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Control And Instrumentation Design

     The control system synthesis for a chemical plant consists of the following tasks:

T1.
Modularize the processing steps in the plant.

T2.
Define the control objectives for the plant based on: process understanding, constraints imposed by process equipment, and the source and nature of disturbances entering the plant.

T3.
Determine the manipulated variables.

T4.
Determine the variables to measure, and select the controlled variables.

T5.
Design the interconnecting structure, the Control System, between the controlled and manipulated variable so that the control system is:

· Economical:  The plant operates safely and profitably while satisfying certain objectives and respecting all operational constraints.  The objectives could be the product quality and production rate specifications.

· Reliable:  The plant operates safely and profitably in the presence of: (a)  varying market conditions, (b)  changing raw material quality, (c)  different product specifications, (d)  measured and unmeasured disturbances, and (e)  when a few degrees of freedom are lost ( eg. a pump or valve fails).

· Safe:  The plant moves to a safe state if the operating conditions become unsafe for plant equipment or personnel.

T1.
Modularize the processing steps in the plant.

     A successful operation of a chemical plant requires a large number of measurements.  Measurement sensors are usually placed on all process variables of importance. These measurements allow the operator to monitor the current status of the process. A few of these variables, called the controlled or dependent variables, are maintained at a definite value, called the setpoint value, using manipulated or independent variables.  Since the chemical plant consists of a large number of measurements, controlled variables, and manipulated variables, addressing the synthesis problem for the entire plant is a formidable task.  To make the problem tractable, the plant is usually decomposed into smaller group(s) of processing step(s) - called Modules, and the control system synthesis of each module is addressed separately.  The plant is decomposed so that the disturbances entering one module does not significantly affect the processing step(s) in other modules.  Storage tanks between processing steps typically smooth the fluctuations, and therefore can sometimes be used to identify the boundary between modules (Buckley, 1992; Shinskey, 1988; Stephanopoulos, 1984).  Since there is little interaction between modules, tasks T1-T5 can be addressed separately for each module.  After which, the modules can be concatenated, and any redundancy eliminated.

     The modules can be further decomposed into submodules.  Submodules consist of a group of unit-operations that are tightly coupled due to a recycle stream, energy integration, or operational requirements.  Some examples of submodules are: (i)  Reactor-separator system with a recycle stream; (ii)  Distillation column-reboiler-condensor system; and (iii)  Reactor-regenerator system.  Depending on the processing steps upstream and downstream of a submodule, it may be possible to address all or few of the synthesis tasks T2-T5 for each submodule separately.

T2.
Define control objectives.

     A proper understanding of the processing steps helps in clearly defining the control system objectives.  The control objectives can be classified into the following subgoals:

· Regulatory control objectives.
A list of disturbances entering the plant are identified and their effect on product quality and production rate is studied using cause-and-effect relationships.  The objective of regulatory control is to reject fast disturbances and to operate the plant close to a nominal steady state. This type of objectives are met using low level, single-input single-output (SISO)  controllers.

· Process and equipment constraints.
Define the constraints that the control system should respect.  The process constraints are typical limits on product quality deviations, production rate deviations, stream flow rates, and equipment operating range.  Constraints can be either hard or soft.  Hard constraints should be respected at all times, while soft constraints may be violated. An example of a hard constraint is the maximum flow of cooling water into an exchanger which is reached when the valve is full open. An example of a soft constraint is the maximum allowed pressure in a tank, where occasional violations may be permitted as long as it is not severe. This type of objectives are met using an intermediate level, Muliti-input multi-output (MIMO) controllers or multi-loop controllers.

· Optimal operation objectives.

Identify process variables that should be optimized to minimize the operating cost and maximize profitability while satisfying constraints.  Examples of this include: equipment pressure and temperature, purge flow rate, feed rate of non-limiting reactants, flash drum temperature, and compressor work. This type of objectives are achieved using a high level controller(On-line optimizing controller, or Real-Time Optimizer).

T3.
Select  Manipulated variables.

     Manipulated variables control the flow of energy and material entering and leaving the plant using flow control valves.  The speed of a rotary machine (e.g., a motor, compressor, or pump) may also be used as a manipulated variable.  Following are some guidelines on placing control valves and some desired characteristics of these valves (Buckley, 1964, 1992; Stephanopoulos, 1984; Luyben, 1989; Seborg, 1989):

1. Control valves should be placed on streams through which the process interacts with the surrounding environment or a downstream/upstream process (Buckley, 1992).  For instance:

a) Control valves should be placed on the inlet feed streams (if these streams are from an upstream storage tank. Generally one of the major inlet streams entering the process from a storage tank is used to set the production rate. 

b) Control valves should be placed on all utility streams entering the process.  The valve may be placed on the inlet side or the exit side, but not both. The flow rates of utility streams are used to control temperatures ( or vapor pressures) usually.

c) Control valves should be placed on the purge and make-up streams. Flow of a purge is usually adjusted to maintain the concentration of the purge material from building up in the system.

d) Control valves should not be placed back to back on a pipe where there is no place for the liquid to accumulate.

e) Control valves should be placed on flows leaving a tank or vessel and are used to control the level or pressure in the tank.

2. A control valve should be used whenever there is a capacity ( a capacity to hold or accumulate) in the system to respond to the control valve changes.  For example, a liquid outlet stream from a storage tank should have a control valve.  The reflux and distillate flow out of a condenser should have control valves.  Exceptions to this rule are:

a) Control valves are avoided on streams with large flow rate leaving a tank as moving such control valves is difficult, and

b) Control valves are placed on a stream split even though there is no capacitance present. The valve will then be used to control the split ratio.

3. Control valves should not be placed on streams for which control is difficult.  For instance:

a) A control valve on a gas stream with a very large flow rate should be avoided.  This is because controlling this flow by moving the valve position is difficult.  For example, a control valve is not place on the vapor stream to the condenser in a distillation column.

b) Metering pumps should be used, instead of flow control valves, when the flow must be controlled very accurately.

c) Screw pumps are used to control the solids flow. Control valves are not used on solid streams.

d) A variable speed drive on a pump may be used to control flow instead of a control valve.

e) Control valves should be avoided on streams at extremely high temperatures.

4. While handling hazardous process streams, or in critical unit operations, additional control valves are often made available to facilitate manual control.  Also, emergency control valves are placed on strategic streams for equipment and operational safety.

5. Control valves should be sized to give a reasonable  variability in the manipulated variable from the nominal steady state.  Oversized or undersized control valves will lead to valve saturation and loss of control.

6. Bypass lines with manual control valves may be placed around a control valve if it is necessary to service the valve often (say, if the valve has a tendency to plug).

7. The characteristics of the control valve (linear, square-root, equal percent, etc.) should be chosen to give a linear relationship between flow rate and valve position. 

8. Valve positioners should be used (except in flow control loops) to overcome problems such as valve stickiness, valve hysterisis, etc.  Flow control loops are generally too fast for use of valve positioners.

9. The action of a controller is determined by safety considerations. Cooling water lines generally have air-to-close ( A/C, this valve will open fully if power is lost, also denoted as fail-open, F/O). Steam and other heating lines are generally air-to-open (A/O, also known as fail-close, F/C). The idea is that maximum cooling should be maintained to prevent runaway reactions or explosions in case of power failure.

10. Uninterrupted power supplies (UPS) in the form of batteries are used in control rooms to keep controllers running even if electric power supply is lost.

     Each control valve in effect represents a manipulated variable.  The number of manipulated variables (denoted by m) in a plant should always be greater than or equal to the number of independent controlled variables (denoted by n).  If m<n, then there are a few controlled variables which will have a steady state offset, ie. some variables may not reach their set points.  On the other hand, if m>n, the extra degrees of freedom can be utilized to operate the process economically.

T4.
Measured and Controlled Variables.

     Process variables that are important for control or for process monitoring should be measured if possible.  So often sensors are placed solely for the purpose of monitoring. Most flow lines are equipped with flow measurement sensors. Temperature sensors are inexpensive and used liberally to monitor wherever heat is added, removed, or generated. Likewise most pressurized tanks have pressure sensors on them. Quality variables should always be measured.  Other variables such as flue gas composition may be necessary for  monitoring pollution levels and may be required by law. 

The measured variables could be a primary or a secondary variable.  Primary variables are those that are measured directly (e.g., flow rate measurement); whereas, the secondary variables are measured to estimate some unmeasured process variables (e.g., the tray temperature in a distillation column can be used to estimate the composition).  Secondary variables are chosen when measurement of certain process variables is slow, not possible, or unreliable.  Measurements are often added to monitor the status of a process and only a subset of measured variables are used as controlled variables.  Following are some guidelines for selecting process measurements:

1. Flow rate of all streams should be measured if possible.

2. In an unit operation with liquid hold-up, the level in the vessel should always be measured.

3. Pressure should be measured in all contained vessels.  Gas pressure in a system should always be monitored.  Pressure of certain liquid phase streams are sometimes important and have to be measured.  For example, in a polymerization unit the pressure at the exit of the extruder is measured in order to maintain sufficient flow of the polymer to the downstream spinning and drawing operations.

4. Temperature measurements should be available whenever there is exchange of energy in an unit operation.  Temperature measurements are inexpensive and are hence used extensively.  These measurements are often used as secondary measurements.

5. Composition measurements are usually slow, expensive, and off-line.  Such measurements should be used conservatively and when necessary.  Product quality and reactant feed composition are sometimes crucial from operational standpoint.  In such situations an accurate measure of composition is necessary.

6. Measurement of other physical quantities like viscosity, density, humidity, pH, conductivity, thickness, rpm, etc., may be required for control or monitoring in some processes.  Such measurements may also serve as secondary indicators of quality or composition.

     Guidelines for placing sensors used for process variable measurement and some desired features of these sensors are (Buckley, 1992; Luyben, 1989; Seborg et al, 1986; Stephanopoulous, 1984):

1. The optimal location and number of sensors are important design decisions.  Sensors should be located so that a “true” measure of the process variable is obtained with little time-delay.  Sensors should be located in close vicinity of unit operations that use the measurements for control/monitoring.  Within a unit, sensors should be located so that external disturbances can be detected easily.

2. Redundant measurement sensors are used for critical variables. Sometimes triple redundancy is used when possible hazard is present in case of failure.

3. Sensors should be placed to measure important disturbances that may affect the process (if possible).

4. The span of the sensor should be selected so that sufficiently accurate measurements are obtained.  It may be required to change the zero of the span to measure a variable over a wider range.  The compromise between span and range is important.  For example, during startup the process variable changes over a large range and hence the span of the sensor should be large.  However, after steady state is reached the process variable does not change as much.  The span of the sensor at steady state can be much smaller so that more accurate and sensitive measurements are obtained.

5. The sensor should be located so that the effect of a disturbance is detected before it affects any downstream variable.  For example, the inlet temperature of a cooling water or a feed stream should be monitored.

6. Calibration curves (or conversion formulas) relating the measured variables and the sensor output variables should be updated periodically.  A linear relation between these variables in the operating region is desirable.  Nonlinear transformations are often used to linearize the relationship between the measured variable and the sensor output.  Improper calibration is a recurring problem in many operating plants.

T5
Control System Design

     After tasks T1-T4 are resolved, the design of a plant-wide control system is considered.  Decisions concerning the controller structure and controller tuning parameters are addressed.  A multi-layered approach consisting of the following tasks is usually used (Price and Georgakis, 1992; Stephanopoulos, 1984; Prassinos et al, 1984; Morari, 1981) :

1. Design controllers to regulate the process i.e. reject local disturbances and to stabilize the process.

2. Design decentralized multi-loop/multivariable predictive controllers. These should consider process constraints as well. Cascade and other multi-loop strategies are also used.

a) Production rate controller.

b) Product quality controller.

3. Design on-line optimization scheme.

Controllers to reject local disturbances

Local disturbances such as turbulence in the process stream, pressure fluctuations, noise in measurements, changes in inlet cooling water temperature, changes in ambient temperature, changes in steam supply pressure, etc., entering a process are fast acting and local.  To operate the plant near the steady state, it is desirable to reject such disturbances before they affect other process variables.  Fast acting PI controllers, which are also known as Inner Loop Cascade Controllers (ILCC), are typically used for this purpose.  Flow controllers between flow rate measurement and the flow control valve are used to reject local disturbances such as pressure fluctuations.  Temperature controllers are used to reject disturbances in the inlet temperature or pressure of a utility stream.  Once the ILCCs are in place and properly tuned, the plant can be operated at the nominal steady state.  

Some typical low level controllers are described below:

1. Flow control. Flow is measured and controlled locally to prevent fluctuations caused by pressure and level changes. Usually set point for the flow is provided by the operator, or other controllers such as temperature and composition controllers.

2. Level control. Level is controlled by adjusting the outlet flow usually. Occasionally inlet flow may be used as well. If there are more than one choice choose the dominant flow. Level controllers are not tuned tightly unless precise level must be maintained as in a reactor.

3. Gas Pressure. Non condensable gas pressure is controlled by adjusting the outlet flow of the gas. Sometimes the gas lines may be too large in which case pressure must be controlled by the compressor used.

4. Vapor pressure. Pressure of condensable vapors, as in pressure of a flash drum or a distillation column, is controlled by adjusting the vapor condensation rate. So the pressure in a column is controlled by adjusting the cooling duty provided in the condenser. Pressure in an evaporator is controlled by adjusting the heat input.

5. Temperature control. Temperature is controlled by adjusting heat input or heat removal rate. So temperature in a reactor may be controlled by adjusting the steam rate, cooling water rate. Occasionally you can also control the temperature in a reactor by adjusting the catalyst or inert coolant injection rate. Sometimes in columns, temperature is controlled instead of composition which is difficult to measure.

6. Composition control. Composition at exit of a reactor can be controlled by adjusting the reactor operating conditions. Composition at exit of a column can be controlled by adjusting the distillate rate, reflux rate, bottoms rate, boilup rate or a combination of some of these. Composition of stack gases is controlled by adjusting the air/fuel ratio. 

The outer loop controllers are implemented in an hierarchical manner.  The stabilizing controllers are implemented first.  These controllers prevent accumulation of mass and energy in the system and typically consist of level and pressure controllers for mass balance and temperature controller for energy balance.  The product quality and production rate control are implemented next.  Ratio controllers, split-range controllers, adaptive controllers, over-ride controllers, etc. are used as needed.

Stabilizing Controllers

For most chemical plants, level controllers, pressure controllers, and temperature controllers, are sufficient to stabilize the plant.  Depending on the process all or a few of these controllers may be used to stabilize the process.  Controlled and manipulated variables are paired based on an intuitive understanding of the process.  For example, level in a tank is controlled by manipulating the tank outlet flow because these two variables have a fast, one-to-one relationship with each other. Sometimes the relationship may not be so obvious, e.g. the composition at the top of a column may is affected by reflux flow and the distillate flow. A process model and some advanced control system synthesis tools may be necessary to resolve such issues. Sometimes, SISO strategies may not work at all, and one must use a MIMO controllers. A process model is generally not available at this.  Controller tuning is usually based on rules of thumb or by actual tests done after plant is constructed.

An important decision while tuning level controllers is its speed.  There are two types of level controllers.  One is the averaging type of level control where the tank capacity is used to dampen out process flow variations.  In this case the controller is tuned very loosely to minimize the variations in the inlet or outlet flow.  The second type of level control is used when strict level control is required.  For example, the reactor level can influence other process variables and a strict level control may be necessary.   Tuning the controller to respond fast can be detrimental for the control of downstream processes.  This is because such control actions will act as high frequency disturbances entering the downstream process.  On the other hand, slow level controllers can lead to poor product quality and production rate control.  A careful design of these controllers is therefore necessary.

Total material balance of a plant/module consists of mass balance and individual component balances.  Material balance is said to be satisfied when there is no accumulation of mass, i.e., the rate at which material enters the plant/module is equal to the rate at which it leaves.  For a process involving only liquid phase reactants and products, controlling the level in all vessels with a liquid holding capacity will satisfy the material balance.  However, if a process involves both gas phase and liquid phase reactants/products, material balance is satisfied by controlling the level in all vessels and by controlling independent pressure measurements.  Vapor inventory (measured in terms of pressure) is controlled by adjusting the heat input or removal.  For instance, in a distillation column, pressure is controlled by adjusting the condenser duty.  In a boiler, the pressure is controlled by adjusting the heat input to the boiler.  Pressure controllers are usually tuned to be fast responding.

For safe and successful operation of a plant there should be no accumulation of energy in any unit operation.  This objective can be achieved by controlling the independent temperature measurements in unit operations involving exchange of energy.  If the temperature in all unit operations are held constant, then the energy in streams entering the plant and that leaving the plant is equal.

After the stabilizing controllers are in place, the need for using advanced control algorithms like ratio control, over-ride control, split-range control, constrained multivariable predictive control, non-linear control, adaptive control, etc., can be investigated.  A reasonably accurate process model is required for these analyses.

Production Rate and Product Quality Control 

Production rate can be controlled directly or indirectly by changing the amount of raw material entering the plant.  For a plant with multiple raw material streams, there are two typical configurations for production rate control (Shinskey, 1988):

1. Change the setpoint for the primary raw material stream.  The primary stream has a large flow rate and does not change substantially during product quality changes.  The primary stream is ratioed to other raw material streams (see Figure 7.2). In the configuration shown in Figure 7.2, the primary raw material is stream C.  Changing the production rate results in change in stream C flow rate.  Stream C is ratioed with streams A and B to maintain the production rate and product quality.

2. Ratio the production rate to all the raw material streams (see Figure 7.3).  Here all streams vary substantially during product quality and production rate changes.  As a result, streams A, B and C are ratioed directly with the production rate.

Product quality can be controlled by:  (i) adjusting the feed composition or feed ratios, and (ii) adjusting operating conditions of units such as reactor, separator, etc.  The ratios of the stream flow rates are the manipulated variables used to achieve different product quality (see Figures 7.2 and 7.3).  Operating conditions like temperature, pressure, etc. in unit operations can also be changed independently to achieve desired product purity.




Figure 7.2  Production rate control approach I for multiple stream plant.




Figure 7.3  Production rate control approach II for multiple stream plant.

Safety Considerations

In addition to process regulation, you must build a safety net around the plant to ensure safe operation and safe shutdown in case of emergencies that cannot be handled by the regulatory control system. Most of these safety features should be independent of the control system and should only be activated when circumstances warrant it.

Safety features are built up in layers. These are:

Layer 0. Control valve action. 

Layer 1. Alarms

Layer 2. Safety Interlock Systems

Layer 3. Safety Valves

Layer 4. Containment

Layer 0. Control valve action. Control valves are chosen to fail open or fail close in case of power loss to ensure safe mode of operation. Normally cooling water valves are designed to be fail open and steam or heating fluid supply line valves are chosen to be fail close. Similarly, reactor feed lines are fail close. Fuel line into a furnace is fail close.

Layer1. Alarms. Most critical measurements are assigned high and low limits so that an alarm can be sounded and operator alerted when the measurement is outside the safe limits. One could also assign priorities to these alarms to distinguish between a mild violation and a severe violation. Normally this is handled by the control system itself.

Layer 2. Safety Interlock Systems( SIS) . Also known as Emergency Shutdown Systems (ESS). A safety interlock system activates a safety valve to ensure a safe shutdown or release of materials to prevent an accident from occurring. Once safety interlock is activated, the objective is to safely shutdown the operation. An example of safety interlock is a valve placed on a line leading from a pressure vessel to the plant flare. If pressure exceeds the safe limit, as sensed by a separate pressure sensor, then this valve opens and sends the contents of the vessel to the flare where it is burned. Another example of safety interlock is if the level in a tank exceeds the maximum allowed then safety valve shuts of the feed to the tank to prevent a spill from occurring. Typically, solenoid valves (on/off) are used. You can also use a control valve and cause it to fail open or fail close as needed. The valve and line used should have sufficient capacity to handle the flow and pressure expected. These devices should not be activated by expected normal disturbances to the process. The later should be handled by the control system.

Layer 3. Safety Relief Valves. This layer involves design of pressure relief valves or rupture disks, which  open or rupture when the pressure in the vessel exceeds a set limit. These are used to prevent explosions. The vent would be to the atmosphere and could cause damage to the environment. These should not activate unless a real possibility of an explosion is imminent. Most reactors with a runaway possibility are equipped to have safety rupture disks.

Layer 4. Containment.  This layer involves containment of accidental discharges from the process such as liquid or vapor released by pressure relief valves in layer 3. Dikes and dams are used in addition to channels for directing the flow. Nuclear reactors have a containment dome built to limit release of radioactive material. Tank farms have dikes around them to capture accidental spills.
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