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ABSTRACT The thesis is based upon the regenerative braking of a DC Motor. The theory is related with the characteristics of a series field DC motor during armature reversal. The controller circuit utilizes the principle of a Boost chopper which helps to feed back the energy to the supply when the motor acts as a generator during braking. The controller circuit has been designed by means of electronic principle of switching. The controller circuit is designed to give a single control switch to the operator to change the mode of operation of the DC motor, i.e. from Motoring to Braking and vice versa.
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Chapter 1 Introduction 1.1 Principle of Regenerative Braking Regenerative Braking is a way to store and reuse a part of the energy produced during braking in a motor, such as used in automobiles, by various electrical and mechanical mechanisms. Modern technologies now-a-days have switched to efficiently use energy as much as possible to save the resources and also keep a healthy environment. It is called green technology. The focus is on the effectiveness of regenerative brakes and the way in which they can prove helpful in controlling fuel needs and global pollution. THE BRAKING REGENERATIVE hybrid was invented by David Arthurs, an electrical engineer from Springdale, Arkansas in 1978–79. A regenerative brake is an energy recovery mechanism which slows a vehicle by converting its kinetic energy into another form, which can be either used immediately or stored until needed. This contrasts with conventional braking systems, where the excess kinetic energy is converted to heat by friction in the brake linings and therefore wasted. The most common form of regenerative brake involves using an electric motor as an electric generator. In electric railways the generated electricity is fed back into the supply system, whereas in battery electric and hybrid electric vehicles, the energy is stored in a battery or bank of capacitors for later use. Energy may also be stored by compressing air or in a rotating flywheel. The motor as a generator: Vehicles driven by electric motors use the motor as a generator when using regenerative braking: it is operated as a generator during braking and its output is supplied to an electrical load; the transfer of energy to the load provides the braking effect. Regenerative braking is used on hybrid gas/electric automobiles to recoup some of the energy lost during stopping. This energy is saved in a storage battery and used later to power the motor whenever the car is in electric mode. Early examples of this system were the front-wheel drive conversions of horse-drawn cabs by Louis Antoine Krieger (18681951). The Krieger electric landaulet had a drive motor in each front wheel with a second set of parallel windings (bifilar coil) for regenerative braking. An Energy Regeneration Brake was developed in 1967 for the AMC Amitron. This was a completely battery powered urban concept car whose batteries were recharged by regenerative braking, thus increasing the range of the automobile. Many modern hybrid and electric vehicles use this technique to extend the range of the battery pack. Regenerative Braking in a Chopper-fed D.C. Machine
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1.2 Present Examples of Modern Regenerative Braking System ELECTRIC RAILWAY VEHICLE OPERATION During braking, the traction motor connections are altered to turn them into electrical generators. The motor fields are connected across the main traction generator (MG) and the motor armatures are connected across the load. The MG now excites the motor fields. The rolling locomotive or multiple unit wheels turn the motor armatures, and the motors act as generators, either sending the generated current through onboard resistors (dynamic braking) or back into the supply (regenerative braking). For a given direction of travel, current flow through the motor armatures during braking will be opposite to that during motoring. Therefore, the motor exerts torque in a direction that is opposite from the rolling direction. Braking effort (E) is proportional to the product of the magnetic strength of the field windings (B), times that of the armature windings (N). ∝ .



Savings of 17% are claimed for Virgin Trains Pendolinos. There is also less wear on friction braking components as no frictional braking is employed. However, the vehicle also has frictional brakes to be used in certain cases.



KINETIC ENERGY RECOVERY SYSTEM Kinetic Energy Recovery Systems (KERS) were used for the motor sport Formula One's 2009 season, and under development for road vehicles. Some teams used a flywheel-KERS system. The concept of transferring the vehicle’s kinetic energy using Flywheel energy storage was postulated by physicist Richard Feynman in the 1950s and is exemplified in complex high end systems such as the Zytek, Flybrid, Torotrak and Xtrac used in F1 and simple, easily manufactured and integrated differential based systems such as the Cambridge Passenger/Commercial Vehicle Kinetic Energy Recovery System (CPC-KERS). However, the whole mechanism including the flywheel sits entirely in the vehicle’s hub (looking like a drum brake). In the CPC-KERS, a differential replaces the CVT and transfers torque between the flywheel, drive wheel and road wheel. The first of these systems to be revealed was the Flybrid. This system weighs 24 kg and has an energy capacity of 400 kJ after allowing for internal losses. A maximum power boost of 60 kW (81.6 PS, 80.4 HP) for 6.67 seconds is available. The 240 mm diameter flywheel weighs 5.0 kg and revolves at up to 64,500 rpm. Maximum torque is 18 Nm (13.3 ftlbs). The system occupies a volume of 13 liters.
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1.3 Energy Storage Energy storage is accomplished by devices or physical media that store some form of energy to perform some useful operation at a later time. A device that stores energy is sometimes called an accumulator. All forms of energy are either potential (e.g. chemical, gravitational, electrical energy, etc.) or kinetic energy (e.g. thermal energy). In Regenerative braking system usually the energy is stored either in the form of electrical energy using Batteries or super capacitors or in the form of rotational kinetic energy. New approach includes use of super conducting magnetism. The mechanisms are as follows:



1.3.1 Rechargeable Batteries. A rechargeable battery, storage battery, or accumulator is a type of electrical battery. It comprises one or more electrochemical cells, and is a type of energy accumulator. It is known as a secondary cell because its electrochemical reactions are electrically reversible. The relationship between current, discharge time and capacity for a lead acid battery is approximated (over a certain range of current values) by Peukert's law: = Where Q is the capacity when discharged at a rate of 1 amp. I is the current drawn from battery (A). t is the amount of time (in hours) that a battery can sustain. k is a constant around 1.3. For low values of I internal self-discharge must be included.



1.3.2 Super Capacitors An electric double-layer capacitor, also known as super capacitor, super condenser, pseudocapacitor, electrochemical double layer capacitor (EDLC), or ultra capacitor, is an electrochemical capacitor with relatively high energy density. Compared to conventional capacitors the energy density is typically on the order of thousands of times greater than an electrolytic capacitor. In comparison with conventional batteries or fuel cells, however, super capacitors have a much higher power density. A typical D-cell sized electrolytic capacitor displays capacitance in the range of tens of millifarads. The same size electric double-layer capacitor might reach several farads, an improvement of six orders of magnitude. Super capacitors usually yield a lower working voltage; as of 2010 larger doublelayer capacitors have capacities up to 5,000 farads. Also in 2010, the highest available super capacitor energy density is 30 Wh/kg; (although 85 Wh/kg has been achieved at room temperature in the lab) lower than rapid-charging lithium-titanate batteries. EDLCs have a variety of commercial applications, notably in "energy smoothing" and momentary-load Regenerative Braking in a Chopper-fed D.C. Machine
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devices. They have applications as energy-storage devices used in vehicles and for smaller applications like home solar energy systems where extremely fast charging is a valuable feature. Work must be done by an external influence to "move" charge between the conductors in a capacitor. When the external influence is removed the charge separation persists in the electric field and energy is stored to be released when the charge is allowed to return to its equilibrium position. The work done in establishing the electric field, and hence the amount of energy stored, is given by:



W=∫



= VQ



Where, W is work or Energy stored V is voltage Q is charge C is capacitance And the equation below gives the discharge time ‘RC’ of a capacitor



Vc(t)= V(1-e-t/RC) VR(t)= V.e-t/RC Where Vc(t) is capacitor voltage at time t VR(t) is Load voltage at time t R is Load Resistance C is capacitance of Capacitor
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1.3.3 Flywheel Energy storage Flywheel energy storage (FES) works by accelerating a rotor (flywheel) to a very high speed and maintaining the energy in the system as rotational energy. When energy is extracted from the system, the flywheel's rotational speed is reduced as a consequence of the principle of conservation of energy; adding energy to the system resulting in an increase in the speed of the flywheel. Most FES systems use electricity to accelerate and decelerate the flywheel, but devices that directly use mechanical energy are being developed. Advanced FES systems have rotors made of high strength carbon filaments, suspended by magnetic bearings, and spinning at speeds from 20,000 to over 50,000 rpm in a vacuum enclosure. Such flywheels can come up to speed in a matter of minutes — much quicker than some other forms of energy storage.



1.3.4 Superconducting Magnetic Energy Storage Superconducting Magnetic Energy Storage (SMES) systems store energy in the magnetic field created by the flow of direct current in a superconducting coil which has been cryogenically cooled to a temperature below its superconducting critical temperature. A typical SMES system includes three parts: superconducting coil, power conditioning system and cryogenically cooled refrigerator. Once the superconducting coil is charged, the current will not decay and the magnetic energy can be stored indefinitely. The stored energy can be released back to the network by discharging the coil. The magnetic energy stored by a coil carrying a current is given by one half of the inductance of the coil times the square of the current.



where



E = energy measured in joules L = inductance measured in henries I = current measured in amperes
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Now let’s consider a cylindrical coil with conductors of a rectangular cross section. The mean radius of coil is R. a and b are width and depth of the conductor. f is called form function which is different for different shapes of coil and ξ (xi) and δ (delta) are two parameters to characterize the dimensions of the coil. The magnetic energy stored in such a cylindrical coil is a function of coil dimensions, number of turns and carrying current. The two parameters ξ (xi) and δ (delta) are required to generate the form function for the cylindrical coil. For further information regarding form function, see other references.
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Chapter 2 D.C. Chopper 2.1 Introduction to D.C. Chopper A chopper is a static power electronic device that converts fixed dc input voltage to a variable dc output voltage. A Chopper may be considered as dc equivalent of an ac transformer since they behave in an identical manner. As chopper involves one stage conversion, these are more efficient Choppers are now being used all over the world for rapid transit systems. These are also used in trolley cars, marine hoist, forklift trucks and mine haulers. The future electric automobiles are likely to use choppers for their speed control and braking. Chopper systems offer smooth control, high efficiency, faster response and regeneration facility. The power semiconductor devices used for a chopper circuit can be force commutated thyristor, power BJT, MOSFET and IGBT.GTO based chopper are also used. These devices are generally represented by a switch. When the switch is off, no current can flow. Current flows through the load when switch is “on”. The power semiconductor devices have on-state voltage drop of 0.5V to 2.5V across them. For the sake of simplicity, this voltage drop across these devices is generally neglected. . As mentioned above, a chopper is dc equivalent to an ac transformer, have continuously variable turn’s ratio. Like a transformer, a chopper can be used to step down or step up the fixed dc input voltage.



2.2 Principle of Chopper Operation A chopper is a high speed “on” or “off” semiconductor switch. It connects source to load and disconnects the load from the source at a fast speed. In this manner, a chopped load voltage as shown in Figure 1 is obtained from a constant dc supply of magnitude V s. For the sake of highlighting the principle of chopper operation, the circuitry used for controlling the on, off periods is not shown. During the period ton, chopper is on and load voltage is equal to source voltage Vs. During the period toff, chopper is off, load voltage is zero. In this manner, a chopped dc voltage is produced at the load terminals.



Regenerative Braking in a Chopper-fed D.C. Machine



7



Figure 1: Chopper Circuit and Voltage and Current Waveform.



Average Voltage, V0 = (ton/(ton+toff))*Vs = (ton/T)*Vs = DVs ton= on-time toff= off-time T=ton+toff= Chopping Period D=ton/T= Duty Cycle



Thus the voltage can be controlled by varying the duty cycle D. V0= f*ton*Vs f=1/T = Chopping frequency.
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2.3 Types of D.C. Chopper There are many types of D.C. chopper circuit configurations but in general there are four types of D.C. chopper circuits: (A) Buck Converter (B) Boost Converter (C) Buck-Boost Converter (D) Cuk Converter Buck Converter and Boost Converter are related with the design of the controller circuit, so we will learn these two converters in brief.



2.3.1 Buck Converter A buck converter is a step-down DC to DC converter. It is a switched-mode power supply that uses two switches (a transistor and a diode), an inductor and a capacitor.



Figure 2: Naming conventions of the components, voltages and current of the buck converter



The conceptual model of the buck converter is best understood in terms of an inductor's "reluctance" to allow a change in current. Beginning with the switch open (in the "off" position), the current in the circuit is 0. When the switch is first closed, the current will begin to increase, but the inductor doesn't want it to change from 0, so it will attempt to fight the increase by dropping a voltage. This voltage drop counteracts the voltage of the source and therefore reduces the net voltage across the load. Over time, the inductor will allow the current to increase slowly by decreasing the voltage it drops and therefore increasing the net voltage seen by the load. During this time, the inductor is storing energy in the form of a magnetic field.
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If the switch is opened before the inductor has fully charged (i.e., before it has allowed all of the current to pass through by reducing its own voltage drop to 0), then there will always be a voltage drop across it, so the net voltage seen by the load will always be less than the input voltage source. When the switch is opened again, the voltage source will be removed from the circuit, so the current will try to drop. Again, the inductor will try to fight against the change, which it does by reversing the direction of its voltage and acting like a voltage source. Putting it in another way, there is a certain current flowing through the load due to the input voltage source: in order to maintain this current when the input source is removed, the inductor will have to take the place of the voltage source and provide the same net voltage to the load. Over time, the inductor will allow the current to decrease gradually, which it does by decreasing the voltage across itself. During this time, the inductor is discharging its stored energy into the rest of the circuit. If the switch is closed again before the inductor fully discharges, the load will always see a non-zero voltage. The capacitor placed in parallel with the load helps to smooth out voltage waveform as the inductor charges and discharges in each cycle



Continuous Operation Mode of Buck Converter:



Figure 3: Evolution of the voltages and currents with time in an ideal buck converter operating in continuous mode
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A buck converter operates in continuous mode if the current through the inductor (IL) never falls to zero during the commutation cycle. In this mode, the operating principle is described by the plots in figure 3: 



When the switch is closed, the voltage across the inductor is . The current through the inductor rises linearly. As the diode is reverse-biased by the voltage source V, no current flows through it;







When the switch is opened, the diode is forward biased. The voltage across the inductor is



(neglecting diode drop). Current IL decreases.



The energy stored in inductor L is,



Therefore, it can be seen that the energy stored in L increases during On-time (as IL increases) and then decreases during the Off-state. L is used to transfer energy from the input to the output of the converter. The rate of change of IL can be calculated from:



With VL equal to during the On-state and to the increase in current during the On-state is given by:



during the Off-state. Therefore,



Identically, the decrease in current during the Off-state is given by:



If we assume that the converter operates in steady state, the energy stored in each component at the end of a commutation cycle T is equal to that at the beginning of the cycle. That means that the current IL is the same at t=0 and at t=T (see figure 3). So we can write from the above equations:
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It is worth noting that the above integrations can be done graphically: In figure 3,



is



proportional to the area of the yellow surface, and to the area of the orange surface, as these surfaces are defined by the inductor voltage (red) curve. As these surfaces are simple rectangles, their areas can be found easily: rectangle and equal.



for the yellow



for the orange one. For steady state operation, these areas must be



As can be seen on figure 3, between 0 and 1.



and



. D is a scalar quantity with a value



This yields:



From this equation, it can be seen that the output voltage of the converter varies linearly with the duty cycle for a given input voltage. As the duty cycle D is equal to the ratio between tOn and the period T, it cannot be more than 1. Therefore, . This is why this converter is referred to as step-down converter.



2.3.2 Boost Converter A boost converter (step-up converter) is a DC to DC power converter with an output voltage greater than its input voltage. It is a class of switched mode power supply containing at least two semiconductor switches (a diode and a transistor) and at least one energy storage element, a capacitor, inductor, or the two in combination.



Figure 4: Naming conventions of the components, voltages and current of the boost converter
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The key principle that drives the boost converter is the tendency of an inductor to resist changes in current. In a boost converter, the output voltage is always higher than the input voltage. A schematic of a boost power stage is shown in Figure 4. When the switch is closed, current flows through the inductor, which stores energy from the current in a magnetic field. During this time, the switch acts like a short circuit in parallel with the diode and the load, so no current flows to the right hand side of the circuit. When the switch is opened, the short circuit is removed and the load is back in play in the circuit. This represents a sudden increase in the impedance of the circuit, which, by Ohm's law will demand either a decrease in current, or an increase in voltage. The inductor will tend to resist such a sudden change in the current, which it does by acting as a voltage source in series with the input source, thus increasing the total voltage seen by the right hand side of the circuit and thereby preserving (for a brief moment) the current level that was seen when the switch was closed. This is done using the energy stored by the inductor. Over time, the energy stored in the inductor will discharge into the right hand side of the circuit, bringing the net voltage back down. If the switch is cycled fast enough, the inductor will not discharge fully in between charging stages, and the load will always see a voltage greater than that of the input source alone when the switch is opened. Also while the switch is opened, the capacitor in parallel with the load is charged to this combined voltage. When the switch is then closed and the right hand side is shorted out from the left hand side, the capacitor is therefore able to provide the voltage and energy to the load. During this time, the blocking diode prevents the capacitor from discharging through the switch. The switch must of course be opened again fast enough to prevent the capacitor from discharging too much.



The basic principle of a Boost converter consists of 2 distinct states (see figure 4): 



in the On-state, the switch S is closed, resulting in an increase in the inductor current;







In the Off-state, the switch is open and the only path offered to inductor current is through the flyback diode D, the capacitor C and the load R. This result in transferring the energy accumulated during the On-state into the capacitor.







The input current is the same as the inductor current as can be seen in figure 4. So it is not discontinuous as in the buck converter and the requirements on the input filter are relaxed compared to a buck converter.
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Continuous Operation Mode of Boost Converter:



Figure 5: Evolution of the voltages and currents with time in an ideal boost converter operating in continuous mode



When a boost converter operates in continuous mode, the current through the inductor ( ) never falls to zero. Figure 5 shows the typical waveforms of currents and voltages in a converter operating in this mode. The output voltage can be calculated as follows, in the case of an ideal converter (i.e. using components with an ideal behavior) operating in steady conditions: During the On-state, the switch S is closed, which makes the input voltage ( ) appear across the inductor, which causes a change in current ( ) flowing through the inductor during a time period (t) by the formula:



At the end of the On-state, the increase of IL is therefore:



D is the duty cycle which represents the fraction of the commutation period T during which the switch is on. Therefore D ranges between 0 (S is never on) and 1 (S is always on). During the Off-state, the switch S is open, so the inductor current flows through the load. If we consider zero voltage drop in the diode, and a capacitor large enough for its voltage to remain constant, the evolution of IL is: Regenerative Braking in a Chopper-fed D.C. Machine
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Therefore, the variation of IL during the Off-period is:



As one considers that the converter operates in steady-state conditions, the amount of energy stored in each of its components has to be the same at the beginning and at the end of a commutation cycle. In particular, the energy stored in the inductor is given by:



So, the inductor current has to be the same at the start and end of the commutation cycle. This means the overall change in the current (the sum of the changes) is zero:



Substituting



and



by their expressions yields:



This can be written as:



Which in turn reveals the duty cycle to be:



The above expression shows that the output voltage is always higher than the input voltage (as the duty cycle goes from 0 to 1), and that it increases with D, theoretically to infinity as D approaches 1. This is why this converter is sometimes referred to as a step-up converter.
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2.4 Control Strategies The average value of the output voltage can be controlled through duty cycle by opening and closing the semiconductor switch periodically. The various control strategies for varying duty cycle are as follows: (A) Time ratio Control (TRC) (B) Current- Limit Control



2.4.1 Time Ratio Control (TRC) In this control scheme, time ratio ton/T (duty cycle) is varied. This is realized by two different ways called Constant Frequency System and Variable Frequency System as described below:



2.4.1.1 Constant Frequency System In this scheme, on-time is varied but chopping frequency f is kept constant. Variation of ton means adjustment of pulse width, as such this scheme is also called pulse width modulation scheme.



2.4.1.2 Variable Frequency System In this technique, the chopping frequency f is varied and either on-time or off-time is kept constant. This method of controlling duty cycle is called Frequency modulation scheme.



2.4.2 Current-Limit Control In this control strategy, the on and off of the chopper circuit is decided by the previous set value of load current. The two set values are maximum load current and minimum load current. When the load current reaches the upper limit, chopper is switched off. When the load current falls below lower limit, the chopper is switched on. Switching frequency of chopper can be controlled by setting maximum and minimum level of current. Current limit control involved feedback loop, the trigger circuit for the chopper is therefore more complex. PWM technique is the commonly chosen control strategy for the power control in chopper circuit.
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Chapter 3 D.C. Motor



3.1 Introduction In today’s world, almost all land-based electrical power supply networks are AC systems of generation, transformation, transmission and distribution. Thus there is little need for large DC generators. Furthermore, AC motors are used in industries wherever they are suitable or can give appropriate characteristics by means of power electronic devices. Yet there remain important fields of application when the DC machines can offer economic and technical advantage. The wonderful thing about DC machines is its versatility. A DC machine can operate as either a generator or a motor but at present its use as a generator is limited because of the widespread use of AC power. Large DC motors are used in machine tools, printing presses, conveyors, fans, pumps, hoists, cranes, paper mills, textile mills and so forth. Small DC machines (in fractional horsepower rating) are used primarily as control devices such as tacho-generators for speed sensing and servomotors for positioning and tracking. DC motors still dominate as traction motors used in transit cars and locomotives as the torque-speed characteristics of DC motor can be varied over a wide range while retaining high efficiency. The DC machine definitely plays an important role in industry.



3.2 Working Principle of a D.C. Motor An electric motor is a machine which converts electric energy into mechanical energy. Its action is based on the principle that when a current carrying conductor is placed in a magnetic field, it experiences a mechanical force whose direction is given by Fleming’s Left Hand rule and whose magnitude is given by F=BIl newton. When its field magnets are excited and it’s armature conductors are supplied with current form the supply mains, they experience a force tending to rotate the armature. It will be seen that each conductor experiences a force which tends to rotate the armature in anticlockwise direction. These forces collectively produce a driving torque which sets the armature rotating.
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3.2.1 Starting of a D.C. Motor For the machine to start, the torque developed by the motor at zero speed must exceed that demanded by the load. Then TM − TL will be positive so also is di/dt, and the machine accelerates. The induced emf at starting point is zero as I = 0. The armature current with rated applied voltage is given by V/Ra where Ra is armature circuit resistance. Normally the armature resistance of a d.c. machine is such as to cause 1 to 5 percent drop at full load current. Hence the starting current tends to rise to several times the full load current. The same can be told of the torque if full flux is already established. The machine instantly picks up the speed. As the speed increases the induced emf appears across the terminals opposing the applied voltage. The current drawn from the mains thus decreases, so also the torque. This continues till the load torque and the motor torque are equal to each other. Machine tends to run continuously at this speed as the acceleration is zero at this point of operation.



3.2.2 Significance of Back EMF When the motor armature rotates, the conductors also rotate and hence cut the flux. In accordance with the laws of electromagnetic induction, EMF is induced in them whose direction, as found by Fleming’s Right Hand Rule, is in opposition to the applied voltage. Because of its opposing direction, it is referred to as counter or Back EMF. This means that the series motor will see less current as its speed is increased. The reduced current will mean that the motor will continue to lose torque as the motor speed increases. Since the load is moving when the armature begins to pick up speed, the application will require less torque to keep the load moving. This works to the motor's advantage by automatically reducing the motor current as soon as the load begins to move. It also allows the motor to operate with less heat buildup.



3.3 Types of D.C. Motor There are in general three types of motor: 1. Series wound motor 2. Shunt wound motor 3. Compound wound motor



Among these three, the series wound D.C. motor is related to the thesis so it would be studied in brief.
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3.4 Series Wound D.C. Motor 3.4.1 Introduction A DC Motor, in which the field circuit is connected in series with the armature circuit, is referred to as a Series DC Motor. Due to this electrical connection, the torque produced by this motor is proportional to the square of the current, resulting in a motor that produces more torque per ampere of current than any other dc motor. Such a motor is used in applications that require high torque at low speed, such as subway trains and people movers. In fact, the series motor is the most widely used dc motor for electric traction application. The mathematical model of the series dc motor is nonlinear. The nonlinearities consist of the torque being proportional to the square of the current and the back EMF being proportional to the product of the current and speed. Based on this nonlinear model the differential-geometric methods of nonlinear control are applicable to series dc motors. Like any other motor, series motors convert electrical energy to mechanical energy. Its operation is based on simple electromagnetic principle by which when the magnetic field created around a current carrying conductor interacts with an external magnetic field, a rotational motion is generated. Schematic Diagram: The series motor provides high starting torque and is able to move very large shaft loads when it is first energized. Figure 6 shows the wiring diagram of a series motor. From the diagram one can see that the field winding in this motor is wired in series with the armature winding. This is the attribute that gives the series motor its name.



Figure 6: Electrical diagram of series motor. Notice that the series field is identified as S1 and S2.



The amount of current that passes through the winding determines the amount of torque the motor shaft can produce. Since the series field is made of large conductors, it can carry large amounts of current and produce large torques. For example, the starter motor that is used to start an automobile's engine is a series motor and it may draw up to 500 A when it is turning the engine's crankshaft on a cold morning. Series motors used to power hoists or Regenerative Braking in a Chopper-fed D.C. Machine
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cranes may draw currents of thousands of amperes during operation.



3.4.2 Working Principle In a series motor electric power is supplied between one end of the series field windings and one end of the armature. When voltage is applied, current flows from power supply terminals through the series winding and armature winding. The large conductors present in the armature and field windings provide the only resistance to the flow of this current. Since these conductors are so large, their resistance is very low. This causes the motor to draw a large amount of current from the power supply. When the large current begins to flow through the field and armature windings, the coils reach saturation that result in the production of strongest magnetic field possible. The strength of these magnetic fields provides the armature shafts with the greatest amount of torque possible. The large torque causes the armature to begin to spin with the maximum amount of power and the armature starts to rotate.



3.4.3 Speed Control Methods for Series Motor 3.4.3.1 Flux Control Method: Variations in the flux of a series motor can be brought about in any one of the following ways: 



Field Divertors: The series winding are shunted by a variable resistance known as field divertor. Any desired amount of current can be passed through the divertor by adjusting its resistance. Hence the flux can be decreased and consequently the speed of the motor increased.







Armature Divertor: A divertor across the armature can be used for giving speeds lower than the normal speed. For a given constant load torque, if the armature current is reduced due to armature divertor, the flux must increase. This results in an increase in current taken from the supply. The variation in speed can be controlled by varying the divertor resistance.







Trapped Field Control: This method is often used in electric traction. The number of series field turns can be changed at will. With full field, the motor runs at its minimum speed which can be raised in steps by cutting out some of the series turns.
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 Paralleling Field coils: Regrouping the field coils to obtain several speeds.



3.4.3.2 Variable Resistance in Series with Motor: By increasing the resistance in series with the armature, the voltage applied across the armature terminals can be decreased. With reduced voltage across the armature, the speed is reduced. However, it will be noted that since full motor current passes through this resistance, there is a considerable loss of power in it.



3.4.4 Motor Characteristics 3.4.4.1 Torque vs Armature Current Torque is developed in any DC motor with the characteristic of Torque is proportional to the Armature current and Flux. So in series motors, since field current is equal to the armature current, therefore, when armature current is small, flux is proportional to armature current. Then torque developed in DC series motor is proportional to the square of the armature current at low values of armature current. When armature current is large, flux remains constant due to saturation, so torque becomes proportional to the armature current at large values. Legend:
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3.4.4.2 Speed vs Armature Current With increase in armature current, flux also increases and so speed varies inversely to the armature current Legend:
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3.4.4.3 Speed vs Torque When speed is high, torque is low and vice versa. So speed is inversely proportional to the torque. Legend:
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3.5 Voltage Equations of Motor V=Eb+IaRa+IaXf VIa=EbIa+Ia2Ra+Ia2Xf 2



2



Input Power, P= EbIa+Ia Ra+Ia Xf where, V= Supply Voltage Eb= Back EMF Ia=Armature Current Ra=Armature Resistance Xf= Field Reactance



3.6 Field and Armature Equations Since in series motor, field and armature have the same current flowing through them, thus Instantaneous Armature Current “dia/dt” can be found from the equation:



dia/dt= (RfIa+ RaIa+ Eb-V)/La+Lf The motor back EMF which is also known as speed voltage is expressed as,



N=k (V-IaRa)/φ N= kEb/φ Eb= Nφ/k
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3.7 Basic Torque Equation In series motors, the series field winding is connected in series with the armature. The torque developed in the rotor is:



Td ∝ φIa



Assuming that the flux is directly proportional to field current (i.e. no magnetic saturation),



φ ∝ If



Since in a series motor, If=Ia



φ ∝ Ia



where, Kf is a constant that depends on the number of turns in the field winding, the geometry of the magnetic circuit and the B-H characteristics of iron. Therefore, the torque developed in the rotor can be expressed as:



Td=(KfIa)(KIa) = K’Ia2 For normal operation, the developed torque must be equal to the load torque plus the friction and inertia , i.e.



Td= J d /dt + B +TL where, B =Viscous friction constant (N-m/rad/s) TL = Load torque (N-m) J = Inertia of the motor (kgm2)
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3.8 Steady state torque and speed The motor speed can be easily derived as:



N= (V-IaRa/Z*φ) * (A/P) = k (V-IaRa)/φ r.p.s When motor is lightly loaded, i.e. Ia is small,



N=kV/φ The developed torque, Td= B +TL



Since, Td ∝ Ia2 B +TL ∝ Ia2
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Chapter 4 Braking of a DC Motor



4.1 Introduction When a motor is switched oﬀ it ‘coasts’ to rest under the action of frictional forces. Braking is employed when rapid stopping is required. In many cases mechanical braking is adopted. The electric braking may be done for various reasons such as those mentioned below:     



To augment the brake power of the mechanical brakes. To save the life of the mechanical brakes. To regenerate the electrical power and improve the energy eﬃciency. In the case of emergencies to stop the machine instantly. To improve the through-put in many production process by reducing the stopping time.



In many cases electric braking makes more brake power available to the braking process where mechanical brakes are applied. This reduces the wear and tear of the mechanical brakes and reduces the frequency of the replacement of these parts. By recovering the mechanical energy stored in the rotating parts and pumping it into the supply lines the overall energy eﬃciency is improved. This is called regeneration. Wh ere the safety of the personnel or the equipment is at stake the machine may be required to stop instantly. Extremely large brake power is needed under those conditions. Electric braking can help in these situations also. In processes where frequent starting and stopping is involved the process time requirement can be reduced if braking time is reduced. The reduction of the process time improves the through-put.



4.2 Types of Electric Braking in DC Motor Basically the electric braking involved is fairly simple. The electric motor can be made to work as a generator by suitable terminal conditions and absorb mechanical energy. This converted mechanical power is dissipated/used on the electrical network suitably.
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Braking can be broadly classiﬁed into: 1. Dynamic 2. Reverse voltage braking or plugging 3. Regenerative



4.2.1 Dynamic Braking 4.2.1.1 Dynamic Braking in a Shunt DC Motor



Figure 7: Connection diagram for Dynamic Braking



Figure 8: Dynamic Braking Characteristics



In dynamic braking, the motor is disconnected from the supply and connected to a dynamic braking resistance RDB as shown in Figure 7. This is done by changing the switch from position 1 to 2. The supply to the field should not be removed. Due to the rotation of the armature during motoring mode and due to the inertia, the armature continues to rotate. An EMF is induced due to the presence of the field and the rotation. This voltage drives a current through the braking resistance. The direction of this current is opposite to the one which was flowing before change in the connection. Therefore, torque developed also gets reversed. The machine acts like a brake. The torque speed characteristics in figure 8 show the dynamic braking of a shunt excited motor and the corresponding torque-speed curve. Below a certain speed the self-excitation collapses and the braking action becomes zero.
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4.2.1.2 Dynamic Braking in a Series DC Motor In case of Dynamic braking, the motor is disconnected from the supply, the field connections are reversed and the motor is connected in series with a variable resistance R. Obviously, now the machine running as a generator the field connections are reversed to make sure that current through field winding flows in the same direction as before in order to assist residual magnetism. 2



Braking Torque, Tb=k2φ N



4.2.1.3 Dynamic Braking in a Compound DC Motor In the case of compound machine, the situation is like in a shunt machine. A separately excited shunt ﬁeld and the armature connected across the braking resistance are used. A cumulatively connected motor becomes diﬀerentially compounded generator and the braking torque generated comes down. It is therefore necessary to reverse the series ﬁeld if large braking torques is desired.



4.2.2 Reverse Voltage Braking (Plugging) 4.2.2.1 Reverse Voltage Braking (Plugging) in a Shunt DC Motor



Figure 9: Connection diagram for Plugging



Figure 10: Plugging Characteristics



Figure 9 shows the method of connection for the plugging of a shunt motor. Initially the machine is connected to the supply with the switch S in position number 1. If now the switch is moved to position 2, then a reverse voltage is applied across the armature. The Regenerative Braking in a Chopper-fed D.C. Machine
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induced armature voltage E and supply voltage V aid each other and a large reverse current ﬂows through the armature. This produces a large negative torque or braking torque. Hence plugging is also termed as reverse voltage braking. The machine instantly comes to rest. If the motor is not switched oﬀ at this instant the direction of rotation reverses and the motor starts rotating the reverse direction. This type of braking therefore has two modes viz. 1) plug to reverse and 2) plug to stop. If we need the plugging only for bringing the speed to zero, then we have to open the switch S at zero speed. If nothing is done it is plug to reverse mode. Plugging is a convenient mode for quick reversal of direction of rotation in reversible drives. Just as in starting, during plugging also it is necessary to limit the current and thus the torque, to reduce the stress on the mechanical system and the commutator. This is done by adding additional resistance in series with the armature during plugging.



4.2.2.2 Reverse Voltage Braking (Plugging) in a Series DC Motor In case of Plugging or Reverse Current Braking, the connections of the armature are reversed and a variable resistance R is put in series with the armature. 2



Braking Torque, Tb=k2φ + k3φ N



4.2.2.3 Reverse Voltage Braking (Plugging) in a Compound DC Motor Plugging of compound motors proceeds on similar lines as the shunt motors. However some precautions have to be observed due to the presence of series ﬁeld winding. A cumulatively compounded motor becomes diﬀerentially compounded on plugging. The mmf due to the series ﬁeld can ’over power’ the shunt ﬁeld forcing the ﬂux to low values or even reverse the net ﬁeld. This decreases the braking torque, and increases the duration of the large braking current. To avoid this it may be advisable to deactivate the series ﬁeld at the time of braking by short circuiting the same. In such cases the braking proceeds just as in a shunt motor. If plugging is done to operate the motor in the negative direction of rotation as well, then the series ﬁeld has to be reversed and connected for getting the proper mmf. Unlike dynamic braking and regenerative braking where the motor is made to work as a generator during braking period, plugging makes the motor work on reverse motoring mode.



Regenerative Braking will be discussed in detail throughout this paper. Regenerative Braking in a Chopper-fed D.C. Machine
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Chapter 5 Design of Controller Circuit 5.1 Introduction The design of the Controller circuit was inspired by a single switch operation for simplicity for the operator. The principle of the controller circuit, as mentioned before, is based upon the D.C. chopper characteristics. The circuit integrates the principle of a Buck Converter during motoring operation, a Boost Converter during braking operation, the Electric Braking of a Series Motor, in a single package to provide the Regenerative Braking of a DC Motor.



5.2 Simplified Layout of the Controller Circuit 5.2.1. Block Diagram



Flip Flop Network



Control Circuit (Chopper Circuit Network)



DC Motor



The block diagram above shows the methodology of the controller circuit. The Flip-Flop Network defines the state of operation of the DC Motor (either motoring or braking), the Chopper circuit network holds the main controller circuit for the motoring and braking of the DC Motor.
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5.2.2 Simplified Circuit Diagram



The circuit above shows the simplified circuit diagram of the chopper circuit network. As can be seen, the circuit contains the armature and the field windings of the DC motor along with switches and diodes connected.



5.3 Working Principle of the Chopper Circuit Configuration The explanation is with respect to the simplified diagram in section 5.2.2. In motoring mode, switches SW1 and SW3 are “on”. The current I m flows through the armature, field and switch SW3. With switch SW3 “off”, Im flows through armature, field, diode Df and switch SW1. During regenerative braking, switches SW2 and SW3 are “on”. The current I g flows from the armature, switch SW2, field, switch SW3 and diode Dg. With switch SW3 “off”, current Ig flows through armature, switch SW2, field, diode D f, through the source and back to the armature through diode Dg.
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5.4 Parameters for the design of the Controller Circuit The controller circuit is composed of two networks of switching as can be observed from the block diagram in section 5.2.1. The Flip-flop network is basically composed of a Toggle Flip Flop (T-Flip Flop) which alternately switches SW1 and SW2 shown in the simplified diagram in section 5.2.2. The switch SW3 is governed by a pulse-width-modulator circuit (PWM) which has the capability for variable frequency as well as duty cycle.



5.4.1 Design of the Flip-Flop Network 5.4.1.1 Introduction to T- Flip flop In electronics, a flip-flop or latch is a circuit that has two stable states and can be used to store state information. The circuit can be made to change state by signals applied to one or more control inputs and will have one or two outputs. It is the basic storage element in sequential logic. Flip-flops and latches are a fundamental building block of digital electronics systems used in computers, communications, and many other types of systems. A Toggle or T-Flip flop is one which has the ability to change it’s state from 1 to 0 and back again continuously with every clock pulse applied to it’s circuitry.



Figure 11: Logic Diagram of a T-Flip flop



Figure 12: Symbol diagram of a T flip flop



When the input ‘T’ is held high, with every clock pulse applied, the output Q changes it’s state.
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T flip-flop operation



Characteristic table



[28]



Excitation table



Comment



Comment



0



0



0



hold state (no clk) 0



0



0



No change



0



1



1



hold state (no clk) 1



1



0



No change



1



0



1



toggle



0



1



1



Complement



1



1



0



toggle



1



0



1



Complement



5.4.1.2 Practical Implementation In practice, a T-flip flop is not commercially available as an integrated circuit. So, in that case, a J-K flip flop can be converted to a T-flip flop and used. The J and K pins of the J-K flip flop is connected together and kept high so that with every clock pulse the output Q changes it’s state.
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HD74LS76A is a Dual J-K Flip-Flops (with Preset and Clear)



Figure 13: Pin configuration of HD74LS76A



The connection diagram for a T-flip flop configuration is drawn below:



Figure 14: Pin connection diagram of HD74LS76A



5.4.2 Design of the Pulse-width-modulation (PWM) network 5.4.2.1 Introduction to TL494 SMPS Controller The transistor switch SW3 (see section 5.2.2) used in the chopper circuit is needed to be activated precisely using a triggering circuit. In order to do so, the TL494 SMPS controller is used as an oscillator to produce a continuous train of square pulses to drive the switch.
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Description: The TL494 is used as the control circuit of the PWM switching regulator. The TL494 consists of 5V reference voltage circuit, two error amplifiers, flip flop, an output control circuit, a PWM comparator, a dead time comparator and an oscillator. This device can be operated in the switching frequency of 1 KHz to 300 KHz.



Figure 15: Internal circuitry of the TL494



TL494CN



Figure 16: Top View of the TL494
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5.4.2.2 Practical Implementation of TL494 as a PWM controller circuit The connection diagram for the development of the PWM circuit is drawn below.



Figure 17: The connection diagram of TL494



The output of the circuit is at pin 9 and pin 10. Both are 180° out of phase with each other. The 1kΩ variable resistance is used to change the duty cycle of the output square pulses. Time period T=RC In this case, T=RC = 22*103 * 0.044*10-6 = 0.968*10-3sec Frequency f=1/T f= 1/(0.968*10-3sec) = 1kHz
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5.5 Switching Devices The chopper circuit (see section 5.2.2) is composed of three switches. The switches SW1 and SW2 are driven by the flip-flop circuit while the switch SW3 is driven by the PWM circuit. All the three switches should be able to switch accurately, should have minimum voltage drop across them during “on” state and should have a very high resistance during “off” state. The switches should be able to handle large current levels and the switching times should be minimum. The switching devices can be classified as follows: 1. Bipolar Junction Transistors (BJT) 2. Metal-oxide Field Effect Transistors (MOSFET) 3. Thyristors.



5.5.1 Bipolar Junction Transistors (BJT) 5.5.1.1 Introduction to BJT A bipolar (junction) transistor (BJT) is a three-terminal electronic device constructed of doped semiconductor material and may be used in amplifying or switching applications. Bipolar transistors are so named because their operation involves both electrons and holes. Charge flow in a BJT is due to bi-directional diffusion of charge carriers across a junction between two regions of different charge concentrations. By design, most of the BJT collector current is due to the flow of charges injected from a highconcentration emitter into the base where they are minority carriers that diffuse toward the collector, and so BJTs are classified as minority-carrier devices.



5.5.1.2 Switching Characteristics of a Power Transistor In a power electronic circuit, the power transistor is usually employed as a switch, i.e. it operates in either “cut-off” (switch OFF) or saturation (switch ON) regions. However, the operating characteristics of a power transistor differ significantly from an ideal controlled switch in the following respects:



 



It can conduct only finite amount of current in one direction when “ON”. It can block only finite voltage in one direction.
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It has voltage drop during “ON” condition. It carries a small leakage current during OFF condition. Switching operation is not instantaneous.



5.5.2 Metal-oxide Field Effect Transistor (MOSFET) 5.5.2.1 Introduction to MOSFET The metal–oxide–semiconductor field-effect transistor (MOSFET, MOS-FET, or MOS FET) is a transistor used for amplifying or switching electronic signals. Although the MOSFET is a fourterminal device with source (S), gate (G), drain (D), and body (B) terminals, the body (or substrate) of the MOSFET often is connected to the source terminal, making it a threeterminal device like other field-effect transistors. Because these two terminals are normally connected to each other (short-circuited) internally, only three terminals appear in electrical diagrams. The MOSFET is by far the most common transistor in both digital and analog circuits, though the bipolar junction transistor was at one time much more common. In enhancement mode MOSFETs, a voltage drop across the oxide induces a conducting channel between the source and drain contacts via the field effect. The term "enhancement mode" refers to the increase of conductivity with increase in oxide field that adds carriers to the channel, also referred to as the inversion layer. The channel can contain electrons (called an nMOSFET or nMOS), or holes (called a pMOSFET or pMOS), opposite in type to the substrate, so nMOS is made with a p-type substrate, and pMOS with an n-type substrate. In the less common depletion mode MOSFET, described further later on, the channel consists of carriers in a surface impurity layer of opposite type to the substrate, and conductivity is decreased by application of a field that depletes carriers from this surface layer
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5.5.2.2 Switching Characteristics of MOSFET MOSFET is a three terminal (Gate, Drain and Source) full controlled switch used for high frequency applications (>100 kHz) To switch “on” the MOSFET, a positive voltage is applied across the Gate and Source terminals causing current to flow from Drain to Source. To switch “off”, the positive voltage is removed across the Gate and Source terminals.



Figure 14: n-channel Enhancement type MOSFET



Figure 15: ON state Equivalent Circuit of MOSFET



Figure 16: OFF state Equivalent Circuit of MOSFET
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Figure 17: Output Characteristics of MOSFET



5.5.2.3 Advantages of MOSFET over BJT  Input Impedance MOSFETs have higher input impedance than BJTs. The input impedance is a measure of the resistance of the input terminal of the transistor to electrical current. When designing voltage amplifiers it is desirable for the input resistance to be as high as possible. Therefore MOSFETs are more widely used in the input stage of voltage amplifiers.



 Size MOSFETs can be made much smaller than BJTs. Many more MOSFETs can be placed in a smaller area than BJTs. For this reason MOSFETs form the bulk of the transistors used in microchips and computer processors. MOSFETs are also easier to manufacture than BJTs because they take fewer steps to make. Regenerative Braking in a Chopper-fed D.C. Machine
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 Noise MOSFETs are less noisy than BJTs. In an electronics context noise refers to random interference in a signal. When a transistor is used to amplify a signal the internal processes of the transistor will introduce some of this random interference. BJTs generally introduce more noise into the signal than MOSFETs. This means MOSFETs are more suitable for signal processing applications or for voltage amplifiers.



 Thermal Runaway BJTs suffer from a property known as "thermal runaway." Thermal runaway happens because the conductivity of a BJT increases with temperature. Because transistors tend to heat up in proportion to current flowing through them this means that the conductivity and temperature of BJTs can increase exponentially. This can damage the BJT and makes designing circuits for BJTs more difficult. MOSFETs do not suffer from thermal runaway.



5.5.3 Thyristors 5.5.3.1 Introduction to Thyristors Thyristors are usually three-terminal devices that have four layers of alternating p-type and n-type material (i.e. three p–n junctions) comprising its main power handling section. In contrast to the linear relation which exists between load and control currents in a transistor, the thyristor is bistable. The control terminal of the thyristor, called the gate (G) electrode, may be connected to an integrated and complex structure as a part of the device. The other two terminals, called the anode (A) and cathode (K), handle the large applied potentials (often of both polarities) and conduct the major current through the thyristor. The anode and cathode terminals are connected in series with the load to which power is to be controlled. Thyristors are used to approximate ideal closed (no voltage drop between anode and cathode) or open (no anode current flow) switches for control of power flow in a circuit. All thyristor types are controllable in switching from a forward-blocking state (positive potential applied to the anode with respect to the cathode, with correspondingly little anode current flow) into a forward-conduction state (large forward anode current flowing, with a small anode–cathode potential drop). Most thyristors have the characteristic that after switching from a forward-blocking state into the forward-conduction state, the gate signal can be removed and the thyristor will remain in its forward-conduction mode. This property is termed “latching” and is an important distinction between thyristors and other types of power electronic devices. Some thyristors are also controllable in switching from forward-conduction back to a forward-blocking state. Thyristors are typically used at the highest energy levels in power conditioning circuits because they are designed to handle the largest currents Regenerative Braking in a Chopper-fed D.C. Machine
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and voltages of any device technology (systems approximately with voltages above 1 kV or currents above 100 A).



Figure 18: Simple cross-section of a typical thyristor and the associated electrical schematic symbols



5.5.3 (b) Switching characteristics of Thyristor



Figure 19: Static Characteristic i-v curve typical of thyristors



A plot of the anode current (iA) as a function of anode–cathode voltage (vAK ) is shown in Figure 19. The forward-blocking mode is shown as the low-current portion of the graph (solid curve around operating point “1”). With zero gate current and positive vAK , the forward characteristic in the off- or blocking-state is determined by the center junction J2, which is reverse biased. At operating point “1”, very little current flows (Ico only) through the device. However, if the applied voltage exceeds the forward-blocking voltage, the thyristor switches to its on or conducting-state (shown as operating point “2”) because of carrier multiplication. The effect of gate current is to lower the blocking voltage at which switching takes place. The thyristor moves rapidly along the negatively-sloped portion of the curve until it reaches a stable operating point determined by the external circuit (point “2”). The portion of the graph indicating forward-conduction shows the large values of iA that may be Regenerative Braking in a Chopper-fed D.C. Machine
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conducted at relatively low values of vAK , similar to a power diode. As the thyristor moves from forward-blocking to forward conduction, the external circuit must allow sufficient anode current to flow to keep the device latched. The minimum anode current that will cause the device to remain in forward conduction as it switches from forward-blocking is called the latching current IL. If the thyristor is already in forward conduction and the anode current is reduced, the device can move its operating mode from forward-conduction back to forward-blocking. The minimum value of anode current necessary to keep the device in forward-conduction after it has been operating at a high anode current value is called the holding current IH. The holding current value is lower than the latching current value as indicated in Figure 19.



5.5.3.3 Types of Thyristors There are four major types of thyristors:



 The Silicon Controlled Rectifier (SCR)  The Gate Turn-off thyristor (GTO) and its close relative the integrated gate commutated thyristor (IGCT)  The MOS- controlled thyristor (MCT) and its various forms, and  The Static Induction Thyristor (SITh)



5.5.3.3.1 Silicon Controlled Rectifier (SCR) This type of thyristor generally operates at the line frequency and is turned off by natural commutation. A thyristor starts conduction in a forward direction when a trigger current pulse is passed from gate to cathode and rapidly latches into full conduction with a low forward voltage drop. It cannot force its current back to zero by its gate signal; instead, it relies on the natural behavior of the circuit for the current to come to zero. When the anode current comes to zero, the thyristor recovers its ability in a few tens of microseconds of reverse blocking voltage and it can bloc the forward voltage until the next turn-on pulse is applied. The turn-off time is of the order of 50 to 100us. This is most suited for low-speed switching applications and is also known as a converter thyristor. Because a thyristor is basically a silicon made controlled device. The on-state voltage Vt varies typically from about 1.15V for 600V to 2.5V for 4000V devices; and for a 1200V, 5500A thyristor it is typically 1.25V. The modern thyristors use an amplifying gate, where an auxiliary thyristor T A is gated on by a gate signal and then the amplified output of TA is applied as a gate signal to the main thyristor T M. The amplifying gate permits high dynamic characteristics which typical dv/dt of 1000V/us and di/dt of Regenerative Braking in a Chopper-fed D.C. Machine
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500A/us, and amplifies the circuit design by reducing or minimizing di/dt limiting inductor and dv/dt protection circuits. Because of their low cost, high efficiency, ruggedness, and high voltage and current capability, this thyristors are extensively used in dc-ac converters with 50 or 60Hz of main supply and in cost effective applications where the turn-off capability is not an important factor. Often the turn-off capability does not offer sufficient benefits to justify higher costs and losses of the devices. They are used for almost all high voltage dc (HVDC) transmission and a large percentage of industrial applications. There are many Thyristor Turn-off circuits. Among them, a circuit below is handpicked and briefly described.



Figure 20: Class D turn-off. Class D commutation by a capacitor (or LC) switched by an Auxiliary SCR



SCRA must be triggered first in order to charge the upper terminal of the capacitor as positive. As soon as C is charged to the supply voltage, SCR A will turn off. If there is substantial inductance in the input lines, the capacitor may charge to voltages in excess of the supply voltage. This extra voltage would discharge through the diode-inductor-load circuit. When SCRM is triggered the current flows in two paths: Load current flows through the load and the commutating current flows through C- SCRM -L-D network. The charge on C is reversed and held at that level by the diode D. When SCR A is re-triggered, the voltage across C appears across SCRM via SCRA and SCRM is turned off.
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5.5.3.3.2 Gate Turn-off Thyristor (GTO) A GTO like an SCR can be turned on by applying a positive gate signal. However, a GTO can be turned off by a negative gate signal. A GTO is a non-latching device and can be built with current and voltage ratings similar to those of an SCR. A GTO is turned on by applying a short positive pulse and turned off by a shorter negative pulse to its gate. The GTOs have these advantages over SCRs: 1. Elimination of commutating components in forced commutation resulting in reduction in cost, weight and volume. 2. Reduction in acoustic and electromagnetic noise due to the elimination of commutation chokes. 3. Faster turn-off, permitting high-switching frequencies and 4. Improved efficiency of converters. A GTO has low gain during turn-off, typically six, or requires a relatively high negative current pulse ot turn-off. It has higher on-state voltage than that of SCRs. The on-state voltage of a typical 1200V, 550A GTO is 3.4V.GTOs are mostly used in voltage-source converters in which a fast recovery antiparallel diode is required across each GTO. Thus GTOs normally do not need reverse voltage capability. Such GTOs are known as asymmetric GTOs.
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5.5.3.3.3 MOS-Controlled Thyristor (MCT)



Figure 21: Cross section of unit cell of a p-type MCT



The cross section of the p-type MCT unit cell is given in Figure 21. When the MCT is in its forward-blocking state and a negative gate–anode voltage is applied, an inversion layer is formed in the n-doped material that allows holes to flow laterally from the p-emitter (pchannel FET source) through the channel to the p-base (p-channel FET drain). This hole flow is the base current for the npn transistor. The n-emitter then injects electrons which are collected in the n-base, causing the p-emitter to inject holes into the n-base so that the pnp transistor is turned on and latches the MCT. The MCT is brought out of conduction by applying a positive gate–anode voltage. This signal creates an inversion layer that diverts electrons in the n-base away from the p-emitter and into the heavily doped n-region at the anode. This n-channel FET current amounts to a diversion of the pnp transistor base current so that its base–emitter junction turns off. Holes are then no longer available for collection by the p-base. The elimination of this hole current (npn transistor base current) causes the npn transistor to turn-off. The remaining stored charge recombines and returns the MCT to its blocking state. The seeming variability in fabrication of the turn-off FET structure continues to limit the performance of MCTs, particularly current interruption capability, though these devices can handle two to five times the conduction current density of IGBTs. Numerical modeling and its experimental verification show that ensembles of cells are sensitive to current filamentation during turn-off. All MCT device designs suffer from the problem of current interruption capability. Turn-on is relatively simple, by comparison; both the turn-on and conduction properties of the MCT approach the one-dimensional thyristor limit. Other variations on the MCT structure have been demonstrated, namely the emitter Regenerative Braking in a Chopper-fed D.C. Machine
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switched thyristor (EST) and the dual-gate emitter switched thyristor (DG-EST). These comprise integrated lateral MOSFET structures which connect a floating thyristor n-emitter region to an n+ thyristor cathode region. The MOS channels are in series with the floating nemitter region, allowing triggering of the thyristor with electrons from the n-base and interruption of the current to initiate turn-off. The DG-EST behaves as a dual-mode device, with the two gates allowing an IGBT mode to operate during switching and a thyristor mode to operate in the on-state.



5.5.3.3.4 Static Induction Thyristors (SITHs):



Figure 22: Cross section of a SITh or FCT



A SITh or FCTh has a cross section similar to that shown in Figure 22. Other SITh configurations have surface gate structures. The device is essentially a pin diode with a gate structure that can pinch-off anode current flow. High power SIThs have a sub-surface gate (buried-gate) structure to allow larger cathode areas to be utilized, and hence larger current densities are possible. Planar gate devices have been fabricated with blocking capabilities of up to 1.2 kV and conduction currents of 200 A, while step-gate (trench-gate) structures have been produced that are able to block up to 4 kV and conduct 400 A. Similar devices with a “Verigrid” structure have been demonstrated that can block 2 kV and conduct 200 A, with claims of up to 3.5 kV blocking and 200 A conduction. Buried-gate devices that block 2.5 kV and conduct 300 A have also been fabricated. Recently there has been a resurgence of interest in these devices for fabrication in SiC.
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5.6 Diodes A diode is a two-terminal electronic component with an asymmetric transfer characteristic, with low (ideally zero) resistance to current flow in one direction, and high (ideally infinite) resistance in the other. A semiconductor diode, the most common type today, is a crystalline piece of semiconductor material with a p-n junction connected to two electrical terminals.



Figure 23: I-V cureve for a normal diode



Diodes have vast number of applications in the electronic circuits and so a variety of different types of diodes have been produced to meet specific needs of different electronic circuits. Normal Diode, Light Emitting Diode (LED), Photodiode, Schottky diode, Silicon Controlled Rectifier (SCR), Transient Voltage Suppression (TVS) diode, Tunnel diode, Varicap, Zener diode, Fly-back diode etc are the various types of diodes. In power electronic circuits, the Schottky diode, SCR and the Fly-back diodes are very popular.



5.6.1 Schottky Diode The Schottky diode (named after German physicist Walter H. Schottky; also known as hot carrier diode) is a semiconductor diode with a low forward voltage drop and a very fast switching action. When current flows through a diode there is a small voltage drop across the diode terminals. A normal silicon diode has a voltage drop between 0.6–1.7 volts, while a Schottky diode voltage drop is between approximately 0.15–0.45 volts. This lower voltage drop can provide higher switching speed and better system efficiency. Regenerative Braking in a Chopper-fed D.C. Machine
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Figure 24: Schematic Symbol of Schottky diode



1N5817 and 1N5711 are examples of Schottky diode.



5.6.2 Fly-back or Free-wheeling Diode A flyback diode (sometimes called a snubber diode, freewheeling diode, suppressor diode, or catch diode) is a diode used to eliminate flyback, the sudden voltage spike seen across an inductive load when its supply voltage is suddenly reduced or removed.



Figure 25: A simple circuit to describe the principle of fly-back diode



In its most simplified form with a voltage source connected to an inductor with a switch, we have 2 states available. In the first steady-state, the switch has been closed for a long time such that the inductor has become fully energized and is behaving as though it were a short. Current is flowing "down" from the positive terminal of the voltage source to its negative terminal, through the inductor. When the switch is opened, the inductor will attempt to resist the sudden drop of current (dI/dt is large therefore V is large) by using its stored magnetic field energy to create its own voltage. An extremely large negative potential is created where there once was positive potential, and a positive potential is created where there was once negative potential. The switch, however, remains at the voltage of the power supply, but it is still in contact with the inductor pulling down a negative voltage. Since no connection is physically made to allow current to continue to flow (due to the switch being open), the large potential difference can cause electrons to "arc" across the airgap of the open switch (or junction of a transistor). This is undesirable for the reasons mentioned above and must be prevented. Regenerative Braking in a Chopper-fed D.C. Machine
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A flyback diode solves this starvation-arc problem by allowing the inductor to draw current from itself (thus, "flyback") in a continuous loop until the energy is dissipated through losses in the wire and across the diode. When the switch is closed the diode is reverse-biased against the power supply and doesn't exist in the circuit for practical purposes. However, when the switch is opened, the diode becomes forward-biased relative to the inductor (instead of the power supply as before), allowing it to conduct current in a circular loop from the positive potential at the bottom of the inductor to the negative potential at the top (assuming the power supply was supplying positive voltage at the top of the inductor prior to the switch being opened). The voltage across the inductor will merely be a function of the forward voltage drop of the flyback diode. Total time for dissipation can vary, but it will usually last for a few milliseconds.
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Chapter 6 Simulation using Proteus Design Suite: ISIS Schematic Capture 6.1 Introduction to Proteus: ISIS Schematic Capture The Proteus Design Suite is best used for Real-time simulation of electronic circuits. Like any other simulation software, it too has a large variety of applications that satisfy the needs for designing and real-time data. The ISIS Schematic Capture is similar to that of Orcad Capture CIS but with the advantage of real-time simulation, the ISIS Schematic Capture delivers more data and thorough understanding for the users. The design and simulation of the controller circuit (refer to section 5.2.2) needed practical or real time data to verify it’s proper functioning. So ISIS Schematic Capture was found to be the best choice. In the later part of this chapter, we will observe the practical circuit assembling of the controller circuit along with other new adaptation for practical implementation.



6.2 Adaptation to practical implementation The complete circuit is comprised of some new devices for better performance in practice. Optocouplers are cascaded with the Flip-flop network so that the gate drive of the switching devices does not get damaged by the high voltage of the main D.C. source. Also, the Optocouplers help to reduce the loading effect as the output voltage of the optocoupler is determined by the source connected to the collector pin of the optocoupler. n=channel Enhancement Type Power MOSFET IRF540 has been chosen to be the witching elements for the chopper circuit for it’s high voltage, current and power handling capabilities and also high switching speeds. Use of thyristors would have been more efficient but the addition of the thyristor turn-off circuit would have made the circuit more complex and decrease the significance of high efficiency. Two types of diodes have been used in the practical circuit. The Fly-back diodes and Schottky diodes have been used so that the Fly-back diodes help the field inductance to circulate the stored energy while the Schottky diode help strengthen the reverse blocking capability of the MOSFET. The complete diagram has been illustrated in the next topic along with the devices used in the circuit.
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6.3 Complete Design of the Controller Circuit (using ISIS Schematic Capture)
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U1 is the simplified version for of a J-K Flip flop 7476 U2 and U3 are n-p-n Optocouplers Q1, Q2 and Q3 are n-channel Enhancement Type Power MOSFET IRF540 D1 and D2 are Free-wheeling or Fly-back Diodes D3 and D4 are Schottky Diodes L1 represents the Field Inductance of the D.C. Motor BAT1 represents the main D.C. source for the running of the D.C. Motor which in this case is a Rechargeable Battery Unfortunately the simulation model of a TL494 was not available in ISIS, so in that case we used a D.C. Pulse source having the preference of variable voltage output, frequency and duty cycle of the pulses.Q3 (G) substitutes the output of TL494.



6.4 Simulation Results During braking, model of a Rechargeable Battery was constructed using an R-C Branch having Resistance R=20 Ω and Capacitance of C=1F. The Data Table of the results is shown below:



Duty Cycle



Time in seconds to reach speed 0-450 RPM



Without 11.1946 Braking



450-400 RPM



400-350 RPM



350-300 RPM



300-250 RPM



250-200 RPM



200-150 RPM



150-100 RPM



450-100 RPM



1.0864



1.196



1.44



1.70



1.986



2.6346



3.6924



13.7364



50%



11.1795 0.6845 0.7375 0.891



1.0565 1.3625 1.7465 2.711



60%



11.176



0.639



0.719



0.8486 1.0094 1.258



1.648



2.462



8.584



70%



11.218



0.611



0.719



0.781



1.5423 2.285



8.089



80%



11.1928 0.5892 0.6658 0.7912 0.9038 1.1572 1.471



90%



11.2069 0.5761 0.6446 0.7554 0.891



0.9617 1.189



9.190



2.109



7.687



1.0820 1.4339 1.999



7.382



Figure 26: Real-time simulation results of the controller circuit
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Chapter 7 Drawbacks of the design The simulation showed satisfactory results of braking but because of the absence of the true wiring configuration of the armature and the field of the D.C. Motor, the simulation was carried out using an external inductor as the field inductance was always in series with the armature of the motor. Thus the factor of dynamic braking did not come into action in the circuit. Practical implementation will show better results of the circuit configuration. This was the major drawback of the simulation procedure. The design of the controller circuit had some drawbacks that are listed and commented below:  A pulse-width-modulator circuit (PWM) was used for the chopping mechanism. The technique shows great response and effectiveness with other circuits but in case of a D.C. Motor control, the duty cycle needs to be manually changed repeatedly for greater effectiveness during regenerative braking.  The outputs of the TL494 are 180 degree out of phase with each other. So one output can have a duty cycle of 10-50 percent while other can have a duty cycle of 50-90 percent.  Due to the use of Power MOSFET, the power consumption of the controller circuit becomes high.



 The regenerative braking process would have no effectiveness after a certain speed of the rotor and in that case require mechanical braking to brake the motor to a standstill.



 Under switch drive or system fault conditions, the regenerative braking process will be dormant, and so mechanical braking needs to be applied to stop the motor.  During the regenerative braking process, some energy of the motor will be wasted in the field inductance as heat. So the control circuit will suffer extreme heat conditions.
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Chapter 8 Improvements The improvements can produce significant differences to the result of the effectiveness and efficiency of the controller circuit. Even though the idea is the same but with some new additions to the circuit, the operation of the circuit can provide better performance.



 As mentioned in chapter 7 about the TL494’s lack of freedom for change of duty cycle, another integrated circuit can be used to remove the problem. LM3578 is a switching regulator with the following characteristics: Inverting and non-inverting feedback inputs  1.0V reference at inputs  Operates from supply voltages of 2V to 40V  Output current up to 750 mA, saturation less than 0.9V  Current limit and thermal shut down  Duty cycle up to 90% A single Varicap can be used to change the duty cycle upto 90 percent.



 Current Limit Control (refer to section 2.4.2) can provide better results compared to the PWM control circuit. This is due to the fact that the D.C. Motor has the characteristic to reach a steady state after a short delay. That means the current flowing in the circuit changes during that period. So PWM circuit will not be able to provide high effectiveness of the D.C.Chopper Circuitry.  The switching devices were chosen to be Power MOSFET due to the fact that it was able to operate in high power, voltage and current conditions. But the gate to source voltage needs to be present all the time when it’s switched “on” and thus increasing the power consumption of the drive circuit. In contrast, a thyristor can be used to minimize the power consumption as only a current pulse across gate-cathode is enough to turn on the thyristor and needs a negative current pulse (in case of GTO) to turn off. Thristors also have the capability to handle large voltage and current conditions. With these aspects kept in mind, a more complex but effective and efficient regenerative braking system can be achieved successfully.
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Chapter 9 Conclusion Regenerative Braking is the new way of looking towards an efficient future. New technology emerge everyday giving new ideas and new ways to look into the future. The old idea of braking a rotating device was by using mechanical brakes which stop the rotor by friction. The method was vey poor in efficiency and also the brakes needed to be replaced due to its wearing over time. The prospect of regenerative braking showed a better way and more efficient way for braking. The controller circuit designed in this thesis is the integration of different prospects of power electronics. From a Flip-flop to a Chopper circuit, the ideas were joined into a single control unit. The switch regulates the mode of running of the D.C. Motor, i.e. from Motoring to Braking and vice versa.
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