13 

[L/D,V] 1.56 

[L/D,V/B] r i 3 

[L,V] 2.66 

[L,V/B] 1.24 

purity column. The control configurations advocated by RGA include the [L/D,V/B], 

[L/D,B], and [L,V/B] configurations. Configurations to avoid include the [D,V] and 

[L,V] configurations. The [D,V/B], [L,B], and [L/D,V] configurations provide marginal 

decoupling. 

5.2.2.4 High/Low Purity Column. The high/low purity column is one of two 

columns that examine separations with different process gains at the ends of the column. 

The overhead product has an impurity of 1000 ppm xylene while the bottom product has 

an impurity of 10,000 ppm toluene. For this column, the [L/D,B], [L/D,V/B] and [L,B] 

configurations offer the best decoupled control according to RGA. The results are 

summarized in Table 5.4. The [D,V], [D,V/B] and [L,V] configuration offer poor 

composition control as the relative gain is close to 0 for [D,V] and [D,V/B]. The [L,V] 

configuration has a high RGA value. 

5.2.2.5 Low/High Purity Colunm. This colunm has a low purity toluene product 

with a 10,000 ppm impurity. As the overhead product has a lower purity, the steady-state 

process gains are higher than those at the bottom of the column. The bottom product is 

high purity xylene. Table 5.5 shows the RGA analysis for the low/high purity column. 

The [L/D,V/B] configuration is the only configuration offering a ?i, „ near unity. The 
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Table 5.3: Relative Gain Array for Low Purity Xylene/Toluene Column 

Configuration Steady-State RGA (X̂  Q Value 

[D,V] 0.27 

[D,V/B] 0.67 

[L,B] 0.83 

[L/D,B] 0.94 

[L/D,V] 1.22 

[L/D,V/B] 1.03 

[L,V] 2.23 

[L,V/B] 1.11 

Table 5.4: Relative Gain Array for High/Low Purity Xylene/Toluene Column 

Configuration Steady-State RGA (k^ i) Value 
' rD,B] - - - — — — — ^ 

[D,V] 0.11 

[D,V/B] 0.30 

[LJB] 093 

[L/D,B] 0.98 

[L/D,V] 1.15 

[L/D,V/B] 1.04 

[L,V] 2.43 

[L,V/B] 1.21 

[L,V/B] is the next best configuration. The [L,V], [L/D,V] and [D,V] configurations are 

not recommended for control by RGA. 

5.2.2.6 RGA Summary. As the RGA analysis shows, most columns favor using 

the [L/D,V/B] configuration for dual-ended composition control. For a few cases, the 
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Table 5.5: Relative Gain Array for Low/High Purity Xylene/Toluene Column 

Configuration Steady-State RGA (A,i i) Value 

[D,B] 00 

[D,V] 0.50 

[D,V/B] 0.77 

[ L 3 ] 058 

[L/D,B] 0.65 

[L/D,V] 2.24 

[L/D,V/B] U 9 

[L,V] 4.03 

[L,V/B] 1.28 

[L,V/B] configuration could also be used. The [D,V] and [L,V] configurations are not 

favored except for the case of the inverted purity column which favors using [D,V] as its 

relative gain is near unity. Steady-state RGA is known not to yield the best control 

configuration selection for columns (Morari, 1983; Skogestad et al, 1990; Guay et al, 

1997). Kulkami's work (1995) indicated that RGA analysis for the high purity 

xylene/toluene column did not yield the best selection method for dual-ened control 

configuration selection. 

5.2.3 Other Configuration Selection Methods 

As RGA examines only steady-state information, dynamic effects are ignored and 

the coupled nature of a distillation column requires that process dynamics play a role in 

selecting configurations for dual-ended control. McAvoy (1981) examined configuration 

selection using Dynamic RGA (Bristol, 1978). Dynamic RGA requires transfer fiinctions 

relating the manipulated variables to the control variables. With this information, a 

calculation similar to the steady-state RGA analysis is made for a variety of frequencies. 

The draw back to this design is the number of transfer ftmctions that must be found. For 

each control configuration (up to nine configurations based on the three variables used for 
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overhead control and the three variables for bottom control), four transfer functions must 

be found. This requires a large amount of process testing or simulation of the column. 

Typically, control configurations are determined before the column is put into service, so 

little information is available on the column's dynamics. As with the steady-state RGA, 

dynamic RGA's near 1 indicate decoupled control. 

Another technique for configuration selection was developed by Skogestad et al 

(1991). Closed Loop Disturbance Gain (CLDG) examines the interaction of the control 

loops for disturbances when all the control loops are on-line. Thus, changes in the 

control loops and the disturbance itself influence the calculation. Configurations with 

low CLDG gains are favored. As with Dynamic RGA, the process dynamics must be 

modeled. In addition, dynamic models of feed composition disturbances or other 

disturbances must be known. CLDG was performed on the high purity column and found 

the reflux configurations were preferred for overhead impurity control. No conclusive 

configuration was found for bottom impurity control. 

The following work will examine columns in a dynamic sense to compare the 

control stmctures for their abilities to handle setpoint changes and feed disturbances. 

Each control configuration will be compared based on lAE results to ftirther quantify the 

advantages of one configuration over another. This will provide a direct comparison 

between steady-state RGA and actual dynamic behavior to determine whether RGA is an 

effective design tool for selecting control configurations. 

5.3 Dual-Ended PI Composition Controller Tuning Approach 

Dual-ended composition tuning for the overhead and bottom control loops was 

similar to the technique developed for the single-ended control studies in Chapter 4. As 

with the single-ended control studies, the tuning of the two individual control loops is 

important. With dual-ended control, additional interaction results from changing one end 

of the column. The interaction increases the difficulty to obtain satisfactory control on 

both products. Thus, any tuning procedure that is implemented must provide robust 

control for setpoint changes and process disturbances. 
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With single-ended control, one ATV test was performed on the manipulated 

variable controlling the composition under investigation, and the ATV test generated the 

necessary ultimate gain and period for the control loop. With dual-ended control, an 

additional ATV test is performed to determine the necessary parameters for the other 

composition control loop. Tyreus-Luyben tuning parameters are calculated for each 

control loop based on the ATV results. At this point, only the detuning factor must be 

found. One detuning factor is applied to both controllers. Detuning on the columns is 

performed by implementing 50%) setpoint changes to both ends of the columns. These 

changes are performed separately on each end of the column in a combined test of the 

overhead and bottom control loops. A sufficient amount of time separates each setpoint 

change in order for the process to reach setpoint. Thus, the detuning factor depends on 

the setpoint tracking and disturbance rejection abilities of the control loop. Table 5.6 

summarizes the detuning test that was performed on all the xylene/toluene columns. 

The optimum detuning factor was found by miming the test described in Table 5.6 

with different detuning factors. Typically the first detuning factor employed was 2.0, and 

the detuning factor was adjusted in 0.1 increments to find the minimum lAE. The sum of 

the overhead and bottom lAE was recorded for each mn. Additional runs were performed 

until the minimum sum lAE was found. For systems where the impurity specification 

differed in magnitude, the lAE resuhs were scaled to equate the lAEs prior to summing. 

In addition to the lAE results, another important criteria for determining the proper 

detuning factor was manipulated variable control action. If the control system 

excessively moved the manipulated variables, the detuning factor was increased. A 

higher detuning factor was used that balanced lAE results and oscillatory responses. The 

[L,V] configuration is one control configuration that typically required the use of a higher 

detuning factor than the factor corresponding to the minimum lAE. Once the correct 

detuning factor was found, each colunm was subjected to tests to evaluate the setpoint 

and feed composition disturbance characteristics of each control stmcture. 
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Table 5.6: Dual-Ended Detuning Test for All Xylene/Toluene Columns 

Test Time (min) 
10 

400 

1200 

2000 

2500 

3200 

4000 

Setpoint Change from nominal impurity 

5.4 

+50%) overhead impurity 

-50%) overhead impurity 

nominal overhead impurity 

+50%) bottoms impurity 

-50% bottoms impurity 

nominal bottoms impurity 

end test 

High Purity PI Control Results 

The base-case, high purity column was studied by Kulkami (1995). His work was 

reproduced using the Tyreus-Luyben (1992) tuning factors instead of Ziegler-Nichols 

(1942) tuning parameters. Discussions of the high purity results are separated into 

sections dealing with setpoint tracking where the overhead and bottom impurity setpoints 

are changed in separate tests. Discussion of the results for feed composition disturbances 

follows that section. Finally, a summary of the results for the high purity xylene/toluene 

column will be made. Table 5.7 shows the tuning results for the high purity column. 

5.4.1 Setpoint Tracking 

Setpoint control performance was evaluated using the tests in Table 4.2. For Test 

1, configurations that utilized the reflux ratio for overhead impurity control had the 

lowest overhead lAE resuhs. Configurations that had minimal bottoms lAE were those 

configurations using the boilup ratio. In addition, the [L,V/B] configuration provided the 

lowest lAE results for both products. Overall, the [L,V/B] provided the best control. The 

double ratio configuration also performed quite well for overhead impurity setpoint 

testing. The [D,V] configuration performed poorly for this test with a sum lAE score that 

is roughly seven times worse than [L,V/B] result. Finally, the [L,V] configuration did not 

perform well for either product. 
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Table 5.7: Tyreus-Luyben Tuning Parameters for the High Purity Xylene/Toluene 
Colunm 

Configuration 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 
'Gains for overh 

Overhead 
Controller 

Gain' 

1674.08 

924.20 

2532.92 

395.42 

263.61 

395.42 

1405.42 

2304.88 
lead manipula 

Loop 
Reset Time 

(min) 

88.0 

132.0 

44.0 

66.0 

99.0 

66.0 

88.0 

66.0 
ted variables: 

Bottom 
Controller 

Gain' 

13866396.40 

8003615.71 

703.84 

782.15 

14247728.14 

4001807.79 

7849988.07 

5335755.58 

Loop 
Reset Time 

(min) 

66.0 

88.0 

83.61 

88.0 

66.0 

44.0 

88.0 

88.0 

Detuning 
Factor 

1.5 

1.5 

1.1 

1.3 

0.9 

1.0 

1.3 

07 
distillate and Reflux are in kgmol/min. 

Reflux ratio is in units of (ratio)/(mole fraction). 
'Gains for bottom manipulated variables: Bottoms gain is kgmol/min, Reboiler heat duty 
is kcal/min, and the boilup ratio is in units of kcal/kgmol. 

Figures 5.1 through 5.3 show the dynamic responses for the overhead and bottom 

impurities for each control configuration. The [L,V/B] configuration had less overshoot 

for overhead impurity changes and less deviation from setpoint for the bottom impurity 

than the other control configurations. Also, the double ratio configuration performed well 

for this test. [D,V] (Figure 5.1), [L,V] (Figure 5.2) and [L/D,V] (Figure 5.3) experienced 

a dramatic deviation from setpoint in the bottom impurity when the overhead setpoint 

changed from 1500 ppm to 500 ppm. Configurations implementing the bottoms flowrate 

or the boilup ratio experienced far less deviation. Figure 5.2 shows the interaction that is 

common with the [L,V] configuration. At 450 minutes the bottom control loop adds 

more reboiler heat duty. This increases the vapor flow in the column and raises the 

overhead impurity. This is the drawback of the energy configuration as the control loops 

interact. Overall, the [L,V/B] configuration provided the best control results. 
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Table 5.8: lAE Results for the High Purity Column - Setpoint Tracking 

Test Case Control Stmcture 

1 [D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

2 [D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAE 
xlO' 
11.9 

9.50 

5.38 

4.47 

4.53 

4.28 

6.81 

4.03 

5.02 

7.57 

2.60 

0.366 

0328 

0.279 

2.59 

1.78 

Bottoms lAE 
xlO' 
26.3 

2.47 

5.04 

5.50 

6.77 

1.49 

11.3 

1.37 

12.69 

6.39 

6.46 

6.12 

4.85 

8.99 

7.45 

5.22 

SumlAExlO' 

38.2 

12.0 

10.4 

9.97 

11.3 

5.77 

18.1 

5.40 

17.0 

14.0 

9.06 

6.49 

5.18 

9.27 

10.0 

7.00 

For Test 2, Table 5.8 shows that the [L/D,V] configuration had the lowest 

combined lAE score. Only the [L,V/B] configuration performed as well for the bottom 

setpoint tracking test. Configurations that implemented reflux ratio control for overhead 

impurity had the smallest deviations from setpoint. For controlling the bottom 

composition, not one manipulated variable provided a reliable choice for control. As 

with Test 1, the [D,V] configuration performed poorly. The [L,V] configuration had 

average performance of all eight configurations studied. 
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Figure 5.1: Test 1 High Purity Results for [D,V] and [D,V/B] Configurations 
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Figure 5.2: Test 1 High Purity Results for [L,B], [L,V] and [L,V/B] Configurations 
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Figure 5.3: Test 1 High Purity Results for [L/D,B], [L/D,V] and [L/D,V/B] 
Configurations 
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Figures 5.4 through 5.6 show the dynamic responses for the eight configurations 

under study. Figure 5.4 shows that the [D,V/B] configuration loosely controls the 

overhead impurity and allows more deviation from setpoint than the remaining seven 

configurations. Both [D,V] and [D,V/B] exhibit oscillatory behavior in their control 

which is acceptable within our tuning criteria as this is the minimum lAE for the detuning 

test. Distillate control does not provide good disturbance rejection for bottom impurity 

setpoint changes. The [D,V/B] configuration performs better than [D,V] for bottom 

impurity setpoint tracking. Figure 5.5 shows the results for using reflux to control the 

overhead impurity while changing the bottom impurity manipulated variable. The 

overhead impurities have nearly the same peak when the bottom impurity setpoint goes 

from 1500 ppm to 500 ppm. The [L,V/B] conflguration settles much faster and has less 

deviation from setpoint than the other conflgurations shown. For bottom impurity 

control, [L,V] is slower retuming to the setpoint. In addition, interaction between the top 

and bottom of the column is evident due to the change in direction in the bottom impurity 

before reaching setpoint. Finally, Figure 5.6 shows the [L/D,V] configuration. This 

configuration performs best in terms of lAE for Test 2. For both the overhead and 

bottom impurity responses, [L/D,V] settles in less time and has less overshoot than the 

[L/D,B] configuration. [L/D,V/B] has the lowest overshoot, yet this configuration has 

longer settling times. Reflux ratio control of the overhead impurity has less deviation 

from setpoint than the reflux configurations did when Figures 5.5 and 5.6 are compared. 

[L/D,V] performs better than [L,V/B] as it has shorter settling times for both composition 

loops. [L/D,V] also has less deviation from setpoint. 

5.4.2 Unmeasured Disturbance Rejection 

Two disturbance tests are performed on each of the control configurations. The 

first test is described in Table 4.2 as Test 3 which subjects the colunm to decrease of 5 

mole percent of toluene in the column feed. As a resuh, the bottoms product flowrate 

increases. Table 5.9 summarizes the resuhs for Test 3 on the high purity column for the 

configurations tested. For feed composition disturbance rejection, the [L,V/B] 
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Figure 5.4: Test 2 High Purity Resuhs for [D,V] and [D,V/B] Configurations 
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Figure 5.5: Test 2 High Purity Resuhs for [L,B], [L,V] and [L,V/B] Configurations 
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Figure 5.6: Test 2 High Purity Results for [L/D,B], [L/D,V] and [L/D,V/B] 
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Table 5.9: lAE Results for the High Purity Colunm - Feed Composition Disturbance 

Configuration 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAEx 10' 
10.6 

28.6 

3.78 

2.74 

2.88 

1.60 

2.74 

1.00 

Bottom lAE x 
10.6 

15.9 

15.4 

17.5 

3.70 

10.6 

15.8 

5.21 

10' SumlAExlO' 
21.2 

44.6 

19.2 

20.2 

6.58 

12.2 

18.6 

6.21 

configuration also performs very well. For overhead impurity control, the double ratio 

configuration does a good job of rejecting the disturbance on the overhead impurity, but 

this configuration does not do well for the bottom impurity. As with the setpoint tests, 

the [D,V] and [D,V/B] configurations perform poorly. 

Figures 5.7 through 5.9 show the impurity responses for Test 3 on each 

configuration. Figure 5.7 shows the results for distillate control of the overhead impurity. 

Significant deviation takes place in the [D,V/B] configuration in both product 

compositions. The increase in the bottom impurity level is quite common for the bottom 

impurity control loops. The major difference between the bottom loops is how quickly 

the system retums to setpoint as well as the degree of deviation that occurs. The [L,V/B] 

configuration is slower than the double ratio configuration [L/D,V/B] in retuming to the 

setpoint. Yet, the double ratio configuration has a significant amount of deviation. 

[L,V/B] retums the system to setpoint by not overshooting the bottom impurity setpoint 

at 200 minutes. [D,V/B] also performs similarly, but this configuration is much slower. 

The one control configuration that does not have the significant deviation in the bottom 

impurity is [L/D,V] has shown in Figure 5.9b. This configuration quickly retums to die 

bottom impurity setpoint 200 minutes after the disturbance affects the column. The 

overhead impurity requires 700 minutes to settle out. [L,V/B] and [L/D,V/B] perform 
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Figure 5.7: Test 3 High Purity Results for [D,V] and [D,V/B] Configurations 
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Figure 5.9: Test 3 High Purity Results for [L/D,B], [L/D,V] and [L/D,V/B] 
Configurations 

131 



similarly for overhead impurity control with shorter settling times and less deviation from 

setpoint. In summary, the [L/D,V] and [L,V/B] perform the best in terms of lAE and 

control reactions for Test 3. 

In addition to the feed composition disturbance test, the control configurations 

were tested with a cyclic feed composition disturbance discussed in Section 4.3.1.1 

Figure 5.10 shows a composite graph of the overhead amplitude ratios for all the control 

configurations. The [D,V] and [D,V/B] configurations easily stand out on the graph with 

the highest amplitude ratios compared to the remaining six configurations. In Tests 1, 2 

and 3, these configurations did not perform well nor does the RGA analysis for these 

configurations favor their implementation. The [L,B] configuration performed well for 

low frequency (long period) disturbances but was removed due to high amplitude ratios at 

moderate frequencies. Figure 5.11 shows the four configurations with the 4 lowest 

amplitude ratios. These configurations were chosen as they had the lowest amplitude 

ratios for most of the frequencies studied. For moderate frequencies, the [L,V] 

configuration has the lowest amplitude ratios. The double ratio configuration also 

performed well in the middle frequencies. For periods longer than 320 minutes, the 

[L,V/B] configuration had the lowest amplitude ratios. 

Figure 5.12 shows a composite graph of bottoms amplitude ratios for all the 

control configurations. The configuration that stands out as a poor performer is [D,V]. 

The double ratio configuration also has a high amplitude ratio yet performs well for 

longer periods. The [L/D,V] has the lower amplitude ratios for moderate and low 

frequencies. Figure 5.13 examines the four configurations with the lowest amplitude 

ratio for most frequencies. The [L/D,V] configuration performs well for periods longer 

than 160 minutes. The [L,V] configuration handles moderate frequencies well and 

compares well with the remaining best configurations. The [L,V/B] and [L/D,B] 

configurations are the remaining four 'best' configurations and perform similarly to [L,V] 

at low frequencies. 
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5.4.3 Discussion of Results 

For normal plant situations, setpoint changes typically do not take place. As a 

result, emphasis on the testing should be placed on the configuration's ability to reject 

disturbances. In terms of step changes in the feed composition, the [L,V/B] and [L/D,V] 

configurations performed very well. The [L,V/B] configuration worked best for overhead 

impurity control while [L/D,V] worked well for bottom impurities. For the cyclic feed 

disturbance tests, the [L/D,V] configuration worked well for bottom impurity, yet it was 

not a good configuration for overhead impurity. A configuration that worked well for all 

the tests performed was the [L,V/B] configuration. For setpoint changes in both products 

and feed composition changes, this configuration was a top performer. The [L,V] 

configuration performed well for cyclic feed disturbances by being able to immediately 

change the energy balance in the column. Yet, its performance for step-changes in feed 

composition was poor. [L,V/B] provided better control of both product compositions. 

RGA had predicted the double ratio and the [L,V/B] configurations as the best to 

implement. Yet the closed-loop disturbance tests found that the [L/D,V/B] configuration 

was not a good choice for bottom impurity control. The [L,V/B] configuration does 

perform well on both ends of the column. The [L/D,B] configuration was favored as a 

control configuration by RGA and was one of the best configurations for cyclic 

disturbance rejection. The [L,B] configuration was not a good choice from dynamic 

testing. 

Some correlation exists between the Test 3 results and the cyclic rejection tests. 

For overhead impurity control, [L,V/B] has the lowest lAE result and is a good 

configuration in the cyclic resuhs. The [L/D,V/B] configuration also performs well in 

both tests. The [L/D,V] configuration has the lowest bottom lAE for Test 3 and is a 

favored configuration for bottom impurity cyclic disturbance rejection. The [L,V/B] 

configuration performs well for both tests, too. This is the favored composition control 

configuration for the high purity column. 
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5.5 Low Purity PI Control Results 

This column has higher steady-state gains at each end of the colunm than the high 

purity column. Thus, lower controller gains are needed as manipulated variable changes 

have more influence on the colunm. Like the high purity colunm, the colimm was ATV 

tuned as described in Section 4.2, and the appropriate detuning factor was found. The 

tuning parameters for the PI controllers in each configuration are summarized in Table 

5.10. The gains for this column are roughly one-tenth of those used in the high purity 

column. Configurations that perform poorly on the high purity column are detuned 

significantly for the low purity column. 

Table 5.10: Tyreus-Luyben Tuning Parameters for the Low Purity Xylene/Toluene 
Colunm 

Configuration 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead 
Controller 

Gain' 

148.17 

57.75 

373.13 

50.85 

22.84 

23.98 

126.01 

225.80 

Loop 
Reset Time 

(min) 

88.0 

132.0 

44.0 

110.0 

88.0 

88.0 

88.0 

66.0 

Bottom 
Controller 

Gain' 

2154987.4 

973069.3 

73.55 

24.69 

1572050.2 

608168.34 

569216.25 

557303.3 

Loop 
Reset Time 

(min) 

44.0 

66.0 

88.0 

88.0 

66.0 

88.0 

110.0 

66.0 

Detuning 
Factor 

1.7 

1.2 

1.1 

1.2 

09 

07 

0.7 

0.7 

'Gains for overhead manipulated variables: Distillate and Reflux are in kgmol/min. 
Reflux ratio is in units of (ratio)/(mole fraction). 
'Gains for bottom manipulated variables: Bottoms gain is kgmol/min, Reboiler heat duty 
is kcal/min, and the boilup ratio is in unhs of kcal/kgmol. 
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5.5.1 Setpoint Tracking 

The low purity column was subjected to the step tests described in Table 4.2 to 

evaluate the performance of the control stmctures for a variety of setpoints and feed 

composition changes. Table 5.11 summarizes the lAE setpoint change results. As the 

low purity column has the same impurity magnitudes in each product and these products 

are considered of similar value, the sum of the lAEs provides a good measure of the 

overall performance of the control stmcture. For Test 1, Table 5.11 shows that the 

lowest lAE values for the overhead impurity loop are found for the [L,V/B], [L,B] and 

[L/D,V/B] configurations. Most of the other configurations have lAE results that are 1.5 

times higher. For the bottom impurity control, [D,V/B], [L,V/B] and [L/D,V/B] provide 

the lowest lAE values. Overall, the [L,V/B] and [L/D,V/B] configuration perform best 

for both control loops. 

Figures 5.14 through 5.16 show the impurity responses for Test 1 on the low 

purity colunm. The [D,V] configuration shown in Figure 5.14 performs poorly for 

bottom impurity control. The [L,V] configuration in Figure 5.15 also displays poor 

bottom impurity control due to control loop interaction. While not as aggressive as the 

[L,V/B] configuration for overhead impurity control, the [L/D,V/B] configuration has 

very good bottom impurity control. For overhead impurity control, the reflux 

configurations provide the tightest control of all the configurations tested, but the [L,V] 

configuration has problems with interaction between the overhead and bottom control 

loops. The reflux ratio configurations also perform well for this test. 

For Test 2, configurations that held the overhead impurity near setpoint best are 

configurations using reflux ratio for overhead impurity control. At the other end of the 

column, the implementation of boilup ratios have better lAE results. The [L/D,V] has the 

second best lAE value for the bottom impurity loop. Overall, the [L/D,V] configuration 

produces the best setpoint tracking results. The [D,V] configuration performs poorly for 

setpoint tracking tests. Figures 5.17, 5.18 and 5.19 show the responses for the overhead 

and bottom impurities due to bottom impurity setpoint changes. Figure 5.17 shows that 

the [D,V/B] configuration has good control of the bottom impurity compared to [D,V], 
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Table 5:11 lAE Results for the Low Purity Column - Setpoint Tracking 

Test 
1 

2 

Stmcture 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAEx 10' 
68.0 

62.9 

29.7 

50.6 

47.9 

33.0 

91.2 

26.9 

43.2 

60.2 

11.2 

1.62 

2.44 

2.12 

10.7 

11.7 

Bottom lAEx 10' 
103.4 

10.6 

35.8 

95.0 

49.8 

10.6 

206.1 

12.0 

84.2 

43.7 

49.0 

81.6 

43.5 

45.9 

46.6 

38.9 

SumlAExlO' 
171.4 

73.5 

65.5 

145.6 

97.7 

43.6 

297.3 

38.9 

127.4 

103.9 

60.2 

83.2 

45.9 

48.0 

57.3 

50.6 

but [D,V/B] performs worse for overhead impurity control. Comparing Figure 5.17 with 

Figures 5.18 and 5.19 shows that neither of these configurations perform as well as the 

reflux or reflux ratio overhead impurity control configurations. 

Figure 5.18 shows configurations using reflux to control the overhead impurity. 

[L,V] performs well for this group. Yet, when compared with reflux ratio control (Figure 

5.19), the reflux configurations allow more variation in the overhead product. [L/D,V] is 

tuned too aggressively to control the overhead impurity and provides acceptable control 

for the bottom composition loop. The [L/D,B] configuration has a long settling time for 

both an increase and decrease in the bottom impurity setpoint. Interaction between the 

overhead and bottom composition loops is evident for [L,V] as the bottom impurity 
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Figure 5.14: Test 1 Low Purity Results for [D,V] and [D,V/B] Configurations 
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setpoint decreases from 1500 ppm to 500 ppm. Overall, [L/D,V] performs best despite 

more overshoot. It has shorter settling times and the lowest sum lAE score. 

5.5.2 Unmeasured Disturbance Rejection 

The low purity column control configurations were examined for feed 

composition disturbances rejection capabilities by decreasing the feed toluene 

composition by 5 mole percent and by cycUc feed composition disturbances. For Test 3, 

lAE resuhs are shown in Table 5.12. Overhead impurity control is best using [L,V/B] 

and [L,V] which have the minimum lAEs for this test. Bottom impurity control is best 

with the [L/D,V], [L,V/B] and double ratio configurations. [L,V] provides average 

control of the bottom impurity. For both products composition control, the [L,V/B] 

configuration has the lowest sum lAE results. [D,V], [D,V/B] and [L/D,B] perform 

poorly for controlling the overhead composition. 

Figures 5.20 through 5.22 show Test 3 resuhs for the eight configurations on the 

low purity colunm. Figure 5.20 shows that the [D,V/B] configuration does not provide 

adequate control of the overhead impurity. Both distillate overhead impurity control 

configurations have long settling times and less aggressive control. [L,V/B] performs 

very well with a small deviation from setpoint and quickly retums to setpoint. [L/D,V/B] 

Table 5.12: lAE Results for the Low Purity Column - Feed Disturbance Rejection 

Configuration 
P,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAEx 10' 
156.5 

298.3 

18.2 

525.6 

32.8 

19.0 

107 

7.57 

Bottom lAEx 10' 
71.8 

61.0 

132.9 

741.2 

22.5 

43.3 

92.6 

35.5 

SumlAExlO' 
228.3 

359.3 

151.1 

1266.8 

55.3 

62.3 

103.3 

43.1 
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performs similarly to [L,V/B] for bottom composition control, yet it does not control the 

overhead impurity well. 

Figure 5.22 shows a problem that was encountered only one other time in the 

course of these studies. The [L/D,B] configuration floods the colunm in simulation. The 

increase in xylene in the feed causes an unusually large amount of liquid to build up in 

the reboiler and lower trays of the column. As a result, reboiler heat duty increases 

dramatically to lower the reboiler level. The additional energy drops the bottom 

impurity. The resulting increase in vapor traffic causes the overhead accumulator to fill 

and alters the reflux ratio. While the overhead impurity does not deviate as bad as 

[D,V/B] does in Figure 5.20, the overhead impurity controller stmggles to handle the 

increased level and impurities. As a result, the level controls fail and floods the column. 

This test has been reran with the feed decrease of 4.0 mole percent toluene, and the 

[L/D,B] configuration successfiilly handled this test. Smaller toluene feed composition 

disturbances performed better for this configuration. Figure 5.22 also shows that the 

[L/D,V] configuration performs very well for bottom impurity control when the feed 

composition changes. [L,V/B] does perform better than [L/D,V] for overhead impurity 

control, though. 

For sinusoidal feed disturbances to the column. Figure 5.23 shows that the [D,V] 

and [D,V/B] configuration have the highest amplitude ratios. The remaining six 

configurations have similar results. The four best configurations are shown in Figure 

5.24. The [L,V/B] and [L,V] configurations have the lowest amplitude ratios for 

overhead impurities. [L,V] peaks slightiy higher than the other three 'best' 

configurations but performs comparably to the [L,V/B] configuration. [L,V/B] has the 

lowest amplitude ratio for the overhead impurity. Figure 5.25 shows the amplitude ratio 

for the bottom impurity products. The [L/D,B] and [D,V] configuration both have high 

amplitude ratios. [L,B] also stands out from the remaining configurations. Figure 5.26 

shows the 'best' configurations for the bottom impurity control loop. The [L/D,V] 

configuration has good responses for most of the frequencies studied. [L,V/B] performs 

well and has the lowest peak amplitude ratio of the four best configurations. Overall, 
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[L,V/B] provides the best cyclic disturbance rejection capabilities for the configurations 

studied. [L,V] also performs well despite not performing well for the feed composition 

step-change. 

5.5.3 Discussion of Results 

Overall, the [L,V/B] configuration provides the best results for setpoint tracking 

and feed disturbance rejection. With the exception of overhead impurity control for the 

bottoms impurity setpoint test, this configuration has the lowest lAE results for setpoint 

changes as well as for feed composition step-changes. In terms of the cyclic feed 

disturbances, [L,V/B] performs the best for both ends of the column. [L,V] performs well 

for cyclic tests, but it is not satisfactory for feed disturbance rejection and setpoint 

changes. Thus, for the low purity column, implementing the [L,V/B] configuration 

provides good composition control. 

RGA analysis favors using the double ratio configuration and it is a good 

configuration for step and cyclic feed composition disturbances. Yet, the [L,V] 

configuration has smaller overhead amplitude ratios than [L/D,V/B]. RGA predicts [L,V] 

to be a poor configuration which was tme for Tests 1, 2 and 3, but [L,V] was good for 

cyclic disturbances. The [L,V/B] configuration is the best configuration for all the tests 

performed and has a relative gain near 1. RGA does provide some clue as to which 

configuration to implement, but RGA discounts configurations that may have good 

disturbance rejection abilities. 

Configurations with lower overhead lAE results in Test 3 also perform well in the 

cyclic disturbance tests. [L,V/B], [L,V] and [L/D,V/B] have lower overhead lAE results. 

Comparing the bottom control results for both disturbance tests finds agreement for 

selecting the [L/D,V], [L,V/B] and [L/D,V/B] configurations. But, the [L,V] 

configuration performs poorly in Test 3 and is a good configuration in cyclic testing. 

Thus, feed composition step test results provide insight into configurations with good 

cyclic disturbance abilities. 
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5.6 High/Low Purity PI Control Results 

The high/low purity column measures the ability of the dual-ended control system 

to handle different product impurity specifications. For this column, the overhead 

product has a impurity specification of 1000 ppm xylene while the bottom of the column 

has a product with 10,000 impurity of toluene. As a result, the overhead impurity control 

loop has a higher controller gain and experiences more steady-state nonlinearity than the 

other end of the colunm. ATV tuning and detuning produced the controller parameters 

shown in Table 5.13. The controller gains for this column are similar to those found for 

the overhead control loop on the high purity column and the bottom control loop of the 

low purity colunm. 

Table 5.13: Tyreus-Luyben Tuning Parameters for the High/Low Purity Xylene/Toluene 
Column 

Configuration 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

'Gains for over 

Overhead 
Controller 

Gain' 
1238.2 

859.5 

2533.8 

279.95 

288.99 

396.38 

1409.4 

2232.1 

lead manipulat 

Loop 
Reset Time 

(min) 
110.0 

132.0 

44.0 

88.0 

88.0 

66.0 

88.0 

66.0 

ed variables: Di 

Bottom 
Controller 

Gain' 
1133683.7 

996113.3 

81.29 

59.76 

1548861.0 

851052.3 

872413.8 

717671.4 

Loop 
Reset Time 

(min) 
66.0 

66.0 

88.0 

110.0 

66.0 

66.0 

88.0 

66.0 

stillate and Reflux are in kgmol 

Detuning 
Factor 

1.5 

1.5 

1.0 

08 

1.0 

1.0 

1.0 

07 

/min. 
Reflux ratio is in units of (ratio)/(mole fraction). 
'Gains for bottom manipulated variables: Bottoms gain is kgmol/min, Reboiler heat duty 
is kcal/min, and the boilup ratio is in units of kcal/kgmol. 

153 



5.6.1 Setpoint Tracking Results 

Setpoint tracking on this column utilized the tests described in Table 4.2. For 

Test 1, Table 5.14 shows that the [L,V/B], the [L/D,V/B], the [L/D,B] and the [L/D,V] 

configurations perform very well for overhead impurity control indicating that the reflux 

ratio works well for overhead impurity setpoint tracking. This result is similar to the 

resuhs for the high purity column. [L,V/B], [D,V/B] and [L/D,V/B] provide the best 

bottom impurity control. Thus, the best configurations use the boilup ratio for bottom 

impurity control. Overall, the double ratio and [L,V/B] configuration provide the best 

control for Test 1. Figures 5.27 through 5.29 present the dynamic responses for the 

overhead and bottom impurity responses for Test 1. Figure 5.27 shows the results for 

situations where the overhead impurity is controlled by the distillate flowrate. For this 

configuration, the [D,V] conflguration provides poor control of the bottoms impurity. 

The control is rather 'rolling' in that the composition varies significantiy and is not 

brought back to setpoint quickly. [D,V/B] provides very good disturbance rejection for 

the bottoms impurity when the overhead impurity setpoint changes. It has one of the 

lowest bottom lAEs. [D,V/B]'s ability to control the overhead impurity is better than 

[D,V], but other configurations have better control results. 

The [L,V] configuration (Figure 5.28) shows interaction between the overhead 

and bottom control loops. The increase in overhead impurity occurs due changes in the 

reboiler heat duty whenthe overhead setpoint changes from 1500 ppm to 500 ppm. This 

effect has been shown in the previous two colunms. [L,V/B] performs well for Test land 

has significantly less deviation than the other reflux configurations. When compared 

with [L/D,V/B] (Figure 5.29), [L,V/B] has less overshoot and comparable settling times. 

[L/D,V] does not perform well for bottom impurity control. 

Test 2 found that using reflux ratio for overhead impurity control provided the 

lowest overhead lAEs. For bottom impurity setpoint changes, implementing the double 

ratio and [L/D,V] configurations gave better lAE results for both products. The [D,V/B] 

and [L,V/B] configurations also performed well for bottom impurity control. The [D,V] 

configuration's bottom impurity lAE was more than double the other configurations. 
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Table 5.14: lAE Results for High/Low Purity Column - Setpoint Tracking 

Test Configuration 
1 [D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

2 [D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAEx 10' 
12.94 

8.64 

5.64 

4.50 

4.63 

4.48 

5.80 

4.08 

5.59 

7.43 

2.66 

036 

0.33 

0.29 

2.20 

2.09 

Bottoms lAEx 10' 
216.4 

11.03 

45.01 

48.84 

63.92 

11.20 

81.14 

10.78 

120.7 

46.91 

56.44 

49.46 

42.39 

41.92 

57.84 

46.28 

Overall, choosing the reflux ratio configurations provided adequate control for bottom 

impurity setpoint changes. 

Figure 5.30 shows that the [D,V/B] configuration gave good responses to changes 

in the bottom impurity setpoint. The system settled quickly with little overshoot. This 

configuration did not perform well for overhead impurity control (Figure 5.30a), though. 

[D,V], despite being slower at settling at the setpoint, performed better. [D,V] was a slow 

configuration for bottom impurity control as well. [L,V/B] (Figure 5.31) gave shorter 

settling times despite some overshoot. It also had lower lAE resuhs. [L,B] provided 

satisfactory control but was not as aggressive as the other configurations. On Figure 

5.32, the reflux ratio configurations for overhead impurity control had good control 
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results. Response curves for both the overhead and bottom impurity loops were quite 

similar. [L/D,V] appeared to be more aggressive although the lAE results for the 

[L/D,V/B] configuration are lower for both product streams. For this test, [L/D,V/B] 

performs the best. 

5.6.2 Unmeasured Disturbance Rejection 

Only the [L/D,V] configuration stood out with low lAE results (Table 5.14) when 

the column was subjected to a 5 mole percent decrease in toluene fed to the column. The 

other configurations had poor bottoms impurity control in relation to [L/D,V]. For 

overhead impurity control, the [L/D,B] configuration had the lowest lAE. [L,V] and 

[L,V/B] provide good control of the bottom impurity yet had average results for the 

overhead impurity. Table 5.15 shows the remaining data for the feed disturbance test. As 

with other colunms, the [D, V] configuration was the worst performer for step changes in 

the disturbance. 

Figures 5.33 through 5.35 show the resuhs for changing the toluene composition 

fed to the column. The [D,V] configuration performed poorly as discussed above. The 

[D,V/B] performed much better than [D,V]. Figure 5.34 shows the reflux configurations. 

Table 5.15: lAE Resuhs for High/Low Purity Column - Feed 
Composition Disturbance 

Configuration 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead IAEx 10' 
18.1 

6.21 

1.60 

0.36 

0.56 

1.62 

0.87 

0.90 

Bottoms I AEx 10' 
121.3 

21.3 

98.6 

21.5 

7.89 

49.2 

77.3 

28.6 
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[L,B] performed poorly in comparison to [L,V] and [L,V/B]. [L,V/B] was the more 

aggressive controllers as it had shorter settling times than [L,V] for bottom impurity 

control. For overhead impurity control, the [L,V] configuration was slightly better. 

Figure 5.35 shows the configurations utilizing reflux ratio control at the top of the 

column. The double ratio configuration stands out as the poor performer and supports 

Kulkami's conclusion that the double configuration is able to decouple the ends of the 

colunm for setpoint changes but performs poorly for disturbances. The [L/D,V] 

configuration had better bottoms impurity control and is similar to the [L/D,B] 

configuration for overhead control. 

Sinusoidal feed composition testing was performed on the high/low purity 

column. Results for the overhead impurity loop are shown in Figure 5.36 for all the 

control configurations tested. The [D,V] and [D,V/B] configurations stand out as poor 

choices for this type of disturbance due to their high amplitude ratios. The remaining 

configurations have similar results. Figure 5.37 looks at the 'best' four configurations for 

this column. The best four have the lowest amplitude ratios for most of the frequencies 

studied. The [L,V] configuration performed very well with low amplitude ratios at 

moderate frequencies. The [L,B] and [L,V/B] configurations performed well for low 

frequencies. The double ratio was good for high frequencies but had poor control at 

lower frequencies. [L,V] was the overall winner for overhead impurity control. 

For bottom impurity control, cyclic feed disturbances found that the [D,V] 

configuration performed poorly (Figure 5.38). Also, [L/D,B] appears to be an unlikely 

control choice with disturbances of long periods. Figure 5.39 looks at the best four 

configurations and shows that the [L,V/B] configuration gave good control for nearly all 

frequencies. For low frequencies, [L/D,V] performed well, while [L,V] was good for 

moderate and low frequencies. [L,V/B] mimiced both these configurations for all 

frequencies. [L/D,V] also had a higher amplitude ratio for moderate frequencies when 

compared with the other 'best' configurations. Overall, the [L,V/B] configuration 

provided good control for disturbances that affect the system. 
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5.6.3 Discussion of Results 

The results of the high/low purity column are similar to those of the high purity 

and low purity columns. The [L,V/B] configuration performs well for setpoint changes at 

either end of the column and minimizes disturbances to the products due to step changes 

or cyclic variations in the feed composition. The [L/D,V] configuration provided good 

control for disturbances, but [L/D,V] does not perform well for setpoint changes or for 

overhead impurity control with cyclic feed compositions. While [L,V] may provide good 

control for cyclic feed situations, its inability to control well for setpoint and disturbance 

changes limits its use. As a result, implementing the [L,V/B] configuration provides the 

best control for situations where a low purity overhead and high purity bottom product is 

produced from a vacuum column. 

RGA predicts that the [L,B], [L/D,B], [L/D,V], [L/D,V/B] and [L,V/B] 

configurations are suitable for control. Having five configurations to choose from offers 

quite a few options for control when no additional information is available to narrow the 

selection. Of these configurations, only the [L/D,V/B] and the [L,V/B] stmctures are 

suitable for cyclic disturbances affecting both products. The other configurations are 

suitable for controlling one product composition. In addition, the [L,V] configuration is a 

good configuration for this test. 

For correlations between Test 3 and the cyclic disturbance tests, the [L/D,V] 

configuration had the lowest bottom lAE resuhs and this configuration performed well 

for low frequencies on the cyclic tests. This configuration was not good for overhead 

impurity control, though. The [L/D,B] and [L/D,V] configurations had the lowest 

overhead lAEs, but neither configuration was one of the four 'best' configurations for 

overhead control. The [L,V] and [L,V/B] configurations have roughly double the Test 3 

overhead lAE results of [L/D,B], and these two configurations performed well for cyclic 

disturbances. As a result, feed composition step testing helps narrow down the number of 

configurations, but additional testing is required to find the best configuration for cyclic 

disturbance rejection ability. 
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5.7 Low/High Purity PI Control Results 

While the high/low purity column has smaller process gains at the top of the 

column, this column has more nonlinear effects at the bottom end of the column. The 

overhead impurity is 10,000 ppm xylene while the bottom impurity is 1000 ppm toluene. 

The ATV-derived controller tuning parameters are in Table 5.16 with the detuning factor 

calculated by the methods described in Table 5.6. 

5.7.1 Setpoint Tracking 

For the overhead impurity setpoint testing, the [L,V/B] configuration performed 

well as shovm in Table 5.17 with the lowest lAE results for both products. The double 

ratio configuration had the second best lAE results for both streams. The remaining 

configurations had at least double the lAE resuh for the bottom loop. For the overhead, 

Table 5.16: Tyreus-Luyben Tuning Parameters for the Low/High Purity Xylene/Toluene 
Column 

Configuration 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead 
Controller 

Gain' 
160.2 

91.8 

336.8 

25.85 

23.92 

25.45 

133.5 

322.4 

Loop 
Reset Time 

(min) 
88.0 

110.0 

44.0 

88.0 

88.0 

88.0 

88.0 

44.0 

Bottom 
Controller 

Gain' 
17948069.6 

6978762.0 

699.6 

509.0 

11273352.2 

5329671.0 

72801407 

6139108.2 

Loop 
Reset Time 

(min) 
44.0 

88.0 

88.0 

110.0 

88.0 

88.0 

88.0 

66.0 

Detuning 
Factor 

1.7 

1.3 

1.2 

08 

07 

0.7 

0.9 

1.0 

'Gains for overhead manipulated variables: Distillate and Reflux are in kgmol/min. 
Reflux ratio is in units of (ratio)/(mole fraction). 
'Gains for bottom manipulated variables: Bottoms gain is kgmol/min, Reboiler heat duty 
is kcal/min, and the boilup ratio is in units of kcal/kgmol. 
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the [L/D,V], [L,B] and [L/D,B] configurations had good results. The [L,V] configuration 

is a poor control configuration for both product streams. 

Figures 5.40 compares the control configurations where the distillate flowrate 

controls overhead impurity. Both the [D,V] and [D,V/B] configurations are slow to 

retum either impurity to setpoint. [D,V/B] does a very good job of minimizing deviation 

from setpoint for the bottom impurity, yet [D,V/B] takes more time than the other 

configurations settle at setpoint (Figures 5.41 and 5.42). The [L,V] configuration has a 

larger bottom impurity deviation from setpoint than [D,V] when the overhead impurity 

setpoint changes at 400 minutes. [L,V] performs poorly due to interactions between the 

overhead and bottom control loops. [L,V] also lacks the necessary integral action to 

Table 5.17: lAE Results for the Low /High Purity Column - Setpoint Tracking 

Test Configuration 
1 [D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

2 [D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAEx 10' 
83.0 

58.3 

35.3 

42.6 

38.3 

36.1 

106.3 

26.2 

49.6 

56.7 

12.8 

2.23 

1.79 

1.83 

14.5 

10.9 

Bottom lAEx 10' 
17.3 

3.03 

4.30 

4.21 

7.40 

1.68 

16.5 

1.61 

11.5 

6.81 

6.24 

6.26 

4.67 

5.01 

5.53 

5.33 
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retum to setpoint which causes slow control responses. Configurations utilizing reflux 

ratio perform very well for overhead impurity setpoint changes. These configurations 

have the shortest settling times. The double ratio configuration has the best control of the 

bottom impurity. [L/D,V] has a significant increase in bottom impurity that is similar to 

[L,V]'s response. Unlike [L,V], [L/D,V] does not have the interaction and drawn out 

settling times. The best overall configuration is [L,V/B] for Test 1. 

For Test 2, the lowest bottom lAE result was for the [L/D,V] configuration. This 

configuration also performed the best for the overhead impurity loop. The double ratio 

configuration had the best lAE results. For overhead impurity control, the reflux ratio 

configurations provided the lowest overhead lAE. [D,V] performed the worst of the 

configurations for both products. The [D,V/B] configuration was poor for overhead 

impurity control. No single manipulated variable for bottom impurity control could be 

found to provide the best control. Figure 5.43 shows the results for the [D,V] and 

[D,V/B] configurations. Control performance for these configurations was lagged and 

thus was unsatisfactory. 

Figure 5.44 shows [L,V] having aggressive behavior for bottom impurity setpoint 

changes. The interaction between the ends of the column is apparent in this test. This 

aggressive behavior represents a compromise in detuning factors. A higher detuning 

factor would have removed the oscillatory responses for the initial increase in the bottom 

impurity setpoint but the lower controller gains would have penalized control responses 

when the setpoint changed at 500 minutes. Thus, a compromise was made on detuning 

factors when some oscillatory control action is necessary for better control performance. 

Figure 5.44 shows that the [L,V/B] configuration performs better than [L,B] for 

the 1500 ppm setpoint. [L,V/B] and [L,B] had similar responses for the 500 ppm 

setpoint. [L,V/B] also quickly retumed the overhead to setpoint. In Figure 5.45, the 

configurations utilizing reflux ratio are compared. Both [L/D,V/B] and [L/D,V] had very 

similar responses. [L/D,B] had more oscillatory responses than the other reflux ratio 

configurations. This lowered [L/D,B]'s performance in terms of lAE and was less 

desirable in terms of plant operation. 
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5.7.2 Unmeasured Disturbance Rejection 

For disturbance rejection, configurations that provided good overall control were 

the [L,V] and [L,V/B] configurations. Both of these configurations gave the lowest 

overhead impurity results and better bottoms impurity lAE values. [L/D,V] obtained the 

lowest lAE for bottom impurity control but performed poorly at the top end of the 

column. The [D,V] and [D,V/B] performed poorly for overhead impurity control with the 

disturbance. [L,B] had the worst bottom composition control performance. Results are 

summarized in Table 5.18. 

Figures 5.46 though 5.48 show the responses for the eight configurations on the 

low/high purity column. In Figure 5.46, distillate control of the overhead resuhs in slow 

responses lasting over 800 minutes. Bottom impurity control fairs better but the increase 

in xylene feed causes the purity of the bottom product to increase dramatically. [D,V] 

retums the bottom impurity to near specification in less time than [D,V/B]. In Figure 

5.47, the [L,B] configuration suffers more than the [L,V/B] configuration by over 

purifying the bottom product for 150 minutes when the xylene feed increases. The use of 

a mass balance control knob does not immediately change the temperature profile of the 

column and provides no immediate feedback to limit heat input into the column. As a 

Table 5.18: lAE Results for the Low/High Purity Column -
Feed Composition Disturbance 

Configuration 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAE x 
143.4 

183.4 

35.1 

26.7 

19.1 

18.0 

107 

108 

10' Bottom lAEx 10' 
9.06 

13.1 

18.7 

13.2 

2.17 

4.97 

5.66 

6.61 
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result, the column does not correct for the excessive purity until the mass balance can be 

satisfied at the both ends of the column and the reboiler level controller decreases the 

reboiler heat duty. Using the bottoms flowrate to control the bottom impurity has not 

been a satisfactory configuration in the previous three columns. The [L,V/B] 

configuration performs well for both product streams. [L,V/B] has the quickest retum to 

setpoint of all configurations for both product impurities. Only [L/D,V] (Figure 5.48) 

could perform better for bottom impurity control with a settling time of 200 minutes 

which was 100 minutes faster than [L,V/B]. [L/D,B] performs imilarly to [L,B] with an 

increase in the bottom impurity that remains for 150 minutes. [L/D,B]'s overhead 

impurity performance is poor compared to the other reflux or reflux ratio configurations. 

In addition to the step-change in the feed composition, cyclic feed disturbances 

are introduced to the colunm. These tests measure the sensitivity of each configuration to 

a variety of disturbance frequencies. A 0.5 mole percent amplitude change in the feed 

toluene composition was used. As discussed in Section 4.3.1.1, the amplitude ratio is 

calculated from data collected on the system after a sustained oscillation is observed in 

the product compositions. The amplitude ratio is calculated for each period tested and 

semi-Bode plots (Figures 5.49 and 5.51) are created to compare the different 

configurations. For overhead impurity. Figure 5.49 shows that the [D,V] and [D,V/B] 

configurations have high amplitude ratios for most frequencies. For disturbance periods 

less than 80 minutes, these two configurations actually had the lowest amplitude ratios. 

The reflux ratio configurations have similar results. Figure 5.50 presents the four 

configurations judged best for overhead control. [L,B] is included in this group as it is 

good for low frequency applications although its amplitude ratio is rather high at 

moderate frequencies. The [L,V] and [L,V/B] configurations are the best configurations 

for most frequencies studied. [L/D,V/B] provides a representative comparison of 

configurations implementing reflux ratio for overhead impurity control. Overall, [L,V/B] 

provides good control of the overhead impurity for most frequencies studied. 

Figure 5.51 compares the bottoms impurity amplitude ratios for the low/high 

purity column. Four configurations show up as poor configurations based on amplitude 
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ratio: [D,V], [D,V/B], [L,B], and [L/D,B]. [D,V] does approach the better four 

configurations at the low frequency range which would correspond to a daily variation in 

feed composition. This control configuration would not handle high frequency 

disturbances commonly encountered in a plant due, though. Figure 5.52 plots the 

amplitude ratios for the four better configurations: [L/D,V], [L/D,V/B], [L,V] and 

[L,V/B]. Of these configurations, [L/D,V] has the lowest amplitude ratios for moderate 

and low frequency applications. [L,V] also performs well for most frequencies, 

especially for the moderate frequencies which have periods ranging from 100 minutes to 

400 minutes in length. Overall, [L,V] provides the best control for both overhead and 

bottom impurity control with cyclic disturbances. [L,V/B] is also a good choice. 

5.7.3 Discussion of Results 

With the low/high purity column, the bottom control loop must maintain product 

specifications for a system known to have slow dynamics and low gains. While the 

[L/D,V] configuration performed well for cyclic disturbances, it did not perform well for 

all setpoint or disturbance changes. [L,V/B] provided a good balance between overhead 

and bottom impurity control for most setpoint and disturbance tests that were performed. 

If the bottom product is the important stream from the column, [L/D,V] may be used. 

[L,V/B] represents the best compromise when both products are valuable. Further 

exploration of these control issues are found in Chapter 8 with the styrene/ethylbenzene 

column which has a low purity overhead product and a high purity bottoms product. 

RGA analysis of the low/high purity colunm favored implementing the [L,V/B] 

and [L/D,V/B] configurations. As Figures 5.50 and 5.52 show, these configurations 

performed well for cyclic feed composition disturbances. In addition, the [L,V] 

configuration performed well for the cyclic tests, but RGA did not favor [L,V]'s use. 

[L,V] performed poorly for Tests 1, 2 and 3. For the low/high purity colunm, RGA 

predicted several of the better configurations to use. 

Test 3 favored the use of [L,V] and [L,V/B] for overhead impurity control. These 

configurations worked best for both products although bottom lAE results were lower 
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with the [L/D,V] and [L/D,V/B] configurations. The double ratio configuration had the 

highest amplitude ratios of the best configurations. Still, feed composition step tests do 

provide information on configurations having less sensitivity to cyclic feed composition 

disturbances. 

5.8 Inverse High Purity Colunm 

The inverse high purity column looks at the controllability of a column that has a 

feed stream of 67 mole percent xylene instead of the 33 mole percent xylene found on the 

other xylene/toluene columns. As a result, the bottom of the column has higher liquid 

rates. This colunm is designed to look at the controllability of the column when feed 

compositions to the column deviate from the designed feed composition. This column is 

similar to the high purity colunm with the same feed tray, but it has one less tray in the 

colunm. The ATV tuned PI controller parameters are shown in Table 5.19. 

Table 5.19: Tyreus-Luyben Tuning Parameters for the Inverse Feed Purity Xylene/ 
Toluene Column 

Configuration 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead 
Controller 

Gain' 
661 

478.5 

2871.8 

444.6 

388.9 

423 

612 

2035.2 

Loop 
Reset Time 

(min) 
154 

176 

66 

154 

154 

154 

154 

88 

Bottom 
Controller 

Gain' 
21504750 

2174180 

745.63 

415.31 

23009805 

232255 

8458072 

215682 

Loop 
Reset Time 

(min) 
66 

110 

110 

154 

66 

110 

110 

88 

Detuning 
Factor 

1.5 

1.2 

1.6 

0.9 

08 

08 

08 

1.0 

'Gains for overhead manipulated variables: Distillate and Reflux are in kgmol/min. 
Reflux ratio is in units of (ratio)/(mole fraction). 
'Gains for bottom manipulated variables: Bottoms gain is kgmol/min, Reboiler heat duty 
is kcal/min, and the boilup ratio is in unhs of kcal/kgmol. 
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5.8.1 Setpoint Tracking 

As with the other xylene/toluene columns, a standard set of tests were performed 

on the inverse purity column to determine which control configuration handled setpoint 

changes the best. As with the other xylene/toluene columns, the tests discussed in Table 

4.2 were implemented on this column. Table 5.20 summarizes the lAE results for the 

column as well as the sum of the lAEs for the overhead and bottom products. 

For Test 1, Table 5.20 shows that the [L,V/B] configuration is the best 

configuration overall. While [D,V/B] performs better at controlling the bottom impurity, 

the combined lAE resuhs favor [L,V/B]. The double ratio configuration performs better 

than [L,V/B] for bottom impurity control. None of the remaining five configurations 

perform in the same range for bottom impurity control, though. None of the remaining 

configurations could approach [L,V/B] for overhead impurity control. Figures 5.53 

through 5.55 show the test resuhs for the configurations. In Figure 5.53, both [D,V] and 

[D,V/B] are characterized by oscillatory control due to high steady-state gains for the 

lower purity product. Increasing the purity of the colunm lowers the process gain and the 

process oscillates less. The [L,V] configuration (Figure 5.54) is oscillatory for the higher 

impurity in the overhead product. Looking Test 1 results (Figures 5.53-5.55) shows that 

oscillatory responses are common for increased impurity levels. This problem disappears 

when the steady-state gain decreases when the column has a 500 ppm impurity setpoint. 

The [L,V/B] configuration is the only configuration to settle in significantly less time 

than the others. Often the controllers oscillate for the entire 400 minutes the overhead 

impurity is set to 1500 ppm. Bottom impurities reflect the oscillatory nature of the 

column. Thus inverting the feed composition causes problems for operations with higher 

steady-state gains. Higher purities move the column into a region where process steady-

state gains decrease and the controller gains are more applicable. 

Test 2 looked at the configurations' ability to handle changes in the bottom 

impurity setpoint. Configurations implementing reflux ratio control schemes provided 

good control of the overhead impurity. The [L,V/B] configuration also performed well 

for overhead impurity and was the best for bottom impurity control. [L/D,V/B] and 
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Table 5.20: lAE Results for the Inverse Feed Purity Column - Setpoint Tracking 

Test 
1 

2 

Configuration 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAExlO' 
11.6 

108 

8.9 

9.2 

8.8 

9.4 

9.3 

5.9 

6.1 

6.6 

9.0 

4.7 

3.6 

3.3 

14.4 

4.4 

Bottom lAExlO' 
4.0 

07 

9.1 

10.3 

3.1 

1.2 

5.2 

1.3 

6.7 

5.9 

10.9 

8.7 

4.3 

4.0 

9.4 

3.9 

SumlAExlO' 
15.5 

11.5 

18.0 

19.6 

11.9 

10.6 

14.5 

7.2 

12.8 

12.4 

19.9 

13.4 

7.9 

7.3 

23.8 

8.3 

[L/D,V] were the next best configurations for bottom impurity control. These best three 

configurations for bottom impurity had the lowest sum lAE result as well. The remaining 

configurations had sum lAEs that were roughly two times higher. [L,V], in particular, 

had high lAE resuhs for both ends of the column. 

Figures 5.56 through 5.58 show the impurity responses for all of the 

configurations sttidied. Figure 5.56 shows that the [D,V] and [D,V/B] configuration had 

very good smooth responses to increased impurity in the bottoms product. Control of the 

overhead impurity using the distillate flowrate was smooth compared to the overhead 

impurity using the distillate flowrate was smooth compared to the overhead impurity 
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responses shovm in Figures 5.57a and 5.58a. [L,V/B] had much tighter control of the 

overhead with the except when the bottom impurity setpoint changed at 500 minutes. 

[L,V] oscillated significantly for these setpoint changes as both control loops fought each 

other due to interaction. [L,B] also oscillated whenever higher impurity setpoints are 

called for, yet the oscillation period was longer than the other configurations. Controlling 

the reboiler level with the reboiler heat duty caused this. Configurations implementing 

reflux ratio overhead impurity control performed well but had slow settling times. 

[L,V/B] was best for overhead impurity control. 

Controlling the bottoms impurity with the [L,V/B] configuration has the best 

performance, too. As Figure 5.57b shows, this configuration settles the process in less 

time than any of the other configurations. [L,V], [L,B], [L/D,B] and [L/D,V] all oscillate 

for a long time. [L/D,V/B] has the lowest lAE result, but it has more overshoot than 

[L,V/B] for the first setpoint change. The improvement in [L/D,V/B] comes for the 500 

ppm bottom impurity setpoint as the double ratio configuration reaches setpoint faster. 

Overall, the [L,V/B] configuration provides the best control. This configuration is not 

riddled by oscillatory changes as process gains change. The [L/D,V/B] configuration also 

provides good control of both products. 

5.8.2 Unmeasured Disturbance Rejection 

In addition to the setpoint testing, the configurations are subjected to feed 

composition disturbances which have a large impact on control performance. Typically 

feed disturbances cause significant changes to the temperature profiles inside the colunm. 

With temperature changes, composition and pressure changes also occur. The inverse 

purity column ftirther complicates control by having a feed that is less volatile. Table 

5.21 shows the results of Test 3 for the inverse purity column. The [L,V] and [L,V/B] 

configurations have the lowest sum lAE results for this test. [L,V/B] excels at overhead 

impurity control while [L,V] performs best for bottom impurity. The [L/D,V] 

configuration outperformed [L,V] for bottom impurity control, but it is an average 

controller for overhead impurity control. Finally, [L,B] handled overhead impurity 
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Table 5.21: lAE Results for the Inverse Feed Purity Column - Feed Composition 
Disturbance 

Configuration 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAEx 10' 
65.7 

68.0 

4.7 

10.8 

9.8 

9.0 

5.1 

1.4 

Bottom lAEx 10' 
36.9 

48.1 

33.7 

27.0 

2.5 

5.9 

3.8 

7.0 

SumlAExlO' 
102.6 

116.1 

38.5 

37.9 

12.3 

14.9 

8.9 

8.4 

control well. The best four configurations were [L/D,V], double ratio, [L,V], and [L,V/B] 

based on sum lAE results. 

Figures 5.59 through 5.61 show the controlled responses of the overhead and 

bottoms impurities due to feed composition changes of a 5.0 mole percent decrease in 

toluene. In Figure 5.59, both [D,V] and [D,V/B] fail to control the overhead impurity. 

With the feed composition change, the level of the reboiler drops. For [D,V], the bottoms 

flow decreases to maintain the reboiler level. The impurity increases which causes the 

reboiler steam duty to increase. Concurrentiy, the increased vapor flow causes the 

accumulator level to increase. Reflux to the colunm increases to the colunm, which 

purifies the overhead. The distillate rate increases to maintain the material balance of the 

column. But due to the high accumulator level, excessive reflux is used on the column 

and more heat is put into the column to combat the high bottom impurity. The column 

floods much like it did for the low purity [L/D,B] configuration. The [D,V/B] 

configuration has similar problems with this test. 

The remaining configurations perform much better for this test. [L,V/B] in Figure 

5.60 provides the best overhead disturbance rejection by retuming to setpoint in less time 

and with no oscillatory control. For bottom control, [L,V] settles near the setpoint 
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quicker than [L,V/B] but oscillates as h does so. [L,B] is not a satisfactory control 

stmcture due to oscillatory variations in the overhead impurity and a large increase in the 

bottom impurity. The [L/D,B] configuration (Figure 5.61) also has large deviations in the 

bottom impurity. Using the bottom flowrate to control bottoms impurity is not 

satisfactory for disturbances as the material balance reacts much slower than the ratio or 

direct energy configurations do. Implementing reflux ratio control on the inverted 

impurity colunm results in similar overhead impurity responses (Figure 5.61a) for all 

three configurations. [L/D,V] has the best bottoms impurity response as it limits the 

disturbance's influence on the product composition. Overall, [L,V/B] provided the best 

control for Test 3 as the bottom and overhead impurity oscillate less. 

In addition to step-changing the feed composition, cyclic feed disturbance testing 

was performed on the inverted purity column. Figure 5.62 shows the amplitude ratio 

results for the overhead impurity product. As with the other four xylene-toluene 

colunms, the [D,V] and [D,V/B] configurations has the highest amplitude ratios. [L,V] is 

found to be the best configuration by having a much lower amplitude ratio than the other 

configurations. Figure 5.63 shows the best four configurations. [L,V] has the lowest 

amplitude ratio except at high frequencies. [L/D,V], [L/D,V/B] and [L,V/B] have similar 

results for the frequencies studied. 

The bottom impurity amplitude ratio results are shovm in Figure 5.64. Bottom 

impurity control using the bottom flowrate generates higher amplitude ratios than the 

other configurations. In addition, [D,V] performs poorly. [L,B] might be applicable for 

high frequency disturbances, but this configuration has poor overhead impurity control. 

Figure 5.65 looks at the best four bottom impurity control configurations for the inverted 

purity colunm. [L/D,V] has the lowest amplitude ratios for low frequency responses. 

[L,V/B] covers moderate frequencies well but is the worst of the four for low frequencies. 

The double ration configuration is the third best configuration for low frequences. [L,V] 

has a high amplitude ratio relative to the other configurations for a disturbance cycling 

every 80 minutes. Yet, [L,V] is the best configuration for overhead and bottom impurity 

control for cyclic disturbances. 
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5.8.3 Discussion of Results 

The inverted purity column challenged the control configurations. For Test 1, 

increasing the overhead impurity led to oscillatory responses for all the configurations 

except [L,V/B]. [L,V], in particular, was oscillatory and demonstrated the interaction 

common with this configuration. For setpoint changes, [L,V] was not satisfactory. For 

disturbances, [L,V] was good for bottom impurity control and one of the better 

configurations for the overhead. [L,V/B] performed well for most tests performed. This 

configuration fell short for cyclic disturbance rejection. [L/D,V] also provided good 

control and oscillated less than the [L,V] configuration for setpoint changes and feed 

composition step-changes. [L/D,V] was one of the top four configurations for cyclic 

disturbances. Like the other xylene/toluene configurations, [L/D,V] appears to offer the 

most robust control for common situations found in a plant. Unless cyclic disturbances 

are the only disturbances to be encountered, [L,V] may also be implemented. 

The RGA analysis of this column favors implementing the [L,V/B] and [L/D,V/B] 

configuration. Examining Figures 5.63 and 5.65 indicate that these configurations 

provide good control of the product impurities for cyclic feed composition disturbances, 

the [L,V] configuration provides the best overall control at both ends of the column. 

[L,V] has the highest relative gain in Table 5.2. [L,V] is not a good configuration for 

most of the setpoint and disturbance tests, though. RGA also fails to predict that the 

[L/D,V] configuration would provide good control. Finally, the [D,V/B] configuration is 

not present in any of the figures. As a result, RGA does not provide a complete picture of 

which configurations should be implemented. 

To relate step-changes in the feed composition and the amplitude ratio, the 

[L,V/B] configuration has the lowest overhead lAE in Table 5.21. As Figure 5.63 shows, 

the [L,V] configuration has the lowest amplitude ratio. [L,V/B] has the same resuhs as 

the [L/D,V] and the [L/D,V/B] configurations. These configurations also have a higher 

peak amplitude ratio. [L,B] had a low overhead lAE, but it was not a good configuration 

for cyclic disturbance rejection. For the bottom impurity, the [L,V] and [L/D,V] 

configurations have the lowest bottom lAE. Both these configurations performed well 
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for cyclic disturbance rejection especially at low frequencies. As a result, step-changes in 

the feed composition provide some information on configurations that will handle cyclic 

disturbances well. More information is necessary for a complete picture, though. 

5.9 Dual-Ended PI Composition Control with Decoupling 

To improve controller performance on processes where one controller influences 

another control loop, decouplers reduce interaction. This advanced control technique 

decouples two or more loops by having the output of one controller correct the output of 

another controller. The output is corrected in such a way that the influenced controller 

makes changes in its manipulated to variable to overcome changes that would occur. For 

example, in a distillation column, changing the reboiler heat duty increases the vapor 

flow rate in the column. At the top of the column, the overhead impurity increases due to 

higher tray temperatures in the column. The reflux must increase to counter the higher 

vapor rates and condense the less volatile chemicals. 

Decouplers are implemented in either a dynamic or a steady-state basis. Dynamic 

decoupling uses a Laplace transform to provide the decoupling element. Typically these 

systems are kept simple with a gain, lead, lag and deadtime elements. Steady-state 

decouplers adjust the output based on steady-state gains for the process. 

The distillation colunm under study is a 2x2 system, and a variety of options are 

available for this configuration. A full, two-way decoupler can be implemented that 

allows changes in either PI controller to influence the output of the other controller. The 

goal is to decouple both control loops from each other. In other situations, one control 

loop may have a strong influence on the second control loop, but the second control loop 

may only have a weak influence on the dominate control loop. Thus, a one-way 

decoupling can be applied. Decoupling on a distillation column is not a new technique. 

Luyben (1992), Kister (1990), Shinsky (1988), Waller (1974), McAvoy (1983) and 

Gagnepain and Seborg (1988) have studied decoupler implementation. Kulkami (1995) 

implemented a decoupling scheme on the high purity xylene/toluene column. 

Development and the theoretical basis of decoupling is found in Seborg et al (1989). 
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5.9.1 Standard Decoupler Development 

For a 2x2 system, two decoupling elements must be implemented. For control 

loop 1, changes in control loop 2 must be counter to prevent changes in the first control 

loop. The decoupler function is defined by 

A2(^) = 

'^CV^ 

Gp,,(s) KdMV^j 

Gpuis) f dCV. \ 
(5.1) 

KmvJ 

where Di2(s) decouples the effect of MV2 on CVj, Gpi2 is the Laplace transform relating 

MV2 to CVi and Gpn is the Laplace process transfer fimction relating MVi to CV .̂ To 

decouple changes implemented in control loop 1, the decoupler for control loop 2 is 

defined by 

SCV,^ 

D,,(s) = -
cMV. 

(5.2) 

{mvj 
where D2i(s) decouples the effect of MVi on CV2, Gp2i is the Laplace process transfer 

fimction relating MVj to CV2 and Gp22 is the Laplace transform relating MVj to CV2. 

One-way and two-way decouplers were implemented on the high purity 

xylene/toluene colunm using the [L,V] configuration. This configuration was chosen for 

its common industrial implementation and its favorable cyclic disturbance rejection. This 

process did not perform well for setpoint changes and decouplers may improve control 

performance. 

Transfer functions for the various process interactions were not found by open-

loop response testing of the colunm. This technique on the high purity column does not 

yield reliable transfer functions due to nonlinear dynamics common to high purity 

distillation columns (Moudgalya et al., 1987). Instead, open-loop testing was done by 

sinusoidally varying the manipulated variables to obtain a Bode plot relating the 

manipulated variables to the control variables (Luyben, 1990). The amplitude ratio and 
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phase angle were determined, and a first-order plus deadtime model was developed for 

the system. Luyben found that fitting good models between the -135° and -180° phase 

angles provides the primary accuracy needed for control studies. Due to the nonlinear 

nature of the high purity column, models were fitted primarily for this region. 

For the one-way decoupler, decoupling the effect of reboiler heat duty changes on 

the overhead impurity is defined as 

{ o inpurity \ 

^ D 

= Duis) = -
V 3" J 

AV: Feedback (s) GpiiW ^ -3 inpurity ^ 

V ^L 

(5.3) 

J 

The process transfer fiinctions identified by direct sine-wave testing (Luyben, 1990) are 

--1 impurity 

^impurity 

l.OxlQ-'e-'' 

3005 + 1 

-0.0092^-'* 

and (5.4) 

(5.5) 
^ 2505 +1 

Applying the one-way decoupler to correct the reflux for changes in the reboiler heat duty 

is defined as 

f-7.609xl0"'(3005 + l)e-'''l 
^DEcis) = AV Feedback is) (5.6) 

V (2505 +1) 

where ALQEC is the adjustment to make to the reflux flowrate and AVfeêback is the change 

in the reboiler heat duty with each control interval. As the deadtime in the decoupling 

term is only one minute, the deadtime element (e'') was removed from the equation. 

For decoupling the reboiler from reflux flowrate changes, direct sine-wave testing 

was performed to determine the relationships of the reflux flowrate and the reboiler heat 

duty on bottom impurity. Bode plots were made to find the Laplace transforms. The 

decoupler is defined by 
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( -a.inpurity \ 

^VDEcis) ^ , , GpiM dL J 
^2xis) = -^^—- = —r——z^- (5.7) 

^Feedbackis) ' ' ' G,,,(s) f ^^rity^ 

The process transfer functions identified by direct sine-wave testing are 

^impurity _ 1 7 ^ 1 Q - 5 g - 9 . 

dV ~ 20005 +1 

^impurity 0.1578^-"* 

(5.8) 

(5.9) 
cL 20005 + 1 

Applying the one-way decoupler to correct the reflux for changes in the reboiler heat duty 

is defined as 

AF„^c(^) = (- 92%235e-")M„^^,{s), (5.10) 

where AL̂ edback is the change in reflux flowrate between successive control intervals and 

AVDEC is the change in the reboiler heat duty. As with the one-way decoupler, the 2 

minute deadtime in Equation 5.10 is discarded. 

For two-way decoupling, both decouplers developed in Equations 5.6 and 5.10 are 

implemented simultaneously. Rhinehart (1995) provided the necessary FORTRAN code 

to implement the decouplers in a discrete time frame since the Laplace transforms are for 

continuous space. Marlin (1995) also provides a methodology to implement Laplace 

transforms in a discrete time. 

5.9.2 Simple Decoupler Development 

Kulkami (1995) developed a simple two-way decoupler based on Beauford (1993) 

and Waller (1992). The decoupler is simplified such that a change in one manipulated 

variable is multiplied by a fixed gain and lagged before adjusting the other manipulated 

variable. Kulkami looked to improve the [L,V] configuration such that it had the 

decoupling effects of [L/D,V/B]. The double ratio configuration decouples both control 

loops by adjusting both the distillate and reflux flowrates when vapor rate changes 
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influence the accumulator level. As a result, cooling is scaled based on the column's 

need, and the material balance is kept with the distillate flowrate. Kulkami states that 

vapor changes occur instantaneously in the column and do not require a dynamic lag 

element. For the decoupler from the overhead controller to the bottom controller, a lag 

element is necessary due to the delay caused by the reflux flowing through the column. 

When a reflux change influences the bottom of the column, the double ratio configuration 

is able to send part of the change back into the column as vapor and the rest as product. 

Kulkami's implementation of a simple decoupler uses a nonlinear routine to 

calculate the vapor flowrate necessary for a change in the liquid flowrates. Likewise, the 

appropriate change in the reflux needed for a change in the vapor rate is calculated. 

These transformations require knowledge of the vapor flowrate which is calculated from 

the reboiler heat duty. In a plant situation, measuring the vapor rate or having good 

correlations between steam flowrate and vapor flowrate is rare. As a result, implementing 

this decoupler in a plant situation would require additional modeling of the process. 

As a result, a new simpler decoupling scheme is studied here. This scheme takes 

advantage of measurable variables in the plant such as the reboiler heat duty (or steam 

flowrate) and reflux flowrate. No nonlinear transformations occur in calculating the 

decoupling action. Instead, a gain and lag element are used to compensate changes in the 

manipulated variables. 

To determine the appropriate gain and lag to use for the simple decoupler, the 

decoupling technique discussed in Section 5.9.2 was reapplied simply using a gain and 

lag element. Open-loop tests were performed to determine the appropriate gains for both 

the reboiler heat duty to reflux decoupler and for the reflux to reboiler heat duty 

decoupler. This technique required multiple tests to determine the appropriate gain and 

lag time for the system. Due to process nonlinearities (Figures 5.66 and 5.67), a 

judgment must be made as to which parameters yield the best decoupling. Figure 5.66 

shows the decoupler adjusting the reflux for changes in the reboiler heat duty. For 

increases in reboiler heat duty, the overhead impurity decreased by 5 ppm for 150 

minutes. Due to the nonlinear nature of the colunm, the overhead impurity increased 
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dramatically afterwards. Yet, for decreasing reboiler heat duty, the overhead impurity 

deviated by 5 ppm, initially and then slowly increased to 1010 ppm after 400 minutes. 

These are not ideal decouplers as they do not completely prevent the system from 

deviating from setpoint. The simple decoupler was designed to keep the process from 

deviating significantly before the control system can take action to reduct control loop 

interaction. The decoupler transfer fimction is 

f-322x10"^^ 
^^^^^'^ = I 5 5 + 1 j^^^eedbackis) • ( 5 . 1 1 ) 

Figure 5.67 shows decoupling action for changes in the reflux that adjust the 

reboiler heat duty. Again, nonlinear effects are evident as increasing the reflux causes the 

bottom impurity to increase by 200 ppm from nominal conditions after 400 minutes. A 

1% decrease in reflux flowrate causes the bottom impurity to decrease only 100 ppm at 

400 minutes. For 200 minutes, the decoupler provides minimal deviation from the 

desired 1000 ppm bottom impurity setpoint. The decoupler has the Laplace transform of 

M150^ 
^VDEC (S) = [j—^j ^Feedback (s) . ( 5 . 1 2 ) 

5.9.3 Setpoint Tracking Control Results 

With the decouplers developed and implemented, ATV tuning is performed on the 

overhead and bottom control loops. As the decouplers are part of the control system, they 

are on-line when the ATV test is performed in order to generate the appropriate ultimate 

gain and period for the control loops. Table 5.22 lists the controller parameters used 

with the [L,V] configuration for each decoupler configuration studied. Unlike the 

conventional PI control system, the two-way decoupler had more aggressive parameters 

with higher gains for both the overhead and bottom control loops. 

The tests in Table 4.2 were performed on the different control configurations. 

The lAE results are found in Table 5.23. For overhead impurity setpoint changes (Test 

1), both two-way decoupling and the simpler decoupler decreased the sum lAE results by 

a factor of 2 compared to conventional PI control. The two-way decoupler reduced 
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Table 5.22: Tyreus-Luyben Tuning Parameters for [L,V] Decoupler Studies 

Controller 

Conventional PI 
Control 

One-Way 
Decoupling V to y° 

One-Way 
Decoupling L to x^ 

Two-Way 
Decoupling 

Simple Decoupler 

Overhead 
Gain 

(kgmole/min) 
/mole 

impurity) 
1405.4 

1446.1 

4133.0 

4133.0 

1901.7 

Loop 
Reset 
Time 
(min) 

88 

88 

66 

66 

88 

Bottom 
Gain 

(kcal/min) 
/mole 

impurity) 
7849988 

13116430 

5632025 

13116430 

10605333 

Loop 
Reset 
Time 
(min) 

88 

88 

110 

88 

88 

Detuning 
Factor 

1.3 

0.9 

1.2 

0.8 

1.1 

Table 5.23: [L,V] High Purity Xylene/Toluene Test Resuhs for PI Control with Various 
Decouplers - Setpoint Tracking 

Test 

1 

2 

Control 
Stmcture 

Conventional 

Two-Way Decoupling 

Simple Decoupler 

One-Way Decoupling L to x^ 

One-Way Decoupling V to y'̂  

Conventional 

Two-Way Decoupling 

Simple Decoupler 

One-Way Decoupling L to x^ 

One-Way Decoupling V to y'̂  

Overhead lAEx 
10' 

6.82 

3.72 

4.31 

4.44 

4.42 

2.58 

0.218 

1.39 

0.206 

1.52 

Bottom lAE 
xlO' 
11.3 

5.63 

4.63 

8.73 

6.33 

7.43 

5.16 

5.90 

5.24 

7.05 

Sum lAE 
xlO' 
18.1 

9.35 

8.94 

13.2 

10.8 

10.0 

5.37 

7.29 

5.44 

8.57 
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overhead lAE, while the simple decoupler improved the bottom lAE. The one-way 

decouplers improved lAE results for both product streams but typically did not perform 

as well as the two-way and simple decouplers. 

Figure 5.68 compares the two-way and simple decouplers. The simple decoupler 

moves the overhead to the proper setpoint quickly with little overshoot. The two-way 

decoupler has more overshoot, yet this decoupler brings the overhead to setpoint much 

faster than the conventional PI control configuration. The conventional control 

configuration experiences more interaction and has a longer settling time that relies on 

the integral action of the controller to drive the system back to setpoint. The decoupled 

control configurations overcome this and have shorter settling times. The simple 

decoupler does have some interaction evident at 450 minutes when the overhead impurity 

setpoint changes from 1500 ppm to 500 ppm but the degree of interaction is less than the 

conventional PI control system. Unlike the other decouplers, the two-way decoupler 

overshoots the 500 ppm setpoint target. For bottom composition control (Figure 5.68b), 

the simple decoupler has less deviation from setpoint than either the two-way decoupling 

or conventional PI controllers. Conventional controls are again characterized by sluggish 

performance in which the integral action is responsible for retuming the system back to 

setpoint. 

For Test 2, both two-way decoupling and reflux-to-reboiler heat duty decoupling 

significantly improved the overhead lAE results. These two decouplers reduced the 

overhead lAE results by 92% when compared with conventional controls. For bottom 

impurity control, these two decoupling schemes gave the lowest bottom lAE results as 

well. The simple decoupler improved the overhead and bottom lAE resuhs but not by the 

degree the two-way decoupler did. The reboiler-to-reflux one-way decoupler also 

improved overhead control, but it only had a slight improvement in bottom impurity 

control when compared with conventional controls. 

Figure 5.69 shows the impurity responses for the simple and two-way decoupler 

for comparison with the conventional [L,V] control scheme. The two-way decoupler 

responses are similar to the reflux-to-reboiler decoupler responses. For overhead 
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impurity control, the two-way decoupler has less deviation from setpoint when the 

bottom impurity setpoint changes. This decoupler removes the interaction that takes 

place between each end of the column. The simple decoupler performs like the 

conventional PI controller yet has shorter settling times. For bottom impurity control, the 

two-way decoupler has better damping than the simple decoupler after the setpoint 

changes to 1500 ppm. Conventional PI control has less overshoot than the decouplers. 

The most noticeable improvement in control occurs when the setpoint changes from 1500 

ppm to 500 ppm. Conventional control has sluggish responses. Yet, the simple 

decoupler and two-way decoupler move the process to setpoint in less time. The two-

way decoupler has more overshoot than the simple controller, but a shorter settling time 

improves the lAE results. The two-way decoupler greatly improves the overhead 

impurity control for bottom impurity setpoint changes. 

5.9.4 Unmeasured Disturbance Rejection Control Results 

Test 3 measures the controller configurations ability to handle unmeasured feed 

composition disturbances. Typically these disturbances have the largest impact on 

product compositions and are the typical disturbance encountered in a plant situation. A 

feed composition change decreasing the toluene composition of the feed from 67 mole 

percent to 62 mole percent was used to evaluate the decoupler configurations. Table 5.24 

lists the lAE results for this test. Two-way and simple decouplers have the greatest 

improvement in overhead impurity control compared to conventional control. The one

way decouplers also improved overhead impurity. Decoupling the bottom impurity to 

changes in the reflux, L to x^, improves bottom impurity control by 63.3% over 

conventional PI control. The other one-way coupler, V to y'̂ , actually performs worse for 

bottom impurity control as the lAE result nearly doubles. The simple decoupler provides 

the best improvement for both products. 

Figure 5.70 compares the conventional PI controllers, the two-way decoupler and 

the simple decoupler for the feed composition change. The two-way decoupler has more 

overshoot than the simple decoupler for the change. In addition, the simple decoupler 
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Table 5.24: [L,V] High Purity Xylene/Toluene Test Results for PI Control with Various 
Decouplers - Feed Composition Disturbance 

Control 
Stmcture 

Conventional 

Two-Way Decoupling 

Simple Decoupler 

One-Way Decoupling L to x® 

One-Way Decoupling V to y° 

Overhead lAE 
xlO' 
2.74 

1.79 

1.37 

2.64 

2.26 

Bottom lAE 
xlO' 
11.28 

10.11 

8.59 

4.14 

20.47 

SumlAE 
xlO' 
15.84 

11.90 

9.96 

6.78 

22.73 

retums the overhead impurity to near the setpoint in less time than the two-way 

decoupler. The conventional control has more deviation from setpoint and a longer 

settling time than the decouplers do. Figure 5.71a compares the one-way decouplers with 

the simple decoupler. Decoupling reboiler heat duty changes to the overhead impurity, V 

to y'̂ , worsens overhead impurity control and requires 500 minutes to retum to setpoint. 

The one-way decoupler linking changes in the reflux to the reboiler heat duty, L to x^, 

performs similarly to the conventional configuration. 

For bottoms impurity control. Figure 5.70b shows the two-way decouplers having 

similar reaction curves when the disturbance affects the system. The simple decoupler 

has a shorter settling time while the two-way decoupler brings the system to near the 

setpoint 20 minutes faster. The benefits of decoupling the reflux from reboiler changes 

improves bottom impurity control. The V to y'̂  decoupler quickly brings the bottom 

impurity to setpoint (Figure 5.71b) in roughly half the time of the simple decoupler. The 

L to x^ decoupler has sluggish performance as decoupling prevents the reboiler heat duty 

from decreasing while a the high purity product is made. As a resuh, excessive energy is 

used and produces an excessively pure bottom product for 200 minutes. 

Finally, the different decoupling control configurations were subjected to the 

cyclic feed composition disturbances discussed in Section 4.3.1.1. The amplitude ratio 
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for each decoupler was compared with the conventional control scheme in Figure 5.72. 

For overhead impurity, the simple decoupler provided the lowest amplitude ratios for 

most periods shorter than half a day (700 minutes). For disturbance periods less than 160 

minutes, conventional non-decoupled controls and the simple decoupler provided the best 

overhead impurity control. For low frequencies, the V to y° decoupler had the lowest 

amplitude ratio. Figure 5.72b compares the decoupling configurations for bottom 

impurity. Unlike the overhead results, the L to x® decoupler provided good control for 

disturbance periods greater than 200 minutes. This decoupler was the most sensitive to 

feed disturbances for the overhead. The simple decoupler was the next least sensitive 

decoupler for nearly all frequencies. The two-way decoupler had a slightly higher 

amplitude ratio than the simple decoupler had for moderate frequencies. Overall, using 

the simple decoupler provided better control of the product impurities for cyclic 

disturbances. 

5.9.5 Discussion of Results 

Implementing a variety of decouplers on conventional PI controllers using the 

[L,V] configuration improved product impurity control. The simple decoupler and the 

two-way decoupler improved bottom impurity control for cyclic disturbances. In 

addition, the simple decoupler improved [L,V] for setpoint changes on both product 

impurities and for feed composition step-changes. The two-way decoupler performance 

did not exceed the conventional PI scheme the conventional PI scheme for cyclic feed 

disturbances for the overhead impurity. One-way decouplers improved control for the 

standard tests, yet this decoupler had conflicting results for cyclic tests. The simple 

decoupler performed well for most of the tests. As a resuh, decoupling improved 

conventional PI dual-composition control of the [L,V] configuration. 

Designing a two-way decoupler requires open-loop testing of the process to 

determine the appropriate models for the column. For high purity columns, this can be a 

difficult process (Moudgalya et al, 1987). As a result, implementing these decoupling 

schemes requires some knowledge of the open-loop gains and dynamics of the process. 
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The simple decoupler requires knowledge of the steady-state gains and appropriate time 

to implement changes on the colunm that prevent disturbances in the product 

compositions. 

5.10 Dual-Ended PI Composition Control with 
Feedforward Compensation 

The preceding work implements feedback-only control on the various 

xylene/toluene columns. Thus, changes in the feed composition could only be corrected 

when changes in the product impurities are measured by the composition analyzers. The 

goal of this section is to determine the benefit of implementing feedforward 

compensation on the manipulated variables when feed composition is measured. Design 

and implementation of feedforward compensation is similar to the decoupling 

implemented in Section 5.9. The mathematical derivation and implementation issues for 

feedforward compensation are discussed in Seborg et al. (1989). 

Feedforward compensation was studied for dual-ended control by compensating 

both manipulated variables as well as by compensating only one of the manipulated 

variables. Three control configurations on the high purity xylene/toluene colunm were 

sttidied. These were the [L/D,V/B], [L,V] and [L,V/B] configurations. Kulkami (1995) 

studied the [L/D,V/B] configuration for feedforward compensation. 

5.10.1 Feedforward Element Development 

The classic, ideal dynamic feedforward controller for the i* control loop in a 

multi-loop control system is defined as 

\dMV,) 

where GPF(S) is the Laplace transform feedforward compensation element, Gd(s) is the 

Laplace transform relating the disturbance variable, D, to the controlled variable, CV;, 
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and Gii(s) is the Laplace relationship between the manipulated variable and the controlled 

variable. 

5.10.1.1 [L/D,V/B] Feedforward Development. Process transform equations are 

identified using direct sine-wave testing (Luyben, 1990) to identify a first-order plus 

deadtime function from the resulting Bode plot. Direct sine testing is also performed by 

cycling the feed composition to obtains the following Laplace relations: 

^impurity '^j^* lQ-2 ^-5s 

d{LID) 1955 + 1 

^impurity Q Q y ^ - 4 0 . 

and (5.14) 

(5.15) 
dF 1905 + 1 

for the overhead impurity to reflux ratio and overhead impurity to feed composition, 

respectively- Taking the definition of the feedforward compensation element (Eq. 5.13) 

the resulting dynamic compensator is 

( 2.06(1955+ 1)^-''^'! _ _ ^, 
MLID),,,{s) = \- \^^^^^l^ ]^fis). (5.16) 

As with the overhead product of the colunm, direct sine-wave testing was applied 

to the bottom end of the column. For boilup ratio control, the following Laplace relations 

were found for the bottom impurity to boilup ratio and bottom impurity to feed 

composition. 

^impurity _ 1_5 * JQ"^ g-^^ 
B 

^V/B) 17505 + 1 
and (5.17) 

-. impurity _ 9 ^p - ^ 2.5* 

^ ^ ^ £ f . (5.18) 
^ 17505 + 1 

The dynamic compensator for the boilup ratio due to changes in the feed composition is 

A{V / B)^^c(s) = {l6l290e-''')Ax^{s). (5.19) 

Both feed composition and boilup ratio had long settling times and thus no lead or lag 
compensation is applied in the feedforward element. 

The compensators (Eq. 5.16 and 5.19) were applied as discussed in Section 5.9. 

As the compensators have no influence in setpoint tracking, no additional controller 
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tuning is required. The PI tuning parameters for the [L/D,V/B] configuration in Table 5.7 

were used for the controllers. 

5.10.1.2 [L,V] Feedforward Development. As with the [L/D,V/B] configuration, 

process transform equations are identified using direct sine-wave testing (Luyben, 1990) 

to find a first-order plus deadtime fimction from the resuhing Bode plot. Direct sine 

testing is also performed open-loop by cycling the feed composition. The resulting 

Laplace relations are 

^impurity _ 0.0092^"'^ 

^ 2505 +1 

^impurity Q^Q^-^^s 

and (5.20) 

(5.21) 
^F 3255 +1 

for the overhead impurity to reflux and overhead impurity to feed composition, 

respectively. Taking the deflnition of the feedforward compensation element (Eq. 5.13) 

the resulting dynamic compensator is 

f-10.87(2505+ 1)^-''^^ 
^DEcis)= Tzzz—;; Ax As). (5.22) 

,̂ (3255 + 1) J 

As with the overhead product of the colunm, direct sine-wave testing was applied 

to the bottom end of the column. For boilup ratio control, the following Laplace 

equations relate for the bottom impurity to boilup ratio and bottom impurity to feed 

composition 

^impurity .IJ^lQ-^g-^^ 

, and (5.23) 
dV 20005 +1 

^impurity _ 2 .15^-1^^ 
(5.24) 

^ 20005 +1 

The dynamic compensator for the reboiler heat duty due to changes in the feed 

composition is 

AV^,cis) = {n6Al\e-''')AXf{s). (5.25) 

As with the [L/D,V/B] bottom compensator, the bottom impurity settling times are very 

long such that the lead and lag elements cancel each other out. 
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The compensator (Equations 5.22 and 5.25) is applied as discussed in Section 5.9. 

As the compensators have no influence in setpoint tracking, no additional PI ttining is 

required. The PI tuning parameters for the [L,V] configuration in Table 5.7 are used for 

the controllers. 

5.10.1.3 [L,V/B1 Feedforward Development. As with the other configurations 

studied for feedforward compensation, process transform equations for the [L,V/B] 

system are identified using direct sine-wave testing (Luyben, 1990) to find a first-order 

plus deadtime fimction from the resulting Bode plot. Direct sine testing is also used to 

find the relationship between feed composition and the product impurity. The resulting 

Laplace relations are 

^impurity _ ^^^^^^. -5s 

and 
dL 1755 + 1 ^ -̂̂ ^^ 

^impurity Q^'j^^-lSs 

cF ~ 1755 + 1 ^^'^^^ 

for the overhead impurity to reflux flowrate and the overhead impurity to feed 

composition, respectively. Taking the definition of the feedforward compensation 

element (Eq. 5.13) the resulting dynamic compensator is 

AZ^,^(5) = (20.83^-^°^ )AX, (5). (5.28) 

As with the overhead product of the column, direct sine-wave testing is applied to 

the bottom end of the column. For boilup ratio control, the following Laplace equations 

relate the bottom impurity to boilup ratio and bottom impurity to feed composition: 

^impurity .IJ^IQ-'^"^^ 

d{V I B) 17505 + 1 
and (5.29) 

^tmpurtty 0 9 5 - 2 0 . 
—^ = . (5.30) 

^ 7OO5+I ^ 

The dynamic compensator for the boilup ratio due to changes in the feed composition is 

, , , f61936(17505 + l)^-"*l 
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The compensators (Eqs. 5.28 and 5.31) were applied as discussed in Section 5.9. 

As the compensators had no influence in setpoint tracking, no additional controller tuning 

was required. The PI tuning parameters for the [L,V/B] configuration in Table 5.7 were 

used for the controllers. 

5.10.2 Measured Disturbance Rejection Control Results 

As the results for Tests 1 and 2 are not affected by the feedforward compensators, 

only Test 3 was performed on the different feedforward systems studied. 

5.10.2.1 [L/D.V/B] Feedforward Compensation. The double ratio configuration 

has the benefit of decoupling both ends of the colunm when setpoints change. [L/D, V/B] 

allows changes in vapor rates to pass out through both the distillate product and reflux. 

Similarly, changes in the reflux flowrate can be compensated by changing the reboiler 

heat duty (vapor flowrate) and bottoms flowrate. Yet, the double ratio configuration 

performs poorly for disturbances (Section 5.4.2). Table 5.25 compares the results for the 

double ratio configuration without feedforward compensation to compensation on both PI 

controllers, and to each individual control loop. Implementing some level of feedforward 

benefits the product streams in that the lAE results decreased in each case. 

Compensating both the reflux ratio and boilup ratio significantly improves the lAE 

results of both product streams. The overhead lAE decreases by 79% and the bottom 

decreases by 76%. Significant improvement in the bottom product lAE occurs by 

compensating the boilup ratio. Compensating only the reflux ratio decreases the lAE by 

half for the overhead product but only drops the bottom lAE by 32%. 

Figure 5.73 presents the overhead and bottom impurity responses for the increase 

in the xylene feed concentration. As both graphs show, compensating both manipulated 

variables reduces the overhead variation significantly compared to the other control 

implementations. Compensating only the boilup ratio mimics the uncompensated 

configuration. Compensating only the reflux ratio produces results similar to the 

uncompensated [L/D,V/B] conflguration. Compensating both manipulated variables 

appears to be the best feedforward control arrangement. 
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Table 5.25: Comparison of Feedforward Compensated Disturbance with the 
[L/D,V/B] Stmcture on the High Purity Colunm 

Controller 
PI - Feedback only 

PI with both MV's compensated 

PI with L/D compensated 

PI with V/B compensated 

Overhead lAE x 
1.60 

0.33 

0.83 

1.01 

10' Bottom lAEx 10' 
10.6 

2.57 

7.20 

2.66 

In addition to step testing the [L/D,V/B] configuration with a feed composition 

change, cyclic feed disturbances were performed. Those results are plotted in Figure 

5.74. As the figure shows, compensating both manipulated variables improved the 

overhead impurity amplitude ratio for frequencies less than 0.07. Compensating only the 

bottom manipulated variable has little improvement in overhead impurity, but for bottom 

impurity, this configuration performs similarly to the dual compensated arrangement. 

Implementing feedforward compensation to both manipulated variables significantly 

improves the [L/D,V/B] configuration's ability to handle feed disturbances effectively. 

5.10.2.2 [L,V] Feedforward Compensation. Adding simple decouplers to the 

[L,V] configuration improved its ability to handle setpoint changes. Compensating this 

configuration for feed composition disturbances should ftirther improve lAE results. 

Table 5.26 compares feedforward compensation results for Test 3. Applying feedforward 

compensation to both manipulated variables has mixed results. The overhead lAE 

increases by a factor of 2.3 when both manipulated variables are compensated. Yet the 

bottom lAE drops 81%. Compensating only the reflux flowrate ftirther worsens the 

overhead lAE. The bottom lAE improves slightly. The best improvement in both 

product streams occurs when only the reboiler heat duty is compensated. As Table 5.26 

shows, the overhead lAE decreases 54% and bottom lAE decreases by 78%. 

Figure 5.75 shows the responses for the different feedforward compensation 

methods. For both products, compensating only the reboiler heat duty produces less 

deviation from setpoint. Compensating both manipulated variables hurt overhead 
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Table 5.26: Comparison of Feedforward Compensated Disturbance with the [L,V] 
Stmcture on the High Purity Column 

Controller 
PI - Feedback only 

PI with both MVs compensated 

PI wdth reflux compensated 

PI with reboiler heat duty compensated 

Overhead lAE x 
2.74 

5.92 

6.21 

1.26 

10' Bottom lAEx 10' 
15.8 

2.99 

15.4 

3.34 

performance while it improves the bottom control. Compensating the reflux flowrate 

degrades overhead performance and has no real affect on the bottom impurity. The 

conclusions support the use of feedforward compensation only on the reboiler heat duty. 

Cyclic feed disturbances are also performed on the compensated [L,V] control 

configuration. Figure 5.76a compares the different feedforward compensation cases 

tested. For the overhead impurity, the lowest amplitude ratio occurs for systems with no 

feedforward compensation applied. Both reboiler only and reflux/reboiler heat duty 

compensation have higher amplitude ratios at moderate frequencies. As the frequency 

decreases, compensating only the reboiler heat duty produces results similar to the non

compensated [L,V] configuration. Figure 5.76b compares bottom impurity amplitude 

ratios. For this case, feedforward compensation decreases the sensitivity of the product to 

cyclic feed disturbances. For frequencies above 0.005 rad/min, compensation of only the 

reboiler heat duty produces lower amplitude ratios. For frequencies below 0.005 rad/min, 

compensating both reflux and the reboiler heat duty improves the amplitude ratio. The 

amplitude ratios for both compensation techniques shown on the graph are more than 5 

times lower than the non-compensated [L,V] control configuration. 

Based on the results of the cyclic disturbance testing and step changes in the feed 

composition, applying feedforward compensation only to the reboiler heat duty produced 

the best results for both the overhead and bottom impurities. While the overhead 

amplitude ratio increased for moderate frequencies with this configuration, the increase 

was negligible compared to the improvements in reducing the bottom product's 
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sensitivity to disturbances. Implementing feedforward compensation to both manipulated 

variables did not provide the same degree of benefit for both product streams. 

5.10.2.3 rL,V/B] Feedforward Compensation. The final configuration for 

feedforward compensation studies was the reflux^oilup ratio configuration. This 

configuration performed well for most of the columns under study and was one of the 

best configurations for the high purity colunm. Feedforward compensation was tested on 

both manipulated variables and for compensating only one of the manipulated variables. 

Table 5.27 compares the lAE results of the different feedforward compensation 

routines. As with the [L,V] feedforward compensation studies, compensating only the 

bottom manipulated variable improves the lAE resuhs for both products. For this 

compensation scheme, the overhead lAE decreases by 37% and the bottom lAE improves 

by 48%). Compensation of both manipulated variables or only the reflux worsens the 

overhead impurity for both cases. No improvement is found for compensating the reflux 

flowrate, while compensating both manipulated variables improved the bottom lAE by 

47%. Figure 5.77 plots the overhead and bottom impurity responses due a feed 

disturbance where 5.0 mole percent less toluene is in the feed. For overhead impurity, 

compensating only the boilup ratio produces much quicker changes in the impurity levels. 

In addition, the system retums to setpoint in less time than the other schemes. This 

scheme also has less deviation from setpoint. Results for bottom impurity control show 

that compensating only the reflux and the non-compensated [L,V/B] configurations 

generate identical results. These two configurations retum to setpoint, but compensating 

Table 5.27: Comparison of Feedforward Compensation with the [L,V/B] Stmcture 
on the High Purity Column 

Controller 
PI - Feedback only 

PI wdth both MVs compensated 

PI with L compensated 

PI with V/B compensated 

Overhead lAE x 
2.09 

3.17 

4.28 

1.31 

10' Bottom lAEx 10' 
10.6 

5.62 

10.6 

5.50 
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either only the boilup ratio or both manipulated variables results in an offset from 

setpoint. These last two configurations have lower lAE results. The extended offset is not 

desirable. 

Cyclic feed disturbance testing was performed for the various [L,V/B] 

feedforward compensation techniques. Figure 5.78 plots the amplitude ratio results. 

Applying no feedforward compensation on the reflux produced the lowest amplitude 

ratios for both products. The overhead amplitude ratios for the compensating only the 

boilup ratio were nearly 1.5 times higher than the non-compensated case while 

compensating both manipulated variables had roughly doubled the amplitude ratio of the 

non-compensated [L,V/B] control configuration. With lower frequencies, compensating 

only the boilup ratio compared well with the conventional control system for overhead 

impurity. The bottom amplitude ratio improved with feedforward compensation. 

Compensating both manipulated variables and only the boilup ratio produced similar 

results for the frequencies studied. Feedforward compensation fiattened the amplitude 

ratio at a higher frequency than was observed for the non-compensated case. 

As with the [L,V] configuration, compensating the bottom control loop improves 

the [L,V/B] control configuration performance. Overhead impurity control improves for 

step-changes in the feed composition but compensation has an impact on the overhead 

impurity amplitude ratio. The benefits in the bottom control performance may overcome 

the higher sensitivity of the overhead control loop, though. As a result, compensating the 

boilup ratio appears to be the favorable advanced control option for feed composition 

changes. 

5.10.3 Discussion of Results 

Implementing some type of feedforward compensation benefited the [L/D,V/B], 

[L,V] and [L,V/B] configurations. While this study is limited to three configurations, it 

appears that controlling the overhead impurity with the reflux flowrate requires 

feedforward compensation of the bottom manipulated variable. The double ratio benefits 

from compensating both manipulated variables. The double ratio configuration benefits 
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when both manipulated variables are compensated and may support the implementation 

of compensation on other reflux ratio control configurations. All systems benefit from 

compensating the slower bottom control loop. 
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CHAPTER 6 

GENERIC MODEL CONTROL 

Incorporating a nonlinear model of a distillation colunm allows process gains to 

be included in the controller output calculations. As a resuh, control action by a model-

based controller reflects changing process conditions and takes into account nonlinearities 

inherent with distillation. This chapter begins with a basic discussion of Generic Model 

Control (GMC) for control purposes. Tuning procedures are explored further in the 

chapter. Finally, the application of GMC for the high purity and low purity distillation 

columns is shown and discussed. 

6.1 GMC Controller Development 

Lee and Sullivan (1988) developed Generic Model Control (GMC) by considering 

a system represented by differential equations having the form of 

^ = f{y,u,d,t,e) (6.1) 
at 

where y is a vector of output variables, u is a vector of input variables, d is a vector of 

measured disturbances, t is time, and 0 is a set of adjustable model parameters. The 

dimensions of u and y do not have to be equal. A reference system is defined that 

describes the acceptable rate of change for the output variables, y**. The setpoint of y is 

represented by y*. The reference system is defined by 

r{y) = y*'' = K,{y*-y) + K, \{y*-y)dt (6.2) 
0 

where K, and K2 specify the responsiveness of the control system to errors in the actual 

process measurement, y, and the desired setpoint, and t̂  is the current process time. 

Thus, if the rate of change in the output system follows the desired reference system. 

Equations 6.1 and 6.2 can be combined to get 
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fiy,u,d,t,6) = K,{y*-y) + K,\(y*-y)dt. (6.3) 
0 

The reference system is any user selected trajectory. In a simplified case, consider 

replacing the output derivative (dy/dt) with a forward difference approximation. Thus 

Equation 6.3 becomes 

^^-^^ = f(y,u,d,t,0) (6.4) 
T 

where x is the time constant for the reference trajectory. Equation 6.4 is solved to 

determine u. Equation 6.4 is an approximate model and produces steady-state offset 

much like a proportional-only PI controller would. Adding an integral term to GMC 

yields 

'k 

f{y,u,d,t,9) + K,{y*-y) + K,l{y*-y)dt=0 (6.5) 
0 

where K̂  equals 1/T in Equation 6.4. 

The function, f(y,u,d,t,0), represents a dynamic model of the process, but for 

many processes, dynamic models are not readily available. Obtaining simple transfer 

function models of high purity distillation colunms is often difficuh and dynamic tray-to-

tray simulations require a large amount of computer time to mn. As a result, steady-state 

models are often used. Cott et al (1989) converted the control law such that a steady-

state model could be used. The approximate model is transformed into a dynamic model 

by assuming first order dynamics described by 

at Tp 

where y,3 is the solution of the steady-state approximate model based on current values of 

the measured disturbances and manipulated variables and Xp is the desired time constant 

for the system response. Combining Equation 6.6 with Equation 6.5 yields 

'k 

Yss=y+K (ysp -y)+K l^ysp - y"^^^ (̂ •'̂ ^ 
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where K\ equals XpKj and K'2 equals XpK2. Thus, the control law determines a steady-

state target, and the model inverse calculates the necessary control action to drive the 

process to this value. The GMC controller outputs two steady-state targets (overhead 

impurity, x̂  ,„ and bottom impurity, x̂  ̂ s) for the distillation column and the model 

inverse finds the manipulated variable output from 

G(y33, u, d, 6) = 0 (6.8) 

where G is the model inverse relating steady-state targets to manipulated variables. 

Measured disturbances are also included in the model inverse calculation. 0 are model 

parameters that are adjusted to keep the model inverse in agreement with the process. 

For work on the xylene/toluene colunm, a steady-state, binary tray-to-tray model 

is used. This model is the same steady-state model used to design the columns. Thus, it 

is an exact steady-state model and only differs from the dynamic model in that process 

dynamics are not factored into the calculations. The steady-state model is designed to 

take the steady-state targets from the GMC controller and calculate the necessary values 

for the reflux flowrate, the reboiler heat duty, the bottoms flowrate, the distillate flowrate, 

the reflux ratio, or the boilup ratio depending upon the control configuration 

implemented. 

6.2 GMC Controller Tuning 

6.2.1 Pi-Like Control Algorithm 

Flathouse and Riggs (1996) found that Equation 6.7 has a similar form to the PI 

control algorithm 

m{t) = m^+ K^ysp -y) + — \{ysp " y)dt (6.9) 
^/ 0 

where K̂  is the controller gain, Xi is the integral time or reset time, m(t) is the 

manipulated variable output, and m^ is the initial output of the controller when the 

controller was put into service (or the bias term). Thus, the GMC control law yields die 

following form 
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^ = K,{y,p -y) + ^ \{ysp - y)dt (6.10) 
at TJ I 

where dy/dt is found by the right hand side of Equation 6.10 (the PI control law) and the 

dynamic model is solved for the appropriate control action, u (Equation 6.1). Equation 

6.10 can be reformulated for steady-state GMC such that the following control law is 

used: 

yss = yo+ K,(ysp -y) + ^ \{ysp - y)dt (6.11) 
"̂ Z 0 

where ŷ  is the measured value of the process when the controller is put on-line. 

Kulkami (1995) implements a GMC control scheme on the [L,V] configuration of 

the high purity xylene/toluene colunm and notes several GMC implementation issues. As 

Equation 6.11 can calculate steady-state targets exceeding the mole fraction range of 

impurity (between 0.0 and 1.0), some type of clamping is necessary. Kulkami 

implements exponential clamping for realistic steady-state targets. In addition to 

clamping, filtering setpoint changes prevents the GMC controller from being exposed to 

large setpoint changes over short periods of time. Finally, dynamic compensation of the 

measured disturbance variables prevents the GMC controller from taking action on 

variables that have yet to influence the measured products. The steady-state model does 

not incorporate dynamics and thus a deadtime/lag scheme introduces disturbances to the 

model inverse as the disturbances affect the measured values. 

6.2.2 GMC Tuning 

The GMC tuning procedure of Lee and Sullivan (1988) is based on the user's 

desired shape and rate for the response to a setpoint change. Lee (1993) suggests 

determining whether an overshoot or an undershoot response to the setpoint is desired. 

From this point, the response time should be set based on the knovm or estimated plant 

response time. 

Flathouse and Riggs (1996) recognized the similarity between the PI and GMC 

algorithms. By converting the GMC controller parameters to those of the PI controller 
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(control gain, K̂ ., and reset time, Xj), the GMC controller can be substituted for the PID 

controller in Figure 4.4. Thus, an ATV method could be used to generate the necessary 

tuning parameters for the GMC controller. The output of the relay block is the steady-

state target(s) for the process in question. The model inverse takes the steady-state 

target(s) and calculates the necessary manipulated variable settings for the process to 

reach these targets. ATV determines the ultimate gain and period of the control loop. 

The relay height for the ATV test is limited to the region where the model inverse is valid 

for the process and does not disturb the process greatly. For high purity colunms, such as 

the xylene/toluene column, small 0.0001 mole fraction (100 ppm) changes are necessary. 

With the ultimate gain and period, the controller gain and reset times for the GMC 

controller can be calculated using either the Ziegler-Nichols (1942) or the Tyreus-Luyben 

(1992) tuning methods. 

As with the PI controller, a detuning factor is necessary to improve the 

controller(s) performance for MIMO systems where the detuning factor can be used to 

tune both steady-state targets calculations. One significant problem that was encountered 

with the GMC controller was reaching either a unity or greater purity steady-state target 

for the overhead and bottom compositions. In these cases, the steady-state inverse model 

used for the GMC controller fails to converge and ends the simulation. As a resuh, 

constraints are introduced to limh the output of the GMC controller. Kulkami (1995) 

recommends an exponential clamp be implemented on the steady-state targets to the 

model inverse and these clamps are implemented for these studies. The exponential 

clamp for instances where the steady-state target, ŷ ,̂ is greater than the initial steady-

state value, y ,̂ is found by 

yss,clamp J^o \-^max ^oiy 

yo -yss 

yvtax ~yo 
\ 

ss,clamp , , J 
(6.12) 

where y^^ is the maximum allowed steady-state target. When the steady-state target is 

less than the initial controller value, the exponential clamp is 
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yss,clamp=yo+{ymin-yo)\^-^ 

yss-yp 
yo-yma 

\ 

(6.13) 

where y î„ is the minimum allowed exponential clamp. Clamping values for the high 

purity column are summarized in Table 6.1. 

Kulkami (1995) found the GMC controller had problems obtaining high purity 

bottom products on the high purity. As a result, a modified test is necessary to find the 

detuning factor. Table 6.2 summarizes the new testing procedure. The detuning test 

allows the impurity to increase in the product streams without subjecting the controller to 

higher purities. As with the PI controller, detuning minimizes the sum of the lAE scores 

for the overhead and bottom composition loops with the test outiined in Table 6.2. 

Adjustments in the detuning factors are made if excessive control action takes place 

during the test. 

Table 6.1: Exponential Clamp Values for High Purity Column 

Parameter Value 
Upper Limit on Overhead Impurity 

Lower Limit on Overhead Impurity 

100000 ppm 

10 ppm 

Upper Limit on Bottom Impurity 

Lower Limit on Bottom Impurity 

100000 ppm 

20 ppm 

Table 6.2: Detuning Test Procedure for GMC on High Purity Colunm 

Test Time (min) 
10 

1000 

2000 

3000 

4000 

Setpoint Change 
Overhead Impurity at 1500 ppm 

Overhead Impurity at 1000 ppm 

Bottom Impurity at 1500 ppm 

Bottom Impurity at 1000 ppm 

end test 
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6.2.3 Tuning Results 

GMC was applied to the high purity and low purity xylene/toluene columns using 

the [L,V] configuration. The level tuning parameters in Chapter 3 were used for the 

appropriate column. The results of ATV testing generated the Tyreus-Luyben tuning 

parameters listed in Table 6.3 for the high purity colunm. 

6.3 GMC Control Comparisons 

Kulkami (1995) studied the high purity xylene/toluene colunm using GMC and 

found control performance to be sluggish for the [L,V] configuration. The following 

sections will compare the PI and GMC controller implementations on the high and low 

purity columns to evaluate the advantages and disadvantages of this model-based 

controller. 

6.3.1 High Purity Column 

The [L,V] configuration is a good configuration for cyclic feed composition 

disturbances on the high purity column under PI control. As GMC incorporates a model 

of the process, [L,V] control moves include nonlinear steady-state gains and the 

interactive nature of the configuration. Table 6.4 compares the lAE results for the two 

controllers for the three tests described in Table 6.5. A new testing procedure has 

difficulty moving the column to produce higher purity products. As Table 6.4 shows, the 

GMC control system does not generally improves upon PI control system performance. 

For Test 1, GMC improved the bottom lAE by 58% yet the overhead lAE increases 31%. 

GMC has poor control of both streams in Test 2, and overhead impurity control is much 

worse for Test 3. Bottom impurity control for Test 3 is better than PI by 30%. GMC has 

lower sum lAE results only for Test 1. The remaining tests favored PI control. 

Figure 6.1 compares PI and GMC for overhead impurity setpoint changes. Figure 

6.1a shows the interaction typical for the [L,V] configuration under PI control. The 

interaction causes the PI control system to have long settling times for reaching die new 

setpoints. The GMC controller moves the overhead impurity to the 1500 ppm setpoint at 
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Table 6.3: Tyreus-Luyben Tuning Parameters for GMC controllers on the High Purity 
Xylene/Toluene Vacuum Column with [L,V] Control Configuration 

Overhead Loop 
Controller 

Gain' 
11.458 

Reset Time 
(min) 
66.0 

Bottom Loop 
Controller 

Gain' 
103.394 

Reset Time 
(min) 
66.0 

Detuning Factor 

0.9 

'Gains for the GMC controller are mole fraction/mole fraction. 

Table 6.4: Comparison of Test Results for Controllers on [L,V] Configuration on High 
Purity Xylene/Toluene Colunm 

Test 
1 

2 

3 

Controller 
GMC 

PI 

GMC 

PI 

GMC 

PI 

Overhead lAE x 
5.30 

4.03 

4.34 

1.41 

16.7 

2.74 

10' Bottom lAE X 
2.77 

6.66 

8.01 

4.32 

11.1 

15.8 

10' SumlAExlO' 
8.07 

10.7 

12.3 

5.73 

27.8 

18.6 

Table 6.5: lAE Tests for GMC on High Purity Column 

Test 
1 

2 

3 

Test Time (min) 
10 

400 

1200 

10 

500 

1200 

10 

800 

Setpoint Change 
Overhead Impurity at 1500 ppm 

Overhead Impurity at 1000 ppm 

End Test 

Bottom Impurity at 1500 ppm 

Bottom Impurity at 1000 ppm 

End Test 

Toluene Feed Composition drops 5 mole % 

End Test 
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a slower rate than the PI controllers and overshoots the setpoint. The bottom impurity 

(Figure 6.1b) shows some ringing for the GMC control response. The GMC controller 

specifies a steady-target which exceeds the lower limit of the inverse model (Figure 6. If) 

and the exponential clamp prevents this target from being used in the model inverse 

calculation. As the column approaches its new operating point, the ringing disappears. 

When the setpoint retums to 1000 ppm, GMC quickly brings the overhead impurity to 

setpoint while the PI controllers interact. GMC calls for dramatic changes in the reflux 

and reboiler heat rates at 400 minutes as Figures 6.Ic and 6.Id show. GMC lowers the 

overhead steady-state target to its lower clamp limit (Figure 6.1e) and calls for a very 

high bottom impurity target (Figure 6.11). These steady-state targets, though, call for a 

higher reboiler heat duty which drops bottom impurity, and the increased reflux rate 

brings the overhead impurity to setpoint. Thus, clamping the control action provides the 

model inverse with the wrong information and the control action is implemented. 

Clamping prevents the model inverse from generating proper control moves which move 

the column to the steady-state targets. 

Figure 6.2 compares the PI and GMC controllers for changes in the bottom 

impurity setpoint. PI control exhibits some oscillatory control action for the setpoint 

change from 1000 ppm to 1500 ppm. GMC raises the bottom impurity at the same rate as 

PI, but overshoots and remains over the impurity specification. GMC does settle at 

setpoint before PI does. The GMC controller maintains the overhead impurity at setpoint 

much better than PI (Figure 6.2a). When the bottom impurity setpoint retums to 1000 

ppm. Figure 6.2b shows the problems Kulkami (1995) encountered with the high purity 

column. GMC has sluggish control action as h calls for bottom impurity targets (Figure 

6.2f) that are below the minimum allowed target. As a resuh of the increasing control 

integral error, the overhead impurity target increases (Figure 6.2e) and ftirther worsens 

control action on the column. The model inverse takes the higher overhead impurity 

targets and reduces reboiler heat duty and reflux flowrate. After 700 minutes into the 

test, both products near their setpoints and the GMC controller begins to calculate proper 

steady-state targets on the system. Clamping the steady-state targets for purities near 1 
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causes considerable problems for the GMC controller. The clamped targets do not 

necessarily represent the proper targets to bring the column back to setpoint, and the 

clamps severely hamper the controller's performance. 

Figure 6.3 compares the two controllers for an unmeasured feed composition 

disturbance entering the colunm. As Figure 6.3a shows, GMC does not provide good 

control of the overhead impurity. The controller has problems modeling the unknown 

disturbance, and the model inverse calls for more reflux and less reboiler heat duty 

(Figures 6.3c and 6.3d). The bottom impurity target hits its minimum value (Figure 6.3f) 

for this change. Yet, the bottom impurity increases. The GMC controller calls for a 

higher purity specification which retums the reboiler heat duty to near its initial value. 

This action is due to model mismatch caused by clamping the bottom steady-state target. 

The sudden change in the reboiler heat duty has little influence on the product purities 

and the GMC controller retums the colunm back to setpoint primarily by increasing the 

overhead setpoint which decreases the reboiler heat duty and the reflux flowrate. After 

200 minutes, the valid steady-state targets are presented to the model inverse and the 

column is brought back to setpoint. Despite the problems GMC has, both controllers 

retum the product to setpoint at similar times. The PI controller also keeps the overhead 

impurity near setpoint despite long settling times. The PI controller also over-purifles the 

bottom impurity which is better than increasing the impurity as GMC did. 

Finally, cyclic feed composition tests are performed to measure the sensitivity of 

the two controllers. Figure 6.4 shows the resuhs for both products. For overhead 

impurity control, the PI controller is significantiy less sensitive to disturbances. The peak 

amplitude ratio for the GMC controller is more than five times higher than Pi's. PI 

control is favored for high frequency disturbances on the bottom impurity (Figure 6.4b). 

Yet, as the disturbance period lengthens, GMC has a slightly lower amplitude ratio. This 

improvement is attributable to model error in which GMC calls for more aggressive 

changes in the reboiler heat duty. This in tum cases the high amplitude ratios in the 

overhead. 
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Figure 6.3: continued. 
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GMC control does not offer significant improvement on the [L,V] configuration. 

The PI controller performs much better for most of the tests performed. Aggressive 

tuning on the GMC controller causes it to exceed valid ranges for the model inverse and 

clamps limit the degree of control action to apply to the colunm. GMC does lessen the 

interaction between the control loops when the impurity of the bottom impurity increased. 

Clamping for high purities resultes in improper control action and removes the 

decoupling ability of the controller. 

6.3.2 Low Purity Column 

As the GMC controller did not perform well on the high purity column due to 

limited steady-state target range and invalid control action due to clamping, GMC was 

applied to the low purity column. This colunm has lower product purities. As a result the 

controller has a more steady-state target range. Table 6.6 lists the GMC controller 

settings for each steady-state target. The test in Table 6.2 was used for detuning with the 

setpoints in the table scaled by a factor of 10. 

The tests in Table 6.7 were applied to the low purity column to compare the PI 

and the GMC controllers. Table 6.8 compares the lAE results for the GMC controller to 

the decentralized PI controllers studied in Chapter 5 on the low purity colunm. For Test 

1, the GMC controller improved control of both product impurities. The overhead lAE 

dropped 41% using GMC controls. The bottom lAE decreased significantly. GMC 

improved bottom impurity control by 88% over PI controls. Figure 6.5 compares the 

controllers control of the process. Figure 6.5a compares overhead impurity control. As 

the graph shows, GMC brought the overhead impurity to setpoint at the same time as the 

PI controllers. Yet, GMC kept the process at setpoint while control loop interaction 

worsened PI control response. Retuming the setpoint to 10,000 ppm favored the GMC 

controller as well. The most significant improvement was for bottom impurity control. 

GMC kept the bottom impurity within 1000 ppm of its setpoint, while the PI controllers 

allowed the bottom impurity to vary by as much as 7000 ppm. GMC decoupled the top 

and bottom of the columns and improved controllability of both products. The one 
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Table 6.6: Tyreus-Luyben Tuning Parameters for GMC controllers on the Low Purity 
Xylene/Toluene Vacuum Column 

Configuration 

[L,V] 

Overhead 
Controller 

Gain' 
1.183 

Loop 
Reset Time 

(min) 
88.0 

Bottom 
Controller 

Gain' 
4.759 

Loop 
Reset Time 

(min) 
99.0 

Detuning 
Factor 

0.5 

'Gains for the GMC controller are mole fraction/mole fraction. 

Table 6.7: lAE Tests for GMC on High Purity Colunm 

Test 
1 

2 

3 

Test Time (min) 
10 

400 

1200 

10 

500 

1200 

10 

800 

Setpoint Change 
Overhead Impurity at 15000 ppm 

Overhead Impurity at 10000 ppm 

End Test 

Bottom Impurity at 15000 ppm 

Bottom Impurity at 10000 ppm 

End Test 

Toluene Feed Composition drops 5 mole % 

End Test 

Table 6.8: Comparison of Test Results for Controllers on [L,V] Configuration on Low 
Purity Xylene/Toluene Colunm 

Test 
1 

2 

3 

Controller 
GMC 

PI 

GMC 

PI 

GMC 

PI 

Overhead lAE x 
30.6 

52.0 

1.67 

6.15 

11.0 

10.7 

10' Bottom lAE X 
13.2 

114.2 

66.6 

26.8 

30.1 

92.4 

10' SumlAExlO' 
43.8 

166.2 

68.3 

32.9 

41.1 

103.0 
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problem with GMC was its inability to perform satisfactory for higher purity products 

due to model limits. GMC manipulated variable action (Figures 6.7c and 6.7d) had 

greater initial control valve moment, but GMC did not oscillate the manipulated variables 

as PI does. Decoupling the ends of the colunms allowed GMC to have less control 

action. Figures 6.7e and 6.7f show that GMC steady-state targets remained valid. 

For Test 2, GMC improves overhead impurity control by 73%, yet the bottom 

impurity is now 148%) worse than the PI control system. Figure 6.6 compares the PI and 

GMC controllers for bottom impurity setpoint changes. As GMC did for Test 1, GMC 

maintains the overhead impurity at setpoint much better than PI. Again, interaction 

between the control loops lowers PI performance and causes additional deviation in the 

product impurities. GMC keeps the overhead impurity within 50 ppm of setpoint while 

PI controls allows 1000 ppm deviation. Yet, for bottom control, GMC causes excessive 

movement in the reboiler heat duty (Figure 6.6d), and GMC causes the bottom impurity 

to overshoot the 15,000 ppm setpoint. GMC oscillates around the setpoint and the PI 

control system settles in much less time. PI also performs better when the bottom 

impurity setpoint dropped to 10,000 ppm. GMC has a smoother approach to this 

setpoint, but it is not as aggressive as PI. GMC requires an additional 200 minutes to 

settle at setpoint. Control action by the controllers is smoother for the GMC controller. 

GMC does oscillate while the bottom impurity is set at 15,000 ppm, but the control action 

is slower than Pi's. GMC generally calls for more control action with each setpoint 

change than PI does, and CMC's steady-state targets do not exceed any of the clamps 

(Figures 6.8e and 6.8f). 

Test 3 compares the controllers for an unmeasured feed disturbance. As Table 6.7 

shows, GMC improves the bottom impurity control by 67%. Like Test 1, GMC provides 

considerable improvement in the bottom impurity. Yet, GMC is slightly worse for 

overhead impurity control. The lAE increases by 2.8% for this test. Figure 6.7 shows 

that each controller handles the feed disturbance differentiy. The PI controllers allow the 

overhead impurity to increase while the GMC controller overpurifies the overhead 

product. At the bottom of the column, GMC allows the bottom impurity to rise to 15,500 
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ppm, while PI overpurifies the product. Both controllers have similar settling times. 

Figures 6,9c and 6.9d show that GMC initially increases its reflux flowrate and then 

decreases it. The model inverse does not have the correct model for the feed composition 

change. GMC lowers the reboiler heat duty by the correct final amount, but additional 

correction is necessary to reduce the bottom impurity. GMC implements control action 

much faster than PI, but due to process dynamics, GMC must also institute additional 

control action to overcome dynamic mismatch between the steady-state model and the 

dynamic process. As with the other low purity tests, GMC calculated steady-state targets 

that did not violate the target clamps. 

Finally, GMC is subjected to cyclic feed composition disturbances. Figure 6.8 

compares GMC and PI. Both controllers compare quite well for overhead impurity 

control. PI is slightly more sensitive at frequencies under 0.1 rad/min, but both 

controllers have similar amplitude ratios for the frequencies evaluated. PI is the most 

sensitive controller for bottom impurity as it also peaks near 0.1 rad/min and this is peak 

is 1.5 times larger than CMC's. GMC has lower amplitude ratios throughout the 

frequencies studied with GMC and PI have similar amplitude ratios only for the 100 

minute period disturbance. 

6.4 Discussion of Results 

GMC on the high purity and low purity colunms differed significantiy. GMC 

could not match the PI control system on the high purity column due to steady-state target 

clamping and the resulting incorrect control action that the model inverse calculates. 

GMC consistentiy performed poorly although GMC did provide good process decoupling 

for setpoint changes where the product impurity increases. GMC had problems retuming 

the column to higher purities on both colunms. Yet, GMC on the low purity column 

typically outperformed PI in the test conducted. GMC had problems moving the bottom 

impurity on Test 2, but GMC also improved lAE resuhs during setpoint tests by 

decoupling the control action on each end of the column. GMC also performed well for 

feed composition disturbances despite lacking the information on the disturbance. GMC 
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compares well to the PI controllers for the feed composition change and cyclic 

disturbance tests on the low purity column. On the high purity colunm, GMC 

overcompensated the reboiler heat duty which lowered the bottom sensitivity but 

increased the overhead sensitivity significantly. 

An addhional problem with GMC was its inability to handle higher product 

purities. On both columns, initial studies found GMC had problems reaching higher 

purities. As a result, new tests (Kulkami, 1995) made setpoint changes from nominal 

conditions to less pure ones. GMC decoupled control action at both ends of the column 

well when a higher impurity was called for. Yet, as the purity increased, the steady-state 

targets neared or exceeded 1 which is an invalid purity specification for the model 

inverse. As a result, the exponential clamps gave reasonable steady-state targets to the 

model inverse, but the benefits of having the model inverse are lost. First, the model 

inverse calculated invalid manipulated variables. Thus, extraneous control action 

worseneds control performance and disturbed the column. Second, the clamped values 

reduced the decoupling aspects of the model inverse. Thus, manipulated variable changes 

did not reflect the necessary values to keep the product composition at their desired 

values. Additional work is necessary on high purity GMC applications. GMC provided 

good control on distillation columns where purities near 1 are not necessary. 
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CHAPTER 7 

DYNAMIC MATRIX CONTROL ON THE 

XYLENE/TOLUENE COLUMNS 

Another model-based controller using process models is Dynamic Matrix Control 

(DMC) (Cutier and Ramaker, 1979; Cutier, 1983). This controller is suitable for 

multivariable control where linear step-response convolution models predict process 

responses based on past changes in the manipulated variables and disturbances. A least-

squares formulation determines the changes in the manipulated variables that minimizes 

the error/time curve for the controlled variables. Constraints in manipulated variable 

movement, safety limits, and other process concems can also be handled by DMC. In 

addition, DMC controller benefit over PID controllers by having an awareness of 

deadtimes and unusual dynamic behavior. This chapter will review sources to DMC 

control algorithm formulation and model identification techniques. Finally, results for 

the high purity, low purity, and high/low purity xylene/toluene colunms are presented and 

discussed. 

7.1 Dynamic Matrix Control Algorithm 

DMC was developed by Cutler and Ramaker (1979) to provide multivariable and 

feedforward control and to provide a controller which takes into account deadtime and 

usual process dynamics. The DMC algorithm uses linear step-response models which 

record expected process responses for a change in a manipulated variable at discrete time 

increments. Past moves as well as current manipulated variables changes are used to find 

fiiture control variable responses by the Principle of Linear Superposition. Hurowitz 

(1998) provides an indepth review of the DMC algorithm for a SISO system as well as 

the methodology for MIMO systems. Additional information is available in Cutier 

(1983). 
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7.2 Controller Model Identification 

As DMC uses time-series models of the process, proper model identification is 

critical for the controller to perform properly. Dynamic matrix control implement the 

[DMC]"^^ controller developed by the Dynamic Matrix Controller Corporation.' The 

DMC' controller models used in this work are found with Dynamic Matrix Identification 

(DMI) (Cutler and Yocum, 1991). Based on vectors of manipulated variable changes and 

the corresponding controlled variable responses, the dynamic matrix of the controller is 

found by a least squares solution. In addition, feedforward variables may also be 

identified in this manner. Hurowitz (1998) provides a review of model identification for 

DMC. 

7.2.1 Open-Loop Testing 

To generate the necessary models for DMI, a series of open-loop responses were 

made to the system under study. Figure 7.1 shows the manipulated variable input for a 

test on the high purity column using the [L,V] configuration. For this test, proportional-

only level controllers were left in automatic to maintain levels in the accumulator and 

reboiler. For each of the control configurations studied, the manipulated variables for 

composition control were varied to obtain the process responses for the overhead and 

bottom impurities. Figure 7.2 shows the responses for the [L,V] configuration as tested 

in Figure 7.1. Typically 20 to 24 changes were made in each manipulated variable. 

Open-loop responses provided the Time To Steady-State (TTSS) for the system and 

changes in the manipulated variable were held for periods of %, V2, V^, 1, and 1 VA of the 

TTSS. The testing procedures followed recommendations made by the Dynamic Matrix 

Corporation (1995). As the level controllers are closed, composition control is performed 

using a 2x2 controller where two product compositions are controlled with two 

' The Dynamic Matrix Control Corporation was purchased by Aspen Technology, 

Inc. in January 1996. 

' Henceforth, DMC in this text refers to the [DMC]^^ controller developed by die 

Dynamic Matrix Control Corporation. 
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manipulated variables. The DMC controller predicts control moves based on the models 

developed for the controller, yet DMC in this study responds to disturbances by feedback 

provided by the product composition analyzers. Thus, disturbances in the feed 

composition and feed flowrate do not influence controller output directly. The DMC 

feedforward inputs (feed flowrate and feed composition) remained constant and do not 

influence control output. 

7.2.2 Controller Model Development 

Once open-loop tests were performed, the [DMI]"^^ software supplied by the 

Dynamic Matrix Corporation (1994) was used to generate DMC controller models. 

Curves generated by [DMI]''̂ '̂  were evaluated to find those that represented process 

responses. Due to process nonlinearity, log base-10 transforms were performed on the 

impurity measurements for both streams on all columns studied. Georgiou et al. (1988) 

found log transformations linearized the process and improved dynamic matrix control 

performance. This log transformation was also recommended by Hawkins (1996). The 

selected models for the 2x2 system are incorporated into the DMC controller using 

software provided by the Dynamic Matrix Control Corporation (1993). 

In addition to log transformations, the bottoms impurity responses have long 

settling times in comparison to the overhead impurity responses. As a result, the bottom 

impurity is treated as a pseudoramp variable on a few configurations. Qin and Badgwell 

(1996) discuss how the DMC controller handles control calculations for a pseudoramp 

variable. Table 7.1 lists the parameters used for DMC controllers on the high purity, low 

purity, and high/low purity colvimns. The low/high purity and inverse purity column 

were not tested with DMC. Steady-state gains for the studied configurations are 

summarized in Tables 7.2 through 7.7. 
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Table 7.1: Xylene/Toluene DMC Model Parameters 

Xylene/Toluene Column 

High Purity 

Low Purity 

High/Low Purity 

Configuration 

[L,V]' 

[L/D,V]' 

[L,V/B]' 

[L,V] 

[L,V] 

[L,V/B] 

Sampling Period 
(minutes) 

5 

5 

5 

5 

5 

5 

Model Horizon # 
of Coefficients 

180 

180 

180 

180 

240 

240 

Bottom Impurity is treated as a pseudoramp variable. 

Table 7.2: DMI Steady-State Gains for High Purity Colunm using [L,V] Configuration 

Manipulated Variables 
Reflux 

Reboiler Heat Duty 

Controlled Variables 
Log Overhead Impurity Log Bottom Impurity 

-2.923 
25.034 

1.870x10-' 
-2.949x10-' 

Table 7.3: DMI Steady-State Gains for High Purity Colunm using [L/D,V] 
Configuration 

Manipulated Variables 
Reflux Ratio 

Reboiler Heat Duty 

Controlled Variables 
Log Overhead Impurity Log Bottom Impurity 

-14.968 1.683x10"' 
139.781 -1.385x10-' 
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Table 7.4: DMI Steady-State Gains for High Purity Column using [L,V/B] 
Configuration 

Manipulated Variables 
Reflux 

Boilup Ratio 

Controlled Variables 
Log Overhead Impurity Log Bottom Impurity 

-1.444 2.232x10"' 
4.105 -3.589x10"' 

Table 7.5: DMI Steady-State Gains for Low Purity Colunm using [L,V] Configuration 

Manipulated Variables 
Reflux 

Reboiler Heat Duty 

Controlled Variables 
Log Overhead Impurity Log Bottom Impurity 

•0.9106 
4.478 

9.688x10"' 
-5.640x10"" 

Table 7.6: DMI Steady-State Gains for High/Low Purity Colunm using [L/D,V] 
Configuration 

Manipulated Variables 
Controlled Variables 

Log Overhead Impurity Log Bottom Impurity 
Reflux Ratio 

Reboiler Heat Duty 
-21.152 
33.458 

5.640x10-' 
-4.617x10-" 

Table 7.7: DMI Steady-State Gains for High/Low Purity Column using [L,V] 
Conflguration 

Manipulated Variables 
Controlled Variables 

Log Overhead Impurity LogBottom Impurity 
Reflux 

Reboiler Heat Duty 
-3.960 
6.266 

2.840x10-" 
-8.601x10-" 
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7.2.3 Controller Tuning Approach 

Unlike the PI and GMC controllers, DMC requires several parameters to be 

adjusted to tune the controller. The most important parameter to adjust is the move 

suppression factors applied to the manipulated variables. The move suppression factor 

determines the relative freedom the controller has to move the manipulated variables at 

each control interval. As with the PI and GMC controllers, minimizing the lAE results is 

the primary factor in finding the proper controller parameters. Acceptable control 

movement is also important. Move suppression is adjusted to obtain good control results 

and acceptable control action. Typically, the move suppression value is increased to limit 

controller output on a particular manipulated variable. Lower move suppression factors 

allow more control action to take place. The DMC controller typically has move 

suppression factors between 1 and 10 in industrial settings (Boyden, 1998). The 

minimum move suppression factor allowed by the controller is 0.01. This minimum 

factor is used for many of the controllers implemented in this work. Boyden (1998) 

accounts for this in that the studies performed have no constraints in manipulated variable 

movement, no process measurement noise, a small 2x2 system, equal control priorities 

for both product purities and the tuning criteria of minimum lAE with acceptable control 

action. The control variable weighting was kept constant at 1 in these studies unless 

otherwise stated in the text. In addhion, standard weighting is used for control move 

calculations. Dynamic weighting may improve control performance of the DMC 

controller, but those studies are beyond the scope of this work. 

Table 7.8 lists the controller tuning parameters used in this study. The equal 

concems for the overhead and bottom impurities are the same which has DMC attempt to 

minimize the weighted error for both products. Changing the equal concems allows one 

product to have more precedence than the other. Primarily, the equal concern for both 

product impurities is set at 1 for all control move calculations unless otherwise noted in 

the text. 

279 



Table 7.8: Controller Parameters for DMC Controllers 

Xylene/Toluene 
Column 

High Purity 

Low Purity 
High/Low Purity 

Configuration 
[L,V] 

[L/D,V] 
[L,V/B] 
[L,V] 

[L/D,V] 
[L,V] 

Move Suppressior 
Overhead MV 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

I Factor for 
Bottom MV 

0.01 
0.01 
0.02 
0.01 
0.01 
0.01 

7.3 High Purity DMC Results 

The DMC controller is implemented on the xylene/toluene columns to compare 

this controller wdth conventional PI controls. Thus, the controllers will be evaluated 

based on control stmcture to compare the control performance of the controllers. The 

[L,V], [L/D,V] and [L,V/B] configurations are compared on the high purity column as 

they exhibited the best cyclic disturbance rejection results for the PI controller. 

7.3.1 FL.VI Configuration 

7.3.1.1 Test Results. DMC for the [L,V] configuration implements a pseudoramp 

variable to model the bottom impurity. Table 7.9 presents the test resuhs for setpoint 

changes of the impurities based on the tests in Table 4.2. DMC improves bottom 

impurity performance by reducing the bottom lAE by 85% while overhead performance 

declines slightiy. Figure 7.3a shows that the overhead impurity has a smoother transition 

from one setpoint to the other under DMC compared to PI. Both controllers settle at 

approximately the same time with DMC crossing the setpoint before PI does. For bottom 

impurity control (Figure 7.3b), DMC has less variation from setpoint especially when the 

overhead impurity setpoint changes from 1500 ppm to 500 ppm at 400 minutes. Figure 

7.3 shows the two composition control loops interacting and the PI controllers have long 

settling times to reach setpoint. DMC lacks this significant interaction and maintains the 

bottom impurity at setpoint. Figures 7.3c and 7.3d show the reflux and reboiler heat duty 
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Table 7.9: Comparison of PI and DMC on the [L,V] Configuration - High Purity 
Colunm 

Test 

1 

2 

3 

Controller 
PI 

DMC 

PI 

DMC 

PI 

DMC 

Overhead lAE x 
6.81 

8.61 

2.59 

1.93 

2.74 

16.2 

10' Bottom lAE X 
11.3 

1.67 

7.45 

5.04 

15.8 

4.34 

10' SumlAExlO' 
18.1 

10.3 

10.0 

6.97 

18.5 

20.5 

manipulations. DMC uses less abmpt changes in the process to smoothly transition the 

process from one operating condition to another. 

For Test 2, DMC reduced both product lAE results. The overhead lAE decreased 

by 25.5% while the bottom lAE decreased by 32.3% compared to the PI control resuhs. 

Thus, for setpoint changes, DMC significantiy improved control performance over PI 

controls. Figure 7.4 shows the manipulated variable and control variable results for Test 

2. For bottom impurity setpoint changes, DMC had fast responses and quickly brought 

the bottom impurity for both setpoint changes. PI was slightly more aggressive for 

increases in the bottom impurity setpoint, yet h had slow, less aggressive control for high 

purity bottom products. DMC had some overshoot upon reaching the new setpoints and 

quickly settled at setpoint. As with Test 1, DMC had smoother manipulated variable 

changes, and DMC had no oscillatory control action. PI control rang the reboiler heat 

duty for the transition from 1500 ppm to 500 ppm bottom impurity. Excessive control 

movement is not desirable. 

Test 3 compares the controllers ability to control unmodeled and unmeasured 

disturbances entering the system. While DMC has the ability to model disturbances and 

other feedforward measured variables, DMC is tested without this compensation. It is 

common in industry not to have composition measurement equipment on feed streams to 

distillation columns due to high maintenance costs. As a result, DMC and PI are tested to 
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determine their ability to handle unmeasured disturbances in a feedback only 

environment. As Table 7.9 shows, overhead impurity control performance degrades 

under DMC control. The DMC overhead lAE is 5.9 times higher than Pi's. Yet, DMC 

improves bottom impurity control significantly, reducing the lAE by 72.5%. The PI 

controllers have a lower sum lAE result, though. Figure 7.5 compares PI and DMC for 

the 5 mole percent decrease in toluene in the column feed. The overhead impurity 

deviates greatly for DMC, while PI maintains the overhead near the 1000 ppm setpoint. 

DMC has a longer settling time as well. Bottom impurity control is better for DMC as 

Figure 7.5b shows. DMC allows the impurity to drop to 400 ppm but quickly brings the 

impurity to near the setpoint at 125 minutes. Afterwards, DMC slowly brings the process 

back to setpoint. PI allows the bottom impurity to drop to 225 ppm before bringing the 

impurity to near the 1000 ppm setpoint at 400 minutes. Both controllers exhibit long 

settling times as integral action becomes the primary drive to reduce error in the PI 

controller. Model errors affect DMC as the process is operating in a process region 

where process steady-state gains have changed. DMC uses larger manipulated variables 

changes (Figures 7.5c and 7.5d) than PI to counteract the disturbance. The reboiler heat 

duty is reduced significantly to account for the higher xylene concentration in the feed. 

Thus, less toluene must be evaporated in the reboiler and reduces energy needs. Reflux 

changes are also more dramatic under DMC control. The DMC controller does not 

increase reflux as necessary to keep the impurity near setpoint. DMC relies on changing 

the reboiler heat duty to maintain overhead impurity which DMC does as it lacks a better 

process model. 

As with other comparisons, cyclic feed composition disturbances are introduced 

to the simulated high purity column to measure the sensitivity of the controllers. Figure 

7.6 plots the Bode plot results for the [L,V] configuration. For overhead control, PI has 

less variation in the overhead impurity compared to DMC for most frequencies tested. 

DMC has amplitude ratios that are 6 times higher than PI. Yet, for bottom impurity 

control, DMC improves upon PI for low frequency (long period) disturbances. DMC has 

a higher variance than PI for disturbance periods between 60 and 140 minutes long. 
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7.3.1.2 Discussion of Results. DMC offers significant improvement in bottom 

composition control over the PI controllers. Modeling the bottom impurity as a 

pseudoramp mimics the integrating-like properties of the bottom impurity. Thus, DMC 

controller quickly manipulates the reflux and reboiler heat duty to obtain good 

performance. DMC overhead impurity control is better for bottom impurity changes and 

acceptable for overhead impurity setpoint changes. Yet, the DMC controller fails to 

maintain the overhead impurity when unmeasured changes in the feed composition 

disturbed the colunm. Inclusion of the feed composition would improve the DMC 

controller results. In addition, manipulated variable movement is limited by the 0.01 

minimum move suppression factor allowed in the software which limits DMC's 

aggressiveness. More aggressive reflux movement would also improve disturbance 

rejection ability. Overall, DMC improves control performance by reducing the sum lAE 

for both product streams and improves bottom impurity control performance 

significantly. The DMC controller implemented in this study uses equal concems of 1 

and standard weighting. Using lower equal concems and dynamic weighting may make 

the controller more aggressive. Also, the DMC controller operates without constraints. 

One of DMC's strengths is constraint control and this is not evaluated in these studies. 

7.3.2 FL/D.VI Configuration 

7.3.2.1 Test Results. DMC for the [L/D,V] configuration also implemented a 

pseudoramp variable to model the bottom impurity. Table 7.10 presents the test results 

for setpoint changes of the impurities based on the tests in Table 4.2. As with the [L,V] 

configuration, DMC improves bottom composition control while overhead control is 

slightiy worse than PI. For Test 1, DMC reduces bottom lAE by 89.5% while the 

overhead impurity is 21% worse. Figure 7.7 shows that the DMC controller controls both 

product impurities with smooth control action. Boyden (1997) indicates this is a desired 

response trait in industry as opposed to minimum lAE which is difficult to measure in a 

plant environment due to measurement noise and other disturbances. While PI controls 

quickly bring the overhead impurity to setpoint, process interaction between the overhead 
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Table 7.10: Comparison of PI and DMC on the [L/D,V] Configuration 
High Purity Column 

Test 
1 

2 

3 

Controller 
PI 

DMC 

PI 

DMC 

PI 

DMC 

Overhead lAE x 
4.53 

5.48 

0.328 

0.377 

2.88 

14.7 

10' Bottom lAEx 10' 
6.77 

0.713 

4.85 

4.29 

3.70 

8.52 

and bottom control loops causes oscillation in the reflux manipulated variable. PI control 

also overshoots the setpoint and has a longer settling time than DMC for the setpoint 

change at 400 minutes. DMC control brings the process to setpoint with no overshoot 

and decouples process changes to keep the bottom impurity (Figure 7.7b) near setpoint. 

As with the [L,V] configuration, DMC also has less dramatic changes in the process input 

variables (Figures 7.7c and 7.7d). DMC provides satisfactory control for overhead 

impurity setpoint changes despite higher lAE results for the overhead impurity. 

Test 2 determines how well the controllers handle changes in the bottom impurity 

setpoint while maintaining the overhead impurity at 1000 ppm. As Table 7.10 shows, 

overhead impurity lAE increases slightly while bottom impurity control improves with 

the DMC controller. Figure 7.8a shows that DMC and PI have similar deviation area 

from setpoint, but the PI control system has more aggressive control action. The DMC 

controller moves predict fiiture controlled variable trends and does not overshoot the 

setpoint. At the 500 minute setpoint change in the bottom impurity, PI has less deviation 

from setpoint due to faster control action but overshoots the setpoint again; DMC does 

not do this. DMC also has good control of the bottom impurity and lacks oscillatory 

responses. Figures 7.8c and 7.8d show that DMC and PI both have abmpt changes in the 

reflux ratio, although DMC first decreases the reflux ratio at 500 minutes before it. 
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Reboiler heat duty control under DMC utilizes less drastic changes to obtain very good 

bottom impurity control results. 

Unlike the [L,V] configuration, DMC on the [L/D,V] configuration does not 

improve bottom impurity control for Test 3. Both product streams are better controlled 

using PI controllers. Overhead impurity performance is 5.1 times worse for Test 3 while 

bottom impurity control is 2.3 times worse in terms of lAE. Figure 7.9 shows the 

impurity responses and manipulated variable movement for this test. The DMC overhead 

impurity response deviates significantly from setpoint. In addition, DMC has a long 

settling time. Bottom impurity control under DMC has nearly the same deviation from 

setpoint as PI control does, but DMC requires more time to bring the system back to 

setpoint. PI control is more aggressive in this respect and brings the bottom impurity 

back to setpoint after 250 minutes. DMC has limited control action as lower move 

suppression factors (less than 0.01) are needed. Figure 7.9d shows that DMC has less 

aggressive reboiler heat duty and reflux flowrate manipulation. 

Figure 7.10 compares the PI and DMC controllers for cyclic feed composition 

disturbances for periods ranging from 20 minutes to 1600 minutes. For overhead 

impurity control, PI performs better for low frequency/long period disturbance periods. 

At low frequencies, DMC allows three times more variation in the overhead product. By 

being slightly more aggressive, PI control of the bottom impurity reaches its peak 

amplitude ratio before DMC. Both PI and DMC have similar peak amplitude ratios but 

DMC's occurs at a slightly lower frequency. As a resuh, PI is favored for low frequency 

feed composition disturbances. 

7.3.2.2 Discussion of Results. The most significant improvement made by 

implementing DMC on the [L/D,V] configuration was improving bottom impurity 

control for Test 1. For the remaining tests, DMC did not greatly improve the lAE results. 

For cyclic feed composition disturbances, DMC offered little benefit for unmeasured 

disturbances as the disturbance is unmodeled and equal concem values of 1 lowered the 

aggressiveness of the controller. Running the controller without feedforward 

compensation broke the DMC controller and limited DMC's control performance. 
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As discussed earlier, control configuration selection plays a vital role in 

minimizing variation in the product impurities. [L,V] was one of the better PI control 

configurations for cyclic feed composition rejection. This configuration also performed 

well under DMC control. As a resuh, control configuration selection still remains a issue 

no matter what controller is implemented. The control configuration determines how 

well product compositions are controlled and disturbances are rejected. 

7.3.3 rL.V/B1 Configuration 

7.3.3.1 Test Results. DMC for the [L,V/B] configuration also implemented a 

pseudoramp model on the bottom impurity. PI controls found that the [L,V/B] 

configuration was less sensitive to cyclic feed composition disturbances on both product 

compositions. Table 7.11 shows the lAE resuhs for the three standard tests outlined in 

Table 4.2. For setpoint tests, DMC performed well; yet, like the other two configurations 

examined, DMC lacked good control performance when unmeasured and unmodeled feed 

composition disturbances influenced the column. 

For Test 1, DMC improved both the overhead and bottom lAE resuhs. DMC on 

the [L,V] and [L/D,V] configurations did not do this as overhead impurity control 

worsened. DMC was 20% better than PI for overhead impurity control and 45% better 

for bottom impurity control. Figure 7.11a shows that DMC and PI both reach the 1500 

Table 7.11: Comparison of PI and DMC on the [L,V/B] Configuration -
High Purity Column 

Test 
1 

2 

3 

Controller 
PI 

DMC 

PI 

DMC 

PI 

DMC 

Overhead lAE x 
4.03 

3.23 

1.78 

0.686 

1.00 

6.01 

10' Bottom lAEx 10' 
1.37 

0.750 

5.22 

5.53 

5.21 

10.1 
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ppm overhead impurity setpoint at nearly the same time. Yet, DMC did not overshoot the 

setpoint and settled quickly. PI overshot the setpoint. Bottom impurity control had less 

deviation from setpoint for DMC. Increasing the overhead impurity decreased the bottom 

impurity for both controllers. DMC retumed the bottom impurity to setpoint in less time 

than the PI control system. The PI controller overcompensated the boilup ratio (Figure 

7.1 Id) and required more time to settle. Manipulated variable movement of the reflux 

flowrate and boilup ratio by DMC did not undergo the degree of fluctuation that the PI 

control system had. PI control required larger manipulated variable movement and some 

oscillatory control before settling at steady-state. 

Test 2 found improved overhead impurity control, while bottom impurity control 

was slightly worse using the DMC controller. The overhead lAE results decreased by 

61.5% from the PI control results. The bottom lAE increased by 5.9%. Figure 7.12a 

shows that DMC reduced deviation from the setpoint for both bottom setpoint changes 

and had much shorter settling times. Bottom impurity control also lacked overshoot wdth 

each setpoint change. The PI control system overshot each setpoint change and had 

longer settling times. DMC decoupled control action for both manipulated variables and 

used smaller manipulated variable changes to reach the desired setpoints (Figures 7.12c 

and 7.12d). 

Test 3 yielded DMC results similar to the [L,V] and [L/D,V] configurations. As 

Table 7.11 shows, the overhead lAE increased by a factor of 6 over the PI controls. 

Bottom lAE increased by 94%. For this and the other control configurations studied, 

DMC had trouble responding to unmodeled disturbances. For bottom impurity control, 

PI deviated less from setpoint than DMC (Figure 7.13b). PI control also settled at the 

bottom impurity setpoint after 300 minutes, while DMC had offset which lasted longer 

than 800 minutes. PI control of the overhead impurity oscillated, but the impurity 

remained near the setpoint. DMC allowed the overhead impurity to increase to 1200 

ppm, and DMC required over 800 minutes to retum to the setpoint. DMC made less 

aggressive manipulated variable changes (Figures 7.13c and 7.13d) as the minimum 

allowed move suppression factor limited the control action of the controller. 
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Figure 7.14 plots the amplitude ratios for the overhead and bottom impurity 

streams due to a 0.5 mole % cyclic variation in the feed composition. DMC using the 

[L,V/B] configuration performs much better for high frequencies than PI does for 

overhead control. The variability is reduced by a factor of three, yet DMC does not 

perform well for low frequency disturbances. For bottom impurity control, DMC has a 

maximum amplitude ratio peak at the same frequency as PI does, yet DMC's peak 

amplitude ratio is 1.5 times higher. Thus, DMC is more sensitive to feed composition 

disturbances. DMC performs similarly to PI at high frequencies and approaches PI 

performance for low frequencies. 

7.3.3.2 Discussion of Results. The [L,V/B] configuration was favorable for both 

the PI and DMC controllers. While unmeasured feed disturbances were not handled well 

by the DMC controller, DMC did improve lAE results for setpoint changes and had 

favorable results for low frequency (short period) sinusoidal disturbance rejection. DMC 

using the [L,V/B] configuration was significantly better for overhead impurity control of 

low frequency disturbances. As discussed in Section 7.3.2.2, control configuration 

selection remains a vital issue in controller implementation. Despite having the best 

controller, what manipulated variables are used for composition control influences the 

controllability of the column's products. 

7.3.4 High Purity Results 

DMC improved setpoint changes on the high purity colunm for the three 

configurations tested. In particular, DMC improved the bottom impurity control for 

overhead and bottom setpoint changes. PI control allowed the compositions to overshoot 

their setpoints. DMC improved setpoint changes on the [L,V] configuration significantly 

by decoupling each end of the colunm. DMC had problems with unmodeled and 

unmeasured disturbances which lowered performance for feed composition tests. As the 

move suppression factor was set to the minimum allowed by the DMC controller, the 

control action is not as aggressive as possible. Additional modeling and different equal 

concern values may improve DMC and put it on par with PI controls. 
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7.4 Low Purity Column 

The [L,V] configuration was studied on the low purity column to determine how 

DMC control is influenced by processes with different nonlinear gains and dynamics. 

The low purity column had higher process gains than the high purity xylene/toluene 

colunm. Thus, similar-sized manipulated variable changes have more influence on the 

low purity column. As the low purity colunm does not produce high purity products, the 

process also has less steady-state nonlinearity variation near nominal conditions. Unlike 

the high purity column, both product impurities are controlled using time-series models. 

Pseudoramps are not used to model the bottom impurity dynamics. 

7.4.1 Tests Results 

Table 7.12 shows the results for the tests described in Table 4.2. DMC improved 

control performance for Test 1 and performed worse than PI for Tests 2 and 3. For Test 

1, DMC slightiy improved the overhead lAE by 3.9% and reduced the bottom lAE by 

66%. Figure 7.15a shows that DMC did overshoot the setpoint. PI control performance 

was hampered by interaction between the control loops and had slow process dynamics. 

Bottom impurity control (Figure 7.15b) was much better for DMC than PI. DMC control 

action did exhibit more fluctuations with time; this additional movement was not seen 

when studying the high purity column. DMC did keep the bottom impurity near setpoint 

Table 7.12: Comparison of PI and DMC on the [L,V] Configuration -
Low Purity Column 

Test 
1 

2 

3 

Controller 
PI 

DMC 

PI 

DMC 

PI 

DMC 

Overhead lAE x 
91.2 

87.6 

10.7 

21.1 

10.7 

51.7 

10' Bottom lAE X 
206.5 

70.1 

46.6 

55.0 

92.4 

186.0 

10' SumlAExlO' 
297.7 

157.7 

67.3 

76.1 

103.1 

237.7 
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much better than PI. Figures 7.15c and 7.15d show manipulated variable movement for 

Test 1. The DMC controller implemented larger moves than the PI controllers. DMC 

control output had more manipulated variable fluctuations and indicated model mismatch 

was present. In addition, the tuning criterion to reduce the sum lAE resulted in the lowest 

lAE but increased manipulated variable movement. 

For Test 2, Table 7.12 shows that the PI controller performs better for this test. 

DMC overhead lAE increased by 97% from the PI control result. Bottom lAE increases 

by 18%. As Figure 7.16 shows, more deviation takes place in overhead impurity, and the 

DMC controller exhibits more oscillations as it controls the impurities. The overhead 

shows this effect dramatically while the bottom impurity oscillates. DMC remains near 

the bottom impurity setpoint. PI controls oscillate as well, but DMC requires more time 

to settle at the setpoints. DMC does not experience the degree of overshoot the PI 

controllers have. As with Test 1, DMC implements larger changes in the manipulated 

variables. Also, DMC controller takes more control action than PI does for this test. 

For a 5 mole percent decrease in toluene concentration in the feed, DMC has 

sluggish control performance. Figure 7.17 and Table 7.12 show that DMC without 

feedforward measurements performs poorly compared to PI. Overhead lAE increased by 

a factor of 4.8 and Figure 7.17a shows that DMC deviates slightly more than the PI 

controllers. DMC takes approximately 150 minutes longer to approach the setpoint. 

Even when DMC retums the overhead impurity to near setpoint, the composition slowly 

oscillates. At the other end of the colunm, the bottom lAE doubles switching from the PI 

controllers to the DMC controller. As Figure 7.17b shows, both PI and DMC have 

similar maximum deviations from setpoint due to feed composition disturbance. Yet, 

DMC sluggishly retums the system back to setpoint. DMC has limited manipulated 

variable changes as the equal concems on the product are 1. Changing the equal concems 

would make the controller more aggressive and improve Test 3 results. DMC does not 

change the reflux flowrate (Figure 7.17c) as much as PI, but DMC does fluctuate the 

reflux flowrate throughout the test. Reboiler heat duty (Figure 7.17d) also fluctuates 

throughout the 800 minutes of the test. 
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Figure 7.18 compares the PI and DMC controllers for closed-loop sinusoidal feed 

composition disturbances. The Bode plots show that DMC is less sensitive than PI for 

feed composition disturbances in the overhead impurity. PI performs better than DMC 

for bottom impvirity control, especially at low frequencies where Pi's amplitude ratios are 

half those of DMC. DMC is slightly better at high frequencies (disturbance periods less 

than 100 minutes). 

7.4.2 Discussion of Results 

Implementing DMC on the low purity was expected to product better results on 

the low purity colunm. Yet DMC exhibited sluggish control performance which was 

characterized by additional manipulated variable movement. While sluggish control 

performance was expected for Test 3, Test 2 results were disappointing as DMC 

improved high purity bottom impurity control significantly. DMC did bring the process 

to setpoint in Test 2 faster than the PI controllers do, but DMC implemented additional 

control action which increased the lAE for both products. For the low purity column, 

DMC benefited overhead impurity setpoint changes. DMC also significantly improved 

the disturbance sensitivity of the overhead impurity as illustrated in Figure 7.18a. 

Overall, PI remained the better controller for the low purity colunm. Improvements in 

DMC tuning may improve disturbance rejection capability, but these enhancements were 

beyond the scope of this work. 

7.5 High/Low Purity Column 

The high/low purity colunm is tested with DMC to evaluate the controllers ability 

to handle products with different magnitudes of purity. As with the high purity and low 

purity colunms, log transforms are used to linearize the controlled variables. Two 

configurations are examined on the high/low purity column; they are the [L,V] and 

[L,V/B] configurations which are good configurations based on PI controller testing. 
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7.5.1 rL.V1 Configuration 

7.5.1.1 Test Results. Table 7.13 compares PI and DMC controllers for the [L,V] 

configuration on the high/low purity colunm. Like the high purity column, setpoint 

changes improved under DMC while unmeasured feed composition changes performed 

worse. For Test 1, DMC improved overhead lAE by 8.6%. The best improvement 

occurred for the bottom impurity as the lAE dropped 59%. Figure 7.19 shows impurity 

responses and manipulated variable changes for Test 1. As Figure 7.19a shows, the 

overhead impurity had smoother responses under DMC control. PI control exhibited 

fluctuations with each setpoint change and colunm interactions at the 400 minute setpoint 

change made PI controls perform sluggishly. DMC required 200 minutes to reach 

setpoint after each setpoint change while PI required over 400 minutes. DMC also called 

for larger changes in the manipulated variables (Figures 7.19c and 7.19d). 

Figure 7.19 shows a disturbance enter the process after 900 minutes. This is an 

indication of model mismatch in the DMC controller. Hurowitz (1998) also identifies 

such mismatch in his work. As a distillation column is nonlinear, steady-state gains do 

change as operating conditions change. Typically these errors originate when the 

prediction horizon is not long enough. As the DMC models have 240 coefficients (or 

1200 minutes), the controller murmur may result due to nonlinear dynamics and 

nonlinear gains in the process. Based on the reactions in Figure 7.19, the most likely 

Table 7.13: Test Resuhs for DMC on the High/Low Purity Column with [L,V] 
Configuration 

Test 
1 

2 

3 

Configuration 
PI 

DMC 

PI 

DMC 

PI 

DMC 

Overhead lAE x 
5.94 

5.43 

2.22 

1.31 

0.204 

0.854 

10' Bottom lAEx 10' 
80.2 

32.9 

56.6 

53.5 

18.5 

30.8 
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error is in the steady-state gains for the bottom impurity models. As the bottom has the 

same impurity as the low purity colunm, steady-state gain mismatch is likely. 

Test 2 also shows that DMC improves control performance. As Table 7.13 

shows, both products are kept closer to their setpoints using DMC. The overhead lAE 

drops by 41%), while the bottom sees a 5.5% improvement in lAE over PI controls. 

Figures 7.20a and 7.20b plot the impurity reactions due to bottom impurity setpoint 

changes. Overhead impurity control under DMC does not fluctuate like PI control does 

and has less deviation from setpoint. The DMC controller does exhibit significant 

overshoot in the overhead impurity at the 500 minute setpoint change. Bottom impurity 

control is also better with DMC as DMC does not oscillate the bottom impurity as much 

as the PI control system does. DMC does exhibit a long settling time while trying to 

meet the 1500 ppm setpoint. The DMC controller also moves the manipulated variables 

more than the PI controllers does (Figures 7.20c and 7.20d). Like the results shovm for 

Test 1, Test 2 shows a extraneous control movement after 900 minutes of simulation. 

Model mismatch is the attributable factor due to steady-state gain changes. 

As with the other configurations studied, DMC does not perform as well as PI for 

unmeasured disturbances. Figure 7.21 shows the responses for Test 3. As Table 7.13 

shows, both the overhead and bottom lAEs are higher for DMC than PI. While the PI 

controller fluctuates the overhead impurity around the 1000 ppm setpoint, DMC allows 

the overhead impurity to increase to 1360 ppm before slowly bringing h back to setpoint. 

Likewise, DMC is sluggish for bottom impurity control with a slightly higher purity 

product produced at 80 minutes. More than 800 minutes are required for the process to 

settle. After 500 minutes, another disturbance enters the system. As with Tests 1 and 2 

the output murmur is due to steady-state mismatch. DMC does move the reflux flowrate 

and reboiler heat duty more than PI does when the disturbance affects the colunm 

(Figures 7.21c and 7.2Id). Finally, cyclic feed composition disturbance testing was 

performed on the column to determine the sensitivity of DMC to these types of 

disturbances. As Figure 7.22 shows, DMC is equal to or better than PI for disturbance 

periods less than 100 minutes. For lower frequencies, DMC has twice tiie variance of PI 
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for overhead impurity control. For bottom impurity, PI is the better controller for low 

frequencies. 

7.5.1.2 Discussion of Results. DMC improved setpoint control by reducing the 

lAEs for both product streams. Yet, DMC performed poorly when unmeasured 

disturbances entered the system. For the high purity colunm, DMC did show that it could 

handle high frequency unmeasured disturbances better than PI controls despite DMC 

lacking feedforward compensation. Incorporating feed composition measurements would 

improve DMC control for this column. Modeling errors or nonlinear steady-state gain 

changes were more pronounced with this colunm. Slight fluctuations were noticed in the 

control output during testing but these fluctuations had little impact on DMC lAE results 

for setpoint changes. Overall, DMC improved setpoint changes well and had promising 

cyclic feed disturbance results. Adjusting the equal concems on the product impurities 

may further improve DMC control performance for all tests. 

7.5.2 FL.V/BI Configuration 

The high/low purity performed well for PI controls implementing the [L,V/B] 

configuration. As a result, this configuration was controlled with DMC to evaluate the 

controller's ability against PI controllers. 

7.5.2.1 Tests Results. Table 7.14 lists the lAE resuhs for the three standard 

comparison tests. For Test 1, DMC improves the bottom control by 38% over PI control. 

Overhead impurity control is slightiy worse with DMC control. Figures 7.23a and 7.23b 

compare PI and DMC controls for overhead and bottom impurity control. The DMC 

controller has more overshoot than PI for overhead impurity. For the higher overhead 

impurity setpoint, both controllers reach setpoint at the same time. DMC is slightiy faster 

reaching the 500 ppm setpoint. In addition, DMC is more aggressive than PI, which has 

not been observed in other control comparisons. DMC has good bottom impurity control 

as h keeps the impurity near the 10000 ppm setpoint. Unlike the high/low [L,V] 

comparisons, DMC's control actions are similar to Pi's. The boilup ratio under DMC has 

smaller changes than the PI controller does. 
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Table 7.14: Test Results for DMC on the High/Low Purity Column with [L,V/B] 
Configuration 

Test 
1 

2 

3 

Configuration 
PI 

DMC 

PI 

DMC 

Pl 

DMC 

Overhead lAE x 
4.36 

4.48 

1.99 

0.891 

0.92 

6.30 

10' Bottom lAEx 10' 
8.21 

5.11 

41.6 

43.8 

47.2 

208. 

For Test 2, DMC has slightly higher bottom lAE results. The DMC bottom lAE 

increases 5.3% over the PI control result. Overhead lAE drops considerably using DMC 

control. Figure 7.24 plots the impurity transitions and manipulated variable changes for 

Test 2. For bottom impurity control, the DMC controller has a slightly higher lAE result 

while Figure 7.24b would indicate that DMC performed better than PI. The reason for 

the higher DMC lAE is due to offset from setpoint after the setpoint changes occur. 

DMC varies roughly 5 ppm from the 5000 ppm setpoint after 800 minutes into the test. 

As a resuh, the bottom lAE increases and surpasses the PI lAE resuh. DMC performs 

best for this test as h does not have the overshoot and long settling times PI exhibits. In 

addition, DMC has less manipulated variable changes than PI (Figures 7.24c and 7.24d). 

DMC performs well for this configuration despite the slightiy higher lAE resuh. 

As with the other DMC applications, DMC did not perform well for unmeasured 

and unmodeled feed composition disturbances. The overhead impurity lAE was 6.85 

times higher with the DMC controller. Bottom impurity increased 340% with DMC 

control. Figure 7.25 compares the two controllers. PI brought both product impurhies 

back to setpoint by 350 minutes. DMC required over 800 minutes to retum the system to 

setpoint. DMC lacked feedforward information on the feed composition disturbance and 

could make the appropriate changes to quickly bring the system back to setpoint. As 

Figures 7.25c and 7.25d show, DMC is nearly as aggressive as the PI controllers. 
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Finally, cyclic feed composition changes were introduced to the column to 

measure the sensitivity of DMC to these types of disturbances. As Figure 7.26 shows 

DMC was a good controller to implement for low frequency disturbances. DMC 

outperformed PI for cyclic periods less than 200 minutes. As the period of the 

disturbance increased, the PI control system was favored. 

7.5.2.2 Discussion of Results. Implementing DMC on the high/low purity 

column using the [L,V/B] configuration demonstrated that DMC compares well to PI for 

setpoint changes. But without feed composition models, DMC is sluggish using only 

feedback measurements to correct for disturbances. If DMC has the appropriate feed 

composition information and model, better DMC performance is expected. For most 

cases, DMC dramatically improves the bottom impurity control. Further DMC control 

performance improvement is possible with different impurity scaling factors and different 

equal concem weighting. 

7.6 Discussion of Results 

The six comparisons of DMC and PI yielded nearly identical results. DMC on a 

2x2 system with unconstrained control performed as well or better than decentralized PI 

controllers for setpoint changes despite the nonlinear nature of distillation columns. Yet, 

DMC did not perform as well as PI controllers for unmeasured disturbances. 

Implementing full DMC control with feedforward modeling could further improve the 

control results. DMC in a plant situation would be implemented in this manner. In 

addition, DMC operated without constraints and operation near constraints is one of 

DMC's strengths. In addition, using standard weighting in the control algorithm may 

have limited the DMC controller. Dynamic weighting was not studied. Finally, differing 

equal concem weights may have improved the high/low and low/high purity results. 

The high purity column studies demonstrated that configuration selection still 

influences controller performance. Table 7.15 compares the DMC control results based 

on the control stmcture. Configurations that performed better for the PI control system 

typically performed better with a DMC controller. [L,V/B] was one of the best 
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Table 7.15: Comparison of High Purity Configurations DMC lAE Results 

Test 
1 

2 

3 

Configuration 
[L,V] 

[L/D,V] 

[L,V/B] 

[L,V] 

[L/D,V] 

[L,V/B] 

[L,V] 

[L/D,V] 

[L,V/B] 

Overhead lAEx 10' 
8.61 

5.48 

3.23 

1.93 

0.377 

0.686 

16.2 

14.7 

6.01 

Bottom lAEx 10' 
1.67 

0.713 

0.750 

5.04 

4.29 

5.53 

4.34 

8.52 

10.01 

configurations for overhead impurity control, and DMC had the lowest lAE results for 

Test 1 using this configuration. The [L/D,V] configuration performed well for bottom 

impurity setpoint changes using either controller. For Test 3, [L,V/B] had the lowest 

lAE results for both PI and DMC controllers. 

In general, DMC implemented with accurate process models equals or betters PI 

control when the appropriate models are used. Unmeasurable disturbances that severally 

disrupt the system must be identified and measured, if possible, to further improve DMC. 

In addition, dynamic weighting and different equal concem weighting could make the 

controller more aggressive and perform better when unmeasured disturbances enter the 

process. These addhional controller options were not implemented in this study. 
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CHAPTER 8 

STYRENE/ETHYLBENZENE DUAL COMPOSITION 

CONTROL RESULTS 

In order to develop guidelines for dual-ended composition control on vacuum 

distillation colunms, another vacuum colunm is studied to evaluate control stmctures. 

The styrene/ethylbenzene colunm is a common industrial vacuum column and is part of 

an overall styrene plant. For these studies, the column is treated as an independent 

process. Boyden (1998) indicates that the styrene distillation column is often 

incorporated into an overall DMC controller that controls the entire styrene process train. 

Studies on the styrene/ethylbenzene column use two decentralized PI controllers to 

evaluate control stmctures for setpoint tracking and feed composition disturbance 

rejection. This chapter concludes with a comparison of PI and DMC control of the [L,V] 

configuration. 

In Chapter 3, level tuning was performed on the eight control configurations 

studied for the styrene/ethylbenzene column. With level tuning performed, a variety of 

configurations were evaluated for dual-ended composition control with decentralized PI 

control loops. 

8.1 Steady-State Analysis 

One factor used to evaluate the interaction of two or more manipulated variables 

on a system is the steady-state relative gain array (RGA) developed by Bristol (1966). 

The RGA measures the ratios of open-loop to closed-loop gains between the manipulated 

and controlled variables. A relative gain, X^^, near 1 indicates that the manipulated 

variable used to change one controlled variable has little influence on the other controlled 

variables. Values away from one indicate increased interaction between the control 

loops. 

Relative gain analysis for the styrene/ethylbenzene column is performed in the 

same manner as the RGA analysis of the xylene/toluene columns (Section 5.2). Table 8.1 
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lists the relative gains for the styrene/ethylbenzene column on the eight control 

configurations sttidied. The [L,V] configuration has the high RGA, and this resuh 

indicates that [L,V] is a poor configuration to implement. The [L/D,V], [L,V/B] and 

[L/D,V/B] configurations exhibit relative gains greater than one. Marlin (1995) 

summarizes that an relative gain greater than one indicates that the steady-state process 

gain with the other control loops closed is smaller than the process gain when the other 

loop open are open. Thus, more control action is necessary when the other control loops 

are closed to reach the desired setpoint. The remaining configurations, [D,V], [D,V/B], 

[L,B], and [L/D,B] indicate that the steady-state gain with the other loop closed is larger 

than when the other loop is open. Marlin also states that control performance is better for 

this situation when the other control loops are closed. The [D,B] configuration is the 

material balance configuration and changing one manipulated variable makes it 

impossible to maintain the material balance without changing the other manipulated 

variable. Thus, [D,B] has an infinite gain. Of the configurations, only [D,V/B] and 

[D,V] have relative gains near 1. 

8.2 Dual-Ended PI Composition Control 

8.2.1 PI Controller Tuning Approach 

As with the xylene/toluene colunms, the ATV method (Astrom and Haggblom, 

1984) found the tuning constants for the overhead and bottom impurity control loops. 

Detuning runs were made with a new procedure as the column has slower process 

dynamics. This procedure is summarized in Table 8.2. This detuning procedure was 

used for both the PI and DMC controllers on this column. 

The tuning criteria for the styrene/ethylbenzene colunm follows the same 

guidelines used for the xylene/toluene colunm. The primary guideline for detuning is 

finding the minimum lAE value for the styrene product as styrene is the more valuable 

product stream. The impurity of the overhead of the colunm is over a magnitude higher 

at operating conditions and summing the lAE places too much emphasis on this stream. 

In addition, variations in the overhead product are more tolerable as the product recycles 
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back to the styrene reactor. As discussed in Chapter 4, the manipulated variable 

movement is observed for rapid or excessive changes. 

The resuhs of the ATV testing and detuning mns are summarized in Table 8.3. 

The dettining factors range from 1.0 to 3.0. Comparing the dettining constants with those 

obtained for the xylene/toluene columns shows that the styrene/ethylbenzene column 

requires more conservative Tyreus-Luyben control settings. An unusual ttining constant 

Table 8.1: Relative Gain Array for Styrene/Ethylbenzene Column 

Configuration 
[D,B] 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Steady-State RGA (X„) Value 
00 

0.55 

0.63 

0.46 

0.51 

4.33 

2.27 

30.12 

3.37 

Table 8.2: Detuning Factor Test for the Styrene/Ethylbenzene Column 

Time in Test (min) Change Implemented 
10 Overhead Impurity setpoint set at 45,000 ppm. 

1000 Overhead Impurity setpoint set at 15,000 ppm. 

2000 Overhead Impurity setpoint at nominal value (30,560 ppm). 

3000 Bottom Impurity setpoint set at 3000 ppm. 

4000 Bottom Impurity setpoint set at 1000 ppm. 

5000 Bottom Impurity setpoint set at 1960 ppm. 

6000 End oftest and store sum I AE value. 
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Table 8.3: Styrene/Ethylbenzene Tyreus-Luyben PI Tuning Parameters 

Configuration 

[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead 
Controller 

Gain^ 
64.41 

140.42 

92.38 

996.70 

587.00 

1001.89 

141.05 

99.27 

Loop 
Reset Time 

(min) 
264 

132 

88 

88 

110 

88 

110 

88 

Bottom 
Controller 

Gain' 
5341339.7 

76300621.4 

640.68 

1306.73 

5589757.9 

61931984.7 

6171368.9 

19830933.0 

Loop 
Reset Time 

(min) 
110 

66 

132 

88 

110 

44 

132 

66 

Detuning 
Factor 

1.0 

1.8 

1.1 

3.0 

1.6 

3.0 

2.0 

1.0 

^Gains for overhead manipulated variables: Distillate and Reflux are in kgmol/min. 
Reflux ratio is in units of (ratio)/(mole fraction). 
'Gains for bottom manipulated variables: Bottoms gain is kgmol/min, Reboiler heat duty 
is kcal/min, and the boilup ratio is in units of kcal/kgmol. 

is the reset time for the overhead impurity controller for the [D,V] control stmcture. The 

time constant is relatively large indicating that the controller acts primarily by 

proportional action. 

8.2.2 Setpoint Tracking 

In addition to changing the detuning procedure, changes are made in the tests used 

to evaluate the control configurations and controllers. The new testing procedures take 

into account the slower characteristics of the colunm and allow the control system to 

reach setpoint for most cases. Table 8.4 lists the new testing procedures. Process 

changes are held for 1000 minutes before another change takes place. 

Test 1 implements changes in the overhead impurity setpoint, and the results are 

listed in Table 8.5. The [L/D,B], [L/D,V/B] and [D,V/B] configurations hace lower lAE 

scores for both the bottom and overhead products. [L,B] and [L,V/B] perform well for 

maintaining the bottom impurity setpoint, yet these configurations perform poorly for 
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Table 8.4: Testing Procedure for Control Stmcture and Controller Comparisons for the 
Styrene/Ethylbenzene Column 

Test Case Time in Test (min) Change Implemented 

1 10 Top impurity setpoint changed to 45,000 ppm. 

1000 Top impurity setpoint changed to 15,000 ppm. 

2000 Test ends. 

2 10 Bottom impurity setpoint changed to 3,000 ppm. 

1000 Bottom impurity setpoint changed to 1,000 ppm. 

2000 Test ends. 

3 10 Ethylbenzene in feed stream decreased to 48.5 mole %. 

2000 Test ends. 

overhead impurity control. In Figure 8.1, [D,V/B] has some overshoot with each 

setpoint change. This stmcture does not exhibit strong deviations from the bottom 

setpoint. The [L/D,B] and [L/D,V/B] configurations have good setpoint responses 

(Figure 8.3a). The goal of this column is to provide high-purity styrene, so better 

disturbance rejection is desirable in the bottom composition loop. [L,B], [L,V/B] and 

[D,V/B] meet this criteria. 

As noted, the [D,V] configuration has a large reset time for the overhead 

controller. Figure 8.1a shows that the overhead controller has a long settling time as 

integral action has little influence on controller output. The [D,V], [L,V] and [L/D,V] 

show significant interaction between the overhead and bottom control loops (Figures 8.1, 

8.2 and 8.3). The bottom composition deviates significantiy when the overhead setpoint 

changes. The bottom loop also has excessive manipulated variable changes due to 

control loop interaction. The energy configuration, [L,V], experiences large deviations 

directly related to the overhead controller trying to bring the system back to setpoint. 

This control stmcture also exhibits exceptionally long settling times in which die integral 

action of the controller does not adequately drive the controller back to setpoint. 
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Table 8.5: Styrene/Ethylbenzene PI Test Results for all Stmcttires 

Test Stmcture 
1 [D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

2 [D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAE 
5.84 

3.41 

5.08 

2.88 

4.38 

2.93 

10.51 

3.97 

1.11 

0.90 

1.99 

0.24 

0.30 

0.21 

1.02 

1.60 

Bottom lAE 
1.978 

0.140 

0.078 

0.111 

2.870 

0.171 

2.697 

0.084 

0.393 

0.177 

0.208 

0.199 

0.438 

0.265 

0.282 

0.204 

For Test 2, lAE values in Table 8.5 show that the [D,V/B], [L/D,B] and [L,V/B] 

configurations have the lowest lAE scores for the bottom loop. The [L,V/B] 

configuration does not perform well for the overhead product while [L/D,B] and 

[L/D,V/B] had the lowest overhead lAE results. The [L/D,B] configuration has the best 

combination of control for both bottom impurity setpoint changes and disturbance 

rejection in the overhead impurity due to setpoint changes. Figures 8.4 through 8.6 show 

the responses of the product impurities for Test 2. As with the first test, the [D,V], 

[L/D,V] and [L,V] configurations have longer settling times than the other configurations. 

[L,V] has less ringing than the previous test yet [L,V] fails to approach the new setpoint 

without any overshoot. The [L/D,V] configuration takes an excessive amount of time to 
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reach the setpoint when changes take place. The [L,B] stmcttire (Figure 8.5) has 

satisfactory bottom composition control. The overhead composhion for this control 

scheme has the most deviation of all the stmctures tested. The [L,V/B] configuration 

(Figure 8.5) performs inadequately for the overhead composition. On the other hand, 

[L/D,V/B] (Figure 8.6) performs very well with the relatively small deviations from the 

overhead setpoint. 

8.2.3 Unmeasured Disturbance Rejection 

Test 3 determined which control stmcture handled feed disturbances the best. As 

most plants typically experience disturbances and not setpoint changes, this test measured 

the ability of the controller to handle typical process variations. For this test the 

ethylbenzene composition in the feed stream dropped from 53.52 mole percent to 48.50 

mole percent. This drop shifted the material balance of the column such that more 

product left in the bottom stream. Figures 8.7 through 8.9 show results for this test and 

Table 8.6 summarizes the lAE results. Configurations with the lowest bottom lAE were 

[D,V/B], [L/D,V] and [L,V]. The better configurations for overhead control were 

[L,V/B], [L,B], L/D,V] and [L,V]. As Figure 8.7 shows, configurations with distillate 

controlling the overhead impurity allowed the styrene impurity to drop 135 ppm with the 

feed composition change. Only the [L,V] and the [L/D,V] configurations (Figures 8.8 

and 8.9, respectively) allowed less deviation. The overhead impurity control loops 

allowed the overhead product impurity to increase to 32000 ppm or more with the 

disturbance. The [L,B] and [L,V/B] configurations (Figure 8.8a) brought the overhead 

impurity back to setpoint the quickest. 

The final test performed on the PI controllers determines how well the different 

control stmctures handle cyclic changes in the feed composition. This test identifies the 

frequencies where the control configurations are most sensitive to feed composition 

disturbances and provides a comparison the sensitivity between the configurations. Feed 

disturbances have amplitudes of 0.5 mole percent ethylbenzene and the cycle periods 

range between 20 minutes and 1600 minutes. 
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Table 8.6: lAE Results for Test 3 

Configuration 
[D,V] 

[D,V/B] 

[L,B] 

[L/D,B] 

[L/D,V] 

[L/D,V/B] 

[L,V] 

[L,V/B] 

Overhead lAE 
0.69 

0.51 

0.32 

0.59 

0.36 

0.59 

0.39 

0.29 

Bottom lAE 
0.030 

0.025 

0.042 

0.102 

0.018 

0.059 

0.021 

0.033 

Figure 8.10 shows the amplitude ratio responses for the overhead and bottom 

control loops. All control stmctures have nearly identical amplitude ratios for periods 

less than 140 minutes (0.045 rad/min). For periods longer than 140 minutes, the 

amplitude ratios vary significantly on both ends of the column. The overhead amplitude 

ratio ranges between 0.03 and 0.07 at a period of 360 minutes. Figure 8.10 shows that the 

[L,B], [L,V/B] and [D,V] control stmctures have large overhead amplitude ratios for 

moderate frequencies. Figure 8.1 la shows the results for the four best overhead control 

stmctures. These configurations have the lowest amplitude ratios for the majority of the 

frequencies studied. The [L/D,B], [L/D,V], [L/D, V/B] and [L,V] configurations are 

shown in the graph. Overall, the [L/D,V] and [L,V] configurations have the lowest 

amplitude ratios. These two configurations also have similar amplitude ratios for the 

frequencies studied. 

The bottom amplitude ratios are shovm in Figure 8.10b. The [L/D,V/B], and 

[L/D,B] configuration appear to have the worst sensitivity to feed disturbances. [L,V], 

and [L/D,V] stand out with the smallest amplitude variations. Figure 8.1 lb focuses on 

the four stmctures with the lowest amplitude ratios for the majority of frequencies 

studied. The [D,V] and [D,V/B] are good configurations with less sensitivity to cyclic 
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feed composition disturbances. The [D,V] configuration has lower amplittide ratios tiian 

the [D,V/B] configuration. 

8.2.4 Discussion of Results 

The [L/D,V] and [L,V] configuration performed well on the cyclic feed 

composition disturbance tests on both ends of the column as Figure 8.11 shows. The 

[L/D,V] configuration also had good feed composition step-test results for both ends of 

the colunm. Yet, this configuration did not perform well for setpoint tests with the 

highest lAE results for both Tests 1 and 2. The [L,V] configuration also performed well 

for bottom impurity rejection for Test 3, but the [L,V] configuration did not perform well 

for Tests 1 and 2. In addition, [L,V] had interaction between both control loops. 

For setpoint tests, the [L/D,B] configuration generated the better lAE results for 

both overhead and bottom setpoint changes. The remaining configurations did not 

provide good control for both ends of the column. Other configurations for good for 

bottom impurity control include the [L,B] and [L,V/B] configurations. [L/D,B] 

performed well for overhead disturbance rejection for the cyclic feed composition 

disturbance tests, yet this configuration was not suitable for the bottom end of the column 

which produced the more important product. 

The [D,V] and [D,V/B] configurations also had lower sensitivity to cyclic feed 

disturbances for the bottom product. Both of these configurations also had low bottom 

lAE results for Test 3 (Table 8.6). The variation of these configurations was significantly 

higher than the [L,V] and [L/D,V] resuhs. [D,V/B] also performed well for bottom 

impurity control for Tests 1 and 2. 

Of the best four configurations for cyclic testing, only the [L,V] and [L/D,V] 

configurations are applicable to both ends of the column. Yet, neither of these 

configurations perform well for setpoint changes. If overhead impurity control is not 

critical, implementing the [D,V/B] configuration provides good control of the bottom 

impurity control for the situations tested. The [L/D,V] configuration is applicable if 

maintaining better control of the ethylbenzene is necessary. Application of tiiis 
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configuration requires additional control stmctures such as decouplers when overhead 

impurity setpoint changes take place. A 15,000 ppm increase in the overhead impurity 

produces unacceptable impurities (8000 ppm) in the styrene product. The [L,V] 

configuration cannot be recommended due to control loop coupling. 

8.3 Controller Comparison 

The PI results studied conventional control techniques applied to a high purity 

distillation colunm. An additional goal of this work was to determine the advantages of 

using advanced controllers on high purity distillation colunms. DMC was applied for the 

[L,V] control stmcture to compare the two controllers. The DMC controller was 

implemented as a [2x2] controller. Information on feed flowrate or feed composition 

changes was not available to the controller, and process disturbances are measured by 

feedback through the product composition analyzers. As a result, DMC control was 

limited. In addition, standard weighting and equal concems of 1 were used in controller 

tuning. 

8.3.1 DMC Controller Development 

Open-loop responses for the styrene/ethylbenzene column indicated that the 

overhead responses would settle within 1500 minutes. The bottoms impurity acted like 

an integrator. The DMC controller implemented a 360 coefficient model which 

corresponds to 1800 minutes of simulation time. As a resuh, test changes were 

implemented at a frequency of 450, 900, 1350, 1800, and 2150 minutes. 

The identification test showed a strong integrating or ramp effect on the bottom 

composition for either reflux or reboiler changes. As a resuh, a pseudoramp model was 

used to model the bottom impurity. The overhead impurity curves would reach steady-

state within the time frame of the test (360 model coefficients). Bottom composition 

changes required careful selection of manipulated variable changes as large changes in 

the bottom impurity were easy to make and deviated the system from it's normal 

operating region. A variety of step-sizes were used for model identification. The DMI 
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program generated the necessary process models for the column and the DMC controller 

was built and implemented for control studies. In addition, the bottom impurity 

underwent log transformation to linearize the control variable due to its high purity. 

Table 8.7 summarizes the parameters used for DMC on the styrene/ethylbenzene column. 

Once the controller was created, the detuning test outlined in Table 8.2 was 

implemented. Three factors had to be adjusted in the DMC; the reflux and reboiler heat 

duty move suppression factors, and DMC factor that attributes how much model errors 

are attributed to imbalance in the process. This factor specifies the amount of correction 

in predicted error to make by rotating the difference between the current and the predicted 

process value. 

8.3.2 Setpoint Tracking 

Table 8.8 compares the results of the PI and DMC controller. The DMC 

controller performs significantly better for the setpoint tests. For the overhead impurity 

setpoint changes, DMC reduces the lAE values by a factor of 3. For the Test 2, the DMC 

controller also improves overhead composition control. The bottom composition loop 

improves slightly over the PI controller. Figures 8.12 and 8.13 show the results for Test 1 

and 2, respectively. The PI controller lacks sufficient reset action to bring the overhead 

impurity to setpoint. In addition, DMC improves the bottom impurity by keeping it near 

Table 8.7: DMC Tuning Parameters for [L,V] Column 

Number of Model Coefficients 360 

Number of Controller Coefficients 360 

Reflux Move Suppression Factor 0.01 

Reboiler Move Suppression Factor 0.01 

Overhead Equal Concem 0.0002 log ppm 

Bottom Equal Concem 1 ppm 

Bottom Rotation Factor 0.10 
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Table 8.8: Comparison of [L,V] Stmcture for PI and DMC Controls 

Test 
1 

2 

3 

Controller 
PI 

DMC 

PI 

DMC 

PI 

DMC 

Overhead lAE 
10.5 

3.58 

1.02 

0.265 

0.390 

0.576 

Bottom lAE 
2.70 

0.921 

0.282 

0.268 

0.0212 

0.0959 

its setpoint with each overhead impurity setpoint change. The PI controller slowly 

retums the bottom impurity back to setpoint. Manipulated variable movement under 

DMC control is much smoother than the PI controllers (Figures 8.12c and 8.12d). The PI 

control action is oscillatory as the two control loop interact. 

Figure 8.13 shows the responses for Test 2 for both controllers. The DMC 

controller reaches the first setpoint change in roughly the same period of time as the PI 

controller. DMC brings the process to setpoint smoothly and does not oscillate the 

process as PI does. As DMC has a model of process reactions due to changes, DMC has 

much less deviation in the overhead impurity as well. Overhead impurity deviates by 

350 ppm under DMC control while the PI controller allows 2750 ppm deviation. With 

the bottom impurity setpoint change from 3000 ppm to 1000 ppm, the DMC controller 

reachs the setpoint in less time than PI. The DMC control has smoother variables 

changes and lacks the control loop interaction the PI controllers stmggles with (Figures 

8.13c and 8.13d). 

8.3.3 Unmeasured Disturbance Rejection 

Test 3 revealed differences between PI and DMC controllers. For this case, PI 

had better lAE resuhs (Table 8.8) and had significantiy less deviation from setpoint for 

the bottom impurity. Figure 8.14b shows the bottom impurity results. Since DMC did 
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Figure 8.13: Comparison of [L,V] Stmcture using PI and DMC Controls - Test 2 
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Figure 8.13: continued. 
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not have a model of the feed composition changes entering the column, a significant 

deviation occurred. The PI control performance benefited from a reflux flowrate change 

which kept the product impurities near their nominal values. DMC lacked information on 

the change and implemented the wrong initial control action. As a result, DMC did not 

have good disturbance rejection abilities. DMC control action was also limited as the 

minimum allowed move suppression factor was used which prevented DMC from 

making more aggressive moves. Also, the equal concem values of 1 on both products 

favored impurity control. As a result, DMC performance worsened for styrene product. 

Also, dynamic weighting instead of standard weighting is favored for this implementation 

(Boyden, 1998). Dynamic weighting was beyond the scope of this control study. 

Finally, the DMC controller had unconstrained control action. As a result, DMC may 

issue control action that exceeds what is physically possible. 

Additional testing compared the sensitivity of the controllers to a sinusoidal 

variation in the feed composition. For the overhead impurity, PI and DMC had 

comparable amplitude ratios; PI was slightiy better. DMC for the bottom loop performed 

better for feed composition disturbance periods less than 200 minutes in length. Above 

200 minutes, the controller had amplitude ratios that are roughly 5 times higher than the 

PI controller. Figure 8.15 compares the two controllers. 

DMC allows priorities to be assigned on the control variables. By increasing the 

equal concem on a control variable, the importance of keeping the control variable 

absolutely at setpoint decreases. This weighting allows the control engineer to specify 

the amount of change allowed in the control variable before there is a need to control the 

variable. The proceeding studies use DMC where both product composkions have equal 

importance to the conttoUer. Thus conttol action by the DMC controller strives to keep 

the impurities at setpoint. 

Additional tests are performed with relaxed conttol priority on the overhead 

impurity. By setting the equal concem for the overhead impurity higher, more freedom is 

given to the DMC conttoller to control the bottom impurity tighter, and the overhead 

impurity varies more. Equal concems of 50 ppm and 100 ppm are set on the overhead 
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Table 8.9: DMC Control with Changing Overhead Impurity Equal Concems 

Test Overhead Equal Concem (ppm) Overhead lAE Bottom lAE 

1 1 3.58 0.921 

50 18.66 0.0388 

100 20.36 0.0291 

" ^ i ^65 0.268 

50 2.03 0.164 

100 2.10 0.165 

" 1 i 0.576 0.0959 

50 3.71 0.0236 

100 4.34 0.0227 

impurity loop while the bottom impurity is kept at a 1 ppm ( 0.0002 log ppm) equal 

concem. Table 8.9 shows the results of these tests. 

For setpoint tests, the overhead impurity varied greatiy. The DMC controller 

improved bottom impurity control as the overhead impurity equal concem increased. The 

improvement between 50 ppm and 100 ppm overhead impurity concem was slightiy 

better for bottom composition control. Loosening the overhead impurity specification 

allowed DMC to perform comparably to the PI controller for the feed composition 

disturbance test (Test 3). 

Figure 8.16 shows the resuhs of the closed-loop disturbance tests with varying 

overhead equal concems. The maximum variation doubles for the overhead stream. Yet, 

the bottom impurity product variation does not change significantly. The amplitude ratio 

curve shifts where the maximum amplittide ratio occurs at a lower frequency. Higher 

overhead equal concems shift the peak amplitude ratio to higher frequencies. If these 

frequencies correspond to common plant disturbances, then releasing the top impurity 

control is of littie benefit. Error handling does not improve as more variation is allowed 

in the overhead impurity. 
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8.3.4 Summary of Controller Comparisons 

The application of DMC to the styrene/ethylbenzene colunm improves setpoint 

tracking dramatically for both product streams. Table 8.8 shows that DMC improves lAE 

results with overhead impurity setpoint changes by 66% and improves overhead impurity 

control when bottom setpoint changes take place. As with the xylene/toluene columns, 

DMC does not perform well with disturbances as DMC lacks feedforward compensation. 

Yet, DMC does improve bottom impurity control for feed composition changes if the 

overhead impurity is allowed to vary more. DMC has more flexibility than the PI control 

system as control variable priorities may be set. As with the xylene/toluene studies, 

implementing feedforward information on feed composition changes would ftirther 

improve DMC. DMC is a good application for this column and allows for constraint 

control on the column. Constraint control on the styrene column is important to prevent 

high reboiler temperatures and high column pressure drop. Additional improvement in 

DMC control is possible by implementing dynamic weighting, different equal concems, 

and temperature constraint control on the column. These studies are beyond the scope of 

this work. 
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CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

Rigorous steady-state and dynamic simulations were developed to model six 

vacuum distillation columns. Five columns separated xylene and toluene. The remaining 

colunm separated ethylbenzene from styrene, and these columns were benchmarked with 

published data. Simulations were conducted to study eight different conttol 

configurations for composition control and three different controllers to evaluate their 

composition control characteristics. A variety of overhead and bottom impurity setpoint 

changes and feed composition disturbances allowed comparison of different control 

configurations and controllers for the development of guidelines for vacuum distillation 

control. 

For single-ended control of a vacuum column, manipulating the reflux flowrate 

(L) provides the best overhead impurity control performance for setpoint changes and 

feed composition disturbances with the reboiler heat duty held constant. The reflux 

configuration is also the least sensitive to cyclic feed composition disturbances. For 

bottom impurity control, the boilup ratio (V/B) configuration is the best manipulated 

variable to control bottom impurity for setpoint changes and feed composhion changes. 

The reflux flowrate is held constant for bottom single-ended control. 

For dual-ended control, no conclusive results could be made for vacuum 

distillation control configuration selection. For columns similar to the xylene/toluene 

column (i.e., relative volatilities greater than 2 and reflux ratios less than 2.5), the 

[L,V/B] configuration excelled for control of both products for either setpoint changes or 

feed composition changes. The [L,V] configuration provides good control of cyclic feed 

composition disturbances, yet this configuration does not reject feed composition changes 

well and has poor control for setpoint changes. The [L/D,V] configuration has good 

bottom impurity control for setpoint and feed composition changes. Configurations 

implementing the distillate flowrate for overhead impurity control do not perform well 
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for this type of colunm. For high purity vacuum columns having similar operating 

parameters, the [L,V/B] configuration provides excellent overall control for both setpoint 

tracking and feed composition disturbance rejection. 

For colunms with more difficult separations and higher reflux ratios, control 

priorities must be assessed. Studies of the styrene/ethylbenzene columns recommend 

implementing the [D,V/B] configuration when the bottom product is more valuable and 

more variation is allowed in the overhead product impurity. The [L/D,V] and [L,V] 

configurations perform well for cyclic feed compositions, but the [L,V] configuration is a 

poor configuration for disturbance rejection and setpoint control. The [L/D,V] 

configuration rejects feed composition disturbances well, but it has poor setpoint control. 

As disturbance rejection is the most common process upset, the [L/D,V] configuration is 

recommended for vacuum columns with high reflux ratios and more difficult separations 

when both product streams require tighter composition control. 

Advanced control techniques such as decoupling and feedforward compensation 

were studied. Applying decouplers with simple gain and lag elements improved setpoint 

control performance and disturbance rejection. Implementing feedforward compensation 

for changes in feed composition improved control of the bottom composition since this 

product has slow dynamics on the vacuum colunms studied. Ratio controllers and 

reboiler heat duty controllers benefit most from feedforward compensation. 

Model-based controls were examined to determine the advantages and 

disadvantages of implementing advanced controllers. Steady-state GMC control has 

good setpoint control when lower product purity setpoints were made. When higher 

purity product setpoints are called for, clamping of the steady-state targets and model 

mismatch hampers conttol performance if the clamps are readily approached by the 

controller. Clamping of the targets reduces the aggressiveness of the controller and limhs 

manipulated variable movement. Disturbance rejection is poor for GMC control when 

the disturbances are not included in control action calculations. 

The most widely deployed model-based controller, DMC, was also studied. DMC 

improves control performance for setpoint changes by decoupling the ends of the column 
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and improving composition control of long dynamic processes such as the bottom 

impurity on high purity vacuum colunms. DMC performs better than PI when the 

process is adequately modeled. Since feed composition disturbances were not modeled, 

DMC has poorer control performance and is penalized as move suppression factors could 

not be lowered to allow more manipulated variable movement. In addition, control 

configuration selection influences control performance. Finally, DMC has the best 

control performance when one product is more valued than the other. 

9.2 Recommendations 

The studies of two vacuum distillation columns have revealed likely 

configurations for single-ended and dual-ended control. Several control issues remain, 

though. With the xylene/toluene columns, the [L,V/B] configuration was the best overall 

control configuration. Yet, the styrene/ethylbenzene colunm studies recommended other 

configurations. As a result, not one optimal configuration for vacuum distillation was 

found. Additional studies should be performed on other vacuum columns to provide 

additional information on control configuration selection. 

This worked assumed that the condenser pressure is perfectly controlled at 90 mm 

Hg. Additional work on the effects of poor pressure control will provide information on 

pressure disturbance effects on controller performance and each configuration's 

disturbance sensitivity. 

Disturbances are the primary day-to-day changes that affect all processing 

equipment in industry. While feed composition disturbances were studied in this work, 

daily changes in the cooling water temperature for the condenser, steam utility changes 

(steam pressure and flow), and feed flowrates also affect the column. The inclusion of 

flow variations on these streams would provide additional information on distillation 

control configuration selection. In addition, the analyzers and flowrates lack 

measurement noise. Measurement noise and valve hysteresis affect control performance 

as the controller does not have accurate process readings and control changes may not be 

applied as specified by the controller. As some configurations had small differences in 
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lAE results, sensitivity of the column to measurement noise and other small perturbations 

may differentiate the configurations more. Finally, applying constraints on process 

variables would ftirther differentiate the different control configurations and conttollers 

studied. 

As most industrial separations are multi-component separations. Therefore, 

development of a muhi-component vacuum distillation column would extend control 

configuration selection to more common separations. 

Additional studies are warranted for GMC controllers. As they had problems with 

high purity columns, new techniques to handle situations where high purities are required 

and maintain integrity of the model inverse are needed. The development of a dynamic 

GMC controller may provide additional information on process dynamics to reduce 

dynamic mismatch. Also, studying feedforward measurements of disturbances in the 

model inverse would provide more insight on the ability of GMC to reduce product 

variances. 

Implementing DMC with disturbance modeling would quantify the improvement 

DMC has over PI controllers for disturbance rejection. In addition, process-model 

mismatch and the effects of nonlinear dynamics influence control performance. Studies 

on incorporating these influences in the process model have been initiated at the Texas 

Tech Process Control and Optimization Consortium and will ftirther improve control of 

high purity separations. 

Additional DMC studies should look at controlling the composition, levels and 

pressure in one controller. Benefits of including level conttols in DMC distillation 

controllers are not widely published. This information is beneficial in selecting control 

stmctures and may remove the issue of configuration selection on distillation columns. 

As heat integration is an important element in plant operation, many processes are 

coupled with each other. Thus, studies implementing multiple distillation columns would 

provide information on the interaction and coupling of distillation columns in series. In 

addition, these studies would provide information on disturbance effects as they pass 

through the colunms and control strategies to minimize product variation. 
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Finally, more vacuum colunms use stmctured or random packing instead of ttays 

as lower pressure drops occur. Development of a rigorous, dynamic packed vacuum 

column simulation will be beneficial in studying control configurations for this type of 

column. Packed colunms typically have faster dynamics than trayed columns, and 

quicker process responses will impact which control configuration is best for composition 

control. 
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