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Introduction to Control Systems Control System means any quantity of interest in a machine or mechanism is maintained or altered in accordance with desired manner. (OR) A system which controls the output quantity is called a control system.



Control System Terminology: 1. Controlled Variable (C): It is the quantity or condition that is measured & controlled. 2. Controller: Controller means measuring the value of the controlled variable of the system & applying the manipulated variable to the system to correct or to limit the deviation of the measured value to the desired value. 3. Plant, Process or Controlled System (g2): A plant is a piece of equipment, which is a set of machine parts functioning together. The purpose of which is to perform a particular operation. Example: Furnace, Space craft etc. 4. System: A system is a combination of components that works together & performs certain objective. 5. Set-point or reference input (r): a single established as a standard of comparison for feedback control system by virtue of its relation to command. 6. Manipulated Variable (m): The quality or condition that is varied as a function of the actuating signal so as to change the value of the controlled variable. 7. Actual Signal, error or control action (e): algebraic sum of the reference i/p “r” and the primary feedback “b”. 8. Error detector: the direction flow of information is indicated by arrows and the algebraic nature of summation by plus or minus signs. 9. Disturbance (u): A disturbance is a signal that tends to affect the value of the output of a system. If a disturbance is created inside the system, it is called internal. While an external disturbance is generated outside the system. 10. Feedback Control: It is an operation that, in the presence of disturbance tends to reduce the difference between the output of a system & some reference input. 11. Servo Mechanism: A servo mechanism is a feedback controlled system in which the output is some mechanical position, velocity or acceleration.



Fig.1. Elements of a control system 12. Open loop System: In an Open loop System, the control action is independent of the desired output. (OR) When the output quantity of the control system is not fed back to the input quantity, the control System is called an Open loop System.



13. Closed loop System: In the Closed loop Control System the control action is dependent on the desired output, where the output quantity is considerably controlled by sending a command signal to input quantity. 14. Feed Back: Normally, the feed back signal has opposite polarity to the input signal. This is called negative feed back. The advantage is the resultant signal obtained from the comparator being difference of the two signals is of smaller magnitude. It can be handled easily by the control system. The resulting signal is called Actuating Signal [E(S)]. This signal has zero value when the desired output is obtained. In that condition, control system will not operate.



(a) Overall Gain: Eqn.(1) shows that the gain of the open loop system is reduced by a factor [1+G(S).H(S)] in a feed back system. Here the feed back signal is negative. If the feed back gain has positive value, the overall gain will be reduced. If the feed back gain has negative value, the overall gain may increase.



(b) Stability: If a system is able to follow the input command signal, the system is said to be Stable. A system is said to be Unstable, if its output is out of control. In eqn.(1), if GH= -1 the output of the system is infinite for any finite input. This shows that a stable system may become unstable for certain value of a feed back gain. Therefore if the feedback is not properly used, the system can be harmful.



(c) Sensitivity: This depends on the system parameters. For a good control system, it is desirable that the system should be insensitive to its parameter changes.



(d) Noise: Examples are brush & commutation noise in electrical machines, Vibrations in moving system etc. The effect of feedback on these noise signals will be greatly influenced by the point at which these signals are introduced in the system. It is possible to reduce the effect of noise by proper design of feed back system.



Classification of Control Systems These are two basic types of control systems, open loop and closed loop system.



Comparison between Open loop & Closed loop Gain S.NO



1 2 3 4 5



6



Open Loop System (Unmonitored control system) An open loop system has the ability to perform accurately, if its calibration is good. If the calibration is not perfect its performance will go down. It is easier to build. (Simple construction) In general it is more stable as the feedback is absent. If non - linearity’s are present; the system operation is not good. Feed back is absent. Example: (i) Traffic Control System. (ii) Control of furnace for coal heating. (iii) An Electric Washing Machine.



Closed Loop System (monitored control system) A closed loop system has got the ability to perform accurately because of the feedback. It is difficult to build. Less Stable Comparatively. Even under the presence of non-linearity’s the system operates better than open loop system. Feed back is present. Example: (i) Pressure Control System. (ii) Speed Control System. (iii) Robot Control System. (iv) Temperature Control System.



Note: Any control system which operates on time basis is an Open Loop System.



Manual and automatic control systems: Manual control systems involves a human operator who (i) takes decision about the required output (ii) ensures that the necessary input is applied to the system (iii) observes the output and compares it with the desired value (iv) readjust the control elements if the output is not what he wants In automatic system the human operator determines the goal and sets up the system. Subsequently the target output is achieved or maintained automatically. Examples: Control temperature, pressure, humidity, viscosity and flow rate etc. in the process industries like synthetic yarn production, oil refining and chemical plants. Control of heat treatment, tooling, handling and assembling of mechanical parts in the manufacture of articles like refrigerators, radio and automobile parts. Control of position, speed and power in machine tools, pumps and compressors, electrical and mechanical power supply units. Speed regulation of devices like grinding wheel for precision grinding, instrument tape recorders, strip rolling and wire drawing. Transportation system such as ship steering and rolling stabilization, aircraft flight control, automatic landing of aircraft cte. The positioning systems, radar travel system and other military equipment are necessarily based on feed control systems Examples of automatic control systems (i) In automatic feedback control of a thermal system (fig. (a)), the human operator is replaced by an automatic controller. Based on the error signal, the controller generates an output which is taken to the control valve in-order to change the valve opening for steam supply. (ii) The level control system depicted in fig. (b) is an automatic control system where inflow of water to the tank is dependent on the water level in the tank. Automatic controller maintains the liquid level



by comparing the actual level with a desired level and correcting an error by adjusting the opening of the control valve.



Advantages and Limitations of automatic control systems  Suitability and desirability in the complex and fast acting systems which are beyond the physical abilities of a man.  Relief of human being from hard physical work, boredom and drudgery which normally result from a continuous repetitive job.  Economy in the operating cost due to elimination of the continuous employment of a human operator.  Increased o/p or productivity  Improvement in the quality and quantity of the products  Reduced effect of non linearities and distortion  Satisfactory response over a wide range of i/p frequencies



Problem: Draw the schematic and block diagram of a system representing a steam – generator set fitted with a speed governor. Solution: Refer Fig 1 (a) for the schematics of a system for speed control of a turbo - generator.



The system incorporates a centrifugal governor which uses the lift of centrifugal balls as speed monitor; it senses any speed change which may occur due to variation in load. The speed sensed by the governor is compared with the desired speed and an error or deviation signal is generated. A hydraulic amplifier serves as a control that operates a control valve which moves by an amount proportional to the error. The valve then regulates the steam flow from the boiler to the turbine; that results into a change in speed until the output speed matches the desired speed.



The system has been represented by a block diagram with various elements as shown in Fig. 1 (b).



Transfer Functions The input- output relationship in a linear time invariant system is defined by the transfer function. The features of the transfer functions are,



(1) It is applicable to Linear Time Invariant system. (2) It is the ratio between the Laplace Transform of the o/p variable to the Laplace Transform of the i/p variable. (3) It is assumed that initial conditions are zero. (4) It is independent of i/p excitation. (5) It is used to obtain systems o/p response. An equation describing the physical system has integrals & differentials, the step involved in obtaining the transfer function are;



Block Diagrams It is a representation of the control system giving the inter-relation between the transfer function of various components. The block diagram is obtained after obtaining the differential equation & Transfer function of all



components of a control system. The arrow head pointing towards the block indicates the i/p & pointing away from the block indicates the o/p.



After obtaining the block diagram for each & every component, all blocks are combined to obtain a complete representation. It is then reduced to a simple form with the help of block diagram algebra.



Salient Characteristics of a block diagram: 1. Elimination of trivial details and more realistic indication of the signal flow of the control system. 2. Easy formulation of the overall block diagram for the entire system by merely connecting the component blocks in accordance with signal or information flow. 3. Readily visual examination of the functional operation of the system and its elements. 4. Reduction of the complicated block diagrams to manageable from that can be used to predict the overall performance of the system. 5. Contains information only about the dynamic behavior of the system; no information is supplied about the physical construction of the system.



Signal Flow Graphs For complicated systems, Block diagram reduction method becomes tedious & time consuming. An alternate method is that signal flow graphs developed by S.J. Mason. In these graphs, each node represents a system variable & each branch connected between two nodes acts as Signal Multiplier. The direction of signal flow is indicated by an arrow.



Definitions: 1. Node: A node is a point representing a variable which equal the sum of all the incoming signals at the node. Ex: X1, X2 . . . etc are nodes. 2. Input node [Source]: It is a node which has only out going signals. Ex: X1 is an I/P node. 3. Output node [Sink]: It is a node which is having only incoming signals. Ex: X4 is an O/P node. 4. Transmittance: A transmittance is a gain between two nodes. 5. Branch: A branch is a line joining two nodes. The signal travels along a branch. Ex: The branch X1X2 between the nodes X1 and X2 has a transmittance A21. The first character of the subscript A



indicates the node signal will reach and the second character indicates the node from which the signal starts. 6. Incoming Branch: A branch with its arrow pointing towards a node. Ex: branch X1X2 with transmittance A21 is an incoming branch to node X2. 7. Outgoing Branch: A branch with its arrow pointing away from a node. Ex: branch X1X2 with transmittance A21 is an incoming branch to node X1. 8. Mixed node: It is a node which has both incoming & outgoing branches (signals). Ex: X2 and X3 are examples of mixed nodes.



9. Path: It is the traversal of connected branches in the direction of branch arrows. Such that no node is traversed more than once. 10. Loop: It is a closed path. 11. Loop Gain: It is the product of the branch transmittances of a loop. 12. Non-Touching Loops: Loops are Non-Touching, if they do not possess any common node. 13. Forward or Open Path: It is a path from i/p node to the o/p node which doesn’t cross any node more than once. 14. Forward Path Gain: It is the product of branch transmittances of a forward path.



Flow graph algebra: the signal flow graph can be simplified to graph can be simplified to graph containing only input and output nodes. I. Correspondence Rule: the value of a node with incoming branch is given by V2 = a V1.



II.



Addition: parallel paths can be combined into a single branch whose transmittance will be equal to the algebraic sum of the transmittance of the original branches.



III.



Multiplication: Series Path (cascade branches) can be combined into a single branch by multiplication of the branches transmittances. Node elimination: A mixed node can be eliminated by the procedure shown in fig.



IV.



V.



Problem:



Loop elimination: The feedback loop is first reduced to a self-loop which is further eliminated by adapting the relations: V3 = b V2 = a V1+ a V3 V3 = ab V1 + bc V3 Hence V3 = [ab/(1-bc)] V1



System Stability While considering the performance specification in the control system design, the essential & desirable requirement will be the system stability. This means that the system must be stable at all times during operation. Stability may be used to define the usefulness of the system. Stability studies include absolute & relative stability. Absolute stability is the quality of stable or unstable performance. Relative Stability is the quantitative study of stability.



The stability study is based on the properties of the TF. In the analysis, the characteristic equation is of importance to describe the transient response of the system. From the roots of the characteristic equation, some of the conclusions drawn will be as follows, 1. When all the roots of the characteristic equation lie in the left half of the S-plane, the system response due to initial condition will decrease to zero at time. Thus the system will be termed as stable. 2. When one or more roots lie on the imaginary axis & there are no roots on the RHS of Splane, the response will be oscillatory without damping. Such a system will be termed as critically stable. 3. When one or more roots lie on the RHS of S-plane, the response will exponentially increase in



magnitude; there by the system will be Unstable. Some of the Definitions of stability are, A system is stable, if its o/p is bounded for any bounded i/p. 2. A system is stable, if it’s response to a bounded disturbing signal vanishes ultimately as time “t‟ approaches infinity. 3. A system is unstable, if it’s response to a bounded disturbing signal results in an o/p of infinite amplitude or an Oscillatory signal. 1.



4. If the o/p response to a bounded i/p signal results in constant amplitude or constant amplitude oscillations, then the system may be stable or unstable under some limited constraints. Such a System is called Limitedly Stable system. 5. If a system response is stable for a limited range of variation of its parameters, it is called Conditionally Stable System. 6. If a system response is stable for all variation of its parameters, it is called Absolutely Stable system.



Routh-Hurwitz Criteria: A designer has so often to design the system that satisfies certain specifications. In general, a system before being put in to use has to be tested for its stability. Routh-Hurwitz stability criteria may be used. This criterion is used to know about the absolute stability. i.e., no extra information can be obtained regarding improvement.



As per Routh-Hurwitz criteria, the necessary conditions for a system to be stable are, 1. None of the co-efficient t‟ o f the Characteristic equation should be missing or zero. 2. All the co-efficient‟ should be real & should have the same sign . A sufficient condition for a system to be stable is that each & every term of the 1st column of the Routh array must be positive or should have the same sign. Routh array can be obtained as follows.



Problem:



Hurwitz stability criterion: let the characteristic equation of an nth order system be a0δn + a1δn-1 +…………. +an-1δ + an.



The necessary and sufficient condition for the system to be stable is that the n determinants formed from the co-efficient a0, a1, ……. an of the characteristic equation be positive. These determinants are taken as the principal minor of the following arrangement; called Hurwitz determinant:



The coefficients with indices larger than n or with negative indices are replaced by zeros. The necessary and sufficient condition for the system stability can also be expressed as:



Δn = entire arrangement of Hurwitz determinant is greater than zero. The system would have a limited stability of Δn-1 = 0.



Classification of Fluid Power Systems The fluid power system can be categorized as follows: 1.



Based on the control system  Open-loop system: There is no feedback in the open system and performance is based on the characteristics of the individual components of the system. The open-loop system is not accurate and error can be reduced by proper calibration and control.  Closed-loop system: This system uses feedback. The output of the system is fed back to a comparator by a measuring element. The comparator compares the actual output to the desired output and gives an error signal to the control element. The error is used to change the actual output and bring it closer to the desired value. A simple closed- loop system uses servo valves and an advanced system uses digital electronics. 2. Based on the type of control  Fluid logic control: This type of system is controlled by hydraulic oil or air. The system employs fluid logic devices such as AND, NAND, OR, NOR, etc. Two types of fluid logic systems are available: (a) Moving part logic (MPL): These devices are miniature fluid elements using moving parts such as diaphragms, disks and poppet’s to implement various logic gates. (b) Fluidics: Fluid devices contain no moving parts and depend solely on interacting fluid jets to implement various logic gates.  Electrical control: This type of system is controlled by electrical devices. Four basic electrical devices are used for controlling the fluid power systems: switches, relays, timers and solenoids. These devices help to control the starting, stopping, sequencing, speed, positioning, timing and reversing of actuating cylinders and fluid motors. Electrical control and fluid power work well together where remote control is essential.







Electronic control: This type of system is controlled by microelectronic devices. The electronic brain is used to control the fluid power muscles for doing work. This system uses the most advanced type of electronic hardware including programmable logic control (PLC) or microprocessor (MP). In the electrical control, a change in system operation results in a cumbersome process of redoing hardware connections. The difficulty is overcome by programmable electronic control. The program can be modified or a new program can be fed to meet the change of operations. A number of such programs can be stored in these devices, which makes the systems more flexible.



Hydrostatic and Hydrodynamic Systems A hydrostatic system uses fluid pressure to transmit power. Hydrostatics deals with the mechanics of still fluids and uses the theory of equilibrium conditions in fluid. The system creates high pressure, and through a transmission line and a control element, this pressure drives an actuator (linear or rotational). The pump used in hydrostatic systems is a positive displacement pump. The relative spatial position of this pump is arbitrary but should not be very large due to losses (must be less than 50 m). An example of pure hydrostatics is the transfer of force in hydraulics. Hydrodynamic systems use fluid motion to transmit power. Power is transmitted by the kinetic energy of the fluid. Hydrodynamics deals with the mechanics of moving fluid and uses flow theory. The pump used in hydrodynamic systems is a non-positive displacement pump. The relative spatial position of the prime mover (e.g., turbine) is fixed. An example of pure hydrodynamics is the conversion of flow energy in turbines in hydroelectric power plants. In oil hydraulics, we deal mostly with the fluid working in a confined system, that is, a hydrostatic system.



Advantages of a Fluid Power System 1.



2. 3.



4.



5. 6. 7.



Fluid power systems are simple, easy to operate and can be controlled accurately: Fluid power gives flexibility to equipment without requiring a complex mechanism. Using fluid power, we can start, stop, accelerate, decelerate, reverse or position large forces/components w i t h g r e a t a c c u r a c y u s i n g simple levers a n d push buttons. For example, in Earth-moving equipment, bucket carrying load can be raised or lowered by an operator using a lever. The landing gear of an aircraft can be retrieved to home position by the push button. Multiplication and variation of forces: Linear or rotary force can be multiplied by a fraction of a kilogram to several hundreds of tons. Multifunction control: A single hydraulic pump or air compressor can provide power and control for numerous machines using valve manifolds and distribution systems. The fluid power controls can be placed at a central station so that the operator has, at all times, a complete control of the entire production line, whether it be a multiple operation machine or a group of machines. Such a setup is more or less standard in the steel mill industry. Low-speed torque: Unlike electric motors, air or hydraulic motors can produce a large amount of torque while operating at low speeds. Some hydraulic and pneumatic motors can even maintain torque at a very slow speed without overheating. Constant force or torque: Fluid power systems can deliver constant torque or force regardless of speed changes. Economical: Not only reduction in required manpower but also the production or elimination of operator fatigue, as a production factor, is an important element in the use of fluid power. Low weight to power ratio: The hydraulic system has a low weight to power ratio compared to electromechanical systems. Fluid power systems are compact.



8. Fluid power systems can be used where safety is of vital importance: Safety is of vital importance in air and space travel, in the production and operation of motor vehicles, in mining and manufacture of delicate products. For example, hydraulic systems are responsible for the safety of takeoff,



landing and flight of aero planes and space craft. Rapid advances in mining and tunneling are the results of the application of modern hydraulic and pneumatic systems.



Basic Components of a Hydraulic System Hydraulic systems are power-transmitting assemblies employing pressurized liquid as a fluid for transmitting energy from an energy-generating source to an energy-using point to accomplish useful work. Figure 1.1 shows a simple circuit of a hydraulic system with basic components.



Functions of the components shown in Fig. 1.1 are as follows: 1. The hydraulic actuator is a device used to convert the fluid power into mechanical power to do useful work. The actuator may be of t he linear type (e.g., hydraulic cylinder) or rotary type(e.g., hydraulic motor) to provide linear or rotary motion, respectively. 2. The hydraulic pump is used to force the fluid from the reservoir to rest of the hydraulic circuit by converting mechanical energy into hydraulic energy. 3. Valves are used to control the direction, pressure and flow rate of a fluid flowing through the circuit. 4. External power supply (motor) is required to drive the pump. 5. Reservoir is used to hold the hydraulic liquid, usually hydraulic oil. 6. Piping system carries the hydraulic oil from one place to another. 7. Filters are used to remove any foreign particles so as keep the fluid system clean and efficient, as well as avoid damage to the actuator and valves. 8. Pressure regulator regulates (i.e., maintains) the required level of pressure in the hydraulic fluid. The piping shown in Fig. 1.1 is of closed-loop type with fluid transferred from the storage tank to one side of the piston and returned back from the other side of the piston to the tank. Fluid is drawn from the tank by a pump that produces fluid flow at the required level of pressure. If the fluid pressure exceeds the required level, then the excess fluid returns back to the reservoir and remains there until the pressure acquires the required level. Cylinder movement is controlled by a three-position change over a control valve. 1. When the piston of the valve is changed to upper position, the pipe pressure line is connected to port A and thus the load is raised.



2. When the position of the valve is changed to lower position, the pipe pressure line is connected to port B and thus the load is lowered. 3. When the valve is at center position, it locks the fluid into the cylinder (thereby holding it in position) and dead-ends the fluid line (causing all the pump output fluid to return to tank via the pressure relief). In industry, a machine designer conveys the design of hydraulic systems using a circuit diagram. Figure 1.2 shows the components of the hydraulic system using symbols. The working fluid, which is the hydraulic oil, is stored in a reservoir. When the electric motor is switched ON, it runs a positive displacement pump that draws hydraulic oil through a filter and delivers at high pressure. The pressurized oil passes through the regulating valve and does work on actuator. Oil from the other end of the actuator goes back to the tank via return line. To and fro motion of the cylinder is controlled using directional control valve. The hydraulic system discussed above can be broken down into four main divisions that are analogous to the four main divisions in an electrical system.



1. 2. 3. 4.



The power device parallels the electrical generating station. The control valves parallel the switches, resistors, timers, pressure switches, relays, etc. The lines in which the fluid power flows parallel the electrical lines. The fluid power motor (whether it is a rotating or a non rotating cylinder or a fluid power motor) parallels the solenoids and electrical motors.



Basic Components of a Pneumatic System A pneumatic system carries power by employing compressed gas, generally air, as a fluid for transmitting energy from an energy-generating source to an energy-using point to accomplish useful work. Figure 1.3 shows a simple circuit of a pneumatic system with basic components. The functions of various components shown in Fig. 1.3 are as follows: 1. The pneumatic actuator converts the fluid power into mechanical power to perform useful work. 2. The compressor is used to compress the fresh air drawn from the atmosphere. 3. The storage reservoir is used to store a given volume of compressed air. 4. The valves are used to control the direction, flow rate and pressure of compressed air. 5. External power supply (motor) is used to drive the compressor. 6. The piping system carries the pressurized air from one location to another.



Air is drawn from the atmosphere through an air filter and raised to required pressure by an air compressor. As the pressure rises, the temperature also rises; hence, an air cooler is provided to cool the air with some preliminary treatment to remove the moisture. The treated pressurized air then needs to get stored to maintain the pressure. With the storage reservoir, a pressure switch is fitted to start and stop the electric motor when pressure falls and reaches the required level, respectively. The three-position change over the valve delivering air to the cylinder operates in a way similar to its hydraulic circuit.



Comparison between Hydraulic and Pneumatic Systems Usually hydraulic and pneumatic systems and equipment do not compete. They are so dissimilar that there are few problems in selecting any of them that cannot be readily resolved. Certainly, availability is one of the important factors of selection but this may be outweighed by other factors. In numerous instances, for example, air is preferred to meet certain unalterable conditions, that is, in“hot spots” where there is an open furnace or other potential ignition hazard or in operations where motion is required at extremely high speeds. It is often found more efficient to use a combined circuit in which oil is used in one part and air in another on the same machine or process. Table 1.2 shows a brief comparison of hydraulic and pneumatic systems. Table 1.2 Comparison between a hydraulic and a pneumatic system S.No.



Hydraulic System



Pneumatic System



1. It employs a pressurized liquid



It employs a compressed gas, usually air, as a fluid



An oil hydraulic system operates at 2. as a fluid pressures up to 700 bar



A pneumatic system usually operates at 5–10 bar



3. Generally designed as closed system



Usually designed as open system



4. The system slows down when leakage occurs Leakage does not affect the system much 5. Valve operations are difficult



Valve operations are easy



6. Heavier in weight



Lighter in weight



7. Pumps are used to provide pressurized liquids



Compressors are used to provide compressed gases



8. The system is unsafe to fire hazards



The system is free from fire hazards



9. Automatic lubrication is provided



Special arrangements for lubrication are needed



Comparison of Different Power Systems There are three basic methods of transmitting power: electrical, mechanical and fluid power. Most applications actually use a combination of the three methods to obtain the most efficient overall system. To properly determine which method to use, it is important to know the salient features of each type. For example, fluid systems can transmit power more economically over greater distances than mechanical types. However, fluid systems are restricted to shorter distances compared to electrical systems. Table 1.3 lists the salient features of each type. Table 1.3 Comparison of different power systems Property Input energy



Mechanical I C engines



source



Electric motor



Energy transfer



Levers, gears,



Energy carrier Rigid and elastic element shafts Power-to-weight Poor objects



Electrical I C engines Water/gas turbines Electrical cables Flow of electrons and magnetic field Fair



Pneumatic I C engines Pressure tank



Hydraulic I C engines Electric motor; Air turbine



Pipes and hoses Pipes and hoses Air



Hydraulic



Best



Best liquids



Torque/inertia ratio Stiffness



Poor



Fair



Good



Best



Good



Poor



Fair



Best



Response speed



Fair



Best



Fair



Good



Dirt sensitivity



Best



Best



Fair



Fair



Relative cost Control



Best Fair



Best Best



Good Good



Fair Good



Motion type



Mainly rotary



Mainly rotary



Linear or rotary Linear or rotary



Problem: Explain how the proportional, integral and derivative control actions can be devised to control the level of water in a pipe-tank system. Solution: The control systems requires a means (such as afloat) to sense change in liquid level and a device (such as a valve) that changes the flow rate in an appropriate manner. The inflow rate needs to be varied so as to maintain the controlled level as close to desire height as possible. I. Proportional control: the movement of the regulating valve is directly proportional to change in the liquid level; independent of the time rate at which liquid level changes. Refer fig 1.1, the float follows the level of liquid in the tank and it is connected by a mechanical linkage to the inflow regulating valve. Evidently the float functions as the detecting and comparing unit and the lever amplifies the small float movement to a value which is just sufficient to activate the regulating valve.



Float displacement (h – h0) = bθ;



Valve displacement (y – y0) = -aθ



Subscript 0 denotes the reference position of the float and the valve. The negative sign stems from the fact that the valve acts opposite to the change in liquid level. When float rises upwards, the regulating valve moves downwards to check the water inflow so that the liquid height is brought to the desired level. From the above two equations => (y – y0) = -a/b (h – h0) The distance b is made much greater than a and this result into a small displacement in the valve position corresponding to large movement of the float.



Qin – (Qin)0 = c (y – y0) = -ac/b (h – h0) = - α (h – h0) The proportional control factor α relates the change in flow rate to the change in liquid level. II.



Integral Control: The rate of movement in the control valve is proportional to the change in the liquid level. This objective is achieved by using an electric motor whose different speed can be obtained by a rheostat. Refer from fig. 1.2,



III.



Derive Control: The movement of the control valve is proportional to the rate of change of liquid level. Reference fig 1.3, a viscous dashpot is placed in the link b/w the float lever and the regulating valve. When the float rises from its initial equilibrium position the dashpot position is forced downward. The spring system with a dashpot cylinder ensures that in due time the cylinder returns to its equilibrium position there by dragging the control valve with it.



Hydraulic Pumps  



Pump – Converts Mechanical Energy to Hydraulic Energy. Pump pushes the fluid into the hydraulic system.



There are three main types of pumps used in hydraulic systems namely the gear pump, the vane pump and the piston pump. Fig shows the outline of a fixed displacement gear pump. These pumps come with a straight spur, helical, or herringbone gears. Straight spur gears are easiest to cut and are the most widely used. Helical and herringbone gears run more quietly, but cost more. A gear pump produces flow by carrying fluid in between the teeth of two meshing gears. One gear is driven by the drive shaft and turns the idler gear. The chambers formed between adjacent gear teeth are enclosed by the pump housing and side plates (also called wear or pressure plates). A partial vacuum is created at the pump inlet as the gear teeth unmesh. Fluid flows in to fill the space and is carried around the outside of the gears. As the teeth mesh again at the outlet end, the fluid is forced out. Volumetric efficiencies of gear pumps run as high as 93% under optimum conditions. Running clearances between gear faces, gear tooth crests and the housing create an almost constant loss in any pumped volume at a fixed pressure. This means that volumetric efficiency at low speeds and flows is poor, so that gear pumps should be run close to their maximum rated speeds. Although the loss through the running clearances, or "slip," increases with pressure, this loss is nearly constant as speed and output change. For one pump the loss increases by about 1.5 gpm from zero to 2,000 psi



regardless of speed. Change in slip with pressure change has little effect on performance when operated at higher speeds and outputs. External-gear pumps are comparatively immune to contaminants in the oil, which will increase wear rates and lower efficiency, but sudden seizure and failure are not likely to occur.



Fig. Spur gear pump



Fig. basic (unbalanced) vane pump



In vane pumps, a number of vanes slide in slots in a rotor which rotates in a housing or ring. The housing may be eccentric with the center of the rotor, or its shape may be oval, Figure 5. In some designs, centrifugal force holds the vanes in contact with the housing, while the vanes are forced in and out of the slots by the eccentricity of the housing. In one vane pump, light springs hold the vanes against the housing; in another pump design, pressurized pins urge the vanes outward. During rotation, as the space or chamber enclosed by vanes, rotor, and housing increases, a vacuum is created, and atmospheric pressure forces oil into this space, which is the inlet side of the pump. As the space or volume enclosed reduces, the liquid is forced out through the discharge ports.



Fig 17.15 shows a simplified version of an axial flow piston pump. The unit consists essentially of a cylindrical block which is rotated along with its piston. This rotation causes the piston to move back and forth parallel to the shaft, but against the non-metal wobble or swash plate. The angle of wobble plate is either kept constant or is varied in accordance where the pump is to have a fixed displacement or a variable displacement. No flow takes place when the wobble plate is perpendicular.



Desirable characteristics of hydraulic fluids     



Low level of impurities and a high value of the bulk modulus Sufficient film strength to prevent metal to metal contact between moving parts, i.e., to avoid wear of control valve, motor and pump elements. Adequate viscosity to give good sale at piston, glands and valves, at low viscosity, the moving parts would wear rapidly and there would be loss of fluid from the system. Good chemical stability i.e., resistance to formation of sludge and gum. Freedom from acidity, a low pour point temperature, a high flash point, resistance to foaming and antirust properties.



Advantages and limitations of hydraulic controllers:       



High response High power gain due to readily conversion of liquids to high pressure or flow. Simplicity of the actuator system Long life due to self lubricating properties of hydraulic liquids Requirements of proper seals and connection so as to prevent the leakage of hydraulic fluid Careful maintenance of the system to keep the fluid clean and pure. Stringent requirements for hydraulic fluid to be fire-resistance, anticorrosion and self lubricating.



Pneumatic Controllers In automated industrial processes, it is always essential to keep the process variables such as temperature, flow rate, system pressure, fluid level, etc. at the desired value for safety and economical operation. Consider an example where the flow of water through a pipe has to be kept constant at some predetermined value (Fig. 6.5.1). Let the value of flow to be measured is ‘V' (process variable PV). This flow rate is compared with the required flow value say ‘V 1 ' (set point SP). The difference between these two values is the error which is sent to the controller. If any error exists, the controller adjusts the drive signal to the actuator, informing it to move the valve to give the required flow (zero error). This type of control system is called closed loop control system. It mainly includes a controller, actuator and a measuring device. The control can be achieved by using control electronics or by pneumatic process control. The pneumatic systems are quite popular because they are safe. In the process industries like refinery and chemical plants, the atmosphere is explosive. Application of electronics based systems may be dangerous in such cases. Since the pneumatic systems use air, there are very scant chances of any fire hazards. Even though electrical actuators are available, but most of the valves employed are driven by pneumatic signals.



1. Components of a pneumatic controller    



Flapper nozzle amplifier Air relay Bellows Springs







Feedback arrangements



1.1 Flapper nozzle amplifier A pneumatic control system operates with air. The signal is transmitted in the form of variable air pressure (often in the range of 0.2 to 1.0 bar (3-15 psi)) that initiates the control action. One of the basic building blocks of a pneumatic control system is the flapper nozzle amplifier. It converts very small displacement signal (in order of microns) to variation of air pressure. The basic construction of a flapper nozzle amplifier is shown in Figure 6.5.2 Constant air pressure is supplied to one end of the pipeline. There is an orifice at this end. At the other end of the pipe, there is a nozzle and a flapper. The gap between the nozzle and the flapper is set by the input signal. As the flapper moves closer to the nozzle, there will be less airflow through the nozzle and the air pressure inside the pipe will increase. On the other hand, if the flapper moves further away from the nozzle, the air pressure decreases. At the extreme, if the nozzle is open (flapper is far off), the output pressure will be equal to the atmospheric pressure. If the nozzle is blocked, the output pressure will be equal to the supply pressure. 1.2 Air Relay The major limitation of a flapper nozzle amplifier is its limited air handling capacity. The variation of air pressure obtained cannot be used for any useful application, unless the air handling capacity is increased. It is used after the flapper nozzle amplifier to enhance the volume of air to be handled. The principle of operation of an air relay can be explained using the schematic diagram shown in Figure 6.5.3. It can be seen that the air relay is directly connected to the supply line (no orifice in between). The output pressure of the flapper nozzle amplifier (p2) is connected to the lower chamber of the air relay with a diaphragm on its top. The variation of the pressure p2 causes the movement (y) of the diaphragm. There is a double-seated valve fixed on the top of the diaphragm. When the nozzle pressure p2 increases due to decrees in xi, the diaphragm moves up, blocking the air vent line and forming a nozzle between the output pressure line and the supply air pressure line. More air goes to the output line and the air pressure increases. When p2 decreases, the diaphragm moves downwards, thus blocking the air supply line and connecting the output port to the vent. The air pressure will decrease. 2. Types of pneumatic controllers Following is the list of variants of pneumatic controllers.  Proportional only (P) controller  Proportional-Derivative (PD) controller  Proportional-Integral (PI) controller  Proportional-Integral-Derivative (PID) controller



2.1 Proportional only (P) controller The simplest form of pneumatic controller is proportional only controller. Figure 6.5.4 shows the pneumatic circuit of ‘proportional only' controller. The output signal is the product of error signal multiplied by a gain (K).



Output = (Error * gain)



(6.5.1)



Fig. 6.5.4 Proportional only controller



Consider the pneumatic system consisting of several pneumatic components, viz. flapper nozzle amplifier, air relay, bellows and springs, feedback arrangement. The overall arrangement is known as a pneumatic proportional controller as shown in Figure 6.5.5. It acts as a controller in a pneumatic system generating output pressure proportional to the displacement at one end of the beam. The action of this particular controller is direct, since an increase in process variable signal (pressure) results in an increase in output signal (pressure). Increasing process variable (PV) pressure attempts to push the right-hand end of the beam up, causing the baffle to approach the nozzle. This blockage of the nozzle causes the nozzle's pneumatic backpressure to increase, thus increasing the amount of force applied by the output feedback bellows on the left-hand end of the beam and returning the flapper (very nearly) to its original position. If we wish to reverse the controller's action, we need to swap the pneumatic signal connections between the input bellows, so that the PV pressure will be applied to the upper bellows and the SP pressure to the lower bellows. The ratio of input pressure(s) to output pressure is termed as a gain (proportional band) adjustment in this mechanism. Changing bellows area (either both the PV and SP bellows equally, and the output bellows by itself) influences this ratio. Gain also affects by the change in output bellows position. Moving the fulcrum left or right can be used to control the gain, and in fact is usually the most convenient to engineer. 2.2 Proportional-Derivative (PD) controller A proportional-derivative (PD) controller is shown in Figure 6.5.6. To add derivative



control action to a P-only controller, all we need to place a restrictor valve between the nozzle tube and the output feedback bellows, causing the bellows to delay filling or emptying its air pressure over time. If any sudden change occurs in PV or SP, the output pressure will saturate before the output bellows has the opportunity to equalize in pressure with the output signal tube. Thus, the output pressure “spikes” with any sudden “step change” in input: exactly what we would expect with derivative control action. If either the PV or the SP ramps over time, the output signal will ramp in direct proportion (proportional action). But there will be an added offset of pressure at the output signal in order to keep air flowing either in or out of the output bellows at a constant rate to generate the necessary force to balance the changing input signal. Thus, derivative action causes the output pressure to shift either up or down (depending on the direction of input change) more than it would with just proportional action alone in response to a ramping input.



2.3 Proportional-Integral (PI) controller In some systems, if the gain is too large the system may become unstable. In these circumstances the basic controller can be modified by adding the time integral of the error to control the operation (Fig 6.5.7). Thus the output can be given by an equation, (6.5.2)



Fig. 6.5.7 Block diagram of P-I controller



The T i is a constant called integral time. As long as there is an error the output of the controller steps up or down as per the rate determined by Ti. If there is no error then the output of the controller remains constant. The integral term in the above equation removes any offset error. Figure 6.5.8 shows the configuration of pneumatic proportional plus integral controller. Integral action requires the addition of a second bellows (a “reset” bellows, positioned opposite the output feedback bellows) and another restrictor valve to the mechanism. As the reset bellows fills with pressurized air, it begins to push down the left-hand end of the force beam. This forces the baffle closer to the nozzle, causing the output pressure to rise. The regular output bellows has no restrictor valve to impede its filling, and so it immediately applies more upward force on the beam with the rising output pressure. With this greater output pressure, the reset bellows has an even greater



“final” pressure to achieve, and so its rate of filling continues.



2.4 Proportional-Integral-Derivative (PID) controller Three term pneumatic control can be achieved using a P-I-D controller. Here the action of the feedback bellows is delayed. The output is given by, (6.5.3) The terms gain K, derivative time Td, integral time Ti which can be set by beam pivot point and two bleed valves (Fig. 6.5.9). This is a combination of all the three controllers described above. Hence it combines the advantages of all three. A derivative control valve is added to delay the response at feedback bellow. Addition of derivative term makes the control system to change the control output quickly when SP and PV are changing quickly. This makes the system more stable.



Advantages of pneumatic controllers 



Simplicity of the components and no complex structure







Easy maintainability







Safe and can be used in hazardous atmospheres







Low cost of installation







Good reliability and reproducibility







Speed of response is relatively slow but steady







Limited power capacity for large mass transfer



Limitations of pneumatic controllers 



Slow response







Difficult to operate in sub-normal temperatures







Pipe-couplings can give rise to leaks in certain ambient conditions







Moving parts - more maintenance
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