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CHAPTER



1 Introduction to Electronics Learning Outcomes On completion of this module you will be able to: • • • • • • 



• 



Name the different units of measurement as found throughout the Electronic industry; Understand conversions using the assigned prefixes as is found throughout the Electronic industry; Identify the Greek Alphabet as found throughout the Electronic industry; Identify and draw a selection of IEC-circuit symbols as found throughout the Electronic industry; Explain the following the multi-meters: – Analogue meter; and – Digital meter. Use suitable circuit diagrams and explain the concept of measuring: – Current; – Voltage; and – Resistance. Give the definitions of various electronic components and concepts.



1.1 Units of measurement and prefixes In the study field of Electronics it is important that you as learner have a solid background and knowledge of the units of measurement in this field of study and these are given to you in the form of that as in table 1.1.
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Quantity



Unit



Symbol



Quantity



Unit



Symbol



Length



Metre Centimetre Millimetre Micrometer Kilometre



m cm mm µm km



Speed



Metre per second



m/s or m.s -1



Area



Square metre Square centimetre



m2 cm2



Temperature



degree Celsius Kelvin



˚C K



Time



Second Minute Hour



s min h



Current



Ampere



A



Electromotive force Potential difference Resistance Reactance



Volt Volt Ohm Ohm



V V Ω Ω



Impedance Frequency



Ohm Hertz



Ω Hz



Kilometre km/h or per hour km.h-⊥1



Work done Joule Power Watt Electrical flux Coulomb Electromotive Volt force Energy Joule Energy flux Watt



J (N.m) W (J/s) C (A.s) V (A.s) J (V/A) W (W/A)



Table 1.1



Since you will be working with the different units it will be imperative that you also know the prefixes, which are allocated to these units. These prefixes are given in table 1.2. Factor



Factor in words



SI-prefix



SI-symbol



1 000 000 or 106 1 000 or 103 0,1 or 10- 1 0,01 or 10- 2 0,001 or 10-3 0,000 001 or 10- 6 0,000 000 001 or 10-9 0,000 000 000 001 or 10-12



Million Thousand Tenth Hundredth Thousandths Millionth Milliardth Billionth



megakilodecicentimillimicronanopico-



M k d c m µ n p



Table 1.2
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1.2 Greek alphabet In the field of Electronic principles the Greek alphabet is used extensively and it is therefore important that you become familiar with the letters of the Greek alphabet in use. Note that the complete alphabet is not given but only the ones used the most and are given in table 1.3. Capital letter



Small letter Meaning Capital letter Small letter Meaning



A B ∆ T



α β γ δ



Alfa Beta Gamma Delta



Π P T Φ



ρ τ φ



pi rho tau phi



Ѳ Λ M



θ λ µ



Theta Lambda Mu



Ω Z



ω Σ



omega sigma



π



Table 1.3



1.3 Circuit symbols These symbols are internationally recognised and accepted and are known as the IEC-symbols and are the only symbols recognised. In order to facilitate simplicity the symbols will be divided in component groupings and are illustrated in figure 1.1. IEC Symbol



Description



IEC Symbol



Description



Resistive Resistor-fixed value



Rheostat



Resistor-variable or adjustable



Resistor pre-set
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IEC Symbol -t



Description



IEC Symbol



Thermistor - Negative temperature coefficient (NTC)



t



Resistor - light sensitive



IEC Symbol



Description



Description Thermistor - Positive temperature coefficient (PTC) Resistor - radiation sensitive



IEC Symbol



Description



Capacitive Capacitor fixed value



+



Capacitor Pre-set



IEC Symbol



Capacitor variable



Description



-



IEC Symbol



Capacitor electrolytic



Description



Inductive Inductor fixed valueair core



Inductor variable or adjustable



Inductor pre-set



Inductor fixed valuemagnetic core



Inductor fixed valueferrite core IEC Symbol



Description IEC Symbol Transformers



Transformer-FixedAir core



Description



Transformer-Variable-Air core
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IEC Symbol



IEC Symbol C B



Description



IEC Symbol



Transformer-FixedElectrostatic shield



Transformer-FixedSaturable Magnetic core



Transformer-Stepdown



Transformer-Step-up



Transformer-Centretap



Transformer-Multiple tap



Auto-transformerFixed



Auto-transformer Variable



Description IEC Symbol Semi-conductors NPN transistor



C B



E D G S



Description



Description



PNP transistor



E



N-channel JFET



D G S



P-channel JFET
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IEC Symbol D G



Substrate



Description N-channel enhancement MOSFET



IEC Symbol D G



S



P-channel enhancement MOSFET



S



D G



Substrate



Description



Substrate



N-channel depletion MOSFET



D G



S



Substrate



P-channel depletion MOSFET



S



B2 E



Uni-junction transistor



Diode



Zener diode



Photodiode



Light emitting diode



Varactor diode



Tunnel diode



Silicon controlled rectifier



B1



Diac



MT1



Triac



MT2



G



+



+ X



-



Operational amplifier



C B E



Phototransistor
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IEC Symbol



Description



IEC Symbol



Description



Logic gates A B



&



X



A



1



B



A



A



1



B



A



NOT-gate



=1



B



A



&



B



AND-gate



X



NAND-gate



IEC Symbol



Description



X



1



B



X



X



OR-gate



Exclusive OR-gate



NOR-gate



IEC Symbol



Description



Miscellaneous



-



+



+



-



Battery



Conductors joined



Conductors crossing



Earth



Cell



Speaker



Lamp



A



Amperemeter



V



Voltmeter



M



Motor



G



Generator



Fuse
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IEC Symbol



Description



IEC Symbol



Circuit breaker



Description Microphone Two-way switch



Single-pole switch Push-button switch



Bell Figure 1.1



1.4 Definitions and descriptions of electronic terms and -components All devices, circuit components and terms used in the electronic industry have a specific purpose and application. It is therefore of utmost importance that these components be described or defined for the purpose they serve. In many instances the operating principle and use is also described and defined. This section will therefore be devoted to supply the definitions of many of the components in use as well as the descriptions of terms.



Definitions A



Acceptor impurity Used in the manufacture of semi-conductors and is an impurity element containing three electrons (Tri-valent) in its outer shell. Accumulator An accumulator is also termed a battery. Active component This is a component capable of current or voltage gain ie transistor. Active transducer This is a device capable of producing voltage or current activated by another source without an external source of electrical energy being supplied. Alpha (α) gain The ratio of collector current to emitter current in a bi-polar transistor and is also referred to as hfb. Amplifier A device so designed to provide for a gain in current and/or voltage and may also in some instances also be used to match impedances. AND-gate An AND-gate is a logic gate that will have an output when and only when all the inputs are at logic 1.
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Anode This is the positive electrode of different electronic components ie diode. Armstrong oscillator This is an oscillator, which employs a transformer to feed part of the output of the circuit back to the input.



Definitions B



Bandwidth That range of frequencies that lie between the upper half-power and lower half-power (-3 dB) points on the frequency response of a system. Battery This is a source of emf and is also termed an accumulator. Bias Voltages and/or currents required by electronic components to ensure proper operation and could be a dc bias, forward or reverse, or an ac bias. Bi-polar transistor Is a PNP or an NPN transistor consisting of two PN-junctions and which operates using positive or negative charge carriers for the flow of current.



Definitions C



Capacitance The property of a capacitor to store an electrical charge and is measured in Farad. Capacity The rating of the current-delivering capability of a battery and is measured in amperehours (A.h). Cascade A term used to describe a number of systems connected in series. Cathode This is the negative electrode of different electronic components ie diode. Choke A component capable of blocking an ac quantity above a specified frequency and is also referred to as an inductor or a coil. Clamper An electronic circuit used to re-establish a dc-level on an ac waveform.
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Class-A amplifier This is a type of amplifier in which the collector current will flow for 360˚ of the input waveform. Class-B amplifier This is a type of amplifier in which the collector current will flow for 180˚ of the input waveform. Class-C amplifier This is a type of amplifier in which the collector current will flow for less than 180˚ of the input waveform. Colpitts oscillator This is an oscillator circuit, which employs a phase-shifting network consisting of an inductor and two capacitors to feed part of the output of the circuit back to the input. Condenser This is also termed a capacitor. CRO Abbreviation used for a Cathode-Ray-Oscilloscope, which is used for the graphical study of waveforms. CRT Cathode-Ray-Tube is a display device used in a CRO. Cut-off This is the zero-current condition or point of a transistor or similar device.



Definitions D



Damp The process of making an oscillation come to rest or reduces to zero. Darlington connection Two bi-polar transistors connected in such a way with the emitter of the first transistor feeding the base of the second transistor and the two collectors of the transistors connected together. De-coupling This is a filter process, which eliminates unwanted signals passing between stages of a system, and normally uses inductors and capacitors for such action. Depletion zone Also referred to as the depletion layer and is that portion near the junction of a PNjunction, which is void of charge carriers. Diac A diac is a two terminal semi-conductor device or component that will conduct at a specified breakdown voltage in forward or reverse bias.
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Differential An amplifier constructed in such a way that an output will be provided which is the difference between the two input signals. Diffused junction A PN-junction formed by diffusion when charge carriers move from a region of high density to a region of low density. DIL A dual-in-line package normally associated with integrated circuits. Direct coupling This is a signal path between two amplifier stages by means of a conductor, resistor or a battery. DMM Abbreviation used for a Digital-Multi-Meter capable of measuring current, voltage and resistance. Donor impurity Used in the manufacture of semi-conductors and is an impurity element containing five electrons (Penta-valent) in its outer shell. Doping This is a process whereby impurities (Tri- or Penta-valent) are added to the pure or intrinsic semi-conductor material and then obtaining an impure or extrinsic material (N- or P-type). DVM Abbreviation used for a Digital Volt Meter.



Definitions E



Earth A term used to indicate electrical ground. EMF Electromotive force measured in volt and is that value measured when the source carries no load. Esaki diode A semi-conductor device that will exhibit a negative resistance between the values of 0,2 volt and 0,4 volt when forward biased and is also termed a tunnel diode. Exclusive OR-gate An exclusive OR gate is a logic gate that will have an output when and only when one of the inputs are at logic 1. Extrinsic semi-conductor (N- or P-type) A semi-conductor material, which has been doped, and the conducting properties have been changed.
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Definitions F



Fall-time The time required for a quantity to fall from 90 % to 10 % of its peak or maximum value. FET Field-Effect Transistor and is a semi-conductor amplifying or switching device in which the current through a single-polarity channel is controlled by the voltage applied to a reverse-biased gate electrode and its high input impedance is its main characteristic. Fuse This is a protective device that opens a circuit upon over-current and is used for protection of systems.



Definitions H



h-Parameters A set of four ratios characterising the behaviour of a four-terminal network and is termed hybrid-parameters since all the ratios are not of the same quantities. Hall-effect The development of a voltage across a metal or a semi-conductor material placed in a magnetic field. Hartley oscillator An oscillator circuit, which employs a tapped inductor, feed part of the output of the circuit back to the input. Hertz This is the unit of frequency of one cycle per second. Hole A is a vacancy in the conduction band of a semi-conductor material and regarded as a positive charge carrier.
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Definitions I



IC Abbreviation used for Integrated circuit. IEC International Electrotechnical Commission who is responsible for worldwide standards. Impedance The vector sum or combination of resistance and reactance quantised as Z and measured in ohm. Intrinsic semi-conductor This is a pure semi-conductor material that has not been doped. I/P-O/P Abbreviation used that refers to input/output terminals of a device and/or system.



Definitions K



Kirchhoff ’s current law (KCL) Kirchhoff ’s current law states that the algebraic sum of the current and/or currents entering a point is equal to the algebraic sum of the current and/or currents leaving that point. Kirchhoff ’s voltage law (KVL) Kirchhoff ’s voltage law states that the algebraic sum of the voltage drops in a closed network is equal to the algebraic sum of the applied voltage and/or voltages.



Definitions L



Lagging This is an occurrence that takes place later in time. Lattice structure A pattern of positions on a regular grid of lines and is descriptive of the atomic structure of intrinsic or extrinsic semi-conducting materials. Leading This is an occurrence that takes place earlier in time. LED Light Emitting Diode and is a semi-conductor that emits light when activated by a suitable voltage source.
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Lissajous figure The pattern obtained on the screen of an oscilloscope when two sine waves of related frequencies are applied to the vertical and horisontal deflection systems respectively and this figure may be in the form of a line, an ellipse, a figure eight or a more complex series of loops. Load This is a device or component that receives an output from a signal source.



Definitions M



Majority carriers This is classified as electrons in an N-type extrinsic semi-conductor material and holes in a P- type semi-conductor extrinsic material.



Definitions N



NAND-gate A NAND-gate is a logic gate that will have an output when one or all the inputs are at logic 0. NOR-gate A NOR-gate is a logic gate that will have an output when and only when all the inputs are at logic 0. NOT-gate A NOT gate is a logic gate that will have an output when and only when one of the inputs are at logic 0. Norton’s theorem Norton’s theorem states that a constant current generator with parallel impedance may replace a complex network consisting of impedances and voltage.



Definitions O



Ohm’s law Ohm’s law states that the current is directly proportional to the applied voltage and indirectly proportional to the resistance of that network. Operating point This is a combination of current and voltage on the characteristics of a transistor or diode at which it is biased when supplied by a signal source.
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Definitions P



Parameter This is the measurable characteristics or variables of a circuit, system or component. Passive component This is a component not capable of amplification or switching ie Resistors, inductors and capacitors. PC Abbreviation used for Printed circuit. (Also personal computer) Phase This is the time relationship of one waveform with respect to another of the same frequency expressed in degrees or radians with 360º representing one full cycle. Photo-resistive This is a component that will change resistance when subjected to a source of light. Photo-voltaic This is a component that will generate a voltage when subjected to a source of light. Piëzo-electric effect Takes place in a quartz crystal when subjected to a mechanical pressure will generate a voltage or will undergo dimensional changes when subjected to an ac voltage. PIN diode A semi - conductor formed by a P-type extrinsic material, an intrinsic material and an N-type extrinsic material. PIV The maximum Peak-Inverse-Voltage that a diode may be subjected to and is also termed the Peak-Reverse-Voltage (PRV). Point-contact This is an early process used for diode and transistor manufacturing. Pot. Abbreviation used for a potentiometer, which is a three-terminal adjustable resistor. Potential difference An electromotive force of voltage measured when a load is inserted. Potentiometer This is a potentiometer, which is a three-terminal adjustable resistor.



Definitions Q



Quiescent At rest with no signal applied as applied to electronic circuitry and is also known as the Q-point.
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Definitions T



Thermal runaway A condition that may occur in a semi-conductor transistor when an increase in current leads to an increase in temperature which leads to a decrease in resistance which leads to an increase in current ending in a spiral of saturation or selfdestruction of the transistor. Thevenin’s theorem Thevenin’s theorem states that a complex network consisting of impedances and voltage sources may be replaced by a constant voltage source with a series impedance. Thyristor The family of semi-conductor switching devices and include SCR’s, diac’s, triac’s and quadrac’s. Transducer This is a device, which is capable of converting one form of energy into another form of energy ie mechanical to electrical, electrical to mechanical etc. Transient This is a short pulse or oscillation of current and/or voltage instead of a steady-state condition. Transistor Derived from TRANSfer resISTOR and is an active semi-conductor device having three terminals namely a base, a collector and an emitter. Triac A three-terminal semi-conductor device similar to an SCR but which is capable of conducting in both directions when the gate is triggered. Trimmer A small adjustable capacitor or resistor used for alignment purposes. Tunnel diode A semi-conductor device that will exhibit a negative resistance between the values of 0, 2 volt and 0, 4 volt when forward biased and is also termed an Esaki diode. TVM Abbreviation used for a Transistor Volt Meter and is an analogue meter capable of measuring current, voltage and resistance and has a high input impedance since FET’s are used.
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Definitions V



Varactor A semi-conductor diode, which operates like a capacitor since its capacitance, will decrease with an increase in reverse bias and is also known as a varicap or voltagevariable capacitance diode. Varicap A semi-conductor diode, which operates like a capacitor since its capacitance, will decrease with an increase in reverse bias and is also known as a varactor or voltagevariable capacitance diode. Voltage-variable capacitance diode A semi-conductor diode, which operates like a capacitor since its capacitance, will decrease with an increase in reverse bias and is also known as a varactor or varicap. VOM Abbreviation used for a Volt-Ohm Meter or Volt-Ohm Milli-amperemeter. VTVM Abbreviation used for a Vacuum-Tube Volt Meter and is a high-input impedance analogue meter.



1.5 The multi-meter In the study field of electronics it will be imperative that various measurements ie voltage, current and resistance be made. For this purpose we can use a range of measuring instruments but for our purposes we will only at present consider a multimeter. This type of multi-meter, which can be analogue or digital, has the capability to measure current, voltage and resistance by merely changing to the quantity we would like to measure. At present we will not consider the operating principle of the multimeter but only the use thereof.



1.5.1 Analogue meter An analogue meter is a meter that operates either as a moving coil meter or as a moving iron principle. The magnitude measured is read off on a calibrated scale by means of a pointer that moves across the calibrated scale. Such a display is illustrated in figure 1.2.
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Calibrated scale 0



10 Pointer A V Selector switch R



-



+ Connecting or test leads



Black



Red



Figure 1.2



1.5.2 Digital meter A digital meter has no moving parts and the magnitude being measured is read off a digital display consisting of numbers. Such a display is illustrated in figure 1.3.



Digital display



1



5



0



.



2



5



A



A V Selector switch



Black



R



+ Connecting or test leads



Figure 1.3



Red



N1 Industrial Electronics



1.5.3 Measuring current In order to measure current we must connect the meter in series in the network. This principle is illustrated in figure 1.4.



A



R



-



+



Figure 1.4



1.5.4 Measuring voltage In order to measure voltage we must connect the meter in parallel in the network. This principle is illustrated in figure 1.5.



V



-



+



Figure 1.5



R
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1.5.5 Measuring resistance In order to measure resistance we must connect the meter in parallel across the component in the network. It is however important that the component be removed from the circuit under test. This principle is illustrated in figure 1.6. Should an analogue meter be used it is important that the meter be adjusted to zero by shorting out the two leads and adjusting to zero. Digital meters will do this automatically.



R



-



R



+



Figure 1.6



Over and above the factors mentioned on the connection of the meter in a network it is also important that we take note of the following factors when using a meter: • • • 



• 



Always use the highest scale available when making any measurement. It is easier to work your way down than having to buy a new instrument. Always observe the correct polarity. Damage can be caused to the instrument should the correct polarity not be observed. Never leave the instrument on the resistance scale. On the resistance scale a current is produced by an internal battery and if left on the resistance scale and the leads touch one another then the battery will run down which will lead to inaccurate readings being obtained. Always use the correct scale ie V for voltage, A for current and Ω for resistance when making any measurements.
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Exercise 1.1 1. Give the exponent form of the following quantities. 1.1 Giga; 1.2 Mega; 1.3 Nano; 1.4 Micro; 1.5 Kilo; 1.6 Deci; 1.7 Milli; and 1.8 Pico. 2. 



Convert the following inductance values to the unit indicated. 2.1 0, 001 µH to H; 2.2 0, 15 mH to H; 2.3 1 000 H to mH; 2.4 100 000 H to µH; and 2.5 0, 001 mH to µH.



3. 



Convert the following resistance values to the unit indicated. 3.1 1 000 ohm to k-ohm; 3.2 47 000 ohm to M-ohm; 3.3 47 ohm to k-ohm; 3.4 100 ohm to k-ohm; 3.5 1 000 000 ohm to M-ohm; 3.6 10 k-ohm to ohm; 3.7 0, 001 M-ohm to ohm; 3.8 0, 01 k-ohm to ohm; 3.9 1 000 k-ohm to M-ohm; and 3.10 47 M-ohm to k-ohm



4. 



Convert the following capacitance values to the unit indicated. 4.1 0, 000 001 F to pF; 4.2 0, 000 001 F to µF; 4.3 10 F to µF; 4.4 0, 01 F to µF; 4.5 12 pF to F; 4.6 10 µF to F; 4.7 1 000 µF to nF; 4.8 100 µF to pF; 4.9 0, 000 000 001 F to pF; and 4.10 0, 000 000 1 F to µF



5. Differentiate between an analogue- and a digital meter. 6. Use suitable sketches to illustrate how you will measure: 6.1 Resistance; 6.2 Voltage; and 6.3 Current. 7. Refer to the table of the Greek alphabet given below and insert the missing quantities.
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Capital letter



Small letter Meaning Capital letter Small letter Meaning α



B



β



∆



Π



Ѳ



π



P Gamma



δ



8. 



Alfa



Delta



τ Φ



Theta λ



Lambda



µ



Mu



rho



phi ω



Z



tau



omega sigma



Electronic components are described by an IEC-symbol. Make neat sketches that will illustrate the following electronic components. 8.1 Fixed capacitor; 8.2 Pre-set resistor; 8.3 Variable inductor; 8.4 NTC-thermistor; 8.5 Variable resistor; 8.6 Polarised capacitor; 8.7 Step-up transformer; 8.8 Pre-set inductor; 8.9 Fixed inductor; 8.10 Step-down transformer; 8.11 Auto-transformer; 8.12 Light sensitive resistor; 8.13 Variable capacitor; 8.14 Ferrite-core inductor; 8.15 Pre-set capacitor; 8.16 Radiation sensitive resistor; 8.17 Two-way switch; 8.18 Mini Circuit Breaker; 8.19 Motor; 8.20 Amperemeter; 8.21 AC-motor; 8.22 Single-pole switch; 8.23 Surge arrestor; 8.24 Cell; 8.25 Conductors crossing; 8.26 Intermediate switch; 8.27 Fuse; 8.28 Bell; 8.29 Generator; 8.30 Neutral conductor; 8.31 NPN transistor; 8.32 Silicon Controlled Rectifier; 8.33 Zener diode; and 8.34 Conductors joined. 



9. Refer to the table below and insert the missing unit, quantities or the symbols.
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Quantity Length



Time



Unit Metre Centimetre Millimetre Micrometer Kilometre



Symbol



Square metre Square centimetre



m2 cm2



Second Hour



Electromotive force Potential difference Resistance



min



Ohm



degree Celsius



Hz



K



Current



A



Work done



J (N.m) Watt



Electrical flux Ω



Symbol m/s or m.s -1 km/h or km.h-1



V



Ohm Hertz



Unit Metre per second



µm km



Volt



Reactance Impedance



cm



Quantity Speed



Electromotive force Energy



W (J/s) C (A.s)



Volt Joule Watt



W (W/A)
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BASIC ATOMIC THEORY
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CHAPTER



2 Basic Atomic Theory Learning Outcomes On completion of this module you will be able to: • • • • 



• • • • • • • • 



• 



Define matter; Describe and identify the nature of matter by naming forms and examples; Ascertain atomic weight and number of elements by using the Periodic Table of Elements; Define: – Compounds; – A molecule; and – An atom. Draw a two dimensional layout of any atom indicating all the particles as well as major- and sub-shells; Define valency; Determine the number of particles in the major- and sub-shells; Discuss or explain the term valency and valency shell; Explain a covalent bond by means of a suitable sketch; Explain positive- and negative charges; Discuss the difference between electron flow and hole flow by means of an applicable sketch; Understand and be able to explain by means of simple sketches the energy bands which exist in atoms and the placing of these energy bands in: – A conductor; – An insulator; and – A semi-conductor. Define the electron volt.



2.1 Introduction In order to understand the operation of Electronic components and devices it is imperative that we need to have a thorough understanding of basic atomic theory.
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2.2 The structure of matter



Definition 2.1 Matter



Matter may be defined as anything that has mass and that occupies space and can be composed of elementary substances that are found in nature.



These compositions may be in pure form or it may be a compound or mixture of elements found in nature. Matter cannot be generated or destroyed but it may change from one form into another. Matter can be divided into the following groups: • • • • 



Solids; Liquids; Gasses; and Plasma.



Examples of such elements found are: • • • • • 



Iron (Fe) Silver (Ag) Carbon (C) Gold (Au) Aluminum (Al)



Classification of all elements in nature, are found in the Periodic Table of Elements and are classified by its atomic number and atomic weight. The atomic number of an element is given by the number of electrons orbiting the atom whereas the atomic weight is given by the number of protons and neutrons contained in the nucleus of an atom. All elements consist only of one type of atom as is indicated by the Periodic Table of Elements. Combining of different elements may form compounds by chemical reaction with one another and the most common one would be water. Water is a compound of Oxygen and Hydrogen. The manner, in which the mass and atomic number of any particular element, in this instance Hydrogen, is written as it appears in the Periodic Table of Elements, is illustrated below: 1 Atomic number H Chemical Symbol Hydrogen Name of element 1 Atomic mass
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2.3 Atoms



Definition 2.2 Atoms



An atom may be defined as the smallest part of an element that can participate in a normal chemical reaction.



Definition 2.3 Molecule



A molecule can be defined as the smallest part of an atom that will have the same characteristics of the original element without breaking up into atoms again.



All atoms consist of minute particles of electrical charges arranged in a set pattern and consist of: • • • 



Electrons, moving around the nucleus of an atom and that has a negative electrical charge of 1, 602 × 10-19 coulomb and are kept in its orbit by electrostatic forces of attraction; Protons in the nucleus of an atom that have a positive electrical charge; and Neutrons in the nucleus of an atom that have no electrical charge.



It will be found that all atoms have an equal number of protons and electrons, which indicates its atomic number, which makes all atoms electrically neutral. All electrons, protons and neutrons are identical and it is possible that they be replaced in other atoms that are not of the same element. A point of interest is that it is very easy for an atom to loose or gain outer orbit or valence electrons. Therefore, should an atom loose an electron it will loose some of its negative electrical charge and in the process become positively charged! This is then known as a positive ion or cation. The opposite however is also true in that when an atom gains an electron it will increase its negative electrical charge and will then be known as a negative ion or anion. The only difference between atoms is a numerical difference. Figure 2.1 illustrates a two dimensional layout of an atom.
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Negatively charged orbiting electrons Protons (+) and neutrons (no charge)



K - shell L - shell Nucleus



Figure 2.1



2.4 Energy shells All electrons are arranged around the nucleus of an atom in a pre-determined manner as mentioned earlier but we should however have a closer look at these arrangements. Together with figure 2.1 we should also refer to figure 2.2 to find out how the arrangement of the electrons, protons and neutrons in an atom is accomplished. In the representation of figure 2.2 the centre circle will represent the nucleus consisting of the protons and neutrons. The outer circle or circles will indicate the shells for the orbiting electrons. Although these representations are two dimensional, the shape of a tennis ball can almost represent an atom in that the major shells of an atom are also sub-divided into sub-shells. This concept is illustrated in figure 2.2. Letter designation of major shells M L K S



SP



SPD



2 8 18 Number of orbiting electrons per shell



Figure 2.2



Letter designation of sub - shells
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The major shells of an atom are designated the K, L M and N shells and the sub-shells are designated the S, P, D and F shells. Each shell, major or sub-shell, may only have a pre-determined number of electrons per shell and the number of electrons in the major shells is determined by the expression 2 × n2 where n will represent the orbit number counting from the inner circle toward the outer circle. The number of electrons per major shell can thus be calculated in the following manner. K shell: 2 × n2 L shell: 2 × n2 M shell: 2 × n2 N shell: 2 × n2 



= = = = 



2 ×12 2 × 22 2 × 32 2 × 42 



= = = = 



2 8 18 32 



Thus, the K shell may only contain 2 electrons. Thus, the L shell may only contain 8 electrons. Thus, the M shell may only contain 18 electrons. Thus, the N shell may only contain 32 electrons.



Since the number of electrons per major shell can be determined and predicted it follows that the number of electrons per sub-shell can also be determined and predicted. The number of electrons per sub - shell is given as follows: S shell P shell D shell F shell 



= = = = 



2 electrons 6 electrons 10 electrons 14 electrons



Electrons can be made to jump to other orbits by means of heat, light energy or an electric field at or near an atom. Whatever the form of energy used, it is referred to as ionization potential. This arrangement of electrons orbiting an atom will now allow one to determine the conducting properties of the element and especially the outer orbit or valence shell of an atom.



2.5 Valency The number of electrons in the outer shell of an atom, called the valence shell, will determine the valency of that element.



Definition 2.4 Valency



Valency may be defined as an indication of the ability of an atom to gain or loose electrons and will determine the electrical properties of that element. Should an atom not have the full complement of electrons in the valence shell, that element is deemed to be a conductor since that particular atom will always be on the lookout for electrons to fill the vacancies, which exist. When an atom however have the full compliment of electrons in the valence shell it will not need to look for electrons to fill up vacancies since no vacancies exist and is then deemed to be an insulator.
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The above statements are not always true. A conductor may also be an insulator under certain specific conditions. Two or more atoms may combine to form a covalent bond. The best manner in which to explain this concept is to look at two hydrogen atoms as illustrated in figure 2.3. This is not a compound that will be formed but is the sharing of electrons by two or more nuclei of atoms. In this instance the only shell of electrons will contain two electrons, which make that particular shell complete. This phenomenon is particularly important in the semi-conductor field and will be explained in more detail when semi-conductors are discussed. Therefore, we will find that there are no free electrons available since each atom shares its electrons with one another and that they are firmly attached in a crystal lattice structure by this covalent bond.



Orbiting electrons



Hydrogen atom 1



Hydrogen atom 2



Figure 2.3



2.6 Positive- and negative charges Since the particles in an atom consist of positive and negative charges we need to have a look the relationship that these charges have with one another. An atom that has valence electrons will always strive to become stable and in doing so will either loose or gain electrons. When an atom gains and electron the atom becomes negatively charged since it will have a surplus of electrons and when an atom looses an electron it will become positively charged since it will have a deficit of electrons. Figure 2.4 illustrates the effect that these charges will have on an atom. Like charges such as in figure 2.4 (a) and (b) will repel one another whereas unlike charges such as in figure 2.4 (c) will attract one another. You will find later that a similar action takes place with magnets. This force which either attracts or repels one another is termed ‘electric force’ or ‘electrostatic force’.
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(a)



F



-



-



F



F



F



+



(c)



(b)



Figure 2.4



2.7 Conduction A very important phenomena concerning conduction should however also be explained. In the incomplete valence shell of an element we refer to the spaces, which exist where, electrons should be, as holes. Strange as it may sound we will find that these holes also appear to be moving. This concept is illustrated in figure 2.5. Movement of electrons or conduction can and will take place in any given conducting material, in a desired direction, should a source of power be applied across such material. This conduction process can be by one or both of the following processes namely hole flow or transfer or by electron motion. Free electrons in the conduction band will, under the influence of an applied potential, move around. The reason for this action is that since the electron has a negative charge it will be repelled by the negative charge of the applied potential but at the same time be attracted by the positive charge of the applied potential. In this manner we will find that electrons will always move from a negative charge toward a positive charge. This action is termed electron flow. Should we now observe figure 2.5 in more detail, it will be seen that as the electron moves from the negative charge of the applied potential toward the positive charge of the applied potential, that the hole moves from the positive charge of the applied potential toward the negative charge of the applied potential. This action is termed hole flow and both these concepts are of great importance and we will deal with these principles again when we discuss semi-conductors.
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Electron motion



Hole motion



-



+



-



+



-



+



Applied potential



Figure 2.5



2.8 Energy bands In an isolated atom the electrons will be acted upon from within. Should we now however bring a number of atoms together, as in a solid material like a conductor; the electrons of the various atoms will come under the influence of forces from the other atoms within that solid. In this manner energy levels are created and electrons will merge into energy bands of distinct energy levels. In any given material, conducting or insulating, there are two distinct energy bands in which electrons may exist, namely the conduction band and the valence band but they will be separated by the forbidden gap. The electrons in the conduction band are drifting around in the material since they have virtually become disconnected from the atom and they are easily moved around by the application of a very small amount of energy. The electrons in the valence band however, are tightly bound around the nucleus of the atom and a large amount of energy will be required to move these electrons. This concept is illustrated in figure 2.6.
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Conduction band



Forbidden gap



Energy level



Valence band



Figure 2.6



Definition 2.5



The energy required to move any electron, whether it is in the conduction band or in the valence band, is defined by the electron volt (eV) and is the amount of energy required to move one electron through a potential difference of one volt. Between the conduction band and valence band we find an area termed the forbidden gap. This forbidden gap will vary in size for different materials, conductors or insulators, and may be small, large or non-existent as is indicated in figure 2.7 (a), (b) and (c).



Conduction band



Conduction band



Forbidden gap



Forbidden gap



Valence band



Valence band



Valence band



( a ) Insulator



( b ) Semi-conductor



( c ) Conductor



Conduction band



Figure 2.7



In the conductor we find that the forbidden gap is non-existent and that the conduction band and the valence band actually overlap one another creating a large number of electrons available for conduction. Very little energy is required for conduction to take place and will even conduct at the slightest variation in temperature.
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In the insulator we find a fairly large forbidden gap between the conduction band and the valence band and no electrons are found in the conduction band. Since all the electrons are found in the valence band only, which is tightly bound to the nucleus, a large amount of energy, in the region of 6 eV, is needed to cause an electron to move from the valence band to the conduction band. The third material shown is that of a semi-conductor and has a fairly narrow forbidden gap and requires less energy for conduction to take place. Here we have to differentiate between the two types of semi-conductor materials commonly used in semi-conductor manufacture namely, Silicon (Si) and Germanium (Ge). Typical energy levels required to cause conduction is 0,7 eV for Germanium and 1,19 eV for Silicon. Since this is termed a semi-conductor it is neither a conductor nor an insulator and has a typical resistance of 10 ohm/cm3. The forbidden gap will therefore determine whether a material can be termed as a conductor, insulator or semi-conductor.



Exercise 2.1 1. Name the four groups into which matter can be divided. 2. Define the following terms: 2.1 Molecules; and 2.2 An atom. 3. Indicate the charges that are found on the particles of an atom. 4. An atom contains 54 electrons. Calculate the number of electrons per major orbit and then draw a two dimensional layout indicating all relevant information. 5. The term valency will determine the behaviour of an element in that it may be a conductor or it may be an insulator. Express your opinion on this statement. 6. Explain the concept of a covalent bond and illustrate your explanation with a suitable labeled sketch. 7. 



Use suitable sketches to illustrate the principle of conduction and differentiate between: 7.1 Electron motion; and 7.2 Hole motion.
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8. The conduction band and the valence band are separated by the forbidden gap in any given material and it makes no difference whether the material is a conductor or an insulator. Draw three neat labeled sketches that will illustrate this concept for: 8.1 An insulator; 8.2 A semi-conductor; and 8.3 A conductor.
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Conductors and Insulators
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3 Conductors and Insulators Learning Outcomes On completion of this module you will be able to: • • • 



• 



• • • 



Define a conductor; Discuss the properties that all conducting materials should possess; Discuss the following conducting materials in terms of the properties and uses: – Silver; – Copper; – Gold; – Aluminum; – Zinc; – Iron; – Tin; and – Lead. Discuss the following alloys in terms of the properties and uses: – Brass; – Bronze; – Soft solder; – Nichrome; and – Carbon. Define an insulator; Discuss the properties that all insulating materials should possess; Discuss the following insulating materials in terms of the properties and uses: – Rubber; – Poly-Vinal-Chloride (PVC); – Paper; – Cotton; – Bitumen; – Enamel; – Shellac; – Asbestos; – Mica;
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– Micanite; – Bakelite; – Ebonite or Vulcanite; – Porcelain; – Leatheroid; and – Fibre. • Discuss the temperature specification for insulating materials. It is known that many elements have either a shortage of electrons or the correct number of electrons in its valence shell and that this characteristic will determine the conduction properties of that particular element. It will be found that in elements which do not have the full compliment of electrons in its valence shell, that these electrons will be easily moved since they are loosely bound to the nucleus of that atom. In this instance we refer to these elements as conductors.



Definition 3.1 Conductor



A conductor may be defined as an element that will allow an electrical current to flow since there will be a free flow of electrons and the quality of such conductors will be dependant on the number of free electrons that the particular element possesses. We will therefore find that the resistance to the flow of electrons is very low and this resistance is normally measured across a one-cubic-centimeter sample of the material and may have a typical value of ± 10-6 ohm/cm3. All materials, whether they are classified as conductors or insulators, should possess the following properties. • • • • • 



Malleability This is the property that a material possesses and that allows it to be hammered out into thin sheets ie lead. Ductility This is the property that a material possesses and that allows it to be drawn out into thin wires ie copper. Elasticity This is the property that a material possesses to return to its original form after being bent ie rubber. Toughness This is the property that a material possesses and that will prevent it from being stretched or broken ie steel. Hardness This is the property that a material possesses and that will prevent it from being scratched or worn off: ie diamond.
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• Brittleness This is the property that a material possesses and that will cause it to break when hammered ie glass. All conducting materials are normally metallic and/or alloys of metals and are classified according to the conductivity of that particular material. Table 3.1 lists the most popular conducting materials in order of conductivity expressed as a percentage. Each of the conducting materials mentioned in table 3.1 will now be discussed and uses thereof given. This discussion will take into account the properties that conducting materials should possess.



3.1 Conducting materials All conducting materials are normally metallic and/or alloys of metals and are classified according to the conductivity of that particular material. Table 3.1 lists the most popular conducting materials in order of conductivity expressed as a percentage. Each of the conducting materials mentioned in table 3.1 will now be discussed and uses thereof given. This discussion will take into account the properties that conducting materials should possess. Material



Conductivity



Material



Conductivity



Silver



100 %



Zinc



25 %



Copper



90 %



Iron



13 %



Gold



70 %



Tin



12 %



Aluminium



60 %



Lead



7%



Table 3.1



• • 



Silver Silver is the best conductor to be found but is not commonly used since it is a very expensive metal. It is however a malleable and ductile conductor and may be used as contact points for relays. Copper Copper is probably the most used and versatile conducting material in use today. It is a highly malleable and ductile material. Should it be drawn out into a wire it will harden and its tensile strength will increase and is then referred to as hard drawn copper. Copper will also harden should it be rolled or hammered.



A disadvantage however is that should hard drawn copper be heated up it will get soft and its tensile strength will decrease. Since it is also a material that will solder very easily extensive heat should be avoided at all cost. Copper wire is extensively used as conductors for wiring purposes.
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• Gold Although it is a very good conductor and is rated highly malleable and ductile, it has the disadvantage of being very expensive and is therefore only used in specialised equipment like integrated circuit manufacture. It has however the advantage that it does not tarnish easily. • Aluminium This is a very light, malleable and ductile conducting material. It is increasingly used where weight is essential like in overhead conductors. It does however have a very low tensile strength and when used as overhead conductors it will be strengthened with a steel core in order to increase the tensile strength of the conductor. Special methods are used for soldering so as to decrease the oxidation that is normally associated during the soldering process. • Zinc Zinc is a soft, malleable and ductile material that will not oxidise when it comes into contact with oxygen and is mostly used in areas where rust can cause a problem. Its most common use however is in torch batteries where it is used in the chemical reaction that produces an emf. • Iron This material in its pure form is termed wrought iron and is very seldom used in this state. It is highly malleable since it can be stretched and/or compressed. It further also possesses a small quantity of hardness and elasticity and is mostly used for the manufacture of the cores of electromagnets. Another form of iron which is used is known as steel and consists of wrought iron which has a small percentage of carbon added to it. Mild steel will contain in the region of 0,25 % to 0,4 % carbon and hard steel will contain 1,6 % carbon. Steel however is not as malleable as iron but is harder and more elastic. • • 



Tin Tin is a highly malleable and ductile material. Copper conductors are normally tinned to prevent a chemical reaction between the conductor and the vulcanised rubber insulation. Tin also forms parts of the alloy known as soft solder. Lead Lead is a waterproof material that is fairly malleable but has virtually no ductile properties. Over and above these properties it is also a very dense material and these properties are excellent for the use of protecting electric cables. It can also be mentioned that the plates of a car battery is manufactured from lead. Lead is also used in the alloy of soft solder.



The above materials discussed are materials found in their pure form, excepting for the steel. There are other materials that may be combined chemically so as to give specific properties and this combination is termed an alloy. It must be stressed however that it
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is not always necessarily that two metals be used in the manufacture of an alloy but that non-metallic substances ie gasses may also form part of such combinations.



3.2 Alloys • Brass Brass is an alloy of copper and zinc mixed in different proportions and is fairly malleable and ductile. It is a fairly good conductor and is used for the manufacture of conductors for use in electric equipment. • Bronze Bronze is a compound of copper and tin. Another type termed phosphor bronze also contains a small amount of phosphor and is a highly resilient material. Bronze is normally used for the manufacture of mechanical parts like bearings for electrical equipment. • Soft solder Different proportions of lead and tin are mixed to obtain soft solder. Since both these materials have a very low conductivity it will stand to reason that soft solder is not a very good conductor. It has however a very low melting point and is therefore used for soldering purposes. • Nichrome This is a compound consisting of 80% Nickel and 20% Chrome and has a very high melting point and will withstand oxidation even at red heat. It further possesses a very low coefficient of expansion, has a very high resistance and is used for the manufacture of elements for stoves, kettles and heaters. • Carbon Carbon is neither a metal nor a compound but can be used as a conductor. It has a fairly high resistance and is commonly used for the manufacturing of resistors. The brushes used on electric motors and generators are also manufactured from carbon.



3.3 Insulating materials The converse to the above discussion however is also true. It will be found that in elements containing the full compliment of electrons in the valence shell, that these electrons will not easily be moved since they are tightly bound to the nucleus of that atom. In this instance we refer to these elements as insulators.



Definition 3.2 Insulator



An insulator may be defined as an element that will not allow an electrical current to flow since there are no free electrons in those elements.
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We would therefore further find that these elements have a high resistance to the flow of electrons and has a typical value of ± 1014 ohm/cm3. Good insulating materials should possess the following properties. • High dielectric strength This is the property an insulating material possesses and which will enable it to resist high voltages, without being penetrated in any way. • High insulation resistance This is likely the most important property of any insulating material and is that property that prevents any electrical current to flow. • Non-hygroscopic This is the ability of an insulating material not to absorb any water or moisture whatsoever. • Heat resistant This is the ability of an insulating material to withstand high temperatures. Insulating materials must not only withstand high temperatures but must also have a good heat conductance. • Durable Atmospheric conditions must not be able to influence the quality of the insulator. • Mechanically strong Atmospheric conditions and/or other substances must not affect the insulating material adversely. • Workability and/or flexibility The insulating material must be of such a nature that it be easy to work with the material. The following insulating materials are the most commonly used in the electrical- and electronic industry. • Rubber Rubber, as an insulating material is divided into two main categories each with its own characteristics and disadvantages. – Pure rubber Pure rubber is adversely affected by oil, cement, heat and atmospheric conditions that will cause its quality to deteriorate and to corrode. – Vulcanised rubber (VIR) This type of rubber is also known as Vulcanised Insulated Rubber and consists of pure rubber combined with 5 to 6 % of Sulphur. The addition of Sulphur makes the rubber stronger and more durable. This type of rubber however has an adverse effect on copper and the copper conductors are therefore tinned to counter this adverse effect. Whatever type of rubber is used it will have the following properties which contribute to its wide usage.
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– Flexibility and elasticity. – Watertightness. – Very good insulation resistance and high dielectric strength. – Durability under normal conditions. – Easily removable from cables. • Poly-Vinal-Chloride (PVC) This is a synthetic plastic material which is a bit harder than rubber but still highly flexible. It is much smoother than rubber and highly resistant to oil and atmospheric conditions. Its main advantage is that it is highly watertight. • Paper Paper is a very good insulating material but has the disadvantage that it is hygroscopic and will therefore have to be treated with oil, wax or varnish to improve its insulation resistance. This will have to be done where the paper will for instance come into contact with water since water may be classified as a conductor. Treated paper is often used as insulation on underground cables. • Cotton Cotton is used around the copper conductors of the windings of transformer coils but is also hygroscopic. It can be treated in the same manner as paper by increasing its insulation resistance by covering it with varnish. • Bitumen This is a solid black substance at low temperatures and will melt at ± 90°C. It is a watertight material and has a high insulation resistance. Since it has a fairly low melting point it is often used in cable joints where the molten liquid is poured into the box containing the joint where it then cools down and solidifies around the joint. • Enamel This is a paint that can be baked until hard and dry. It is often used on thin conductors used for motor windings and instruments. The conductor will remain flexible even after the application of the paint. • Shellac Shellac is a brown flaky material produced from the eggs of an insect. Should it be dissolved in methylated spirits it will form a type of varnish that has very good insulating properties. Shellac is highly non-hygroscopic but has the disadvantage that it cannot withstand high temperatures and is not very flexible. • Asbestos This is a fibrerous mineral mined from the earth where it appears between layers in the rock formation. It can resist very high temperatures and is used as an insulating material where heat is present. It is a very light material resistant to acids but is unfortunately hygroscopic. It can however be varnished and baked in an oven to make it less hygroscopic.
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• • • • • • • 



Mica Mica is also a mineral that is mined from the earth. It can withstand very high temperatures and a very good conductor of heat but is not flexible. Mica is used as an insulating material between conductors on household appliances such as electric ovens. Micanite This material is manufactured from mica flakes and insulating varnish and is obtainable in the form of a sheet. It has all the qualities of mica but is more flexible. Bakelite This is a synthetic insulating material obtained from a chemical reaction of carbolic acid on phenol-formaldehyde and has a brownish colour. It can be obtained in cast form, plate or sheet form, tubes and rods. It has the advantage that it can be worked ie drilled, tapped and filed. Ebonite or Vulcanite Ebonite or vulcanite is a compound of rubber containing a high percentage of Sulphur. It is very hard and compares favourably with Bakelite as far as qualities and uses are concerned. Porcelain Porcelain has got limited uses since it is a very brittle material almost glass like. It is a very good insulator however when used where mechanical shock is not present. The surface is normally glazed so as to keep it clean. It is mostly used as insulators on overhead conductors. Leatheroid This is a paper like insulating material and is often used as insulation when motor winding are installed on a machine. It is normally manufactured in the form of a sheet in varying thicknesses. Fibre Paper or cloth are treated with a solution of zinc chloride and then pressed into layers. It can be manufactured in the form of a sheet or rods in varying thicknesses.



3.4 Classification of insulating materials All insulating materials used in electrical engineering and industries today are classified according to the temperature they can withstand. Below is a summary of classifications, the maximum temperature specification as well as the insulating material for that classification. • Type Y Maximum temperature Insulating materials 



90 ° C Cotton, silk and paper not impregnated with oil or varnish.



N1 Industrial Electronics



• Type A Maximum temperature Insulating materials • Type E Maximum temperature Insulating materials • Type B Maximum temperature Insulating materials • Type F Maximum temperature Insulating materials • Type H Maximum temperature Insulating materials • Type C Maximum temperature Insulating materials 



105 ° C Cotton, silk and paper impregnated with hidielectric oil or varnish. 120 ° C Insulating materials impregnated with synthetic resins and enameled copper wire. 130 ° C Fiberglass, asbestos and mica suitably bonded impregnated or coated. 155 ° C Fiberglass, asbestos and mica suitably bonded and impregnated or coated with hi-dielectric resins. 180 ° C Fiberglass, asbestos and mica with silicone resin bonding or impregnation. > 180 ° C Mica, porcelain, glass, quartz and asbestos with or without organic binders.



Exercise 3.1 1. Differentiate by means of suitable definitions or descriptions the difference between a conductor and an insulator. 2. Clarify the meaning of the following terms with reference to conducting and insulating materials and give an example of each: 2.1 Malleability; 2.2 Toughness; 2.3 Brittleness; 2.4 Elasticity; 2.5 Ductility; and 2.6 Hardness.
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3. Classify the following conducting materials according to its conductivity. Which material would you classify as the best conductor and which material would you classify as the worst conductor. You are required that in each instance you need to motivate your answer! 3.1 Tin; 3.2 Gold; 3.3 Aluminium; 3.4 Copper; 3.5 Silver; 3.6 Iron; 3.7 Zinc; and 3.8 Lead. 4. Name at least one use for the conducting materials in 3 above. 5. Conducting materials may also consist of a combination of two or more elements. What would such a combination be called? 6. Define or describe in your own words what an insulator is and then mention using suitable descriptions the properties that insulating materials should possess. 7. Mention at least six other types of insulating materials besides rubber and give a short description of each including its uses. 8. Discuss each of the following materials under the headings of mixture and uses: 8.1 Soft solder; 8.2 Nichrome; 8.3 Brass; 8.4 Carbon; and 8.5 Bronze 9. Rubber is often used as an insulating material. We do however have two groups of rubber. 9.1 Discuss the two main categories into which rubber is divided; and 9.2 What are the main properties of rubber when used as an insulating material?
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4 Resistors Learning Outcomes On completion of this module you will be able to: • • • • • • • 



• 



• 



• • 



Define and explain the nature of resistance; Define a resistor; Define the Ohm as a unit of resistance; Define tolerance; Explain the principle of resistance determination using: – Measurement; and – Colour coding. Draw the circuit diagram symbols of the different types of resistors; Discuss the following types of resistors; – Fixed type resistors; – Carbon resistors; – Film-type resistors; and – Wire-wound resistors. Discuss adjustable or variable type resistors: – Adjustable wire-wound resistors; – Potentiometers; and – Pre-set potentiometers. Discuss the factors that will influence resistance and be able to calculate all the variables in terms of: – Resistance; – Length; – Cross-sectional area; and – Temperature. Define temperature coefficient of resistance; Explain the following different arrangement of resistors: – Series arrangement and calculations; – Parallel arrangement and calculations; and – Series-parallel arrangement and calculations.
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4.1 Introduction The atomic structure of a particular element will determine the conducting or nonconducting properties of that particular element. Since we will be dealing mostly with the conducting properties of elements in this field of study we need to look at factors which will determine the conductivity of certain elements or materials.



Definition 4.1 Conducting Materials



All conducting materials will have an opposition to the flow of an electrical current and that this phenomenon is termed resistance of that specific material.



Definition 4.2 Resistor



A resistor is an electronic component, which offers opposition to the flow of an electric current.



This resistance will be different for different materials. The unit in which resistance is measured is termed the Ohm and is derived from the first person that investigated the relationship of electrical theory, Simon Ohm. The Ohm can be defined in the following manner.



Definition 4.3 Ohm



An Ohm is that resistance offered that will allow a current of one ampere to flow should a potential of one volt be applied. A second definition is equally applicable.



Definition 4.4 Ohm



An Ohm is that resistance offered that will allow a current of one ampere to flow should a potential of one volt be applied.
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4.2 Determining resistance 4.2.1 Colour coding Colour coding is a very convenient way to determine the resistance of a material, which is shaped in the form of a resistor. The colour coding used is an International Standard (IEC-International Electro-Mechanical Commission) and is used internationally. Selected colours are assigned with a specific numerical value and by merely looking at the colour code; the value of that particular resistor can be determined. Table 2.1 gives the different colours as well as its assigned numerical value. Before we actually look at the determination of resistance using the colour coding we need to look at the way in which this colour coding is displayed or represented on a resistor and this concept is illustrated in figure 4.1. You will notice four bands on the resistor indicating the colour coding. The bands are so indicated on the resistor that they will always start closer to one end of the resistor and this is very significant in determining the resistance of that particular resistor. These colour bands are interpreted in the following manner starting with the band which is closest to one end of the resistor: Band 1 First significant value Band 2 Second significant value Band 3 Multiplier and will indicate the number of zeros we will add according to the number indicated Band 4 Tolerance will indicate the tolerance of the resistor Band 3 Band 4



Band 2 Band 1 Connecting leads



Figure 4.1



It should be noted however that this colour coding of resistors are only used for fixed value resistors but this aspect will be discussed further when dealing with the different types of resistors found and used. One always has to find a way of remembering certain information you will always be using and the next rhyme will assist you in remembering the colour coding since you will be using it for the rest of your life. Better Be Right Or Your Great Big Venture Goes West
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You will notice that the first letter of every word in the rhyme corresponds to the first letter of the colours in table 4.1. One can now assign a numerical value from 0 to 9 to each of these words in the rhyme making it very easy for future use and in this manner you only need to remember the rhyme. Colour Band 1 Band 2 Band 3 Band 4



Colour



Band 1 Band 2 Band 3 Band 4



Black



0



0



0



0%



Violet



7



7



7



7%



Brown



1



1



1



1%



Grey



8



8



8



8%



Red



2



2



2



2%



White



9



9



9



9%



Orange



3



3



3



3%



Gold



5%



Yellow



4



4



4



4%



Silver



10%



Green



5



5



5



5%



No colour



20%



Blue



6



6



6



6% Table 4.1



Definition 4.5 Tolerance



Tolerance may be defined as the variation in value above or below the indicated value. This means that there is a certain deviation allowed and is particularly important when electronic circuits are designed. This principle can best be explained by the following activity.



Example 4.1 The numerical number 10 has a 10 % variation about its value. Determine the lowest and highest numerical values.



Solution: 10% of 10 = 1 The values can therefore be: 10 - 1 = 9 or 10 + 1 = 11 Our next objective would be to apply the theory of colour coding on fixed resistors by means of the following number of activities.
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Example 4.2 Four resistors have the following colour coding. Determine in each instance the value and tolerance of the resistors. (a) Brown Green Red Red; (b) Green Yellow Black Silver; (c) Brown Blue Orange No colour; and (d) Yellow Violet Blue Gold.



Solution: (a) 1 5 00 2% The value is 1 500 ohm at 2% tolerance This may now be written as 1,5 kilo-ohm at 2 % tolerance. This is obtained by multiplying 1 500 by 10-3 (b) 



5 4 0 10% The value is 54 ohm at 10% tolerance You will notice that the last zero has disappeared. This is so because band 3, which is the multiplier, indicates the number of zeros that should be added and that band being black indicates that no zeros should be added.



(c) 



1 6 000 2% The value is 16 000 ohm at 0% tolerance This may now be written as 16 kilo-ohm at 0 % tolerance.



(d) 



4 7 000 000 5% The value is 47 000 000 ohm at 5% tolerance This may now be written as 47 Mega-ohm at 5% tolerance. This is obtained by multiplying 47 000 000 by 10-6
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Example 4.3 Give in each instance the colour code for the following resistor values. (a) 840 ohm at 1% tolerance; (b) 470 kilo-ohm at 10% tolerance; (c) 8, 5 Mega-ohm at 5% tolerance; (d) 9, 3 kilo-ohm at 2% tolerance; and (e) 100 ohm at 20% tolerance



Solution: (a) Grey (b) Yellow (c) Grey (d) White (e) Brown 



Yellow Violet Green Orange Black 



Brown Yellow Blue Orange Brown 



Brown Silver Gold or Green Red No colour



4.2.2 Measurement Determining the resistance of a resistor by means of measurement is by far the easiest since a measuring instrument specifically designed for that purpose determines the value. Such an instrument is also known as a multi-meter which is so designed that it is able to measure the various electrical quantities of current, voltage and resistance by selecting the suitable quantity and scale of the variable to be measured. Such a set-up for measuring resistance is illustrated in figure 4.2.



A V O Selector Test leads Resistor under measurement



Figure 4.2
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The measurement procedure can be described in the following manner: • 



• 



Determine at first the approximate value of the resistor using the colour coding. When this not be possible then select on the multi-meter the resistance or ohm scale. Select the highest scale possible since you do not know the approximate value of the resistor. Should the approximate value be known, select the suitable scale. Connect the multi-meter to the resistor as illustrated in figure 4.2 and read off the meter indication on the calibrated scale. Always ensure that the meter indicates zero before the measurement is taken. This will only be the case when an analogue meter is used. A digital meter will display the value on the screen.



Exercise 4.1 1. Describe in your own words the meaning of resistance and then give a suitable definition for the unit of resistance. 2. Make a neat labelled sketch that will indicate the concept of colour coding as would be applied to fixed value resistors. Clearly indicate the position of each colour band as well as the significance thereof. 3. Describe the term “tolerance “with reference to fixed value resistive components. 4. 



Give in each instance the International colour coding for the following resistor values: 4.1 47 k-ohm 2%; 4.2 100 M-ohm 10%; 4.3 600 ohm 5%; 4.4 330 k-ohm 0%; 4.5 97 M-ohm 7%; 4.6 80 ohm 4%; 4.7 310 k - ohm 20%; 4.8 8, 5 k-ohm 8%; 4.9 47 M-ohm 5%; and 4.10 100 ohm 1%.



5. Determine in each instance the value of the following resistors according to the International colour coding: 5.1 Green Blue Brown Gold; 5.2 Brown Black Red No colour; 5.3 White Yellow Red Silver; 5.4 Orange Red Blue Brown; 5.5 Grey White Orange Red; 5.6 Violet Blue Black Blue; 5.7 White White Black Blue; 5.8 Green Black Yellow Gold; 5.9 Red Orange Red Black; and 5.10 Grey Violet Red Green
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4.3 Types of resistors No matter what type of resistor is used, the purpose thereof remains the same: to limit the amount of current passing through it in order to obtain a desired effect since it offers opposition to the flow of an electric current. Resistors are divided into two main categories namely: • • 



Fixed-types; and Variable- or adjustable types.



Figure 4.3 illustrates the circuit symbols of the different types of resistors that we will discuss in this section.



Rheostat



Fixed



Variable



-t Negative temperature coefficient (NTC)



Pre-set



t Positive temperature coefficient (PTC)



Light sensitive



Radiation sensitive



Figure 4.3



4.3.1 Fixed-type resistors The most important characteristic of a fixed-type resistor is that the value thereof remains constant. This is not absolute since the value can change given certain factors, which will still be dealt with at a later stage. But, we may assume that from a theoretical perspective it will remain constant. There are basically three types of fixed-type resistors available on the market today, each for its own specific purpose and application. It must however be noted that resistors are manufactured as referred or standard values since it will be impossible to manufacture a resistor for each possible value.



N1 Industrial Electronics



55



During the design process a specific value will be calculated and the value that will be used could have a variation or tolerance of ± 5% of the calculated value and the network or circuit will still operate satisfactory within the design parameters. You are advised to consult activity 4.1 again to familiarise yourself with the concept of tolerance or variation.



Range



Value



E 12



10



12



15



18



22



27



33



39



47



56



68



82



E 24



10



11



10



13



15



16



18



20



22



24



27



30



E 24



33



36



39



43



47



51



56



62



68



75



82



91



Table 4.2



Table 4.2 gives an indication of a selected range in which resistors are manufactured. Please take note that it is not the full range indicated. The table is interpreted in the following manner. Use the range E 12 and the value 10. Resistors that will be found in this range will be: • • • 



4.3.1.1 



10 ohm; 10 k-ohm; and 10 M-ohm.



Carbon resistors



Carbon is deemed to be a conductor because of its atomic structure. A carbon resistor will therefore consist of a rod of compressed carbon graphite kept intact by a binding material. Connecting leads are attached to each end of the rod and then the rod is then covered with an insulating ceramic material and the colour code is attached. These resistor values range in value between 0, 1 ohm to several mega-ohm with various wattage ratings available between the ranges of 0, 25 watt to 5 watt. The wattage ratings of fixed resistors are very important since it will determine the current carrying capabilities of the resistor. Since this current flowing will generate heat, the wattage ratings will also indicate the amount of heat the resistor can dissipate before being permanently damaged. Carbon resistors are also manufactured for high precision in that carbon vapour is deposited on a glass or ceramic form. Spiral paths are then scraped into the deposited carbon until the desired value of resistance is obtained. This type of resistor has the advantage of having a very stable value of resistance irrespective of influencing factors.
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4.3.1.2 



Film-type resistors



A ceramic rod is used in this manufacturing process. A thin film of carbon, metallic compound or a mixture of glass and metal, termed metal glaze, is deposited on the ceramic rod. The value of the resistance will be determined by the thickness of the deposited layer. This type of resistor will have similar characteristics to that of a carbon resistor and also have a very stable value.



4.3.1.3 



Wire-wound resistors



A resistive element of resistance wire of nickel-chromium is wound on a ceramic core. Two connecting leads are attached to the resistance wire and the whole assembly is insulated with either ceramic or special enamel paint. The resistive ranges of these types of resistors normally range between 1 ohm and up to 100 kilo-ohm and wattage ratings of 5 watt up to 250 watt. These high wattage ratings are very important since they provide for applications where high electrical current is present.



4.3.2 



Adjustable- or variable type resistors



In many instances the resistance in a circuit need adjustment and this is not obtainable with fixed value resistors since we will physically have to remove the resistor and replace it with the desired value. An adjustable or variable resistor gives us the added advantage that the value of the resistance may be adjusted or varied whilst the resistor is in circuit.



4.3.2.1 



Wire-wound resistors



The construction of this type of resistor is almost identical to the fixed type wire-wound. Resistance wire is wound on a ceramic core but an adjustable contact is added which may now be adjusted to any value of resistance required. They have more or less the same resistance and wattage ratings as for the fixed type wire-wound resistors.



4.3.2.2 Potentiometers Potentiometers are basically found in two types namely: • • 



Wire-wound potentiometers; and Carbon potentiometers.



The wire-wound type potentiometer is constructed by means of resistance wire wound onto a Bakelite or porcelain ceramic form. A contact arm is added which is mechanically coupled to a slider contact and can be adjusted by means of a rotating shaft and the resistance can now be adjusted by adjusting the rotating shaft. Wirewound potentiometers are mainly used where there are high electrical currents present.
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In cases where the electrical currents are not so high, carbon potentiometers are used. These potentiometers are constructed by depositing a carbon compound onto a fibredisc and the resistance is also varied by means of a rotating shaft, which is mechanically linked to a slider contact. Both their uses include the volume control found in radio receivers, TV-receivers and Hi- Fi equipment.



4.3.2.3 



Pre-set potentiometers



Pre-set potentiometers are used where very small current are to be controlled. They are normally mounted on printed circuit boards used in high quality equipment. They are constructed by depositing a carbon compound on a small diameter fibre disc and are pre-set to a desired value and then left in that position so as to give a desired effect. It should however be noted that variable or adjustable resistors do not make use of the standard colour coding to indicate resistance values but that these values are printed on the resistor itself.



4.3.2.4 



Light-dependant resistors



Light-dependant resistors, also termed ’photo-conductive cells’ are manufactured from semi-conductor material and will have a decrease in resistance when subject to a source of light. In the absence of light the cell has what is termed a ‘dark resistance’ which will decrease as light shines onto the device. The light-dependant resistor is mainly used for switching on a transistor by inserting it on the base of the transistor.



Exercise 4.2 1. 



Briefly discuss the manufacturing principles of the following types of fixed value resistors: 1.1 Carbon resistors; 1.2 Film-type resistors; and 1.3 Wire-wound resistors.



2. Differentiate between: 2.1 Pre-set potentiometers; and 2.2 Adjustable potentiometers.
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4.4 Factors influencing resistance Not all conducting materials have the same resistance per unit measure since its atomic structure will differ and we therefore find that different materials will have different resistances, but between materials of the same type, resistance may vary given certain conditions. The resistance of all materials are dependant upon the following four factors.



4.4.1 The resistivity of the material This resistivity of materials differs and is measured by using one cm3 of that material. Resistivity of a material is designated by the Greek letter ρ and is measured in µ-ohm/ meter. Table 4.3 indicates the different values of resistivity for different conducting materials. Looking at the values given it is obvious that silver is the best conducting material to be found since it has the least resistance per unit measure, but on the other hand we will also find that it is a very expensive material. Depending on the application of the conducting material we find that these expensive materials are very often used. Gold for instance is often used in the manufacturing process of integrated circuits. Material



Resistivity



Material



Resistivity



Silver



0,0158 µ-ohm/meter



Zinc



0,058 µ-ohm/meter



Copper



0,01771 µ-ohm/meter



Nickel



0,078 µ-ohm/meter



Gold



0,0244 µ-ohm/meter



Iron



0,01 µ-ohm/meter



Aluminium



0,02824 µ-ohm/meter Table 4.3



4.4.2 The length of the material The resistance of two identical materials having different lengths will have different resistances merely because they have different lengths. The longer the conductor the higher its resistance would be and the shorter its length the lower its resistance would be. We could further define this resistivity by saying it is directly proportional to the length of the conductor. This concept is illustrated in figure 4.4.
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R



Length



Figure 4.4



4.4.3 The cross-sectional area of the conductor The resistance of two identical having different cross-sectional areas will have different resistances merely because they have different cross-sectional areas. It will be found that the smaller this cross-sectional area is the higher its resistance would be and the larger this cross-sectional area, the lower its resistance would be. We could also further define this resistance by saying that the resistance is indirectly proportional to the crosssectional area of the conductor. This concept is illustrated in figure 4.5.



R



Cross-sectional area



Figure 4.5



The above-mentioned factors are mathematically defined by the following expression: × ℓ where a 



R =



ρ



R ρ ℓ a 



= = = = 



resistance of material in ohm resistivity of material in ohm length of conductor in metres cross-sectional area of conductor in m2



The cross-sectional area of any conductor can be calculated by means of: a = or



π × d2 where 4 



π = 3,142 d = diameter of conductor in meter



60



RESISTORS



a = π × r2 where when it is a round conductor.



π = 3,142 r = radius of conductor in metres



a = ℓ × b where ℓ b when it is a rectangular conductor.



= = 



length of conductor in meter width of conductor in meter



a = ½ b × h where b h when it is a triangular conductor.



= = 



base of triangle in meter height of triangle in meter



Example 4.4 A copper conductor having a length of 800 mm has a resistivity of 0,018 µ-ohm/meter. Determine the resistance of the conductor should it have a: (a) Diameter of 6 mm; (b) Diameter of 10 mm; (c) Radius of 3 mm; and (d) Radius of 3 mm.



Solution: (a) 



R = =



ρ ×



a 



ℓ 



where 



0,018 × 10-6 × 800 × 10-3 2, 83 × 10-5



a = = 



π × d2 4 3,142 × (6 × 10-3)2 4



= 5,088 × 10-4 ohm = 2, 83 × 10-5 m2







π × d2 ρ × ℓ (b) R = where a = a 4 0,018 × 10-6 × 800 × 10-3 3,142 × (10 × 10-3)2 = = 7,855 × 10-5 4 



= 1,833 × 10-4 ohm = 7,855 × 10-5 m2
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(c) 



R = ρ



a = π × r2 = 3,142 × (3 × 10-3)2 = 2, 83 × 10-5 m2 0,018 × 10-6 × 800 × 10-3 = 2, 83 × 10-5







× ℓ where a 



= 5,088 × 10-4 ohm



(d) 



R = ρ 



× ℓ where a = π × r2 a = 3,142 × (5 × 10-3)2 = 7,855 × 10-5 m2 0,018 × 10-6 × 800 × 10-3 = 7,855 × 10-5







= 1,833 × 10-4 ohm



Example 4.5 A gold conductor has a resistivity of 0, 0244 × 10-6 ohm/meter and a crosssectional area of 0, 8 m2. Determine the resistance of the conductor should it have a length of: (a) 500 meter; and (b) 1 km.



Solution: (a) 



R = =



ρ × ℓ a 0,0244 × 10-6 × 500 × 10-3 0.8



= 1,525 × 10-5 ohm







ρ × ℓ (b) R = a 0,0244 × 10-6 × 1 × 10-3 = 0,8 



= 3,05 × 10-5 ohm
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Example 4.6 The following information concerning a conductor is given: Resistance = 5,088 × 10-4 ohm Resistivity = 0, 0188 × 10-6 ohm/meter Diameter of conductor = 6 mm Use the above information to determine the length of the conductor.



Solution: R = ρ























× ℓ a = π × d2 where a 4 R × a ℓ = 3,142 × (6 × 10-3)2 ρ = 4 -6 -3 0,018 × 10 × 800 × 10 = 2, 83 × 10-5 m2 = 0, 0188 × 10-6 



= 0,799 m = 799 mm



Example 4.7 The following data concerning a copper conductor is given: R = 1,833 × 10-4 ohm ℓ = 800 mm ρ = 0, 0188 × 10-6 ohm/meter Calculate the: (a) Diameter of the conductor; and (b) Radius of the conductor.



Solution: (a) 



ρ × ℓ π × d2 where a = a 4 ρ × ℓ 4 × a a = d2 = R π



R =



= 



0, 0188 × 10-6 × 800 × 10-3 -4 1,833 × 10



= 7,855 × 10-5 m2 







4 × 7,588 × 10-5 = 3,142



= 10 mm
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d or a = π × r2 2 10 a r2 = = 2 π = 5 mm 7,855 × 10-5 = 3,142 = 5 mm



(b) 



r =



4.4.4 Temperature Not all materials however respond to temperature in the same manner. Some materials have a positive temperature coefficient (PTC) whereas other materials have a negative temperature coefficient (NTC). What does this mean in practice? Refer to figure 4.6. This characteristic illustrates the variation of resistance with temperature for conductors, insulators or non-conductors and semi-conductors. Conductors having a PTC or NTC have that particular characteristic since it is manufactured from a material which possesses that particular characteristic. The temperature coefficient of resistance is given in ohm/ohm ˚C. Typical values include 0, 00428 ohm/ohm ˚C for copper and 0, 0072 ohm/ohm ˚C for mercury.



Definition 4.6 Temperature



The temperature coefficient of resistance may be defined as the relationship between the increases in resistance per ˚C temperature increase to the increase in the actual resistance. For the purpose of our discussion we only need to look at the following two aspects: should the temperature increase then the resistance of the conductor will also increase and should the temperature decrease the resistance of the conductor will also decrease. R e s I s t a n c e



Insulator



Conductor (NTC) Semi-conductor



Conductor (PTC) Temperature



Figure 4.6
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This phenomenon can be represented by the following mathematical expression. Rt = RO[1 + αΔt] where 



Rt RO α Δt 



= = = =



final resistance at new temperature t in ohm initial resistance at old temperature t in ohm temperature coefficient of material in ohm/ohm ˚C change in temperature in ˚C



Example 4.8 Calculate the difference in resistance of a copper conductor should it have a resistance of 28 ohm at 10 ˚C and a temperature coefficient of 0,00428 ohm/ ohm ˚C at a final temperature of: (a) 45 ˚C; and (b) 63 ˚C



Solution: (a) Rt1 = RO [1 + αΔt] = 28 [1 + 0, 00428 × 35] = 32, 19 ohm (b) Rt2 = RO [1 + αΔt] = 28 [1 + 0, 00428 × 53] = 34, 35 ohm Difference in resistance 



= Rt2 - Rt1 = 34, 35 - 32, 19 = 2,16 ohm



N1 Industrial Electronics



Example 4.9 A copper conductor has a resistance of 48, 6 ohm at 50 ˚C at a temperature coefficient of 0, 00428 ohm/ohm ˚C. Determine the resistance of this conductor at 0 ˚C.



Solution: (a) Rt = RO [1 + αΔt] Rt RO = 1 + αΔt 48, 6 = 1 + 0, 00428 × 50 = 40 ohm



Example 4.10 The following data concerning a copper conductor is given: Length = 1, 5 km Resistivity = 0, 01771 × 10-6 ohm/metre Cross sectional area = 0,008 × 10-3 ohm/m2 Temperature coefficient = 0, 00428 ohm/ohm ˚C Determine: (a) The resistance of the conductor; and (b) The resistance of the conductor at 85˚C and assume that the resistance calculated in 4.10.1 above to be at 0˚C.



Solution: ρ × ℓ (a) R = a 0, 01771 × 10-6 × 1,5 × 103 = 0,008 × 10-3



= 411, 75 ohm Rt = RO [1 + αΔt] = 411, 75 [1 + 0, 00428 × 85] = 561, 54 ohm
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Exercise 4.3 1. Mention and discuss the four factors that will determine the conducting properties and resistance of a conductor. You are further requested to write down mathematical expressions that will satisfy these four factors. 2. A conductor has a resistance of 18 ohm at a temperature of 12˚C and the temperature coefficient of the material is 0,0428 ohm/ohm/˚C. Determine the difference in resistance should the temperature be : 2.1 38˚C; and 2.2 79 ˚C 3. A conductor has a resistance of 2, 8 × 10-3 ohm and a specific resistance of 0, 02824 ×10-6 ohm/metre. Calculate the length of this conductor should it have a cross-sectional area of: 3.1 2, 83 × 10-3 mm2; 3.2 12, 43 × 10-3 mm2; and 3.3 0, 8 × 10-3 mm2. 4. The following data concerning a conductor is given. Length = 1, 93 km Resistivity = 0, 02824 × 10-6 ohm/metre Temperature coefficient = 0, 0428 ohm/ohm /˚C Diameter of conductor = 14 mm Determine for this conductor its: 4.1 Resistance; and 4.2 Resistance at 48˚C and assume the resistance determined in 4.1 above to be at 10˚C. 5. 



The following table for the specific resistance of materials is given. Material Resistivity measured in µ-ohm/meter Silver 0, 0158 µ-ohm/meter Copper 0, 01771 µ-ohm/meter Gold 0, 0244 µ-ohm/meter Aluminium 0, 02824 µ-ohm/meter Zinc 0, 058 µ-ohm/meter Nickel 0, 078 µ-ohm/meter Iron 0, 01 µ-ohm/metre You are supplied with a 1,6 meter: 5.1 Round conductor with a radius of 6 mm; 5.2 Square conductor with 4,5 mm sides; 5.3 Round conductor with a diameter of 0,2 meter; 5.4 Rectangular conductor of 6 × 5 mm; and 5.5 Triangular conductor having a height of 20 mm and a base of 45 mm.
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Calculate the resistance of each of these conductors using the following materials: • • • • 



Copper; Zinc; Gold; and Silver.



4.5 Arrangement of resistors Resistors may be arranged in any way so as to give any desired result as we require it to give. Basically there are only two ways in which resistors can be arranged. • • 



Series arrangement; and Parallel arrangement.



A third arrangement, combining the above two, namely series-parallel arrangement is also used. Each of the arrangements will have its own characteristics and desired effects depending on what the outcome we require is going to be.



4.5.1 Series arrangement Resistors are arranged in series as illustrated by the network in figure 4.7. This arrangement can be seen as coaches of a train with which we are all familiar. R1



RX



R2



A



B



Figure 4.7



Although each resistor in the network has its own resistance, we find that the combination of these resistors will give a resistance across points AB which is equal to the sum of the individual resistors and is mathematically given by: 



RT = R1 + R2 + RX







where RT R1, R2 and RX 



= = 



total resistance of network in ohm value of individual resistors in network in ohm
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Example 4.11 Three resistors having values of 10 kilo-ohm, 12 kilo-ohm and 18 kilo-ohm respectively are connected in series. Draw a neat labelled network diagram and then determine the total resistance that will be offered by the network.



Solution: R1



R2



R3



10 k-ohms



12 k-ohms



18 k-ohms



A



RT 







= = = =



R1 10 40 40



B



+ R2 + R3 × 103 + 12 × 103 + 18 × 103 × 103 kilo-ohm



4.5.2 Parallel arrangement In the parallel arrangement of resistors there are two principles that need to be addressed since it may be approached in different manners, which will yield the same result. Parallel arrangement may be seen as the tracks on which a train runs. The network illustrated in figure 4.8 illustrates two resistors connected in parallel.



R1 R2



A



B Figure 4.8
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The total resistance of the network across points AB is given by the product divided by the sum or the sum of the inverse of the respective values of the network and is mathematically given by: 



RT =











R1 × R2 or R1 + R2 



where RT = R1, and R2 = 



1 = RT



1 + 1 R1 R2



total resistance of network in ohm value of individual resistors in network in ohm



A point that need to be noted however is that in a parallel arrangement, the total resistance shall always be smaller than the value of the lowest resistor value in that network.



Example 4.12 Two resistors having value of 60 kilo-ohm and 30 kilo-ohm respectively are connected in parallel. Draw a neat labelled network diagram and then prove that the total resistance is equal to 20 kilo-ohm. Show two methods of proving your answer.



Solution: R1 60 k-ohms R2 30 k-ohms A



R × RT = 1 R1 + 60 × = 60 × 1 800 = 90 ×











B



R2 R2 103 × 30 × 103 103 + 30 × 103 × 103 103



= 20 × 103 = 20 k-ohm
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The network illustrated in figure 4.9 shows three resistors connected in parallel.



R1



R2 RX



A



B



Figure 4.9



In this type of parallel arrangement we find that the total resistance across points AB is the sum of the inverse of the respective resistor values and is mathematically given by: 



1 RT



=



1 + 1 + 1 R1 R2 RX



where RT R1, R2 and RX 



= = 



total resistance of network in ohm value of individual resistors in network in ohm



Example 4.13 The following resistive network is given. R1



R2 R3



A



B



R1 = 2 ohm; R2 = 4 ohm; R3 = 8 ohm Calculate the value of the resistance that will appear across points AB.



N1 Industrial Electronics



71



Solution: 1 = RT = = = RT = = 



1 + R1 1 + 2 4 + 3 8 8 7



1 + 1 R2 RX 1 + 1 4 8 2 + 1 8



1,143 ohm



4.5.3 Series-parallel arrangement The network illustrated in figure 4.10 shows a series-parallel arrangement.



R2



R1 R3



A



B



Figure 4.10



This type of network can be approached in any one of the following methods which will give the same solution, but it is important that both methods be explained and you are advised to select the method which you are more comfortable with. 



RT



=



R1



+



R2 × R3 R R R R R × R3 or T = 1 + A where A = 2 R2 + R3 R2 + R3



You must also refer to another method used previously for determining resistances in parallel.
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Example 4.14 Two resistors having values of 3 ohm and 6 ohm respectively are connected in parallel and this combination is then connected in series with a 12 ohm resistor. Draw a neat labelled network diagram and then prove that the total resistance which will be measured across this combination is equal to 14 ohm.



Solution: R2 3 ohms R1 12 ohms 6 ohms R3 A



B



R × R3 RT = R1 + 2 or RT = R1 + RA where RA R2 + R3 3 × 6 = 12 + = 12 + 2 3 + 6 = 14 ohm = 12 + 2 = 14 ohm 



R2 × R3 R2 + R3 3 × 6 = 3 + 6 18 = 9



=



= 2 ohm



Example 4.15 Two resistors having values of 8 ohm and 4 ohm respectively are connected in series and this combination is then connected in parallel with a 6 ohm resistor. Draw a neat labelled network diagram of this combination and then calculate the total resistance of the network across points AB.
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Solution: R1



R2



8 ohms



4 ohms R3 6 ohms A



RA RA 12 = 12 72 = 18



RT =



× + × +



R3 R3 6 6



B



where RA = R1 + R2 = 4 + 8 = 12 ohm



= 4 ohm







Having done some basic activities of series-parallel arrangement of resistors we need to look at more complex networks. It would be impossible to indicate at this stage which section of the network: series- or parallel-section should be done first. There is no golden rule for this and is purely determined by inspection of the network. The following two activities will attempt and indicate what is meant by the inspection of the network. Whenever complex networks are done, always attempt to follow the logical sequence.



Example 4.16 Consider the following resistive network and determine the resistance offered across points AB.



R4



R1



R2



4 ohms



2 ohms



1 ohm



R5 3 ohms



R3



R7



3 ohms



R8



4 ohms



R6



5 ohms



3 ohms A



B
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Solution: Looking at this particular network we will find that R1 and R2 are in series but also in parallel with R3, so this section can be done first. RA = R1 + R2 = 4 + 2 = 6 ohm 



In order to follow a logical sequence we will now redraw the network. RA R4



6 ohms



R5



1 ohm



R3



3 ohms



RB



=



R7



3 ohms



R8



=



4 ohms



R6



5 ohms



= =



3 ohms A



RA RA 6 6 18 9



× + × +



R3 R3 3 3



2 ohm



B



Once again we will now redraw the network and upon inspection it will now be found that R4, RB and R5 are in series. R4



RB



R5



1 ohm



2 ohms



3 ohms



R7



R8



4 ohms



5 ohms



RC = R4 + RB + R5 = 1 + 2 + 3 = 6 ohm



R6 3 ohms A



B



You should now realise that when we redraw the network after each section completed that the network does not seem to be so complex anymore.
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RC 6 ohms R7



R8



4 ohms



5 ohms



RD = R7 + R8 = 4 + 5 = 9 ohm



R6 3 ohms A



B



We have now reached a stage where RC, RD and R6 are in parallel. RC 6 ohms RD 9 ohms R6 3 ohms A



B



1 1 1 1 = + + RT RC R6 RD 1 1 1 = + + 6 3 9 3 + 6 + 2 = 18 11 = 18 18 RT = 11



= 1,636 ohm



The question may now arise whether it is possible to have followed another route and have the same solution? The answer to this is a definite yes! Should you look at the network again you will notice that R7 and R8 are in series and I would suggest that you commence with this section first, re-doing the example and see whether you find the same answer in the end. I hope you now understand why it was mentioned that there is no golden rule. There are however basic rules that need to be followed and it is these rules that can only be found by inspection of the network. As you gain more confidence it would be advisable that you redraw the network after each section that you have completed. Finding a solution on a step-by-step approach will ensure that you master the principles involved even if it seems to be a lot of work.
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Example 4.17 Consider the following resistive network and determine the resistance offered across points AB. R2 R1



12 ohms



6 ohms



R3



R5



R6 6 ohms R4



3 ohms



2 ohms



10 ohms A



B



Solution: RA = = = 



R5



R2 R2 12 12



× + × +



R3 R3 6 6



4 ohm R1



RA



6 ohms



4 ohms



RB R6



R4



3 ohms



2 ohms







= R1 + RA = 6 + 4 = 10 ohm



10 ohms A



B



RB R5



10 ohms R4



3 ohms



2 ohms



10 ohms A



R6



B



RC 



RB × R4 RB + R4 10 × 10 = 10 + 10 = 5 ohm



=
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R5



RC



R6



3 ohms



5 ohms



2 ohms



A



RT = R5 + RC + R6 = 3 + 5 + 2 = 10 ohm



B



Exercise 4.4 1. Consider each network below and determine in each instance the resistance that will be measured across the terminals marked AB. All relevant calculations must be shown. 15 ohms A



B



10 ohms



16 ohms



8 ohms



32 ohms



24 ohms



14 ohms A



B 12 ohms 8 ohms



10 ohms 2 ohms



10 ohms



6 ohms



8 ohms



4 ohms



12 ohms



14 ohms



A



B



6 ohms
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5 Capacitors Learning Outcomes On completion of this module you will be able to: • • • • 



• • • • • • • 



• 



• 



• • 



Define a capacitor and the unit of capacitance; Explain the operating principle of a capacitor with the aid of diagrams; Explain the factors that influence capacitance; Calculate: – Capacitance; – Distance; and – Area for a capacitor. Determine the value of capacitors using the International colour coding; Give the International colour coding for given values. Explain using graphic representation the charging and discharging of a capacitor; Define a time constant; Calculate the time constant of a resistor-capacitor network; Draw the circuit diagram symbols of the different types of capacitors; Explain using circuit diagrams the difference between: – Series arrangement; – Parallel arrangement; and – Series-parallel arrangement. Calculate for series, parallel arrangement and series-parallel arrangement: – Total capacitance; – Voltage drops; – Charge magnitudes; and – Energy storage. Explain the construction of: – Air capacitors; – Mica capacitors; – Paper capacitors; – Ceramic capacitors; – Aluminum electrolytic capacitors; and – Tantalum electrolytic capacitors. Explain using suitable diagrams the testing of capacitors. Define, explain and calculate the reactance of a capacitor
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5.1 Introduction Capacitors are extensively used in electronic circuits for coupling, filter networks, tuned circuits and by-passing circuits.



Definition 5.1 Capacitor



A capacitor is a component that will be able to store an electrostatic charge and its unit of measurement is the Farad. Figure 5.1 illustrates the circuit symbols of the capacitors that we will discuss in this section.



Fixed



Pre-set



+ Variable



-



Electrolytic Figure 5.1



The basic construction of a capacitor is illustrated in figure 5.2. A capacitor is constructed by means of two conducting materials electrically isolated from one another by a dielectric material. This dielectric material is a non-conductive material and the most commonly used include the following: • Air; • Mica; • Paper; • Ceramic; and • Electrolytic and each material has its own given constant.



Definition 5.2 Farad



The Farad can be defined as that capacitance a capacitor has when a charging current of one ampere for one second causes a change of one volt between the plates of the capacitor.
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Before the switch S1 is closed (see figure 5.2 (a)) each plate of the capacitor has a net charge of zero, there is no electric field between the plates resulting in no voltage existing between the plates. The capacitor is therefore uncharged. Should the switch S1 be closed (see figure 5.2 (b)), free electrons will leave the upper plate and move to the positive side of the battery terminal and at the same time free electrons leave the negative battery terminal and will accumulate on the lower plate of the capacitor. Since there was a movement of electrons we now find that the upper plate has no free electrons and will be positively charged whereas the lower plate has an excess of electrons and will be negatively charged and this will produce an electric field which will in turn produce a voltage. This action will continue until such time that the voltage across the two capacitor plates equal the supply voltage. Only now will the capacitor be fully charged. Should the voltage source now be removed the charges will be trapped on the respective plates thus storing the energy accumulated.



+



S1



S1



+



+



Dielectricum



-



(a)



(b)



Figure 5.2



5.2 Factors that influence capacitance There are three main factors that influence the capacity of a capacitor. • Dielectric constant It was mentioned earlier that the two plates constituting a capacitor is separated by a dielectricum and all such materials will have by virtue of the type of material their own dielectric constant. • Cross-sectional area of plates By virtue of the cross-sectional are being large or small will determine the amount of energy being stored. The smaller the cross-sectional area the less space there will be for storing energy and the smaller the capacitance will be . Should we however have a large cross-sectional area more space will be available for storing energy and the higher the capacitance will be.
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• Distance between the plates The closer the two capacitor plates are to one another the greater its capacitance would be and the further they are apart the smaller the capacitance would be. The capacitance of a capacitor can be expressed by the following mathematical expression: 2, 24 × 10−13 [k × A (N − 1)] C = where k = dielectric constant d A = cross-sectional area of one plate in m2 N = number of plates d = separation of plates in meter C = capacitance value in Farad Another factor that need to be mentioned relates to the charge and energy that a capacitor can store. The first three factors are deemed to be internal factors influencing capacitance but the voltage applied to the capacitor will also govern the amount of energy stored. It is obvious that if we take the same size capacitor and connect it to two different voltage sources of different magnitudes that the charge and energy stored will be different. This may be deemed an external factor. The charge accumulated by a capacitor is mathematically given by: q = C × V where 



q C V 



= quantity of charge in coulomb = capacitance value in Farad = potential difference between plates in volt



It was mentioned earlier that should the voltage source be removed from the capacitor it will hold its charge therefore storing energy. This energy stored is mathematically given by: C × V2 where C 2 V w 



w



=



= capacitance value in Farad = potential difference between plates in volt = energy in joule



5.3 Types of capacitors It has already been mentioned where capacitors are used in the electronic industry and it will be found that capacitors are classified by a very descriptive term which will normally designate the type of material used in the manufacturing process. It will be found that capacitors are of two main types: • Fixed-value of capacitor cannot be changed after manufacture; and • Variable-value of capacitor can be changed after manufacture.
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5.3.1 Air capacitors Most of the air type capacitors are of the variable type and uses air as a dielectric. One set of plates are fixed and the other set of plates are mounted on a spindle and these plates can be moved in and out of the fixed set of plates. The basic construction of an air type capacitor is illustrated in figure 5.3 (a) and (b). Movable plates



Direction of rotation



Movable plates



Direction of rotation



Fixed plates



Fixed plates (a)



(b)



Figure 5.3



Air type variable capacitors are used in the tuning circuits of: • • 



Radio transmitters and receivers Television receivers



5.3.2 Mica capacitors Mica capacitors are manufactured by means of two very thin metal foil plates inserted between three very thin mica sheets and this combination is then moulded into a plastic cover as illustrated in figure 5.4.



Figure 5.4
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In this instance mica is used as dielectric since it has a reasonably high breakdown voltage and very little dielectric losses. The plastic mould covering ensures that the capacitor is moisture proof. Typical capacitance values for this type of capacitor are between 10 pF and 0,02 µF. A more improved method of manufacture is the Silver-mica process where silver-compound is painted on either side of a very thin sheet of mica. In this instance the silver-compound will be the conducting material and the mica the dielectric. Typical capacitance values for this type of capacitor are between 1 pF and 0,01 µF. The value of the capacitor can be printed on the capacitor or use could be made of a colour code similar to that of resistors.



5.3.3 Paper capacitors Paper capacitors are similar in construction as is mica capacitors but in this instance the mica is substituted with sheets of waxed paper as dielectric. Typical values for this type of capacitor ranges between 250 pF and 2 µF. This construction is illustrated in figure 5.5. Connecting lead Tin foil



Waxed paper



Connecting lead



Figure 5.5



The strips of waxed paper and tin foil are now rolled to form a cartridge and leads are attached. To make the capacitor water proof the cartridge is sealed in wax and then placed in an outer covering which can be: • • • 



Cardboard cylinders; Hard plastic; or Metal cases.



The value of the capacitor can be printed on the capacitor or use could be made of a colour code similar to that of resistors.
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5.3.4 Ceramic capacitors Ceramic capacitors are very popular since they are fairly small in size. These capacitors are manufactured by applying a silver-compound paste on discs or tubes of ceramic material. Heat is now applied to the construction to dry the paste which will act as the conductor and to cure the ceramic which will act as the dielectric. Leads are attached to the assembly and the entire assembly is coated with, or moulded into an insulating material for protection. Examples of ceramic capacitors are illustrated in figure 5.6 (a), (b) and (c). Typical capacitance values for this type of capacitors are between 5 pF and 0,05 µF. The value of the capacitor can be printed on the capacitor or use could be made of a colour code similar to that of resistors.



(a)



(b)



(c)



Figure 5.6



An important fact that should now be mentioned is that the above capacitors discussed has no polarity and may be connected into a circuit any way round. These capacitors may therefore be used on ac and dc circuits at random.



5.3.5 Aluminium electrolytic capacitors The most important factor concerning electrolytic capacitors is the fact that they possess a definite polarity and if connected the wrong way round will cause a short circuit and will break down rendering it of no use. It is therefore imperative that electrolytic capacitors only be used on dc circuits. The construction of an aluminium electrolytic capacitor is illustrated in figure 5.7. This type of capacitor consists of two aluminium electrodes in an electrolyte of borax, phosphate or carbonate separated by an oxide film. Between the aluminium plates absorbent gauze is placed which will soak up the electrolyte to provide the required electrolysis. These capacitors have an extremely high capacity and values range from 1 µF to 1 000 µF at high operating voltage rating. The value of the capacitor is printed on the capacitor as well as the operating voltage rating.



86



CAPACITORS



Negative electrode Gauze separator saturated with electrolyte



+



Oxide film



Positive electrode



Figure 5.7



5.3.6 Tantalum electrolytic capacitors The positive lead of this type of capacitor is manufactured from tantalum and has the advantage over the aluminium capacitor that it has a larger capacitance value at a smaller size but unfortunately has a smaller operating voltage rating. Such a capacitor is illustrated in figure 5.8.



47 μF 16 V



+



Figure 5.8



The value of the capacitor is printed on the capacitor as well as the operating voltage rating. Electrolytic capacitors has however one distinct disadvantage in that it has a relatively high leakage current.
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Exercise 5.1 1. Discuss using suitable sketches the operating principle of a two-plate capacitor. 2. Mention the factors that will determine the capacitance of a capacitor and then give an expression that will satisfy these factors. 3. Define the unit of capacitance. 4. Name four types of capacitors commonly found in the electronic industry. 5. What is the main difference between an ordinary capacitor and an electrolytic capacitor? 6. Determine the capacitance of the capacitor given the following data: • Plate distance apart = 0, 4 meter • Cross-sectional area of one plate = 0,005 mm2 • Dielectric constant = 1,216 • Applied voltage = 46 volt



5.4 Testing of capacitors Should we look at the construction of capacitors it is important to realise that many things can go wrong with capacitors and we must therefore look at the most common faults to be found in capacitors. It must also be mentioned that when testing capacitors that they be removed from the circuit and discharged and only then can the testing commence. In order to test a capacitor we will make use of an ordinary ohm meter. Although we indicate that capacitors should be tested with an ohm meter it would be advisable to rather test capacitors with a capacitance bridge so as to obtain a more accurate test.



5.4.1 A good capacitor Since the conductors (plates) of a capacitor do not have any electrical contact with one another it should have an infinitely high dc-resistance since it will be electrically isolated from one another. Should the leads of the multi-meter be connected across a good capacitor the pointer of the measuring instrument should move from its point of rest at zero to a point of infinitely high resistance indicated by the ∞ on the multi-meter and should remain at that point. This is an indication that the capacitor is functioning as it should and will pass no dc-current. This principle is illustrated by figure 5.9.
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Multi-meter



0



8



Capacitor



Connecting leads



Figure 5.9



5.4.2 A faulty capacitor There are two types of faults that can occur in a capacitor and each one will be treated individually.



5.4.2.1 



A short-circuited capacitor



Should the conductors (plates) of a capacitor be touching one another it will be an indication that the capacitor is electrically connected. Should the leads of the multimeter be connected across a short circuited capacitor the pointer should stay at its point of rest at zero. This is an indication that the capacitor is not functioning as it should and is passing a dc-current. This principle is illustrated by figure 5.10. Multi-meter



8



Capacitor



0



Connecting leads



Figure 5.10



5.4.2.2 



A leaky capacitor



This type of fault most certainly causes the most problems in electronic circuits. Should the leads of a multi-meter be connected across a capacitor and the pointer moves away from its point of rest at zero towards an infinitely high resistance and instead of remaining stationary at that infinitely high value of resistance starts moving towards zero again it is an indication that the capacitor is faulty and is indeed passing a dc current which is not desirable. A leaky capacitor will act like a high-value resistor connected between the plates and can cause improper voltages and poor operation in an electronic circuit. This principle is illustrated by figure 5.11 (a) and (b).
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Multi-meter



0



Capacitor



Connecting leads



8



8



Capacitor
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0



Connecting leads



(a)



(b)



Figure 5.11



These tests can also be carried out not only on fixed value capacitors but also on variable tuning capacitors as found in radio receivers for instance. Disconnect the tuning capacitor from the circuit and connect the multi-meter across the capacitor. Observe the multi-meter while rotating the rotor shaft of the tuning capacitor through its normal range. Any short circuit between the plates will be indicated by a deflection of the pointer needle away from an infinitely high resistance towards zero. This will be an indication that the plates are either short circuit or leaky due to foreign material between the plates. Plates can either now be adjusted so as to eliminate the short circuit or should a foreign material be lodged between the plates it could be cleaned out by using a suitable cleaning liquid.



5.5 Charging and discharging of a capacitor 5.5.1 Charging of a capacitor It was mentioned earlier that it will take a period of time for a capacitor to charge up to the supply potential. This period of time is termed the time constant of the capacitor. This time will never exceed five time constants and it mathematically given by: τ = R × C where 



Definition 5.3 Time Constant



τ R C 



= = = 



time in seconds value of resistance in ohm value of capacitor in Farad



A time constant can be defined as the period of time in which a change equal to 63,2 % will take place.
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The following points need to be mentioned. • During every time constant the capacitor will only charge by 63, 2 % and will increase toward the magnitude of the supply voltage; • During every time constant the charging current will also change and decrease by 62, 3 % and will decrease toward zero; • After five time constants the capacitor is deemed fully charged, the charging current will be zero and the process will come to an end. A graphical representation of these charging curves is shown in figure 5.12. For the purpose of our explanation a resistor is included and both the charging voltage and charging current is shown. Figure 5.12(a) illustrates an RC-network connected to a constant voltage source providing a direct current input. Figure 5.12(b) shows the direct current wave as input whereas Figure 5.12(c) and (d) shows the characteristics across the capacitor and resistor respectively. Also note that the curve is that of an exponential function. We now need to define a time constant. We also need to remember that voltage increases and current decreases by 63,2 % during every time constant.



VS (b) VR



t



R VC



VS (c) VC



(a)



C



t



VR and I (d)



t 0



Figure 5.12



1



2



3



4



5
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Example 5.1 A 100 µF capacitor is charged through the following resistors having values of: (a) 100 k-ohm; (b) 15 k-ohm; and (c) 10 M-ohm. Determine in each instance the time constant and explain what the calculated time constant means if the supply voltage is equal to 100 volt.



Solution: (a) τ = R × C = 100 × 103 × 100 × 10-6 = 10 seconds (b) τ = R × C = 15 × 103 × 100 × 10-6 = 1, 5 seconds (c) 







τ



= R×C = 10 × 106 × 100 × 10-6 = 1 000 seconds



These calculated times indicate the time it will take the capacitor to charge 63,2% of the supply voltage across the network. In each instance the capacitor will reach a value of 63, 2 volt in the time period calculated should the supply votage be 100 volt.



5.5.2 Discharging of a capacitor Just as much as a capacitor is able to accumulate an electrical charge so will it be able to loose an electrical charge. In electronic terms we talk about a capacitor discharging. It is known to us that it takes a capacitor five time constants to charge and that it only changes by 63,2% per time constant and the voltage will be increasing and the charge current will be decreasing. During the discharge period the opposite will happen. The capacitor will loose 63,2% of its electrical charge during each time constant and the voltage will be decreasing toward zero but on the other hand current will be maximum and in the opposite direction. This principle is illustrated in figure 5.13(a) and (b).
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I VC



(b)



(a)



t



5



t



10



10



5



Figure 5.13



The curves indicate in (a) and (b) a period of ten time constants and it is assumed that the capacitor was fully charged initially. Figure 5.13(a) illustrates the voltage curve and figure 5.13(b) illustrates the current curve.



5.6 Colour coding of capacitors Most capacitors used in the electronic industry today have the value of the capacitor as well as the operating voltage rating printed on the capacitor and in the case of electrolytic capacitors it will also indicate the polarities of the capacitor. This however is not always the case and we need to identify those capacitors which make use of an International colour code in order to ascertain the value of the capacitor. This is accomplished by means of an International colour code similar to that which is used for the identification of resistors. This International colour coding concept for capacitors is illustrated in figure 5.14(a) and (b). It must be pointed out that for all practical purposes the first dot in the left top corner on a mica type capacitor can be ignored since it only specifies the type of capacitor. Our next objective would be to apply the same theory to capacitors as that which we applied to resistors by means of the following number of activities.



Type First number



First number Second number



Second number Multiplier Tolerance Maximum rated voltage Multiplier Tolerance



(b)



Maximum rated voltage (a)



Figure 5.14
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Besides giving an indication of the capacitance value of the capacitor it will also give an indication of the operating voltage rating of a specific capacitor as well as its tolerance. Do you still remember the rhyme you mastered when you were instructed on identifying resistors? Let us repeat that rhyme here again! Better



Be



Right



Or



Your



Great



Big



Venture



Goes



West



You are once again reminded that the first letter of every word in the rhyme corresponds to the first letter of every colour as indicated in table 5.1. The colour coding can either be indicated by dots painted on a flat type capacitor like a mica capacitor or it could have colour bands like on a flat-film capacitor. The principle of determining the Colour Number Tolerance Voltage Black



0



±0



Brown



1



±1



Red



2



Orange



Colour



Number Tolerance Voltage



Blue



6



±6



600 V



100 V



Violet



7



±7



700 V



±2



200 V



Grey



8



±8



800 V



3



±3



300 V



White



9



±9



900 V



Yellow



4



±4



400 V



Gold



±5



1 000 V



Green



5



±5



500 V



Silver



± 10



Table 5.1



Example 5.2 You are given the following mica capacitors having the indicated colour coding. Determine in each instance the value of the capacitor, its tolerance and its operating voltage rating: (a) Green Blue Violet Gold White (b) Red Orange Blue Brown Violet (c) Brown Yellow Green Silver Red (d) Grey Black Blue Orange Orange



Solution: (a) 



5 6 0000000 5 900 V This capacitor has a value of 0, 56 nF at 5% tolerance and 900 volt operating voltage.
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(b) 



2 3 000000 1 700 V This capacitor has a value of 23 µF at 1% tolerance and 700 volt operating voltage.



(c) 



1 4 00000 10 200 V This capacitor has a value of 1, 4 µF at 10% tolerance and 200 volt operating voltage.



(d) 



8 0 000000 3 300 V This capacitor has a value of 80 µF at 3% tolerance and 300 volt operating voltage.



Example 5.3 You are given the following flat-film capacitors having the indicated colour coding. Determine in each instance the value of the capacitor, its tolerance and its operating voltage rating: (a) Brown Green Grey Silver Grey (b) White Black White Brown Gold (c) Blue Violet Green Red Orange (d) Green Brown Red White Blue



Solution: (a) 1 5 00000000 10 800 V This capacitor has a value of 1, 5 nF at 10% tolerance and 800 volt operating voltage. (b) 9 0 000000000 1 1 000 V This capacitor has a value of 15 nF at 1% tolerance and 1 000 volt operating voltage. (c) 



6 7 00000 2 300 V This capacitor has a value of 6, 7 µF at 2% tolerance and 300 volt operating voltage.



(d) 



5 1 00 9 600 V This capacitor has a value of 0, 0051 µF at 9% tolerance and 600 volt operating voltage.
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Example 5.4 You are given the following values of capacitors. Give in each instance the colour coding that will be found on each capacitor and indicate in each instance where the colours are placed on the different types of capacitors. (a) 10 µF at 4% tolerance and 500 volt operating voltage-mica; (b) 0, 47 µF at 1% tolerance and 1000 volt operating voltage-mica; (c) 10 nF at 10% tolerance and 700 volt operating voltage-flat-film; and (d) 0,005 µF at 3% tolerance and 100 volt operating voltage-flat-film.



Solution: (a) Brown Black Blue 



Yellow Green



(b) Yellow Violet Grey 



Brown Gold



(c) Brown Black White Silver Violet (d) Green Black Blue 



Orange Brown



Exercise 5.2 1. 



Testing of capacitors is an integral part of fault finding in the electronic industry. Explain using applicable diagrams how you would test a: 1.1 Leaky capacitor; 1.2 Good capacitor; and 1.3 Short-circuited capacitor. Explain the reading that you will obtain in detail.



2. You are given the following flat-film capacitors having the indicated colour coding. Determine in each instance the value of the capacitor, its tolerance and its operating voltage rating: 2.1 Violet Green White Silver Grey 2.2 Grey Black White Brown Gold 2.3 Blue Brown Green Red Orange 2.4 Green Brown Red White Blue
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3. 4. 



You are given the following values of capacitors. Give in each instance the colour coding that will be found on each capacitor and indicate in each instance where the colours are placed on the different types of capacitors. 3.1 100 µF at 4% tolerance 800 volt operating voltage: mica; 3.2 3, 7 µF at 1% tolerance 200 volt operating voltage: mica; 3.3 40 nF at 10% tolerance 500 volt operating voltage: flat-film; and 3.4 0,047 µF at 3% tolerance 300 volt operating voltage: flat-film.



Identification and value determination of capacitors are also accomplished by means of the International colour coding concept. Refer to the table below and complete the matrix by filling in the missing colour, number, tolerance or voltage rating. Colour Number



Tolerance



Voltage



Colour



Black



0



Brown



1



±1



2



±2



200 V



Grey



±3



300 V



White



Tolerance



6



Orange 4 Green



Number



600 V



7



±7 ±8



9 ±5



500 V



800 V 900 V



±4



5



Voltage



1 000 V



Silver



5.7 Arrangement of capacitors 5.7.1 Series arrangement Figure 5.15(a) illustrates two capacitors connected in series and figure 5.15(b) illustrates three capacitors connected in series. The total capacitances of these arrangements are mathematically given by the respective product-over-sum rule for (a) or the inverse of the respective values rule for (b).



C2



C1



A



C1



B



C2



A



(a)



B (b)



Figure 5.15
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CT =



C1 × C2 or C1 + C2 



where CT C1, C2 and C3 



= = 



1 1 1 1 = + + CT C1 C2 C3



total capacitance value in Farad respective capacitor values in Farad



Example 5.5 Calculate the total capacitance of: (a) Two capacitors in series having values of 3 µF and 6 µF respectively; and (b) Three capacitors in series having values of 6 µF, 9 µF and 3 µF respectively.



Solution: C × C2 (a) CT = 1 C1 + C2 3 × 10-6 × 6 × 10-6 = 3 × 10-6 + 6 × 10-6



= 2 µF 1 (b) = CT =







= 



1 1 1 + + C1 C2 C3 1 6 × 10-6



11 18 × 10-6



∴ CT =



18 × 10-6 11



=



1 3 × 10-6



+



1 9 × 10-6



3 + 6 + 2 18 × 10-6



=







+



1,636 µF



Consider the series network illustrated in figure 5.16.
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C1



C2



V1 and Q1



V2 and Q2 VS



Figure 5.16



It was stated earlier that a capacitor will store a charge and that it is dependant on the values of the capacitor and applied voltage respectively. In a series network we will find that: 



QT = 



where Also: V1 =



Q1 = Q2 Q1 = V1 × C1 Q2 = V2 × C2 QT = VS × CT



C2 × VS and C1 + C2 



w1 = ½.C1.V21 



V2 =



C1 × C1 + C2



VS



and w2 = ½.C2.V22



Example 5.6 The following network with values and quantities indicated is given. C1 = 3 μF and C2 = 6 μF C1



C2



V1



V2 10 V



Determine from the given information: (a) The magnitude of the voltages V1 and V2; (b) The energy stored by C1 and C2; (c) The total capacitance of the network; and (d) The total charge on the network.
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Solution: C2 (a) V1 = × VS C1 + C2 6 × 10-6 x 10 = 3 × 10-6 + 6 × 10-6 = 6,67 volt C1 × VS V2 = C1 + C2 3 × 10-6 x 10 = 3 × 10-6 + 6 × 10-6







=



3,33 volt



(b) w1 = ½ × C1 × V21 w2 = ½ × C2 × V22 = ½ × 3 × 10-6 × 6,672 = ½ × 6 × 10-6 × 3,332 -5 = 3,33 × 10-5 Joule = 6,67 × 10 Joule (c) CT = = =



C1 × C2 C1 + C2 



3 × 10-6 × 6 × 10-6 3 × 10-6 + 6 × 10-6 2 µF



(d) QT = VS × CT = 10 × 2 × 10-6 = 2 × 10-5 coulomb It was mentioned that QT = Q1 = Q2 in a series circuit, and it will be worth our while to use this information to check the results obtained. Q1 = V1 × C1 Q2 = V2 × C2 -6 = 6, 67 × 3 × 10 = 3, 33 × 6 × 10-6 = 2,001 × 10-5 coulomb = 1,998 × 10-5 coulomb QT 2 × 10-5



= Q1 = 2,001 × 10-5 



= Q2 = 1,998 × 10-5
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5.7.2 Parallel arrangement Figure 5.17 depicts two capacitors in parallel.



C1 A



B C2



Figure 5.17



The total capacitance is given by the sum of the respective values and is mathematically defined by: CT = C1 + C2 



where CT = total capacitance value in Farad C1 and C2 = respective capacitor values in Farad



Example 5.7 Calculate the total capacitance of two capacitors as illustrated in figure 4.15 having values of 12 µF and 6 µF respectively.



Solution: CT = C1 + C2 = 12 ×10-6 + 6 ×10-6 = 18 µF



Consider the parallel network depicted in figure 5.18. C1



Q1 A



B Q2



C2



Figure 5.18
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In a parallel network we will find that: QT = Q1 + Q2 where 



Q1 = VS × C1 Q2 = VS × C2 QT = VS × CT



Also: VS = VC1 = VC2 w1 = ½.C1 × V2S 



and







w2 = ½.C2 × V2S



Example 5.8 The following network with values and quantities are given: C1 = 3 μF and C2 = 6 μF



C1



C2



10 V



Calculate from the given information: (a) The total capacitance of the network; (b) The charge on each capacitor; (c) The total charge on the network; and (d) The energy stored by each capacitor.



Solution: (a) CT = C1 + C2 = 3 ×10-6+ 6 ×10-6 = 9 µF (b) Q1 = VS × C1 Q2 -6 = 10 × 3 ×10 = 30 µ coulomb 



= VS × C2 = 10 × 6 ×10-6 = 60 µ coulomb
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(c) QT (d) wT 



= Q1 + Q2 QT -6 -6 = 30 ×10 + 60 ×10 = 90 µ coulomb 



= VS × CT = 10 × 9 ×10-6 = 90 µ coulomb



= ½.CT × V2S = ½ × 9 ×10-6 ×102 = 4,5 × 10-4 Joule



5.7.3 Series-parallel arrangement The network in figure 5.19 illustrates a series-parallel arrangement and all the principles applied for series arrangement and parallel arrangement is applicable with seriesparallel arrangements. C2 × C3 where CA = CT = C1 + CA C2 + C3 



C2 C1 C3



VS



Figure 5.19



The following mathematical expressions are applicable:



Example 5.9 Two capacitors having values of 6 µF and 3 µF respectively are connected in parallel and this combination is connected in series with a capacitor having a value of 8 µF. Draw the network and then determine the: (a) Total capacitance of the network; (b) Charge on the network; and (c) Energy spent by the network.
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Solution: C1 C3 C2



100 V



(a) CA = C1 + C2 = 3 ×10-6+ 6 ×10-6 = 9 µF 







CT =



CA × C3 CA + C3



9 × 10-6 × 8 × 10-6 = 9 × 10-6 + 8 × 10-6 = 4,24 µF (b) QT = VS × CT = 100 × 4, 24 ×10-6 = 420 µ coulomb (c) wT = ½.CT × V2S = ½ × 4, 24 ×10-6 × 1002 = 21,2 m Joule



5.8 Reactance of a capacitor Since a capacitor is manufactured from two conducting materials electrically separated from one another it will have no dc-resistance unless the two conductors touch one another in which case the capacitor will have a short circuit and is rendered useless. There is however another factor that need to be taken into account namely capacitive reactance which is the ‘resistance’ one will measure when a capacitor is connected to an alternating quantity supply.



104



CAPACITORS



Definition 5.4 Capacitive Reactance



The capacitive reactance is the opposition that will be offered by a capacitor to an alternating quantity.



This capacitive reactance is also measured in Ohm and the calculation thereof is mathematically given by: 1 XC = where XC = Capacitive reactance in ohm 2 × π × f × C π = 3,142 f = Frequency of alternating supply in Hertz C = Value of capacitor in farad



The capacitive reactance is inversely proportional to the frequency of the alternating quantity supply resulting in the reactance decreasing when the frequency increases. This concept can be best illustrated by the following graphical representation in figure 5.20 where the reactance is plotted against the frequency.



R e a c t a n c e



Frequency



Figure 5.20



Example 5.10 A capacitor having a value of 6 µF is connected across an alternating quantity supply and the frequency of the supply is adjusted to the following values. (a) 100 Hz; and (b) 500 Hz Calculate in each instance the capacitive reactance and then give a clarification of the answers that you obtained.
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Solution: 1 (a) XC = 2 × π × f × C 1 = 2 × 3,142 × 100 × 6 × 10-6







= 



265,223 ohm 







1 (b) XC = 2 × π × f × C 1 = 2 × 3, 142 × 500 × 6 × 10-6







= 



53,044 ohm



Exercise 5.3 1. 



Two capacitors having values of 6 µF and 12 µF respectively are first connected in series and then in parallel. Determine for each network the: 1.1 Magnitude of the voltage across each capacitor; 1.2 Energy stored by each capacitor; 1.3 Total capacitance offered by each network; 1.4 Total charge on each capacitor; and 1.5 Total charge on each network.



2. 



A capacitor having a value of 12 µF is connected across an alternating quantity supply and the frequency of the supply is adjusted to the following values. 2.1 800 Hz; and 2.2 125 Hz. Calculate in each instance the capacitive reactance and then give a clarification of the answers that you obtained.
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6 Inductors Learning Outcomes On completion of this module you will be able to: • Define an inductor; • Name the factors that will influence the inductance of an inductor; • Use these factors to determine the inductance of an inductor; • Discuss permeability and differentiate between: – Dia-magnetic material; – Para-magnetic material; and – Ferro-magnetic material. • Discuss and do relevant calculations on relative permeability; • Use IEC symbols describing inductors; • Arrange inductors in series, parallel, series-parallel and calculate values thereof; • Describe the different tests on inductors: – A good inductor; and – A faulty inductor. • Define and explain the reactance of an inductor and do calculations. An inductor is very often referred to as a coil and this coil has a property referred to as inductance and is that property of an inductor which will oppose a change in the current in the inductor. It is already known that a current which is passed through a conductor will produce a magnetic field around the conductor and it is this magnetic field which opposes this change in current. The unit of measurement of an inductor is the Henry named after the discoverer Joseph Henry.



Definition 6.1



Should an inductor produce one volt of emf for a current of one ampere per second then the inductor will have a value of one Henry.
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Figure 6.1 illustrates the circuit symbols of the inductors that we will discuss in this section.











Fixed 



Air-core 



Variable 



Iron-core 



Pre-set







Ferrite-core



Figure 6.1



The type of core used with inductors plays an important role in its application and is mainly used in the field of radio and television circuitry. • Air-core for frequencies above 100 MHz; • Iron-cores for frequencies below 100 kHz; and • Ferrite-cores for frequencies below 10MHz.



6.1 Factors influencing inductance An inductor is so manufactured that it will produce a specific amount of inductance and is dependant upon the following factors: • • • • 



The number of turns in the inductor; The cross-sectional area of the core; The permeability, ability to conduct magnetic flux, of the core material; and The length of the inductor.



In order to derive at an expression which will satisfy the abovementioned factors we can commence off with the following mathematical expression. L = N×Ф I 



where 



L N Ф I 



= = = = 



inductance in Henry number of turns magnetic flux in Weber current in amperes
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Example 6.1 Calculate the value of the inductance for an inductor that has 1 000 turns which creates a magnetic flux of 0,02 Weber for the following currents: (a) 4 ampere; and (b) 10 ampere



Solution: N × Ф (a) L = I 1 000 × 0,02 = 4 = 5 H 



N × Ф (b) L = I 1 000 × 0,02 = 10 = 2 H



Example 6.2 An inductor has a value of 1, 8 mH and consists of 500 windings carrying a current of 2, 4 ampere. Calculate the magnitude of the magnetic flux surrounding this inductor.



Solution: N × Ф L = I L Ф = N × I 1, 8 × 10-3 = 500 × 2,4







= 



0,5 × 10-6 Weber
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6.2 Permeability Up to now we have not yet taken all the factors that effect inductance into account. Any inductor can be with or without a core. A core is a piece of material around which the inductor is wound. Should no core be used then we refer to the core as an air core. But what effect does this core have on the inductance? The effect a core has on inductance is referred to as permeability and indicates the effect of a core on the ability of a material to conduct magnetic flux. Using a core actually increases the strength of the magnetic flux and since the magnetic flux is proportional to inductance, we find that inductance will increase. The permeability of any material is actually derived from the fact that the electrons orbiting an atom aids the magnetic flux set up by the current flowing in the inductor. Permeability will always be compared to the factor obtained for a vacuum which is 1,26 × 10-6 and since most materials have a negligible effect on magnetic flux they are referred to as non-magnetic material. We do however find materials with different properties and they are listed below and it should be kept in mind that their property will always be referred to the permeability of a vacuum. • Dia-magnetic material This is a material which has permeability slightly less than that of a vacuum and slightly opposes the passage of magnetic flux. Therefore an inductor constructed with a diamagnetic core has less inductance than an inductor with a non-magnetic core. • Para-magnetic material This is a material that has a slightly higher permeability than that of a vacuum. Therefore, an inductor constructed with a para-magnetic core has slightly more inductance than would an inductor with a non-magnetic core. • Ferro-magnetic material This is a material which has a much greater permeability than a vacuum. Therefore an inductor constructed with a ferro-magnetic core has much more inductance than an inductor with a non-magnetic core.



6.3 Relative permeability Relative permeability indicates the ease with which core atoms line up with a magnetic field. In our previous discussion it was found that a non-magnetic material has a fairly low permeability and in contrast ferro-magnetic material has a relatively high permeability. We therefore need to find a way of expressing the permeability of various materials in terms of the permeability of a vacuum. This comparison is termed relative permeability and is mathematically defined as: µ where µr µo µ µo 



µr =



= = = 



relative permeability permeability of specific material relative permeability of a vacuum = 1, 26 × 10-6
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Taking relative permeability into account we can derive a more universal expression for inductance and this is mathematically given by: µ × N2 × a L = where µ = permeability constant of the core material ℓ N = number of turns in inductor a = cross-sectional area of core in m2 ℓ = length of the inductor in meter



Example 6.3 The following information concerning an inductor is given: Number of turns = 100 Core material constant = 1, 26 × 10-6 Cross-sectional area of core = 1 × 10-6 m2 Length of inductor = 0,001 m Determine from this information the inductance value of the inductor.



Solution:



µ × N2 × a L = ℓ 1,26 × 10-6 × 1002 × 1 × 10-6 = 0,001 = 1,26 × 10-5 H = 12,6 µH



Example 6.4 An inductor has 1 000 turns around a core that has a cross-sectional area of 1 × 10-6 m2 and a permeability of 1,5 × 10-6. Determine the length of this inductor should it have an inductance of 18, 6 µH.



Solution:



µ × N2 × a L = ℓ µ × N2 × a ℓ = ℓ 1,5 × 10-6 × 1 0002 × 1 × 10-6 = 18,6 × 10-6 



= 0,08 m
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6.4 Testing of inductors The testing of inductors can also be accomplished using a multi-meter. Once again it is important that the inductor be removed from the circuit before testing commences. When testing with a multi-meter it would give one an indication of the functioning of the inductor. It is therefore also advisable to rather test inductors with an inductance meter. It should also be mentioned that the electrical wire used for the manufacture of inductors are covered with a varnish type insulating material so as to prevent the windings making electrical contact with one another which would then affect the inductance of the inductor.



6.4.1 A good inductor We set up a multi-meter and the inductor under test as illustrated in figure 6.2. 0 L



Figure 6.2



It should be noted that using this method of testing will not give us an indication of the inductance of the inductor but an indication of the electrical continuity of the inductor. Should there be continuity then we will actually read the dc-resistance of the inductor. This will indicate to us that there is electrical continuity of the inductor and we would then proceed to determine the inductance using an inductance meter.



6.4.2 A faulty inductor The most common fault occurring in inductors is that the winding becomes open circuit which may be caused by overheating from a too high current flowing or two windings touching and making electrical contact since the varnish type insulating material no longer serves its proper insulating function. We once again set up a multimeter and inductor to be tested as illustrated in figure 6.3. 0 L



Figure 6.3
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Should an inductor have an open winding the multi-meter will indicate an infinitely high resistance.



Exercise 6.1 1. An inductor has 850 turns creating a magnetic flux of 0,04 Weber. Determine the value of the inductor for the following current magnitudes: 1.1 300 mA; 1.2 35 A; and 1.3 600 µA. 2. 



Briefly explain the term permeability and then explain the permeability of the following materials: 2.1 Dia-magnetic material; 2.2 Para-magnetic material; and 2.3 Ferro-magnetic material.



3. Explain the term relative permeability and give an expression you would use to determine relative permeability. 4. The following data concerning an inductor is given: Number of turns = 750 Length of the inductor = 100 mm Cross-sectional area of the core = 0,001 mm2 Relative permeability of material = 1,45 × 10-6 Determine: 4.1 The value of the inductor; and 4.2 The length of the inductor should the inductor have an inductance value of 18,5 µH. 5. Define the unit of inductance. 6. Mention the four factors that will determine the inductance of an inductor.



6.5 Inductor arrangements 6.5.1 Series arrangement The network in figure 6.4 illustrates two inductors in series.



113



114



INDUCTORS



L1



L2



A



B



Figure 6.4



The total inductance of a series network is mathematically given by: LT = L1 + L2 







where 



LT L1 and L2 



= = 



total inductance value in Henry respective inductance values in Henry



The total inductance value will always be equal to the sum of the respective inductance values. This is the same principle that applies for resistors in a series arrangement.



6.5.2 Parallel arrangement The network in figure 6.5(a) illustrates two inductors in parallel and the network in figure 6.5(b) illustrates three inductors in parallel. L1



A L1



L2 A



L2



L3



B



B



(b)



(a)



Figure 6.5



The total inductance of a parallel network is mathematically given by: LT LT = L1 × L2 where L1 and L2 L1 + L2 



= = 



total inductance value in Henry respective inductance values in Henry



The above expression is valid for the network in figure 5.5(a) only. The next two expressions are valid for 5.5(a) and (b) depending on the number of inductors in the network. 1 = LT



1 1 + L1 L2 



1 1 1 1 = + + LT L1 L2 L3 



where 



LT = total inductance value in Henry L1 and L2 = respective inductance values in Henry



where LT = total inductance value in Henry L1, L2 and L3 = respective inductance values in Henry
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Example 6.5 You are supplied with two inductors having values of 6 µH and 3 µH respectively. Draw the network diagrams and then determine what their total inductance would be should they be connected in: (a) Series; and (b) Parallel.



Solution: L1



L2



L1 A



B



L2 A



(a) LT = L1 + L2 = 6 × 10-6 + 3 × 10-6 = 9 µH L × L2 (b) LT = 1 L1 + L2 6 × 10-6 × 3 × 10-6 = 6 × 10-6 + 3 × 10-6



B







= 2 µH



6.5.3 Series-parallel arrangement The network illustrated in figure 6.6 is that of a series-parallel arrangement. The same principles valid for series or parallel arrangements are applicable for a series-parallel network. L2 L1 L2 A



Figure 6.6



B
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The total inductance for the network is mathematically given by: L2 × L3 where LA = LT = L1 + LA L + L3 2



Example 6.6 Two inductors having values of 12 mH and 6 mH respectively are connected in parallel and this combination is then connected in series with a 20 mH inductor. Draw the network and then calculate the total inductance across points AB.



Solution: L2 L1



6 mH



20 mH



L2 3 mH A



LA = = = 



B



L2 × L3 LT = L1 + LA L2 + L3 = 20 × 10-6 + 4 × 10-6 = 24 µH 6 × 10-6 × 12 × 10-6 6 × 10-6 + 12 × 10-6



4 µH



6.6 Reactance of an inductor Since an inductor is manufactured from conducting material, typically copper, it will have a dc-resistance that is offered by the conductor itself. There is however another factor that need to be taken into account namely inductive reactance which is the ‘resistance’ one will measure when an inductor is connected to an alternating quantity supply.
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Definition 6.2 Inductive Reactance



The inductive reactance is the opposition that will be offered by an inductor to an alternating quantity.



This inductive reactance is also measured in ohms and the calculation thereof is mathematically given by: XL = 2 × π × f × L where XL = Inductive reactance in ohm π = 3,142 f = Frequency of alternating supply in Hertz C = Value of inductor in Henry The inductive reactance is directly proportional to the frequency of the alternating quantity supply resulting in the reactance increasing when the frequency increases. This concept can be best illustrated by the following graphical representation in figure 6.7 where the reactance is plotted against the frequency.



R e a c t a n C e



Frequency



Figure 6.7



Example 6.7 An inductor having a value of 6 mH is connected across an alternating quantity supply and the frequency of the supply is adjusted to the following values. (a) 100 Hz; and (b) 500 Hz Calculate in each instance the inductive reactance and then give a clarification of the answers that you obtained.
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Solution: (a) XL 



= = = 



2 × π × f × L 2 × 3,142 × 100 × 6 × 10-3 3, 77 ohm



(b) XL 



= = = 



2 × π × f × L 2 × 3,142 × 500 × 6 × 10-3 18,852 ohm



Exercise 6.2 1. Two inductors having values of 60 µH and 30 µH respectively are connected in parallel and this combination is then connected in series with an inductor having a value of 80 µH. 1.1 Draw the network diagram of this combination. 1.2 Calculate the total inductance that will be offered by this combination of inductors. 2. The testing of inductors forms an integral part of fault finding in the electronic industry. Show with the aid of applicable diagrams how the following conditions will be checked with the aid of a multi-meter: 2.1 A good inductor: and 2.2 A faulty inductor. Note in each instance what the reading on the multi-meter should indicate. 3. 



An inductor having a value of 25 mH is connected across an alternating quantity supply and the frequency of the supply is adjusted to the following values. 3.1 700 Hz; and 3.2 200 Hz Calculate in each instance the inductive reactance and then give a clarification of the answers that you obtained.
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7 Magnetism Learning Outcomes On completion of this module you will be able to: • • • • • • 



• • • • • • • • • 



Explain what a natural magnet is; Define magnetism; Conduct an experiment to clarify magnetic flux lines; Explain using sketches the laws of magnetism: – Attraction of poles; and – Repulsion of poles. Conduct an experiment to explain the relationship between current and magnetism; Calculation of: – Force; – Current; – Length; and – Distance apart of two current-carrying parallel conductors. Define the ampere; Clarify and explain the left-hand rule for indication of magnetic flux in a conductor and poles of a coil; Explain the principle of electromagnets; Explain the operating principle of a relay; Explain the principle of magnetic induction; Explain the principle of electromagnetic induction; Explain the principle of mutual induction; Define the Weber; Calculation of: – Magnetic flux density; – Length of conductor; – Velocity of conductor; – Voltage induced; – Current carrying capacity; and – Force exerted due to mutual induction.
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7.1 Introduction



Definition 7.1 Magnetism



Magnetism can be defined as an effect naturally created by certain magnetic materials. Magnetism exists in its natural form or it may be created. This magnetic property was discovered many years ago near the city of Magnesia in certain rocks found around this city. This rock was then named Magnetite and its composition was made up of iron. The quality it exhibited was then called magnetism and was the first natural magnets to be found and also has the quality to attract other metallic materials. This material was also the basis on which the modern day compass is based and has the ability to always indicate the North-pole of the earth.



7.2 Natural magnets Just like the earth has two poles, a North and a South, all magnets also have a Northand a South-pole. The North-pole of the magnet will always be attracted by the Northpole of the earth and the South-pole of the magnet by the South-pole of the earth. A similar action will take place for materials which are attracted by a magnet. Between these mentioned poles lines of magnetic flux will exist which will exert a magnetic force. These magnetic flux lines will always originate from the North-pole and will enter the magnetic material again at the South-pole. This concept is only applicable on the outside of the magnet and the lines of magnetic force will travel from the South-pole to the North-pole inside the magnet. This principle is illustrated in figure 7.1 where the magnetic flux lines on the outside of the magnet are indicated as well as the magnetic flux lines within the magnet.



N



S



Figure 7.1
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The following experiment may be conducted to illustrate this principle. Place a magnet on a flat surface away from any other type of conducting material. Place a sheet of white paper over the magnet and sprinkle some iron filings on the paper right above the magnet. You can now tap the paper lightly and you will notice a pattern forming on the paper by the iron filings. This pattern will indicate the presence of magnetic flux lines of the magnet. Should you now place a small compass on either side of the magnet you will be able to observe the direction of the magnetic flux lines as well. The number of flux lines per unit area is a measure of the flux density and is measured in the unit Tesla (T) or Weber/m2 (Wb/m2). It is therefore obvious that the stronger the magnet, the stronger the flux density would also be. A fixed characteristic of all magnetic flux lines is that they will tend to repel one another and that they will never be united or cross one another. The question may now arise on how this is all possible? The answer to this lies in the molecular composition of the material. Figure 7.2 (a) illustrates an un-magnetised steel bar. Notice that the molecules are arranged in a random fashion. Should this steel bar now be magnetised, the molecules will line themselves up as indicated by figure 7.2 (b) in a North-South fashion. As long as the molecules stay in this lined-up order, the material will exhibit magnetic properties.



N



S



N



S



(b)



(a)



Figure 7.2



7.3 Laws of magnetism The poles of a magnet have a definite relationship towards one another. This relationship is illustrated in figure 7.3 (a) and (b). N



S



N



S



N



S



S



Attraction



Repulsion



(a)



(b)



Figure 7.3
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In figure 7.3 (a) it can be seen that unlike poles will attract one another. In figure 7.3 (b) the opposite can be seen in that like poles will repel one another. Since magnets can be manufactured in virtually any shape and it is important to realise that all the above concepts still remain the same irrespective of the shape of the magnet. Figure 7.4 illustrates a horse-shoe magnet with its corresponding magnetic flux lines.



N



S



Figure 7.4



7.4 Current and magnetism The direction of the magnetic fields set up by the current flowing in the conductor can be illustrated as in figure 6.5 (a) and (b).



+ Current toward the observer



Current away from the observer



(a)



(b)



Figure 7.5



Figure 7.5 (a) indicates a magnetic field in a clockwise direction around a conductor for current which flows towards the observer. The spot in the centre indicates this. Figure 7.5 (b) indicates a magnetic field in an anti-clockwise direction around a conductor for current which flows away from the observer. The cross in the centre indicates this. Conductors will follow the same rules as permanent magnets in that attraction and/or repulsion of these magnetic fields can take place. This is indicated by figure 7.6 (a) and (b). Figure 7.6 (a) shows that two conductors carrying current in the same direction will cause the magnetic fields to be attracted to one another and figure 6.6 (b) shows that two current in the opposite direction will cause the magnetic fields to be repelled from one another.
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+ Current in opposite directions and magnetic fields will repel



Current in the same direction and magnetic fields will attract



(b)



(a)



Figure 7.6



A force will be exerted onto the current carrying conductors and the direction of this force can be illustrated by Fleming’s left-hand rule as follows. Arrange your left-hand index finger, middle finger and thumb at right angles to one another. Point the index finger in the direction of the magnetic field and the middle finger in the direction of the current flowing through the conductor. Your thumb will then indicate the direction of the force exerted on the conductor. Irrespective of whether the magnetic fields attract or repel one another, a force will be exerted onto the conductors carrying the current. This force being exerted forms the basis of the unit of current namely the ampere to be formulated.



Definition 7.2 Ampere



The ampere is that current flowing in two infinitely long conductors with negligible cross-sectional area and placed one metre apart in a vacuum, that will exert a force of 2 × 10-7 Newton/meter per meter length of the conductors. This definition may be expressed mathematically as follows. 2 × 10-7 × I1 × I2 × ℓ where I1 d I2 ℓ d F 



F =



= = = = =



current in conductor in ampere current in conductor in ampere length of conductor in metres distance apart in metres force exerted in N/m



It should be noted that this force exerted between the two conductors will be the same irrespective of whether they are attracted or repelled from one another.
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Example 7.1 Two conductors carrying a current of 180 ampere each and 1600 meters long are placed next to one another at the following distances: (a) 1, 3 meters; and (b) 4, 3 meters. Calculate in each instance the force exerted between these conductors.



Solution: (a) F = 2 × 10-7 × I1 × I2 × ℓ d = 2 × 10-7 × 180 × 180 × 1600 1, 3 = 7,975 N/m (b) F = 2 × 10-7 × I1 × I2 × ℓ d = 2 × 10-7 × 180 × 180 × 1600 4, 3 = 2,411 N/m



The direction of the magnetic field around a current carrying conductor can also be determined by using the right-hand-rule. Hold the conductor in your right hand. The thumb will indicate the direction of the current flow and your fingers around the conductor will indicate the direction of the magnetic field. The screw-rule is another method that can be used in that the direction in which the screw travels indicates the direction of the current and the direction in which the screw is turned will indicate the direction of the magnetic flux. When a conductor is shaped in the form of a coil the right-hand-rule can also be used to find the North-pole of the given coil. Should your fingers be wrapped around the coil in the direction of the current flow then the thumb will indicate the North-pole of the coil.



7.5 Electromagnets The strength of the magnetism produced by a coil through which an electric current is flowing is dependant upon the following factors: • • 



The number of turns in the coil; The magnitude of the current flowing through the coil;
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The type of core material; and The ratio of the coil diameter to its length.



The product of the number of turns and the current in amperes is known as the ampereturns of the coil and is a measurement of the field strength of the coil. This field strength may be increased by inserting an iron core since it will provide a better path for the magnetic flux lines in comparison to a magnetic path for air. The result will be that the strength of the magnetism is increased considerably. This concept is then known as an electromagnetism and is extensively used in the electrical industry in the manufacturing of relays, buzzers, circuit breakers and door-bells. This principle is illustrated in figure 7.7 (a) and (b).



Iron core inserted in the coil



Magnetic flux lines



Coil



(a) (b)



Figure 7.7



Figure 7.7 (a) illustrates a coil without an iron core and is more commonly referred to as an air core whereas figure 7.7 (b) illustrates a coil with an iron core. The type of iron core used will have an effect on the operation of an electromagnet. Should a very hard iron be used the iron will retain its magnetism which is not desired for the use of relays for instance. This magnetism remaining in the iron core is referred to as residual magnetism. To utilise a coil as a controlled electromagnet an iron core must be used that will not retain much or little of its magnetism. Relays make use of this concept and are illustrated in figure 7.8. The circuit depicts a relay used to control some sort of device indicated as the load. The contacts of the relay are shown in the normally open (N/O) position. Should a current now be allowed to pass through the coil the core will be magnetised and the magnetic strength of the core will overcome the mechanical tension of the spring, to which the armature is attached, and will pull the contacts of the relay into the normally closed (N/C) position which will now connect the supply and the load will be energised. Should the current to the relay coil now be interrupted the core will loose its magnetism and the contacts of the relay will return to its normally open (N/O) position.
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This should indicate to you why it is so important that the core should have no residual magnetism qualities. If this was not so then the relay would have stayed in the normally closed (N/C) position permanently even with the current removed and the load will also be energised permanently.



N/O N/C



+



Supply Load



S1



-



Relay



Figure 7.8



7.6 Magnetic induction The question may now arise if there is any possibility of manufacturing a magnet? The answer is a definite yes! This can be accomplished by magnetic induction and can only be done with materials, which possess magnetic qualities. It was mentioned in figure 7.2 that the molecules in an un-magnetised material are arranged at random. When such a material is now be brought into close proximity of a permanent magnet these molecules will be aligned in the same fashion as that of the magnet creating a North- and Southpole on the same ends as that of the permanent magnet. Should this material now be removed from the proximity of the permanent magnet it will display all magnetic properties. It must however be stressed that this magnetism is not permanent but will depend on the time duration to which the material was exposed to the permanent magnet. This process is therefore referred to as magnetic induction.



7.7 Electromagnetic induction Should a permanent magnet be brought in close proximity of a length of wire or passed through a coil the magnetic flux produced by the magnet will cut across the wire and induce a voltage into the wire, which will cause a current to flow in the wire. This concept is known as electromagnetic induction and is illustrated in figure 7.9 (a) and (b).
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S



S (a)



(b)



Figure 7.9



Should the permanent magnet be inserted into the coil as indicated in figure 7.9 (a) the current produced will be in the direction as indicated. Moving the magnet in the opposite direction as in figure 7.9 (b) will result in the current direction being opposite as is indicated in figure 7.9 (a). This current however will only be induced if the magnet is moved and no current will be induced should the magnet be stationary. There is however two important definitions that we need to take note of.



Definition 7.3 Faraday’s Law



Faraday’s Law states that should a conductor be moved through a magnetic field that a voltage and current will be induced in that conductor. This voltage and current induced may either be caused by the conductor moving through the magnetic field or a magnetic field brought into proximity of the conductor.



Definition 7.4 Lenz’s Law



Lenz’s Law states that the direction of the induced current in a conductor is such that the direction of its own magnetic field will oppose the action that caused that magnetic field.



7.8 Mutual induction Just as much as a voltage will be induced into a conductor by inserting a permanent magnet into a coil, so will we also induce a voltage into a conductor, by placing a coil in the near proximity of an established magnetic field. This concept is known as mutual induction and is illustrated in figure 7.10. Should a circuit be constructed as shown
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in figure 7.10 and we leave the switch S1 open, then no current will be indicated by the centre-zero-meter. This is so because no current will be flowing in coil A and no magnetic field will be established. Should we now however close switch S1, a current will flow through coil A establishing a magnetic field around coil A which will also intersect or cut the windings of coil B, inducing a voltage across coil B producing a current to flow in coil B which will be indicated by the centre-zero-meter. The magnitude of this current will be determined by the strength of the magnetic field established around coil A. Should we now open switch S1 again, the magnetic field across coil A will collapse and the centre-zero-meter will indicate a current in the opposite direction for a short period of time until the magnetic field across coil A ceases to exist. As an experiment we can now change the polarities of the battery around and you will notice that the current direction will also change. A similar action will take place should we move a conductor through an established magnetic field as illustrated in figure 7.11. Should a conductor be moved through an established magnetic field caused by two magnets as illustrated in figure 7.11, then the magnitude of the induced voltage will be determined by the following factors: • The velocity of the movement; • The strength of the magnetic field; • The length of the conductor; and • The movement of the conductor is perpendicular to the magnetic flux lines. Should any of the above factors change then the magnitude of the induced voltage will also change. It was mentioned earlier that the magnetic field strength is measured in Tesla or Weber/m2 but we need to define this unit more clearly now. All of the above can be expressed mathematically as follows.
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Figure 7.10
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Magnetic flux lines



N



Direction of rotation of conductor



S Rotating conductor



Figure 7.11



Definition 7.5 Weber



The Weber can be defined as that magnitude of magnetic flux that will induce a voltage of 1 volt into a conductor in a uniform time of one second.



E = B × ℓ × v where 



B ℓ v E 



= = = = 



magnetic flux density in Wb/m2 or Tesla length of conductor in meter velocity in m/s voltage induced into conductor in volt



The force exerted on this conductor is given by: F = B × ℓ × I where 



B ℓ I F



= magnetic flux density in Wb/m2 or Tesla = length of conductor in meter = current carried by the conductor in ampere = force exerted in N/m



Example 7.2 A conductor 1,25 meters in length is moved perpendicular through a uniform magnetic field of 0,36 Wb/m2 at a rate of 12 m/s. Determine the: (a) Magnitude of the induced voltage into the conductor; and (b) Force exerted onto the conductor should the current produced be 650 mA. 
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Solution: (a) E 



= = = 



B × ℓ × v 0,36 × 1,25 × 12 5,4 volt 



(b) F 



= = = 



B × ℓ × I 0,36 × 1,25 × 650 × 10-3 0,292 N/m



Exercise 7.1 1. Two parallel current carrying conductors are placed next to one another at the following distances: 1.1 11,8 meter; and 1.2 1 200 mm. Calculate in each instance the force that will be exerted between these two conductors. 2. Give a suitable definition for the ampere. 3. Mention the factors that will determine the strength of the magnetic field when current is passed through a coil. 4. Discuss the process of mutual induction by prescribing an experiment that can be carried out. The experiment does not have to be carried out physically but you must make use of a suitable diagram to illustrate the process. 5. 



Should a conductor be moved through a uniform magnetic field a current will be induced in that conductor and a voltage will be established across that conductor. Mention the factors that will determine the magnitude of this induced voltage.



6. An established magnetic field has a field strength of 0, 56 Wb/m2 and a conductor of 1,36 metre in length is rotated through this magnetic field at a rate of 25 m/s. Calculate the: 6.1 Force exerted in Wb/m2 onto the conductor should a current of 850 mA be produced; and 6.2 Induced voltage across the conductor.
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8 Direct Current Theory Learning Outcomes On completion of this module you will be able to: • • • • 



• • 



• 



Explain using suitable sketches an open-circuit and a closed-circuit; Explain the concept of current flow Define Ohm’s Law and give a mathematical expression for the law as well deriving other expressions in terms of different quantities using the magic triangle; Define: – The volt; – The ampere; and – The ohm. Define power and give a mathematical expression for power as well as deriving other expressions in terms of different quantities; Apply Ohm’s Law for: – Series networks; – Parallel networks; – Series-parallel networks for determining: – Voltage; – Current; – Resistance; and – Power. Define Joule’s Law and do applicable calculations.



8.1 Introduction Before we commence with Ohm’s Law it is important that we understand and grasp the concept of whether current-flow is possible or not. In order to do this we must look at the concept of open-circuits and closed-circuits. Observe the following networks in figure 8.1 (a) and (b). In neither of these two circuits will there be a current-flow since all the switches are open and there is no path for the current follow. In order for current to be able to flow the switches must be closed as illustrated in figure 8.2 (a) and (b).
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Figure 8.1
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Figure 8.2



8.2 Current flow The concept of current flow has and shall always be a very contentious issue and need to be clarified. Such clarification is given with reference to the diagram illustrated in figure 8.3. Conventional current flow Electron current flow



Conductor



-



Voltage source



Figure 8.3



+



N1 Industrial Electronics



133



• Conventional current flow In the earlier stages of the development of science it was believed that a positive charge represented and increase of electricity and a negative charge represented a decrease of electricity and scientists therefore assumed that current was flowing from the positive terminal of a source through the load towards the negative terminal of the source. This concept is today termed conventional current flow. • Electron current flow Current flowing in a circuit is dependant upon the movement of electrons and since electrons have a negative charge they will be repelled from the negative terminal of the source and will be attracted by the positive terminal of the source and in this manner electron current flow will be from the negative terminal of the source through the load to the positive terminal of the source.



8.3 Ohm’s Law



Definition 8.1 Ohm’s Law



Ohm’s Law states that the current flowing in a network is directly proportional to the applied voltage and inversely proportional to the resistance of that network. The definition can be expressed mathematically as follows: V where I = current flowing in ampere R V = applied voltage in volt R = resistance in ohms This expression of Ohm’s Law can now also be changed or manipulated in terms of the other quantities and can be expressed as:



I



=



R =



V I



and 



V 



= 



I × R



These relationships can best be grasped by referring to the following diagram illustrated in figure 8.4 and is commonly referred to as the magic triangle. How does this magic triangle function? Assume you want the quantity I, then you close the I with your finger and what will be left V divided by R.
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Should you want the quantity R, then you close R with your finger and what will be left is V divided by I. Should you now want the quantity V, then you close V with your finger and what will be left is I multiplied by R. It is however important that we define the units of current, voltage and resistance and more specifically the Ohm.



v I



R



Figure 8.4



Definition 8.2 The Ampere



An ampere is that constant current which, if maintained in two parallel and straight conductors of infinite length and which is placed one meter apart in a vacuum, will exert a force of 2 × 10-7 Newton per meter length of the conductors.



Definition 8.3 The Volt



The volt is that potential difference that will exist across a resistance of one ohm should a current of one ampere be allowed to flow.



Definition 8.4 The Ohm



The ohm is that resistance in which a current of one ampere generates heat energy at a rate of one joule per second. Since a current will be flowing through the resistor it will use or dissipate energy in doing so and this energy is termed power and is mathematically expressed as: P = I × V where P = power dissipated in watt I = current flowing in ampere V = applied voltage in volt
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Definition 8.5 The Watt



The watt can be defined as energy being dissipated at a rate of one joule per second. Power may also be calculated from the given variables in a different manner depending on what quantities were given or obtained. We know that: P = I × V but V = I × R and P = I ×V but P = I × I × R P = V × V = I2 × R R = V2 R



I = V R



8.4 Application of Ohm’s Law It is always difficult to explain the application of Ohm’s Law without referring to a practical situation and from this point onwards use will be made of networks as activities. Once again it will be shown in a logical manner which is once again not any golden rule by any means.



8.4.1 Series networks In series networks of this nature there are some important conditions that you must remember and master in that the: • • 



• • 



Current throughout the network will be the same; Potential difference (voltage drops) across each resistor will differ and will depend upon the: • Ohmic value of the respective resistors; and • Current flowing in the network and the sum of respective values will be equal to the applied voltage. Power dissipated by each resistor will differ and will depend upon the: • Ohmic value of the respective resistors; and • Current flowing in the network. The power dissipated by each resistor and the sum of respective values will be equal to the total power consumed.
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Example 8.1 The following network is given with values and quantities as indicated R1



R2



R3



3 ohms



5 ohms



2 ohms



V1



V2



V3



P1



P2



P3



IT



VS = 20 volts



Determine from the given information the following: (a) The total resistance of the network; (b) The total current that will flow in the network; (c) The magnitude of the voltage drops V1, V2 and V3; (d) The power dissipated by R1, R2 and R3; and (e) The total power dissipated by the network.



Solution: The following expressions for solving series networks are applicable for this example: V RT = R1 + R2 + R3 IT = S RT VR1 = IT × R1 VR2 = IT × R2 VR3 = IT × R3



VS



= VR1 + VR2 + VR3



PR1 = IT × VR1 



PR2 = IT × VR2 PR3 = IT × VR3



PR1 = I2T × R1 



PR2 = I2T × R2 PR3 = I2T × R3
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PR2 = V2R2 PR3 = V2R3 R2 R3



PT



= PR1 + PR2 + PR3 PT = I2T × RT PT = VS × IT



PT 



= V2S RT



(a) RT = R1 + R2 + R3 = 3+5+2 = 10 ohm (b) IT 



VS RT 20 = 10



=



= 2 ampere



(c) VR1 = IT × R1 VR2 = IT × R2 VR3 = IT × R3 = 2 × 3 = 2 × 5 = 2 × 2 = 6 volt = 10 volt = 4 volt 



It was mentioned earlier that the sum of the respective potential differences (voltage drops) must be equal to the supply voltage. Let’s see if this is true!



VS = VR1 + VR2 + VR3 = 6 + 10 + 4 = 20 volt (d) PR1 = IT × VR1 PR2 = IT × VR2 PR3 = IT × VR3 = 2 × 6 = 2 × 10 = 2 × 4 = 12 watt = 20 watt = 8 watt PR1 = I2T × R1 PR2 = I2T × R2 PR3 = I2T × R3 = 22 × 3 = 22 × 5 = 22 × 2 = 12 watt = 20 watt = 8 watt PR1 = V2R1 PR2 = V2R2 PR3 = R1 R2 = 102 = = 62 3 5 = 12 watt = 20 watt =



V2R3 R3 42 2 8 watt
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(e) PT = IT × VS PT = V2S PT = I2T × RT = 2 × 20 RT = 22 × 10 = 40 watt = 202 = 40 watt 10 = 40 watt PT 



= PR1 + PR2 + PR3 = 12 + 20 + 8 = 40 watt



8.4.2 Parallel networks In parallel networks of this nature there are some important conditions that you must remember and master in that the: • • 



• 



Voltage drop across the complete network will be the same; Current through each resistor will differ and will depend upon the: • Ohmic value of the respective resistors; and • Current flowing in the network and the sum of the respective values will be equal to the total current. Power dissipated by each resistor will differ and will depend upon the: • Ohmic value of the respective resistors; and • Current flowing through each resistor and the sum of the respective values will be equal to the total power dissipated.



Example 8.2 The following network is given with values and quantities as indicated. IT



VS = 10 volts



I3



I2



I1



R3



R2



R1



6 ohms



4 ohms



2 ohms



Determine from the given information the following: (a) The total resistance of the network; (b) The total current that will flow in the network;
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(c) (d) (e) 



The magnitude of the currents I1, I2 and I3; The power dissipated by R1, R2 and R3; and The total power dissipated by the network.



Solution: The following expressions for solving series networks are applicable for this example: 1 = RT



1 1 1 V + + IT = S R1 R2 R3 RT 



VS V V IR2 = S IR3 = S R1 R2 R3 = IR1 + IR2 + IR3



IR1 = IT PR1 



= I1 × VS 



PR2 = I2 × VS PR3 = I3 × VS



PR1 



= I2R1 × R1 



PR2 = I2R2 × R2 PR3 = I2R3 × R3



PR1 = V2S PR2 = V2S PR3 = V2S R1 R2 R3 PT = V2S PT = I2T × RT PT = IT × VS RT PT = PR1 + PR2 + PR3 (a) 



1 = RT



1 1 1 + + R1 R2 R3



=



1 + 1 + 1 2 4 6 = 6 + 3 + 2 12 = 11 12 ∴ RT = 12 11 = 1,09 ohm (b) IT = = =



VS RT 10 1,09



9,17 ampere
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(c) IR1 



V = S IR2 R1 = 10 2 = 5 ampere 



VS IR3 R2 = 10 4 = 2,5 ampere 



=



=



VS R3



= 10 6 = 1,67 ampere



It was mentioned earlier that the sum of the respective currents through the respective resistors must be equal to the total current flowing in the network. Let’s see once again if this is true!



IT 



= IR1 + IR2 + IR3 = 5 + 2,5 + 1,67 = 9,17 ampère



(d) PR1 = I1 × VS PR2 = 5 × 10 = 50 watt 



= I2 × VS PR3 = I3 × VS = 2,5 × 10 = 1,67 × 10 = 25 watt = 16,7 watt







= I2R2 × R2 PR3 = I2R3 × R3 = 2,52 × 4 = 1,672 × 6 = 25 watt = 16,7 watt



PR1 



PR1 



= I2R1 × R1 PR2 = 52 × 2 = 50 watt 



= V2S PR2 = R1 = 102 = 2 = 50 watt =



(e) PT = IT × VS PT = 9,17 × 10 = 91,7 watt 



PT 



= PR1 + PR2 + PR3 = 50 + 25 + 16,7 = 91,7 watt



V2S PR3 = V2S R2 R3 102 = 102 4 6 25 watt = 16,7 watt



= V2S PT RT = 102 1,9 = 91,7 watt



= I2T × RT = 9,172 × 1, 09 = 91,7 watt
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8.4.3 Series-parallel networks A series-parallel network is a combination of a series- and a parallel network. In a seriesparallel network we find that the same rules that were applicable to a series or a parallel network are still applicable. It is therefore imperative that you should have mastered series- and parallel networks before proceeding.



Example 8.3 The following network is given with values and quantities as indicated R2 I1 3 ohms R1 3 ohms R3



IT



I2 6 ohms V1



V2



VS = 10 volts



Determine from the given information the following: (a) The total resistance of the network; (b) The total current that will flow in the network; (c) The magnitude of the currents IR2 and IR3; (d) The magnitude of the voltage drops V1 and V2; (e) The power consumed by each resistor in the network; and (f) The total power consumed by the network.



Solution: R × R3 R × R3 (a) RT = R1 + 2 or RT = R1 + RA where RA = 2 R2 + R3 R2 + R3 = 3 + 2 3 × 6 3 × 6 = 3 + = 5 ohm = 3 + 6 3 + 6 = 5 ohm = 2 ohm
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V (b) IT = S R T 10 = 5



(c) 



= 



2 ampere 



In order to find the current through each resistor we need to determine the magnitude of the voltage drops V1 and V2 and you will notice that this is what is asked for in 5.8.4.



V1 = IT x R1 V2 = IT x RA VS = V1 + V2 = 2 x 3 = 2 x 2 V2 = VS - V1 = 6 volt = 4 volt = 10 - 6 = 4 volt V V IR2 = 2 IR3 = 2 IT = IR2 + IR3 R R 2 3 = 0,67 + 1,33 4 4 = 2 ampere = = 3 6 = 1,33 ampere = 0,67 ampere



(d) 



These calculations were already done in (c).



(e) PR1 = IT x V1 PR2 = IR2 x V2 PR3 = IR3 x V3 = 2 x 6 = 1,33 x 4 = 0,66 x 4 = 12 watt = 5,32 watt = 2,65 watt PR1 = I2T x R1 PR2 = I2R2 x R2 PR3 = I2R3 x R3 = 22 x 3 = 1,332 x 3 = 0,672 x 6 = 12 watt = 5,32 watt = 2,69 watt PR1 = V21 PR2 = V22 PR3 = V22 R1 R2 R3 = 62 = 42 = 42 3 3 6 = 12 watt = 5,33 watt = 2.67 watt
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(f) PT = IT x VS PT = V2S PT = I2T x RT = 2 x 10 RT = 22 x 5 = 20 wattt = 20 watt = 102 5 = 20 watt PT = PR1 + PR2 + PR3 = 12 + 5,33 + 2,67 = 20 watt



8.5 Joule’s Law



Definition 8.6 Joule’s Law



Joule’s Law states that the heat produced by the current and is directly proportional to the square of the current, the resistance and the time.



Joule’s Law is mathematically expressed as: Q = I2 × R × t where 



Q I R t 



= = = = 



amount of generated heat in Joule current magnitude in ampere resistance of element in ohms time duration of current-flow in seconds



Example 8.4 An electrical iron has the following specifications. Power rating = 5 kW Supply voltage = 250 volt Use the above information and determine the following quantities: (a) The current that will be drawn from the supply; (b) The resistance of the element of the electric iron; and (c) The energy that will be consumed by the electric iron after 30 minutes.
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Solution: (a) 



P 



= 



I × V 



P I = V 5 × 103 = 250 = 20 ampere V (b) R = I 250 = 20 = 12,5 ohm



(c) Q = I2 × R × t = 202 × 12,5 × 30 × = 9 MJ



60



Example 8.5 An electrical soldering iron has the following specifications. Resistance = 100 ohms Supply voltage = 250 volt Use the above information and determine the following quantities: (a) The current that will be drawn from the supply; (b) The power that will be consumed by the soldering iron; and (c) The energy that will be consumed by the soldering iron after 5 minutes.



Solution: (a) I = V R = 250 100 = 2,5 ampere 
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(b) P 



= = = 



I × V 2, 5 × 250 625 watt 



(b) Q = I2 × R × t = 2,52 × 100 × 5 × 60 = 187,5 kJ



Exercise 8.1 1. Give a suitable description of Ohm’s Law and then supply a mathematical expression that will confirm your description. 2. Define the watt. 3. The following expression may be used to determine the power consumed by a resistive component: PT = IT × VS. Derive another two expressions that may be used to determine the power consumed by a resistive component. 4. Use suitable network diagrams and explain the principles of open circuit and closed circuit and indicate in which of the two configurations current- flow will be possible. 5. 



Resistive networks are governed by specific conditions which avail and must be adhered to. Mention these conditions for: 5.1 Series networks; and 5.2 Parallel networks.



6. 



Refer to the network diagram below and calculate the quantities requested. 6.1 The total resistance of the network. 6.2 The magnitude of the current I1. 6.3 The voltage drop across resistor R4. 6.4 The power consumed by resistors R1 and R2. R3 10 ohms I1



10 V I3 R1 3 ohms



I4 = 0,833 A



I2



R2 6 ohms 2 ohms R4
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7. 



Refer to the network diagram below and calculate the quantities requested. 7.1 The total resistance of the network. 7.2 The current through the 2 ohm resistor. 7.3 The power consumed by the 3 ohm resistor. 7.4 The voltage drop across the 6 ohm resistor. 7.5 The power dissipated by the 5 ohm resistor. 6 ohms 5 ohms



3 ohms



10 V



4 ohms



2 ohms



8. Refer to the network diagram below and calculate the quantities requested. 8.1 The total resistance of the network. 8.2 The magnitude of the current through the 8 ohm resistor. 8.3 The power consumed by the 10 ohm resistor. 8.4 Give a suitable explanation using calculations why the current through the 6 ohm resistor is double that of the current through the 12 ohm resistor. 12 ohms



6 ohms 10 ohms



8 ohms



25 V
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9. 



Redraw the network diagrams in 6, 7 and 8 and indicate the position of amperemeters as well as voltmeters to indicate the following: 9.1 The current through each resistor in the network; 9.2 The total current that will flow in the network; 9.3 The voltage across each resistor in the network; and 9.4 The total voltage across the network.
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9 Sources of Electricity (Direct Current) Learning Outcomes On completion of this module you will be able to: • • • • • • • • 



• • 



• 



• • • • 



Define a: – Primary cell; and – Secondary cell. Differentiate between the Leclanché wet - and Leclanché dry cell; Discuss the process of ionisation and de-ionisation; Mention the advantages and disadvantages of primary cells; Discuss the operation and construction of a lead-acid cell; Explain the concept of electrolyte and specific gravity; Explain the concept of battery capacity; Discuss the construction of: – Alkaline cells; – Mercury cells; and – Nickel-cadmium cells. Define a transducer; Describe using sketches voltage generated by means of: – The Piëzo Electric effect; – Temperature; and – Light. Illustrate the following grouping of cells: – Series grouping; – Parallel grouping; and – Series-parallel grouping. Explain the concept of grouping cells to give high voltage and/or current; Differentiate between emf and pd; Define internal resistance; Do calculations of: – Current capacity; – Voltage capacity; – Potential difference; – Emf; and – Internal resistance.
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9.1 Introduction The production of electricity may be accomplished by various means and is worthwhile noting these means. Electricity may be produced by: • Chemical reaction - cells or batteries; • Magnetism - generators; • Friction - static electricity; • Pressure - crystals (Piëzo-electric effect) • Light - photo-conductive devices; and • Heat - thermocouples. Our concern at this present point is the generation of electricity by means of chemical reaction as is found in cells or batteries. This process may be deemed a primary source of electromotive force (emf) and is widely used in industry as well as many household equipment.



9.2 Primary cells



Definition 9.1 Primary Cells



A primary cell may be described as a device that will generate an electrical potential which will then be capable of delivering an electric current for as long as the chemicals used in the process are active. The most basic primary cell, also termed a wet cell or a voltaic cell, consists of a glass container filled with a diluted solution of sulphuric acid termed the electrolyte. Two metallic conductors, copper and zinc are placed in this solution separated from one another. The zinc will form the positive electrode and the copper will form the negative electrode. This concept is illustrated in figure 9.1 (a), (b) and (c). In the cell, the electrolytes will ionise to form positive and negative ions (see fig. 9.1 (a)). The process of ionisation may be described as follows: Should an atom loose an electron it will loose some of its negative charge and so become positively charged and is then referred to as a positive ion. On the other hand should an atom gain an electron it becomes negatively charged and is then referred to as a negative ion. At he same time the chemical reaction will ionise with the zinc electrode causing it to acquire a negative charge since it will have an excess of electrons but the area around the zinc electrode is positively charged.
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This positive charge is then repelled to the copper electrode which removes electrons from this electrode causing the copper electrode to acquire a positive charge (see fig. 9.1 (b)). Should we now join the positive and negative electrodes by means of a conductor, excess electrons from the negative electrode to the positive electrode and will continue for as long as the chemical in the cell is chemically active (see fig. 9.1 (c)). Important to note is that the electrolyte used may be in liquid form or in the form of a paste. Should a liquid electrolyte be used the cell is termed a wet cell and should a paste like electrolyte be used the cell is termed a dry cell. Should the chemicals used become inactive the process will cease and the cell becomes redundant.



Electrodes



- + + - +



Negative ion



Electrolyte



Positive electrode



-



+



-



+



+



-



+



-



Positive ion



Electron flow



Negative electrode



+ + + + + + (b)



(c)



(a)



Figure 9.1



The question may now arise of what the importance of this action is? The answer lies therein that this chemical reaction causes the production of an electromotive force (emf), measured in volt and which will be able to produce a current measured in amperes. This emf produced may be regarded as the potential difference (Pd) measured across the positive and negative terminals but with the understanding that the cell does not deliver a current (no load conditions).



9.3 The Leclanché wet cell The construction of the Leclanché wet cell is illustrated in figure 9.2.
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Air vent



+



Pitch seal Zinc rod (-) Glass jar Ammonium chloride solution Carbon rod (+) Porous pot Mixture of carbon and manganese dioxide



Figure 9.2



The positive carbon electrode is placed in a depolarising mixture of powdered carbon and manganese dioxide in porous container. This assembly together with a zinc negative electrode is placed inside a class container containing a solution of ammonium chloride. This mixture is contained in the zinc container. Also added to this mixture is powdered carbon and manganese dioxide. The Leclanché wet cell is not suited for application of a steady current over long periods of time but is best suited for the application of intermittent current at different intervals. Typical values for this type of cell are 1, 5 volt.



9.4 The Leclanché dry cell The construction of the Leclanché dry cell is illustrated in figure 9.3. This type of dry cell is extensively used in flashlights and as batteries in small + Pitch seal



Brass cap (+contact) Cardboard insulating cover



Ammonium chloride jelly



Zinc can (-electrode)



Carbon rod (+ electrode)



Mixture of powdered carbon and manganese dioxide Insulating washer Zinc (-contact)



Figure 9.3



commercial radios. This cell consists of a zinc container which is the negative electrode and in the centre is placed a carbon rod which constitutes the positive electrode. The zinc container is then filled with an electrolyte which is a paste-like mixture of ammonium chloride and zinc chloride which is dissolved in water. This mixture is contained within the zinc container. Also added to this mixture is powdered carbon and
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manganese dioxide. These cells can deliver an emf of about 1, 5 volt. Primary cells suffer from a phenomenon termed polarisation and this leads to the rapid reduction of emf. This action is caused by hydrogen atoms polarising the positive electrode. To overcome this problem a mixture of powdered carbon and manganese dioxide is added and results in hydrogen atoms being absorbed and results in a phenomena termed de-polarisation.



9.5 Advantages and disadvantages of primary cells Table 9.1 tabulates the advantages and disadvantages of primary cells.



• • • • • 



Advantages Relatively inexpensive. Easy to install. Physically small. Readily available. Various sizes available.



• • • • 



Disadvantages Cannot be recharged. Provide only small currents. Become polarised when delivering a constant current. They have a relatively short lifespan.



Table 9.1



9.6 Secondary cells



Definition 9.2 Secondary Cells



A secondary cell may be described as a device that will generate an electrical potential and also store such electrical potential and later release such energy by chemical reaction and such energy can be replaced by charging the cell again..



9.6.1 Lead-acid cells (battery) An important point that should be mentioned is that when a number of cells are connected in series or in parallel, whatever the case may be, a battery is formed which is actually a combination of cells to produce a desired effect. The lead-acid battery is such a combination of cells. Each cell, which consists of a positive electrode and a negative electrode, is made up as follows: • • 



Positive plate - Negative plate - 



manufactured from lead peroxide and has a reddish/brown colour; and manufactured from spongy lead paste and has a grey colour.



154



SOURCES OF ELECTRICITY (DIRECT CURRENT)



Each cell has an emf of 2,1 to 2,2 volt irrespective of its physical size. These batteries are made up of several negative and positive plates which are separated by separators to keep them apart. Since the positive plate is more active than the negative plate there are always an uneven number of plates with one more negative plate than positive plates. This type of arrangement reduces the internal resistance of the battery. When placed in the container all the negative plates are connected together to the negative pole of the battery and all the positive plates are connected together to the positive pole of the battery. The cells are in turn connected in series or parallel or a combination of series/ parallel so as to give a required capacity. The container is filled with a solution of water and sulphuric acid with the acid constituting about 27% of the content by volume. Also provided for in the container are sludge traps where sediments can collect without affecting the cells. Since lead-acid cells can be charged we need to look at this process as well. In order to charge such a battery it is connected to a battery charger as illustrated in figure 9.4. Such a battery charger is normally a rectifier circuit which can produce a variable voltage- and current output. Lead-acid batteries may be put onto slow charge at low current or fast charge at high current with the first method the more acceptable practice. Important to note is that specified safety procedures should be followed when charging a lead-acid battery. Typical application of a lead-acid battery is that of a power source in automobiles.



-



+



+



Battery charger



Battery



Figure 9.4



Of greater importance is the chemical reaction that takes place during the charging or restoring phase of a lead-acid battery. This concept is illustrated in figure 9.5. Load



-



Charger



Discharging



+



Acid goes into plates



-



Electrolyte becomes weaker



Sponge lead



Lead sulphate changes to sponge lead



+



Lead peroxide



-



Acid leaves plates



Lead peroxide changes to lead sulphate



(a)



Electrolyte returns to normal



Lead sulphate



+



Lead sulphate (b)



Figure 9.5



+



Charging
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During the discharge of the lead-acid cell (delivering current) some of the acid in the electrolyte leaves the electrolyte and combines with the active material of the plates (see fig. 9.5 (a)). This action changes the material on both the positive and negative plate to lead sulphate. During the charging period the reverse action will take place and the acid which was absorbed by the plates is returned to the electrolyte (see fig. 9.5 (b)). This results in the active material on the plates being changed back to its original state of lead peroxide and sponge lead respectively.



9.6.2 Specific gravity It was mentioned earlier that the electrolyte of a lead-acid battery is made up of a solution mixture of sulphuric acid and distilled water. Important is that the water is distilled (pure) and must contain no impurities. This mixture must have a specific gravity (SG) of ± 1,28 depending on the specification of the manufacturer. Now, sulphuric acid has a specific gravity (SG) of 1,84 compared to distilled water. This means that sulphuric acid is 1,84 times heavier than water. The mixture solution should be mixed to such an extent that the specific gravity thereof should be ± 1,28. During the current delivering phase of the battery (discharge) the specific gravity will reduce and when reaching a value of ± 1,13 the battery will be completely discharged and will need to be rejuvenated or charged. The measurement of the SG will therefore be an indication of the current delivering capability of the battery and its state of charge. This measurement of the SG is done by means of a hydrometer which is illustrated in figure 9.6 (a), (b) and (c).



Reading 1,13 Battery discharged



Glass tube Float with SG scale



Reading 1,28 Battery Charged



(a)



(b)



(c)



Figure 9.6



The hydrometer consists of a glass tube fitted with a rubber bulb at on end, a nozzle at the other end and a calibrated scale inside the glass tube. The nozzle of the hydrometer is inserted into the electrolyte through the filler caps at the top of the battery. Electrolyte is drawn up into the hydrometer and sufficient electrolyte should be drawn up so as to allow for the float inside the glass tube to rise freely. The reading on the float will indicate the SG of the electrolyte and it is very important that the SG of each cell be tested in this manner.
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9.6.3 Battery capacity All lead-acid batteries have a specified capacity specified in ampere-hours (A/H). Should such a battery have a capacity of 100 A/H it should deliver a constant current of 5 ampere for 20 hours without the emf reducing. This is not cast in stone but is merely a product of the current (ampere) × time in hours.



9.7 Care and maintenance of lead-acid batteries Care and maintenance is of utmost importance and some basic safety as well as care and maintenance procedures are listed. • 



• • 



• 



Batteries should always be firmly mounted, correctly connected and the terminals are kept clean and tight. The positive terminal will be marked + and/or coloured red and is normally slightly larger than the negative terminal. The negative terminal may be marked - and/or coloured blue. Terminals should also be covered by some protective grease ie Vaseline to prevent corrosion. When connecting jumper leads always connect + to + and - to -. Always connect + to + first and then - to -, and when disconnecting reverse the procedure. The same procedure should be followed when charging batteries. During the charging process the filler caps or ventilation caps should be removed since gasses are released during the charging process. Always wear protective leather or rubber clothing and make sure that the area in which the charging is done has ample ventilation. Assure that there are no open flames or sparks in the vicinity of a battery being charged since it may constitute a hazardous situation. Before commencement of the charging process make sure that the electrolyte in the battery just covers the plates. Should the electrolyte be low fill up with distilled water and check the SG. Never top up with sulphuric acid.



9.8 Alkaline cells Alkaline cells consists of an electrolyte of potassium hydroxide and has zinc as a negative electrode and manganese dioxide as a positive electrode and has voltage of ± 1,2 volt and when it goes low it has the capability of indicating that it needs to be recharged. Alkaline cells are however also manufactured in a variety of voltage ranges. Typical applications include: • • • • • • 



Radios; Television sets; Tape recorders; CD players; Cameras; and Cordless appliances.
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9.9 Mercury cells Mercury cells consist of an electrolyte which is a mixture of potassium hydroxide and zinc oxide and has a negative electrode which is a compound of zinc and mercury and a positive electrode of mercuric oxide. It has a typical value of ± 1,35 to 1,4 volt. Mercury cells are also manufactured in a variety of voltage ranges. Typical applications include: • Watches; • Hearing aids; and • Test instruments.



9.10 Nickel-cadmium cells Nickel-cadmium cells consist of an electrolyte which is a mixture of potassium hydroxide and has a negative electrode of nickel hydroxide and a positive electrode of cadmium oxide. It has a typical value of 1,25 volt. Nickel-cadmium cells are however also manufactured in a variety of voltage ranges. Typical applications include: • Watches; and • Calculators.



9.11 Advantages and disadvantages of secondary cells Table 9.2 tabulates the advantages and disadvantages of secondary cells. Advantages • They are rechargeable. • Provide a higher current. • They have a longer lifespan and can be used repeatedly.



• • • • 



Disadvantages Must be recharged slowly. More expensive. Needs proper care. Must be kept in upright position



Table 9.2



9.12 Other sources of voltage development It was previously mentioned that there are other means of developing a voltage. Some of these methods will now be discussed. Although the devices that will be discussed are devices that will produce a voltage they are also referred to as transducers.
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Definition 9.3 Transducer



A transducer may be defined as a device that will convert one form of energy to another form of energy.



9.12.1 Pressure A Quarts crystal has the capability to develop a voltage when subjected to a mechanical pressure and it termed the Piëzo-Electric effect. This voltage developed is directly proportional to the magnitude of the applied mechanical pressure. Therefore, one form of energy, mechanical pressure, will produce (convert), into another form (voltage) of energy. Typical applications include ceramic microphones.



9.12.2 



Temperature (heat)



It is possible to generate a voltage by means of a thermocouple. In analysing the word thermocouple it will be noticed that ‘thermo’ has reference to temperature (heat) and it is on this principle that a thermocouple operates. A thermocouple consists of two dissimilar metal wires joined at one end termed the sensing or hot junction and terminated at the other end termed the reference or cold junction. This concept is illustrated in figure 9.7.



+



G



Hot junction



Cold junction



Figure 9.7



Should a temperature difference exist between the hot and the cold junction a voltage will be generated equal to the magnitude of the temperature difference. This magnitude of the voltage developed will also be depending on the type of material used in the manufacture of the thermocouple. Typical materials used in the manufacture include:
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9.12.3 
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Chromel-Constantan; Iron-Constantan; Copper-Constantan; and Platinum-Platinum/Rhodium.



Photo-voltaic cells



Light sources have a definite affect on most semi-conductor materials in that a current, and hence a voltage will be produced when exposed to a source of light whether it be naturally based or artificially based. Upon analysing the word photo-voltaic two concepts come to the fore: ‘Photo’ meaning light and ‘voltaic’ meaning voltage. Thus, ‘light’ is used to produce ‘voltage’. These photovoltaic cells are often referred to as solar cells as well and whether we use a selenium cell or a silicon cell makes no difference since the basic operation will be the same. The construction of selenium cells is illustrated in figure 9.8 (a) and a silicon cell is illustrated in figure 9.8 (b). Incident light through the glass cover will cause an electron-hole combination that constitutes a flow of electrical current producing a voltage to be present across the cell. Typical values of ± 0,5 volt per cell are available. Incident light



Incident light



Glass cover Gold



Glass cover Ring-shaped electrodes



P-layer N-layer



Selenium Metal base V



(a)



(b)



Figure 9.8



Exercise 9.1 1. Primary cells may be divided between a wet cell and a dry cell. Describe using suitable sketches the: 1.1 Construction; 1.2 Operating principle; and 1.3 Uses.



V
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2. Discuss the lead-acid battery under the following headings: 2.1 Construction; 2.2 Charging and discharging phases; 2.3 Specific gravity and measurement thereof; and 2.4 Capacity. 3. A voltage may be generated by means of: • The Piëzo-Electric effect; • Temperature; and • Light. Give a brief description of each of the above and illustrate your description by means of a suitable sketch where applicable. 4. Tabulate the advantages and disadvantages of primary cells. 5. Differentiate between a primary- and a secondary cell. 6. Briefly describe the care and maintenance of lead-acid batteries. 7. Use suitable sketches and describe the most basic primary cell with which you are familiar. Your description must include the operating principle of the cell.



9.14 Grouping of cells It is of utmost importance that we need to know how to group cells so as to affect a particular effect. Each type of grouping will have a desired outcome of that which we require.



9.14.1 Series grouping The network in figure 9.9 illustrates the principle of series grouping of individual cells. Cells grouped in series have a total voltage of the algebraic sum of the individual cells in that grouping.



V1



V2



VT



Figure 9.9



V3
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VT = V1 + V2 + V3 By grouping cells in series we therefore increase the voltage but since current only has one path to follow the current will be the same as if only one cell was in the grouping. Although the voltage increases and the current stays the same we do however have an increase in the power delivering capabilities of the grouping to that three times the power delivering capability of a single cell. This combination is therefore used when the voltage delivering capabilities need to be increased.



Example 9.1 The following specifications concerning a cell are given. Voltage = 1,5 volt Current rating = 1 ampere/hour Three of these cells are grouped in series. Draw the network and then determine the: (a) Total voltage available from this combination; and (b) Current capacity of this combination.



Solution: (a) 1,5 V



1.5 V



1,5 V



VT



VS = = = (b) 



9.14.2 



V1 + V2 + V3 1,5 + 1,5 + 1,5 4,5 V



1 ampere/hour since cells are grouped in series



Parallel grouping



The network in figure 9.10 illustrates the principle of parallel grouping of individual cells. Cells grouped in a parallel combination have a total voltage equal to the value of any individual cell in that combination. Should one of the cells have a higher emf than any other cell in that grouping then the sum will be equal to that particular value of that particular cell. Should different value cells be connected in parallel, unwanted
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circulating currents will occur within the battery which constitutes an undesired effect. By grouping cells in parallel we increase the current but the voltage stays the same but we do however have an increase in the current capabilities and the power delivering capabilities of the grouping to three times the power delivering capability of a single cell. This combination is therefore used when the current delivering capabilities need to be increased. V1



V2



V3 VT



Figure 9.10



VT = V1 = V2 = V3



Example 9.2 The following specifications concerning a cell are given. Voltage = 1,5 volt Current rating = 1 ampere/hour Three of these cells are grouped in parallel. Draw the network and then determine the: (a) Total voltage available from this combination; and (b) Current capacity of this combination.



Solution: (a) 



1,5 V



1,5 V



1,5 V VT
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VT = V1 = V2 = V3 1,5 = 1,5 = 1,5 = 1,5 (b) Current capacity 



= 1 A/h × 3 = 3 A/h



9.14.3 Series-parallel grouping The network in figure 9.11 (a) and (b) illustrates two methods of series-parallel grouping of individual cells.



VT



VT



(a)



(b)



Figure 9.11



These series-parallel groupings are used when high voltage and current capabilities are required. One can group in one of the two ways illustrated: Figure 9.11 (a) is first grouped for voltage (series) and then for current (parallel). Figure 9.11 (b) is first grouped for current (parallel) and then for voltage (series). All the capabilities that were applicable to the series grouping or the parallel grouping hold good for the seriesparallel grouping. It does not matter which configuration you use since the grouping will be determined by the voltage and current capabilities one would require. The choice will be yours.



Example 9.3 The following specifications concerning a cell are given. Voltage = 1,5 volt Current rating = 1 ampere/hour Six of these cells are grouped as illustrated in figure 9.11 (a). Determine the: (a) Total voltage available from this combination; and (b) Current capacity of this combination.
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Solution: (a) VS = 1,5 × 3 = 4,5 V (b) Current capacity 



= =



2×1 2 A



9.15 Internal resistance, emf and pd



Definition 9.4 Internal Resistance



Internal resistance is that opposition that a cell or battery will offer to the flow of an electric current. This opposition is offered by the material from which the plates or electrodes are manufactured and cannot be ignored since it will have an effect on the current that will be flowing in the network. This internal resistance is also measured in ohm but there is a much more important phenomenon that should be clarified namely that of emf (electromotive force) and pd (potential difference). In order to clarify these two concepts we must illustrate it by means of the network in figure 9.12. V (PD)



R I r



V (emf)



Figure 9.12



Should such a network be constructed we will find that the current flowing in the network is mathematically given by: I = 



emf R + r 



where I emf R r 



= = = =



current in ampere value of cell in volt value of external resistance in ohm value of internal resistance in ohm
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Theoretically the value of emf and pd should be the same but it is not. Since there is an electrical current flowing in the network we will get a voltage drop across the internal resistance (r) as well as the external (R) resistance of the network. The value that will be measured across the external resistance is therefore termed the potential difference (pd) and is given by: pd = emf - I × r Always remember that pd will always be lower in value than emf!



Definition 9.5 Pd



Pd is defined as that value that will be measured when the cell is delivering a current and is also referred to as the full-load voltage and emf is also referred to as the no-load voltage and no current is being produced. The internal resistance of the cell or battery is mathematically given by: r = 



emf - pd I



Example 9.4 A network similar to that of figure 9.12 is constructed and has the following values: Emf of cell = 1,5 volt Internal resistance of cell = 0,2 ohm External resistance = 5 ohm Determine the: (a) Magnitude of the current; (b) Potential difference across the external resistance in the network; and (c) Voltage drop across the cell.



Solution: (a) 



I = = =



emf R + r 1, 5 5 + 0, 2 0, 288 A 
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(b) pd 



= emf - I × r or = 1,5 - 0,288 × 0,2 = 1,4424 V 



(c) VCELL 



= = =



pd = = = 



I × R 0,288 × 5 1, 44 V 



I×r 0,288 × 0,2 0,00576 V



Example 9.5







Three cells each with an emf of 2,1 volt and internal resistance of 0,3 ohm are connected in parallel across a load resistor of 12 ohms. Determine the: (a) Magnitude of the current flowing in the network; (b) Magnitude of the potential difference across the load resistor; and (c) Magnitude of the voltage drop across the battery.



Solution: (a) 







(b) 



emf 1 1 1 I = RT = RL + + + RT r1 r2 r3 = 3 = 12 + 1 + 1 + 1 12,1 0,3 0,3 0,3 = 0,248 ampere = 12,1 ohm



pd = = = 



(c) VBAT = = = 



I × RL 0,248 ×12 2,976 volts I × rt 0,248 × 0, 1 0,024 volts



Example 9.6 The following network is given with values indicated.
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R 2,4 ohms I=3a



r



r



r



Each cell has an emf of 3 volt. Determine the: (a) Potential difference across the 2, 4 ohm resistor; (b) Total emf of the battery; (c) The internal resistance per cell; and (d) Voltage drop across the battery.



Solution: (a) 



pd = = = 



I × R 3 × 2,4 7,2 volt



(b) emf = 3 × 3 = 9 volt (c) rt = = = r/cell = =



emf – R I 9 - 2,4 3



0,6 ohm 0,6 0,2 ohm



(d) VBAT = I × rt = 3 × 0,6 = 1,8 volt



Exercise 9.2 1. Six 2,1 volt cells are grouped in series with a load resistor of 2,2 kilo- ohm producing a current of 5,712 mA to flow. Determine by calculation the internal resistance per cell.
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2. Two concepts namely emf and pd were dealt with in this module. Use an applicable network diagram that will illustrate the difference between these two concepts. 3. 



The grouping of cells has particular characteristics as far as their voltage and current capabilities are concerned. Draw neat labelled network diagrams of four cells in: 3.1 Series; and 3.2 Parallel that has the following capabilities: Emf = 4 volt Current capabilities = 1,5 ampere Internal resistance = 0,25 ohm Clearly indicate on your network diagrams the internal resistance and give the output voltage and current in each instance.



4. Three cells each with an emf of 1,8 volt and internal resistance of 0,3 ohm are grouped in series across a 10 ohm resistor. Determine the: 4.1 Emf produced by the grouping; 4.2 Current produced by this grouping; 4.3 Potential difference across the 10 ohm resistor. Why does this value not equal the emf produced by the grouping? 5. Three cells each with an emf of 2,1 volt and internal resistance of 0,15 ohm are grouped in parallel across a 20 ohm resistor. Determine the: 5.1 Emf produced by the grouping; 5.2 Current produced by this grouping; and 5.3 Potential difference across the 10 ohm resistor. 6. Three cells each with an emf of 3 volt and internal resistance of 1 ohm are connected in series across a resistor of unknown value. The battery however does produce a current of 1 ampere to flow. 6.1 Draw the network. 6.2 Prove by calculation that the unknown resistor has an Ohmic value of 6 ohm. 6.3 What will the voltage drop across the battery be?
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CHAPTER



10 Transformers Learning Outcomes On completion of this module you will be able to: • • • • 



• • • 



• • 



Discuss the operation of a transformer; Define a transformer; Calculate voltage, current, number of windings and transformer ratio using the transformer equation; Discuss the different types of transformers: – Step-up transformer; – Step-down transformer; – Auto transformer; and – Centre-tap transformer. Describe the construction of the following transformers: – The core-type; and – The shell-type. Describe transformer defects and testing of transformers: – Continuity tests; and – Voltage tests. Discuss the losses that may occur in transformers: – Copper losses; – Eddy-current losses; and – Hysteresis losses. Illustrate the connection and purpose of instrument transformers; and Explain the purpose of transformer cooling.
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Definition 10.1 Transformer



A transformer may be defined as a device that transfers electrical energy from one circuit (primary winding) to another circuit (secondary winding) by a varying magnetic field.



10.1 The operation of a transformer The concept of magnetism was discussed earlier and more specific the concept of mutual induction. Should two inductors be placed in close proximity to one another and one of the inductors are supplied with a voltage form a voltage source then a magnetic field will be set up in that inductor and that magnetic field will cut across the windings of the other inductor thereby inducing a voltage in that inductor which will produce a current to flow in that inductor. This concept is termed mutual induction and is the principle on which a transformer operates. This is illustrated in figure 10.1. The inductor on the left hand side is termed the primary winding and the one on the right hand side is termed the secondary winding and these two windings now constitute a transformer. This mutual induction is measured in Henry. Primary windings



Secondary windings



Input



Output



Magnetic flux lines caused by the input source



Figure 10.1



10.2 The construction of a transformer Transformers may be constructed in one of two ways.
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10.2.1 The core-type transformer The construction of a core-type transformer is illustrated in figure 10.2. The core-type construction of a transformer is made up of a package of thin laminated iron sheets in a rectangular shape. Each laminated sheet is electrically insulated from one another by means of an insulating coat of varnish and the core is then pressed together. The primary- and secondary windings are then placed on either side of the core.



Primary windings Input



Secondary windings Output



Laminated core



Figure 10.2



10.2.2 The shell-type transformer The construction of a shell-type transformer is illustrated in figure 10.3. This type of transformer construction is also made up of electrically insulated laminated iron sheets but in this instance the windings fit over the centre section of the core and the primaryand secondary winding is wound on top of one another.



Primary windings Input



Secondary windings Output



Laminated core



Figure 10.3



10.3 Types of transformers Although all transformers operate on the same principle there are some fundamental differences between them that need to be addressed. The following types of transformers are most commonly found in the electric- and electronic industry.



10.3.1 Step-down transformers These are transformers that has more primary windings than secondary winding which will result in a lower secondary voltage but with an increase in secondary current. This type of transformer consists of a single primary winding as well as a single secondary winding.
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10.3.2 Step-up transformers These are transformers that has more secondary windings than primary winding which will result in an increased secondary voltage but with a decrease in secondary current. This type of transformer consists of a single primary winding as well as a single secondary winding.



10.3.3 Auto-transformers The auto-transformer consists of a single inductor with the facility to change the ratio of the primary to the secondary by means of a tapping on the transformer. These transformers may be used as step-up or a step-down transformer.



10.3.4 Centre-tap transformers These are transformers that consist of a single primary winding and a split secondary winding which actually amounts to two secondary windings. Each set of secondary windings has its own specified output.



10.4 The transformer equation The transformer equation is used to calculate the different variables for a transformer. These variables are illustrated in figure 10.4 (a) and (b). IP



IS



VP



IP



VS



NP



NS
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VP VP



(a)



VS



NP



NS (b)



Figure 10.4



It is generally accepted that there will be a phase shift of 180° between the primary- and secondary winding of a transformer as in figure 10.4 (a), but this is not always true as can be seen in figure 10.4 (b). This phase reversal is dependant upon the direction in which the secondary winding is wound as well as the current direction in the secondary winding.
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The ratios between the different variables are given by the following mathematical expression. VP N I = P = S where VS NS IP 



VP VS NP NS IS IP 



= = = = = = 



primary voltage in volt secondary voltage in volt number of primary windings number of secondary windings secondary current in ampere primary current in ampere



Important to note in this expression is that the current flowing in the transformer is inversely proportional to both the voltage as well as the turns ratio. Any two ratios may be equated to one another as will be explained by the following activity. A further interest is that all the variables are ratios in terms of one another ie VP/VS are the ratio of primary voltage to secondary voltage: IP/IS is the ratio of primary current to secondary current: and NP/NS is the ratio of primary windings to secondary windings. Therefore the magnitudes of these ratios may be used to determine the type of transformer we are dealing with ie step-down or step-up transformer.



Example 10.1 Activity 10.1 A certain transformer has a transformer turns ratio of 10:1 and is supplied from a 250 V/50 Hz on the primary winding and this supply produces a current of 5 ampere in the secondary winding. Determine the: (a) Secondary voltage; and (b) Primary current. (c) What type of transformer are we dealing with? Motivate your answer!



Solution: VP N = P VS NS V × NS VS = P NP 250 × 1 = 10 = 25 volt



(a) 
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NP I (b) = S NS IP I × NS IP = S NP = 5 × 1 10 = 0, 5 ampere



(c) 



This is a step-down transformer. There is more than one motivation! • The primary voltage is higher than the secondary voltage; • The primary windings are more than the secondary windings; and • The secondary current is higher than the primary current.



Example 10.2 The following data concerning a transformer is given. Primary voltage = 100 volt Primary current = 10 ampere Secondary voltage = 200 volt Secondary current = 5 ampere Primary windings = 1 000 Secondary windings = 2 000 Determine the: (a) Turns ratio; (b) Current ratio; and (c) Voltage ratio. (d) What conclusions can be drawn from the above calculated ratios?



Solution: (a) 



NP V = P NS VS NP 100 = NS 200 = 1:2 



IS NP (b) = IP NS IS 1 000 = IP 2 000 = 1:2
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VP N (c) = P VS NS V 1 000 P = VS 2 000 = 1:2



(d) • • • 



This is a step-up transformer. There is more than one motivation! The primary voltage is lower than the secondary voltage; The primary windings are less than the secondary windings; and The secondary current is lower than the primary current.



10.5 Transformer defects and testing 10.5.1 Transformer defects All transformers suffer mainly from the following defects: • • • • 



Burnt-out windings caused by excessive current which causes too much heat dissipation; Electrical short-circuits between the primary and secondary windings; Windings may become short-circuited to the core of the transformer; and Short-circuits between adjacent windings which will change the ratio of the transformer.



10.5.2 Transformer testing It must be noted that all tests carried out on transformers are mainly carried out by the manufacturer but the following two tests can be carried out by you as technician.



10.5.2.1 Continuity tests The continuity test is mainly carried out in order to determine whether there are any open circuits or windings. During this test the transformer must be disconnected from the circuit and a fairly high reading will be indicated on the resistance reading. Important however is that should there be a short circuit between windings it will not be measurable.
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10.5.2.2 Voltage tests The voltage test is always done after the continuity test. A suitable voltage source is connected to the primary winding and a reading is taken on the secondary winding. The value obtained must be as specified by the manufacturer.



10.5.3 Transformer losses No electrical or electronic component or device is perfect and certain losses will always occur. Most transformers will suffer losses due to one or all of the following reasons.



10.5.3.1 Copper losses Copper losses are caused by the resistance of the copper conductors used to construct the windings of the transformer.



10.5.3.2 Eddy-current losses Since the core is also manufactured from a conducting material and the magnetic field which cut the transformer windings also cut the core, a minute current is also set up in the core of the transformer and this current subtracts from the current produced. Therefore the core is made up of thin laminated iron sheets in order to reduce these losses.



10.5.3.3 Hysteresis losses Molecular friction activity takes place within the core of the transformer. This loss may be reduced by using a special silicon steel and heat-treatment of the core material.
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Exercise 10.1 1. Define a transformer. 2. Use suitable sketches to indicate the difference in construction between a core-type transformer and a shell-type transformer. 3. Give a brief description of the following types of transformers: 3.1 Centre-tap; 3.2 Step-up; 3.3 Auto-transformer; and 3.4 Step-down. 4. Mention and briefly describe two most common tests that may be carried out on a transformer. 5. Transformers are generally very effective devices but they do suffer certain losses. Mention and briefly describe three of these losses. 6. Mention the most common defects that transformers may suffer from. 7. 



You are supplied with the following information regarding a transformer: Primary voltage = 150 volt Secondary voltage = 450 volt Primary current = 10 ampere Determine the: 7.1 Turns ratio; and 7.2 Secondary current.
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11 Measuring Instruments Learning Outcomes On completion of this module you will be able to: • • • • • • • • • • 



Define a measuring instrument; List a number of points that should be kept in mind when caring for your instruments; Explain the principle of operation of an analog moving coil meter; Explain the concept of a dc-amperemeter; List the precautions required for dc-amperemeters; Explain the concept of a dc-voltmeter; List the precautions required for dc- voltmeter; Use suitable sketches to illustrate resistance measurement; List the precautions required for resistance meters; and Give a description of digital measuring instruments.



11.1 Introduction Measuring instruments are versatile equipment required by an artisan for the execution of his/her daily work procedures. Different instruments will be covered in this module and each instrument treated will have its particular use but there is one common factor that concerns all measuring instruments namely the caring for such instruments. Listed below are a number of points that should be kept in mind when caring for your instruments. • • • • 



Instruments must be used for what they are intended to measure. Connecting leads must be kept in perfect working condition. Remove the batteries from instruments when they are not being used. Certain instruments should be regularly calibrated to ensure satisfactory operation and a detailed record of such calibration dates must be kept up-to-date. • Always connect a meter in the intended way ie series when measuring current and parallel when measuring voltage for instance. • Never change the scale of the intended reading whilst making the measurement.
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Definition 11.1 Measuring Instrument



A measuring instrument may be defined as a device suitable for determining the value or magnitude of an unknown quantity and is normally associated with electronic and/or electrical operating principles. In order to measure the unknown quantity all measuring instruments are associated with the following terms:



11.2 The moving coil meter A very basic moving coil measuring instrument is illustrated in figure 11.1. This moving coil instrument consists of a coil suspended in a magnetic field produced by a permanent horseshoe magnet. It is suspended in such a manner that it can freely move about or rotate in this created magnetic field.



Calibrated scale



0



10



Permanent horseshoe magnet Pointer
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S Coil



Swamping resistor



-



Connecting leads



+



Figure 11.1



Should a measurement now be attempted and a current is passed through this coil thereby also creating a magnetic field around this coil, the electromagnetic torque will cause the coil to rotate about its own axis. This will cause the pointer to deflect away from its point of rest and an indication of the unknown quantity can be read
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off the calibrated scale. The deflection obtained will be governed by the magnitude of the variable being measured. The torque which is exerted may be counterbalanced by means of a control spring which is attached to the moving coil in order to prevent the pointer from oscillating.



11.3 The dc-amperemeter The conductor which is used to manufacture the moving coil of a dc-amperemeter has a very low resistance and has a very small cross-sectional area which results in low current measuring capabilities. In order to extend the range or current measuring capabilities of the meter one needs to modify the meter. The reason for this is that all measuring instruments have a full-scale deflection which limits the magnitude of measurement. This means that a meter which has a full-scale deflection (FSD) of 100 mA can only measure that value. Should we now want to measure 200 mA we need to make provision for that. This concept is illustrated in figure 11.2. A resistor RS of suitable value is placed parallel with the meter and will now allow part of the current to by-pass the meter. This resistor is referred to a shunt resistor. -



IT IS RS



IM RM



+



Figure 11.2



Example 11.1 A moving coil measuring instrument has an internal resistance of 150 ohm and a full-scale deflection of 25 mA. Determine the value of the shunt resistor that will permit a current of 1,5 A to be measured and then draw the circuit diagram indicating all relevant values.
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Solution: RS RS 



=



IM × RM IT I - M



=



25 × 10-3 × 150 1,5 - 25 × 10-3







= 



2,542 ohm -



IT = 1,5 A IM = 100 mA



IS 2,542 ohms



RS



RM =150 ohms



+



You will find that the value of the shunt resistor you calculate will always have a fairly low value if compared with the internal resistance of the coil of the measuring instrument. However, this will only be the case with amperemeters.



11.3.1 Precautions required for dc-amperemeters The correct use of a dc-amperemeter measuring instrument is governed by the following precautions that need to be taken during measurement. • An amperemeter must always be connected in series with the load in the network where the measurement needs to be done. • Always observe the correct polarity. The red lead will normally indicate the positive polarity and the black lead will indicate the negative polarity. You are however advised to consult the manufacturer’s manual to assure yourself. • Since a measuring instrument is used to determine the value or magnitude of an unknown quantity it is advisable that when taking measurements you always start with the highest scale first and then you work your way down. In this manner you will protect the measuring instrument from permanent damage.
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11.4 The dc-voltmeter The conductor which is used to manufacture the moving coil of a dc-voltmeter has a very high resistance and has a large cross-sectional area which results in low voltage measuring capabilities. In order to extend the range or voltage measuring capabilities of the meter one needs to modify the meter. The reason for this is that all measuring instruments have a full-scale deflection which limits the magnitude of measurement. This means that a meter which has a full - scale deflection (FSD) of 100 mA can only measure a voltage equal to that value. Should we now want to measure any value larger than the FSD we need to make provision for that. This concept is illustrated in figure 11.3. A resistor RS of suitable value is placed series with the meter and will now allow part of the voltage to by-pass the meter. This resistor is often referred to a multiplier resistor. -



IT
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IM RM



+



Figure 11.3



Example 11.2 A value of 10 volt needs to be measured and the only available voltmeter has an FSD of 25 mA and an internal resistance of 120 ohm. Determine the value of a multiplier resistor that will permit this value to be measured and then draw the circuit diagram to illustrate this concept.



Solution: RS = V - RM IM = 10 - 120 25 × 10-3 



= 



280 ohm



183



184



MEASURING INSTRUMENTS



-



IT



RS = 280 ohms



IM = 25 mA



V = 10 volt



RM = 120 ohms



+



You will find that the value of the multiplier resistor you calculate will always have a fairly large value compared to the internal resistance of the coil of the measuring instrument. However, this will only be the case with voltmeters.



11.4.1 Precautions required for dc-voltmeters The correct use of a dc-voltmeter measuring instrument is governed by the following precautions that need to be taken during measurement. • A voltmeter must always be connected in parallel with the load in the network where the measurement needs to be done. • Always observe the correct polarity. The red lead will normally indicate the positive polarity and the black lead will indicate the negative polarity. You are however advised to consult the manufacturer’s manual to assure yourself. • Since a measuring instrument is used to determine the value or magnitude of an unknown quantity it is advisable that when taking measurements you always start with the highest scale first and then you work your way down. In this manner you will protect the measuring instrument from permanent damage. • Always take the loading effect of the voltmeter into account.



11.5 Digital measuring instruments Before commencing with digital measuring instruments we need to distinguish between an analogue- and digital measuring instrument. Analogue instruments These are instruments that have as an output a pointer needle which is deflected depending on the magnitude being measured and the value thereof is then read of a calibrated scale.
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Digital instruments These are instruments that provides a digital display of the quantity being measured and will in most instances also give an indication of the polarity being measured. Digital measuring instruments have the following advantages when compared with analogue measuring instruments. • A direct read-out is obtained and there is no chance of a parallax-error ie 6, 3 volt. • Most modern day digital measuring instruments have an auto-range facility and the only selection that needs to be made is that of the quantity to be measured. • Greater accuracy is obtained. • All digital measuring instruments have a high input impedance which takes care of the loading effect automatically.



Exercise 11.1 1. Define a measuring instrument. 2. Make a neat labelled sketch of a moving coil instrument and briefly discuss the operating principle thereof. 3. A moving coil dc-amperemeter has an internal resistance of 15 ohm and a full-scale deflection of 60 mA and needs to be modified in order to accommodate the following current and voltage ranges: 0 - 1 A 0 - 1 V 0 - 5 A 0 - 5 V 0 - 10 A 0 - 10 V Determine the: 3.1 Value of a shunt resistor; and 3.2 Value of the multiplier resistor and then determine the respective values of these resistors. You are further instructed to then draw a circuit diagram of this meter indicating all relevant values. 4. 



All measuring instruments must be used taking into account certain precautions. Mention these precautions you would adhere to when using: 4.1 dc-voltmeter; and 4.3 dc-amperemeter.



5. Distinguish between an analogue- and a digital measuring instrument. 6. Mention at least four advantages of a digital measuring instrument over an analogue measuring instrument.
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12 Alternating Current (ac) Theory Learning Outcomes On completion of this module you will be able to: • • 



Define an alternating quantity; Illustrate and explain the generation of an alternating quantity by means of a rotating vector ; • Illustrate, define where applicable and explain the following terms concerning an alternating quantity : – Periodic time; – Frequency; – Peak value; and – Peak-to-peak value. • Define RMS value; • Calculate: – RMS-values; – Average values; – Frequency; – Form factor; and – Crest factor.



12.1 Alternating Current (Single-phase) Since an alternating quantity is normally sinusoidal, one would find that the time periods for both directions are normally equal to one another.



Definition 12.1 Alternating Current



An alternating quantity may be defined as a voltage and/or current that continually changes its direction in that is moves in one direction for a given time period and then moves in the opposite direction for a given time period.
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12.2 Generation of a single-phase alternating quantity An alternating quantity can be generated by making use of magnetism. In order to refresh your memory you will recall that a current and subsequent voltage will be produced in a conductor when moved through an established magnetic field and the magnitude thereof will be dependant on the velocity of the movement as well as the strength of the magnetic field present. Using this principle as basis we can explain such generation of an alternating quantity by reference to figure 12.1 (a) and (b). Figure 12.1 (a) illustrates a conductor OA rotating in a uniform magnetic field between the north and south poles of two permanent magnets. This conductor will now rotate to positions OB, OC etc until such time when it will once again be at the start position OA and the whole process will be repeated again. The following waveform as illustrated in figure 12.1 (b) will be obtained when these points are plotted. C D
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Should the conductor lie in the direction indicated by OA it will be in line with the permanent magnetic field produced by the permanent magnets. The magnitude of the emf that will be induced will be very small and may for all practical purposes be taken as zero. As the conductor now starts rotating toward OB it will start cutting more of the magnetic flux lines therefore increasing the induced voltage magnitude which will reach a maximum value when the conductor lies in the direction of OC. Continuing in this fashion, plotting voltage against time, a curve illustrated in figure 12.1 (b) will be obtained. Once the conductor reaches the point OA again one complete cycle would have been completed. This completed cycle has an angle of 360º since the conductor has rotated a full circle and the angle of a circle is 360º.



12.3 Descriptions and terms used This obtained alternating quantity has some very distinct properties and these are illustrated in figure 10.2.



Definition 12.2 Frequency



Frequency may therefore be defined as the number of full cycles that moves past a given point in one second.
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Figure 12.2



12.3.1 Frequency The frequency of this alternating quantity is related to time as well as the number of times the reversal of direction takes place. Since the same repetitive action takes place every 360º and one cycle is completed in this time.
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In order to determine the frequency we make use of the expression: 1 f = where t = time in seconds t f = frequency in hertz 



Example 12.1 Determine in each instance the frequency for the alternating quantity: (a) 1 second; (b) 1 m-second; and (c) 10 m-seconds.



Solution: 1 (a) f = t 1 = 1 = 1 Hz 1 (b) f = t = 1 1 × 10-3







= 



1 kHz



(c) f = 1 t = 1 10 × 10-3 



= 



100 Hz



Figure 12.3 (a) and (b) illustrates the frequency of an alternating quantity over the same time period. Figure 12.3 (a) illustrates a frequency of one cycle over a given time period and figure 12.3 (b) illustrates a frequency of two cycles over the same time period.
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Figure 12.3



12.3.2 Periodic time



Definition 12.3 Periodic Time



The periodic time of an alternating quantity is that time it takes to complete one full cycle of 360°.



Example 12.2 The following frequencies of an alternating quantity were measured: (a) 150 kHz; (b) 10 Hz (c) 1 MHz Calculate in each instance the periodic time.



Solution: 1 (a) f = t 1 t = f = 1 150 × 103







= 



6,667 µ-seconds
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1 (b) f = t 1 t = f = 1 10







= 



100 m-seconds



(c) f = 1 t t = 1 f = 1 1 × 106 



= 



1 µ-seconds



12.3.3 Peak value The maximum- or peak value will be reached when the conductor lies at right angles (90º) to the magnetic field. You will notice that this value is reached twice during a full cycle, at 90º and once at 270º where the first is during the positive half-cycle and the second during the negative half-cycle.



12.3.4 Peak-to-peak value The peak-to-peak value is the total value measured between the two peak values. This is mathematically expressed as: VP-P = 



2 × VP 



where VP = peak value of alternating quantity



Example 12.3 Calculate the peak-to-peak value of the following alternating quantities: (a) 35 V; (b) 60 V; and (c) 120 V
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Solution: (a) VP-P = = = 



2 × VP 2 × 35 70 volt



(b) VP-P = = = 



2 × VP 2 × 60 120 volt



(c) VP-P = = = 



2 × VP 2 × 120 240 volt



Example 12.4 An alternating quantity has the following peak-to-peak values: 12.4.1 240 V; 12.4.2 100 V; and 12.4.3 180 V Determine in each instance the peak value of the alternating quantity.



Solution: (a) VP-P = 2 × VP VP = V P-P 2 = 240 2 = 120 volt 2 × VP (b) VP-P = VP = V P-P 2 = 100 2 = 50 volt
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(c) VP-P = 2 × VP VP = V P-P 2 = 180 2 = 90 volt



12.3.5 



RMS- and Average values



The root mean square (RMS) value of an alternating quantity is also termed the effective value and is that value that actually does the work.



Definition 12.4 RMS-Value



The RMS-value may be defined as that value of the alternating quantity that will produce the same heat energy as that of a direct quantity when applied to the same resistive component. This RMS-value is given by the following mathematical expression: VRMS = 0,707 × VP where VRMS = 0,707 × IP IRMS IRMS VP IP 



= = = = 



RMS-value in volt RMS-value in ampere peak value of voltage peak value of current



The average value of an alternating quantity is mathematically given by: VAVE = 0,637 × VP where VAVE = 0,637 × IP IAVE IAVE VP IP 



= = = = 



average value in volt average value in ampere peak value of voltage peak value of current



Example 12.5 An alternating quantity has a maximum voltage value of 120 V at a peak-topeak current of 10 A. Determine in each instance the: (a) RMS-value of the voltage and current; and (b) Average value of the voltage and current.
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Solution: (a) VRMS = 0,707 × VP IRMS = 0,707 × IP = 0,707 × 120 10 = 84,84 volt = 0,707 × 2 = 3,535 ampere (b) VRMS = 0,637 × VP IRMS = 0,673 × IP = 0,637× 120 10 = 76,44 volt = 0,673 × 2 = 3,185 ampere



12.3.6 



Form- and crest factor (FF and CF)



The form- and crest (FF and CF) factor are used in order to compare a sinusoidal quantity to that of a non-sinusoidal quantity. We therefore find that a sinusoidal quantity have values of 1, 11 for the form factor and 1,414 for the crest factor respectively. A peaked wave has values greater than 1, 11 for the form factor and 1,414 for the crest factor respectively. Flat waves have values less than 1, 11 for the form factor and 1,414 for the crest factor respectively. The form factor and crest factor is mathematically given by: RMS-value Max-value Crest factor (CF) = Form factor (FF) = Ave-value RMS-value 



Example 12.6 Use the relevant voltage data in activity and solution of example 12.5 to calculate the: (a) Form factor; and (b) Crest factor.



Solution: (a) Form factor (FF) = = = 



RMS–value Ave-value 84,84 76,44



1,11
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(b) Form factor (FF) = = = 



Max–value RMS-value 120 84,84



1,414



The above two answers prove that we are working with a pure sinusoidal quantity.



12.4 Advantages of an alternating quantity • • • • 



An alternating quantity can be increased (stepped-up) or decreased (stepped-down) as required for purposes of transmission over distances. Alternating quantity generators have a fairly big capacity over direct quantity generators. Alternating quantity generators require less maintenance in comparison to direct quantity generators. Alternating quantity generators are less expensive in comparison to direct quantity generators.



12.5 Other types of waveforms Other types of waveforms are extensively used in electronics and these waveforms have very specific characteristics and applications.



12.5.1 



Square waves Figure 12.4 illustrates a square wave. On



Off Peak value



Leading edge



Trailing edge



One cycle



Figure 12.4



A square wave can either be positive going or negative going and are mainly used in computer circuitry as well as logic circuits since it will either be on or off.
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Sawtooth waves



Figure 12.5 illustrates a sawtooth wave. Positive ramp



Negative ramp



Rise time Fall time



Figure 12.5



The sawtooth waveform is also termed a triangular wave corresponding to its shape. It is mainly used in oscilloscope time-base circuits in order to deflect the electron beam across the oscilloscope screen. You will further notice that the positive ramp and the negative ramp have different slopes and that the rise time is greater than the fall time which is also termed the fly-back time. secondary winding. Molecular friction activity takes place within the core of the transformer. This loss may be reduced by using a special silicon steel and heat-treatment of the core material.



Exercise 12.1 1. Describe in your own words the concept of an alternating quantity. 2. Make use of suitable sketches that will illustrate how an alternating quantity is generated. 3. Define the concept of frequency and also give a mathematical expression that will indicate the relationship between frequency and time. 4. 



Make a neat labelled sketch of an alternating quantity and indicate on this wave form the following: 4.1 The peak value; 4.2 The peak-to-peak value; and 4.3 A periodic time of 1 second.



5. 



Calculate in each instance the frequency of the alternating quantity for the following periodic times: 5.1 25 m-seconds; 5.2 100 µ-seconds; and 5.3 200 m-seconds.
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6. 



The following frequencies were measured during a field-test. 6.1 45 kHz; 6.2 10 MHz; and 6.3 100 Hz. Calculate in each instance the periodic time of the alternating quantity.



7. Give a brief explanation of the term ‘peak value‘ and then determine the ‘peak-to-peak’ value, RMS- and average values as well as the form- and crest factor of the following voltages: 7.1 25 volt; 7.2 140 volt; and 7.3 75 volt 8. 



Give a brief explanation of the term ‘peak-to-peak value‘ and then determine the ‘peak value’, RMS- and average values as well as the form- and crest factor of the following voltages: 8.1 180 volt; 8.2 440 volt; and 8.3 750 volt



9. Draw neat labelled sketches that will differentiate between a sawtooth wave and a square wave and also mention one application of each wave.



SEMI-CONDUCTORS THEORY AND DIODES



N1 Industrial Electronics



199



CHAPTER



13 Semi-conductor Theory and Diodes Learning Outcomes On completion of this module you will be able to: • • • • • • • 



• • • • 



Represent an atom as a crystal lattice structure; Define: – Donor doping; and – Acceptor doping. Use crystal lattice structures to explain the concept of: – Donor doping; and – Acceptor doping. Define and clarify the concept of the Fermi-levels; Explain using suitable sketches the formation of a PN-junction; Define and explain diffusion current and the formation of the depletion layer; Explain using suitable sketches the following concepts of a PN-junction: – No bias; – Reverse bias; and – Forward bias. Give the IEC circuit symbol and a suitable definition of a diode; Discuss the operation of a diode with the aid of a characteristic curve; Test a diode; Use applicable circuit diagrams and waveforms to explain the operation of the following diode applications: – The diode as a rectifier; – Half-wave rectifier; – Full-wave rectifier; and – Full-wave rectifier (bridge circuit-four diodes).



13.1 Introduction In the field of electronics there are two main elements that are used in the manufacture of semi-conductor devices or components namely Silicon and Germanium. Although these two elements do not have the same atomic weight or number of orbiting electrons
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they do however have one aspect in common: there are four valence electrons in its valence shell although the orbit designation is different. In order to understand how the conduction will take place in semi-conductor devices you are advised to sharpen up on you’re already gained knowledge of Atomic Theory. As the name semi-conductor suggests, it is not a very good conductor and something needs to be done in order to improve on its conducting capabilities. This process of improvement in conducting capabilities is termed doping but can be best explained by considering the elements (Germanium and Silicon) as a crystal lattice structure.



13.2 Crystal lattice structures We will only deal with the two most common semi-conductor manufacturing elements namely germanium and silicon. Since all elements are electrically neutral we will only consider the valence electrons of each element since they have the same number of valence electrons. A simplified illustration of the crystal lattice structure of germanium and silicon is depicted in figure 13.1.



Orbiting electrons of four nuclei (Same for Germanium and Silicon



Figure 13.1



This illustration is interpreted as follows: the circle in the centre represents the nucleus of the atom as well as the electrons contained in the electrons orbits or shells that have their full compliment of electrons for those shells. The squares indicate the valence electrons in the valence shell. Although only four atoms are indicated here you must realise and accept that there are many more atoms in a very small piece of germanium



N1 Industrial Electronics



201



or silicon. Covalent bonding will now take place among adjoining atoms at random. This type of crystal lattice structure is found in all crystalline elements. Germanium and silicon in its pure form is also known as an intrinsic material and as already mentioned does not have very good conducting properties. In order to improve the conducting properties the germanium or silicon is mixed with other elements in a manufacturing process termed doping.



13.3 Donor doping



Definition 13.1 Donor Doping



Donor doping is a mixing process that will generate a free (extra) electron in the conduction band of the atom as well as crystal lattice structure.



The number of such free electrons will depend on the extent to which this doping is performed. Plainly said, how much impurities are added to the germanium or silicon. The impurity added to the germanium or silicon has five valence electrons in its valence shell and is therefore referred to as penta-valent atoms. Penta- is the Greek word for five. Typical elements used for donor doping include: • Antimony • Arsenic • Phosphorous The concept of donor doping is illustrated in figure 13.2.
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Penta-valent impuruty atom



Orbiting electrons of four nuclei (Same for Germanium and Silicon



Extra free electron



Figure 13.2



Since covalent bonds are formed in the crystalline structure the impurities form part of this covalent bond and create an extra electron for conduction purposes for each impurity atom added and will enter the conduction band of the atom as a free electron. Donor doping creates what is termed an N-type material and this material is negatively charged since the electron number has increased by the introduction of the impurity atoms. This material is therefore no longer an intrinsic material but is referred to as an extrinsic material. What this process has now brought about is an extra or free electron which will contribute to the better conducting properties of the material.



13.4 Acceptor doping



Definition 13.2 AcceptorDoping



Acceptor doping is a mixing process that will generate a hole in the conduction band of the atom as well as crystal lattice structure. The number of such holes will depend on the extent to which this doping is performed. Plainly said, how much impurities are added to the germanium or silicon.
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The impurity added to the germanium or silicon has three valence electrons in its valence shell and is therefore referred to as tri-valent atoms. Tri- is the Greek word for three. Typical elements used for acceptor doping include: • Gallium • Boron • Aluminium The concept of acceptor doping is illustrated in figure 13.3.



Tri-valent impuruty atom



Orbiting electrons of four nuclei (Same for Germanium and Silicon



Hole



Figure 13.3



Since covalent bonds are formed in the crystalline structure the impurities form part of this covalent bond and create a hole for conduction purposes for each impurity atom added and will enter the conduction band of the atom as a hole. Acceptor doping creates what is termed a P type material and this material is positively charged since the electron number has decreased by the introduction of the impurity atoms. This material is therefore no longer an intrinsic material but is referred to as an extrinsic material. What this process has now brought about is a hole which will contribute to the better conducting properties of the material. Important to know is that although the pure Silicon or Germanium (intrinsic material) has been doped in order to obtain an N-type material or P-type material (extrinsic material) that the doped material is still electrically neutral in that the number of electrons will still equal the number of protons. Of further importance is the fact that in an N-type material conduction is by means of electrons as majority carrier and in a P-type material conduction is by means of holes as majority carrier. Should a suitable supply now be connected across this PNjunction a current flow will be measured.
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13.5 The PN-junction A PN-junction is formed when a P-type material and an N-type material is joined together. This joining together is not an electrical junction but is a junction which is achieved through a manufacturing process. In this manner a single junction is created between the N-type and the P-type material. Electrons and holes are uniformly distributed in the two types of material provided they have been doped to the same extent. This concept is illustrated in figure 13.4. P-type-holes
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Figure 13.4



During the manufacturing process this evenly distribution of electrons and holes are disturbed since some of these holes and electrons are very close to one another in the immediate vicinity of the junction. Electrons from the N-type material now cross the junction into the holes in the P-type material and holes from the P-type material also cross the junction toward the N-type material. This natural process is termed diffusion current.



Definition 13.3 Diffusion Current



Diffusion current may be defined as a process whereby charge carriers in a region of high density will move to a region of low density until they are evenly balanced.



However, this will only take place in the immediate vicinity of the junction. This results in the creation of negative ions on the P-side as well as positive ions on the N-side in the immediate vicinity of the junction. This concept is illustrated in figure 13.5.
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N-type-electrons -
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Figure 13.5



This movement of charge carriers across the junction leaves on either side of the junction a region which is completely depleted or void of charge carriers and is termed the depletion layer. It is generally accepted that this depletion layer is of equal thickness around the junction provided that both extrinsic materials have been doped to the same extent. Therefore, the depletion layer on the N-side will consist of donor impurities which have lost electrons and have a positive charge and the depletion layer on the P-side will consist of donor impurities which have lost holes and have a negative charge. This concept is illustrated in figure 13.6. The explanation discussed constitutes the behaviour of the PN-junction under no bias conditions. Bias is a method applied to semi-conductor components that will allow for it to either conduct or not to conduct. Junction P-type-holes
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Figure 13.6



13.5.1 



The reverse-biased PN-junction



A reverse-biased PN-junction condition will not allow for any current to flow except for a leakage current which for all practical purposes may be ignored for our discussion. A voltage source is connected to the PN-junction in such a manner that the negative terminal of the source is connected to the P-type material of the junction and the positive terminal of the source is connected to the N-type material of the source. This concept is illustrated in figure 13.7.
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Figure 13.7



Under these reverse bias conditions no current will be flowing for the following reasons. Electrons from the N-type material will be attracted to the positive terminal of the source and holes from the P-type material will be attracted to the negative terminal of the source. The result is that the depletion layer will widen as is illustrated. Although it was mentioned earlier that under reverse bias we have a leakage current which may be ignored it is of utmost importance that this reverse bias not exceed a given value since the junction will then be destroyed. An interesting fact that need to be mentioned is that under reverse bias conditions a PN-junction will act as a variable capacitor since the two doped materials are actually two conductors and since the junction is not an electrical junction the junction will act as a capacitor and the distance between the two conducting materials will be governed by the magnitude of the reverse bias.



13.5.2 



The forward-biased PN-junction



A forward-biased junction condition will allow for current to flow. A voltage source is connected to the PN-junction in such a manner that the negative terminal of the source is connected to the N-type material of the junction and the positive terminal of the source is connected to the P-type material of the source. This concept is illustrated in figure 13.8. Under forward bias conditions electrons from the N-type material will be repelled from the negative terminal of the voltage source and at the same time holes from the P-type material are repelled from the positive terminal of the voltage source and are driven toward the junction. This causes the depletion layer to be narrowed as illustrated in figure 13.8. At a given point a voltage magnitude is reached when these charge carriers are able to cross the junction and the electrons originating from the N-type material are attracted by the positive terminal of the voltage source on the P-type material and at the same time holes originating from the P-type material are attracted toward the negative terminal of the voltage source on the N-type material. As long as this required supply voltage is maintained a current will flow for as long as required.
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Figure 13.8



The given points at which conduction will commence are defined as follows: • • 



Germanium Silicon 



± ± 



0,3 volt 0,7 volt



These values are the approximate values of the supply voltage that need to be reached before any conduction will take place.



Exercise 13.1 1. Germanium and silicon may be represented in a crystal lattice structure. Make use of a neat labelled sketch to illustrate this statement. 2. 



Make use of two neat labelled crystal lattice structure sketches and explain the concept of: 2.1 Donor doping; and 2.2 Acceptor doping.



3. Differentiate between an intrinsic- and extrinsic material. 4. During the formation of a PN-junction a depletion layer is formed. Use suitable sketches and explain how this depletion layer is formed. 5. A PN-junction may either be forward- or reverse biased. Use applicable sketches to illustrate this biasing concept.
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13.6 The diode and characteristic curve



Definition 13.4 Diode



A diode may be defined a single PN-junction two terminal device which will offer a low resistance when forward biased and a high resistance when reverse biased.



Therefore, should a diode be forward-biased it will act as a conductor and when it is reverse-biased it will act as an insulator (non-conductor). The IEC-circuit symbol, characteristic curve and schematic diagram for a diode are illustrated in figure 13.9 (a), (b) and (c). +I A Forward bias area Anode



IF Cathode



C



VR +V



-V VF Electron motion



B



IR
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Reverse bias area D -I



(c)
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Figure 13.9



Our first reference will be to figure 13.9 (a). The anode is always manufactured from a P-type material and the cathode from an N-type material. The electron flow through the diode is always against the arrow head indicated by the circuit symbol and for such electron flow (current flow) to take place the anode must always be positive with respect to the cathode. This does not necessarily mean that the anode must have a positive potential supplied to it. Remember that minus 10 volt is more positive than minus 30 volt. The characteristic curve in figure 13.9 (b) is typical of a diode and will describe its operation. The curve has two distinct areas in which it operates and these two areas have another two points which are very significant.
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Area A on the curve constitutes the forward bias area of the device and it is in this area that a diode is normally operated. Should a diode now be correctly forward biased then current will flow freely for as long as this forward bias is maintained. Point B which is also in the forward bias area is termed the forward break over point and it is at this point that the diode starts conducting freely. This point differs between Germanium and Silicon diodes and is illustrated in figure 13.10 and has the following approximate values and only the forward characteristics in order to differentiate between the two types of diodes: • • 
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Figure 13.10



This value also indicates the voltage drop across the diode during conduction. Point C is probably the most important point on the characteristic curve and also falls in the reverse bias area of the diode and is termed the reverse break down point or the peak inverse voltage point and this point is specified by the manufacturer and will differ between diodes. Should this point be reached the diode will be destroyed. Area D on the curve constitutes the reverse bias area of the device and the diode is normally not operated in this area. Should a diode be reverse biased no current will flow except a small reverse current which may be ignored.



13.7 Testing a diode You will notice that on the schematic diagram in figure 13.11 (c) that the right hand-side of the diagram has a band which represents the cathode of the diode. Since the diode will only allow current to flow in one direction only you may at times be required to test a diode for functionality or on the other hand determine the anode and cathode leads.



SEMI-CONDUCTOR THEORY AND DIODES



The testing of a diode is based on the conditions of forward- and reverse-bias of the diode. Figure 13.11 (a) and (b) illustrates the method to be followed when testing a diode. Should the negative terminal of the multi-meter be connected to the cathode of the diode and the positive terminal of the multi-meter be connected to the anode of the diode the diode will be forward biased and the resistance value will have a low value as in figure 13.11 (a). Should the positive terminal of the multi-meter be connected to the
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Figure 13.11



cathode of the diode and the negative terminal of the multi-meter be connected to the anode of the diode the diode will be reverse biased and the resistance value will have a high value as in figure 13.11 (b). The diode can be assumed to be in good condition should the readings as described be obtained and should the same amount of resistance be obtained in both directions then the diode need to be replaced since it has become defective. Always remember to the remove from the circuit the diode under test!



Exercise 13.2 1. A diode may be best described by its characteristic curve. This curve defines four distinct areas or points. Give such a characteristic curve, indicate these distinct areas and then describe in detail the essence of these areas. 2, Use suitable sketches and describe how you would test a diode in order to determine the anode and cathode connections.
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13.8 Diode applications Diodes have many applications and in this section we will cover the most common applications. It is however very important that you must understand the principle of operation of a diode as was discussed earlier otherwise the concepts that will be discussed in this section will be futile.



13.8.1 



The diode as a rectifier



One of the other main uses of a diode is as a rectifier is that it will convert an alternating quantity into a pulsating direct quantity and depending on the efficiency of the filter circuit may supply an almost ripple-free output.



13.8.1.1 



The half-wave rectifier



A half-wave rectifier is a network so constructed using one diode plus additional components to perform the function of rectification and is illustrated in figure 13.12 (a) and (b). D1
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A half-wave rectifier derives its name from the fact that the output voltage VO only consist of one half of the input voltage Vi. This can be seen on the waveforms illustrated in figure 13.13 (a-i, ii and iii) and (b-i, ii and iii).
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Figure 13.13



A half-wave rectifier circuit is illustrated in figure 13.12 and consists of a mains stepdown transformer T1, a diode D1 and load resistor RL connected in series with the diode across the secondary side of the mains transformer T1. The input voltage Vi is supplied to the primary side of the mains transformer T1 and the output voltage Vo is taken across the load resistor RL. There is no fundamental difference between the two circuits except for the fact that different halves of the input cycle will be rectified and this is illustrated in figure 13.13 (a-i, ii and iii) and (b-i, ii and iii). During the first half of the input voltage Vi, that is between A and B in figure 13.13(a), the diode D1 is reverse-biased and no current will flow through the load resistor RL as illustrated in figure 13.13. The output voltage Vo taken across the load resistor RL is equal to zero since there will be no current flowing. The above statements of operation will be reversed for figure 13.12 (b). During the second half of the input voltage Vi, that is between B and C in figure 13.13 (b-i, ii and iii), the diode D1 is forward-biased and a current will flow through the load resistor RL as indicated by the dotted line with the polarities as indicated in figure 13.12. The output voltage Vo taken across the load resistor RL is almost equal to Vi. The only difference there is will be the forward voltage drop across the diode D1 since the circuit on the secondary side operates as a series voltage divider with the load resistor RL.



N1 Industrial Electronics



213



The statements of operation will be reversed for figure 13.12 (b). The same pattern will be repeated for every alternate positive and negative half cycle and the output voltage thus obtained is termed a pulsating direct quantity. But this is not really what is required since the magnitude of the output is not constant. The way in which this pulsating direct quantity is smoothed is by means of a smoothing capacitor which will remove the varying quantity and an output as constant as possible will be obtained. This aspect will be discussed under the section that will deal with filter networks. The applicable waveforms for the network in figure 13.12 are illustrated in figure 13.13 (a) and (b) where figure 13.12 (a) are those for figure 13.13 (a) and figure 13.12 (b) are those for figure 13.13 (b). Figure 13.13 [a (i)] and [b (i)] are the inputs Vi for both networks and figure 13.13 [a (ii)] and [b (ii)] are the outputs obtained from the secondary side of the mains transformer for both networks. Figure 13.13 [a (iii)] and [b (iii)] are the outputs obtained across RL for both networks and note must be taken of the polarity of the respective outputs.



13.8.1.2 



The full-wave rectifier



As the name would imply, full-wave rectification will make use of both halves of the input voltage Vi. Such a network diagram is illustrated in figure 13.14 (a), (b) and (c). The associated waveforms are given in figure 13.15 (a) and (b). T1 D1
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A circuit diagram of a full-wave rectifier, using two diodes is illustrated in figure 13.14 (a), (b) and (c) and consists of a centre-tap mains step-down transformer T1 , two diodes D1 and D2 and a load resistor RL connected in series with the diodes across the secondary side of the centre-tap mains step-down transformer T1. The input voltage Vi is supplied to the primary side of the centre-tap mains transformer T1 and the output voltage Vo is taken across the load resistor RL. During the first half of the input voltage Vi, that is between A and B in figure 13.15, the diode D1 is reverse-biased and diode D2 is forward-biased and a current will flow through the load resistor RL as indicated by the dotted line with the polarities as indicated in figure 13.15 (b). The output voltage Vo taken across the load resistor RL is almost equal to Vi. The only difference there is will be the forward voltage drop across the diode D2 since the circuit on the secondary side operates as a series voltage divider with RL. During the second half of the input voltage Vi, that is between B and C in figure 13.15, the diode D2 is reverse-biased and diode D1 is forward-biased and a current will flow through the load resistor RL as indicated by the dotted line with the polarities as indicated in figure 13.15 (c). The output voltage Vo taken across the load resistor RL is almost equal to Vi. The only difference there is will be the forward voltage drop across the diode D1 since the circuit on the secondary side operates as a series voltage divider with RL. The same pattern will be repeated for every alternate positive and negative half cycle and the output voltage thus obtained is termed a pulsating direct quantity. But this is not really what is required since the magnitude of the output is not constant. The way in which this pulsating direct quantity is smoothed is by means of a smoothing capacitor which will remove the varying quantity and an output as constant as possible will be obtained. The applicable waveforms for the network in figure 13.14 are illustrated in
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figure 13.15. Figure 13.15 (a) is the input Vi for the network and figure 13.15 (b) is the output obtained from the secondary side of the centre-tap mains transformer for the network. Figure 13.15 (c) is the output obtained across RL for the network.



13.8.1.3 



The full-wave rectifier (bridge circuit-four diodes)



As the name would imply, full-wave rectification will also make use of both halves of the input voltage Vi. Such a network diagram is illustrated in figure 13.16 (a), (b) and (c). The associated waveforms for this type of network is given in figure 13.17 (a) (b) and (c). The only difference between a bridge rectifier and a rectifier using two diodes is that a bridge rectifier uses two diodes per half cycle which would increase your current delivering capabilities if compared to only using one diode per half cycle. A great advantage in using a bridge rectifier is that does not require a centre-tap mains transformer which is quite expensive and this type of circuit may be fed directly from the mains supply line but is not very often done since the transformer does supply some sort of protection. A network diagram of a full-wave rectifier, using four diodes commonly known as the bridge rectifier is illustrated in figure 13.16 (a), (b) and (c) and consists of a mains step-down transformer T1, four diodes D1 to D4 and a load resistor RL connected in series with the diodes across the secondary side of the mains stepdown transformer T1. The input voltage Vi is supplied to the primary side of the mains transformer T1 and the output voltage Vo is taken across the load resistor RL. During the first half of the input voltage Vi, that is between A and B in figure 13.17, the diodes D1 and D4 are reverse-biased and diodes D2 and D3 are forward-biased and a current will flow through the load resistor RL as indicated by the dotted line with the polarities as indicated in figure 13.16 ( b ). The output voltage Vo taken across the load resistor RL is almost equal to Vi. The only difference there is will be the forward voltage drop across the diodes D2 and D3 since the circuit on the secondary side operates as a series voltage divider with the load resistor RL. During the second half of the input voltage Vi, that is between B and C in figure 13.17, the diodes D2 and D3 are reverse-biased and diodes D1 and D4 are forward-biased and a current will flow through the load resistor RL as indicated by the dotted line with the polarities as indicated in figure 13.16 (c). The output voltage Vo taken across the load resistor RL is almost equal to Vi. The only difference there is will be the forward voltage drop across the diode D1 and D4 since the circuit on the secondary side operates as a series voltage divider with the load resistor RL.
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The same pattern will be repeated for every alternate positive and negative half cycle and the output voltage thus obtained is termed a pulsating direct quantity. But this is not really what is required since the magnitude of the output is not constant. The way in which this pulsating direct quantity is smoothed is by means of a smoothing capacitor which will remove the varying quantity and an output as constant as possible will be obtained. This aspect will be discussed under the section that will deal with filter networks. The applicable waveforms for the network in figure 13.16 are illustrated in figure 13.17. Figure 13.17 (a) is the input Vi for the network and figure 13.17 (b) is the output obtained from the secondary side of the centre-tap mains transformer for the network. Figure 13.17 (c) is the output obtained across RL for the network.



Exercise 13.3 1. 



Diodes are commonly used for rectification purposes. Make use of suitable network diagrams as well as input- and output waveforms to illustrate the following types of rectification. 1.1 Half-wave; 1.2 Full-wave (two diodes); and 1.3 Bridge rectifier. Indicate on your network diagrams the direction of all currents that may flow in the network.
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CHAPTER



14 Transistors Learning Outcomes On completion of this module you will be able to: • • • 



• • 



• 



Describe the operation of a transistor with the aid of schematic block diagrams and circuit symbols; Understand the concept of transistor voltages; Calculate the values of: • Base currents; • Collector currents; and • Emitter currents. Define an amplifier; Explain the characteristics and the basic operation of a transistor as a: • Switch; • Basic common emitter amplifier; • Basic common collector amplifier; and • Basic common base amplifier. Explain using suitable sketches and demonstrations the following testing of transistors: • Open-circuit and short-circuit test; • Identification of the base terminal; • Identification of the type of transistor; and • Identification of emitter and collector.



14.1 Introduction The name transistor is derived from the term ‘transfer resistor’ and you will notice that the parts of the words printed in Italics spells out the word transistor. The principle of operation of the transistor is an extension of the PN-theory dealt with when the diode was discussed.
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The transistor is a three-terminal two-junction semi-conductor component and is commonly referred to as a ‘junction transistor’ but it must be noted that there are also other types of transistors available.



14.2 The transistor The junction transistor consists of two types of extrinsic or doped semi-conductor material. Since it contains only two junctions it however has three terminals and one type of doped material (N-or P-type) is sandwiched between two types of the other type of doped material (N-or P-type). This arrangement provides us with the opportunity of obtaining two types of transistors namely an NPN- or PNP-transistor. Their basic operation is virtually the same but their bias arrangement is different. The schematic block diagrams and IEC-circuit symbols are illustrated in figure 14.1 (a) and (b). Figure 14.1 (a) illustrates an NPN-transistor and figure 14.1 (b) illustrates a PNP-transistor. Take note of the voltage polarities indicated on the IEC-circuit symbols since this will be your guide for the future in electronics. It must also be noted, and this is a very important aspect, that when we talk about current flow, that we refer to electron flow and that is from negative to positive. We will further refer to hole flow which is the opposite to electron flow, from positive to negative. It may not be correct to refer to hole flow as conventional current flow. Emitter
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In order to grasp and understand the operation of a transistor we need to familiarise ourselves with the concept of the depletion layers again. This is illustrated in figure 14.2 (a) and (b). Emitter
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Figure 14.2



The following points need to be taken note of. • The base-region is much thinner than the two outer regions. • The two outer regions are more heavily doped than the base-region. • Because of the doping level of the two outer regions the depletion layer at both junctions will penetrate deeper into the base-region. • This deeper penetration of the depletion layers at both junctions therefore minimises the distance between the two junctions. These are the conditions that will exist when there is voltage supply connected to the transistors. Should we now connect a voltage supply to the transistor a number of significant and important changes will take place. This concept is illustrated in figure 14.3 (a) and (b). In both transistors the emitter-base is forward biased and the collector-base is reverse biased. This is a fundamental condition to exist should a transistor be used as an amplifier. This will be further explained when the operating areas of a transistor is discussed. (Refer to the section on PN-junctions since the transistor may be seen as two PN-junctions connected back-to-back).
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Figure 14.3



You will notice that for both types of transistors the current directions are indicated to be in the same direction but there is a subtle difference. In the NPN-transistors we have a current flow which is by means of electron flow as majority carriers. However, in the PNP-transistors we have a current flow which is by means of hole flow as majority carriers. Also notice that the width of the depletion layers has changed since we added the supply voltages. It would therefore appear that the width will have an influence on the conduction properties but this is not the case. Should you refer back to figure 14.1 (a) and (b) you will notice that in the case of the NPN-transistor the high positive potential will pull the electrons through the base region and in the case of the PNPtransistor the high negative potential will pull the holes through the base-region. Note that the current directions are indicated as external direction. The current magnitudes for both types of transistors are given by the following mathematical expression: IE = IE = IB + IC where = IB = IC 



emitter current in ampere base current in ampere collector current in ampere



Important to note that the magnitude of the base current will seldom exceed 2 % of the emitter current. To obtain a clearer view of the above mathematical expression refer to figure 14.4 (a), (b) and (c). Base Emitter
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You will recall the transistor is derived from ‘transfer resistor’ and we can now apply Ohm’s Law to this schematic diagram. A resistor variable R, acting as the base, is placed between the two semi-conductor materials and we will find that the current between the emitter and collector will be regulated by the variable resistor R. Should we now vary the resistance of the variable resistor R the electrons that will be emitted will not be the same as those collected by the collector. The resistance of R will thus have an influence on the magnitude of the current flow. We can therefore safely assume that the conduction of a transistor is mainly dependant upon the increase and decrease of current between the base-emitter. The higher the current-flow between the baseemitter, the lower the resistance of R will be, and the lower the current between baseemitter, the higher the resistance of R will be. We can therefore safely assume that the collector current is controlled by the base current and the collector current is almost equal to the emitter current.



Example 14.1 It was found by measurement that the current flow in the emitter of a transistor is 80 mA and that causes a current flow of 0, 8 mA in the base of the transistor. Determine the magnitude of the collector current.



Solution: IE = IB + IC IC = IE − IB = 80 ×10−3 − 0, 8 ×10−3 = 79,2mA



14.3 Operating regions of a transistor There are three regions in which a transistor is normally operated and that is illustrated in the graphical representation in figure 14.5.



224



TRANSISTORS



Saturation region IB IB Active region



IC



IB IB Cut-off region



VCE



Figure 14.5



Three main operating regions can be identified for a transistor as illustrated in figure 9.5. The output characteristics illustrated is that for the common emitter configuration in which most transistor applications are used. Important to note is that these three regions are termed ‘static characteristics’ since they are determined by dc-conditions which are static. • The cut-off region The cut-off region is that region where the emitter-base as well as the collector-base junctions is reverse biased. There is no major current that will flow besides a minute leakage current and the transistor is ‘off ’ since there is no collector current that can flow. • The active region The active region is that region where the emitter-base junction is forward biased and the collector-base junction is reverse biased. Majority carriers, electrons or holes, are allowed to flow as a current. The transistor is now ‘on’ and typical voltage values that will be measured are: ± 0,7 V between emitter and base for silicon transistors; ± 0,3 V between emitter and base for germanium transistors; and ± 20 V between collector and base and can in some instances even exceed this value. In this region a transistor may be used as an amplifier. • The saturation region The saturation region is that region where the emitter-base as well as the collectorbase junctions is forward biased. The transistor is conducting heavily and the voltage between collector and emitter is less than 0,6 V. In this region a transistor may be used as a switch.
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14.4 The transistor as a switch A transistor can be utilised as an electronic switch by merely applying the principles that we have discussed up to this point. We have seen the effect that the base current IB has on the operation of a transistor and this will be the principle that we will use to operate a transistor as an electronic switch. Such a circuit diagram of a transistor used as an electronic switch is illustrated in figure 14.6. Supply voltage for load
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Figure 14.6



The circuit is illustrated with the switch S1 as well as the relay contacts in the N/O (off) position. The load, which could for instance be a borehole pump, is also off. When switch S1 is activated a high positive voltage will appear on the base of transistor Q1 and the transistor will start conducting heavily which will pull the relay contacts into the N/C (on) position, provided that the holding current value of the relay is exceeded, and the remote load will also switch on. Please note that the load to be controlled must have its own supply. In order to protect the transistor when switch S1 is de-activated a diode D1 is placed in parallel with the relay coil. The reason for this is that during the time that the transistor is conducting there will be a current flowing through the relay coil which will keep the relay contacts in the N/C (on) position and a magnetic field is set up around the relay coil. At switch-off the magnetic field around the relay coil will collapse causing a back-emf which could damage the transistor. During this period of back-emf the diode will conduct thus short-circuiting the relay coil and no damage will be done to the transistor.
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14.5 The transistor as an amplifier By virtue of a transistor having three terminals, emitter, base and collector, will allow us to use a transistor in three configurations or modes as an amplifier. But we first need to clarify the term amplifier.



Definition 14.1 Amplifier



An amplifier may be defined as an electronic device that will increase the value of whatever is fed into the device whether it is voltage or current.



The three configurations or modes of amplifier operation are: • Common emitter; • Common base; and • Common collector (emitter follower). These amplifiers are termed common on the grounds of reference to the terminal which is common to both the input as well as the output. In the case of the common emitter the emitter is common to the input as well as the output, in the common base the base is common to the input as well as the output, in the common collector the collector is common to the input as well as the output. Each configuration is unique having its own characteristics as well as application.



14.5.1 



The common emitter amplifier



The circuit diagram in figure 14.7 illustrates a transistor configured in the common emitter mode. + VCC



RC CC2 CC1



Q Output



Input



- VCC



Figure 14.7
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The common factor, emitter and other terminals are circled with a dotted line. The input signal is applied between the base and emitter and the output signal is obtained between the emitter and collector and the common denominator here being the emitter. This is the most frequently and commonly used configuration and has the following characteristics: • • • • • 



14.5.2 



High current gain; High voltage gain; High input impedance; High output impedance; and 180° phase shift between input and output.



The common collector amplifier



The circuit diagram in figure 14.8 illustrates a transistor configured in the common collector mode. The common factor, collector and other terminals are circled with a dotted line. The input signal is applied between the base and collector and the output signal is obtained between the emitter and collector and the common denominator here being the collector. Note that the -VCC line becomes the collector under dynamic conditions. This configuration is mainly used for matching purposes and has the following characteristics: • • • • • 



High current gain; Low voltage gain; High input impedance; Low output impedance; and 0° phase shift between input and output.



+ VCC



CC1



Q CC2



C



Input RE Output - VCC



Figure 14.8
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14.5.3 



The common base amplifier



The circuit diagram in figure 14.9 illustrates a transistor configured in the common base mode. The common factor, base and other terminals are circled with a dotted line. The input signal is applied between the base and emitter and the output signal is obtained between the base and collector and the common denominator here being the base. This configuration is also mainly used for matching purposes and has the following characteristics: + VCC



RC CC2 CC1 Q Output



Input



- VCC



Figure 14.9



• • • • • 



Low current gain; High voltage gain; Low input impedance; High output impedance; and 0° phase shift between input and output.



All the circuit diagrams given up to this point have made use of NPN-transistors but PNP-transistors may also be used. All that need to be done is to substitute the NPNtransistor with a PNP-transistor as well change the +VCC line and -VCC line around. The rest of the circuit including the input and output stay exactly the same. The only real difference between the two circuits is the majority carriers for the different types of transistors. All of these characteristics mentioned here, especially those for the common emitter and common base will be proved when the h-parameters are discussed at a later stage in your career. For simplicity a summary of these characteristics is given in table 14.1.
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14.6 Testing of transistors Characteristics



Type of amplifier Common emitter Common base Common Collector



Current gain



High



Low



High



Voltage gain



High



High



Low



Input impedance



High



Low



High



Output impedance



High



High



Low



Phase shift



180°



0°



0°



Table 14.10



One may at times be required to test a transistor since it could be unmarked. The first test that will be discussed is to determine whether the transistor is of the NPN-type or PNP-type. In order to do such a test we first need to simplify the construction of the transistor and this concept is illustrated in figure 14.10 (a) and (b). A transistor can be seen as two diodes connected back-to-back irrespective of whether it is of the NPNtype or PNP-type. The measurements can now be done as illustrated in figure 14.11 with a multi-meter selected on the Ohm’s scale and the results that will be obtained are given in table 14.2 for an NPN-type transistor. The reading values for a PNP-type transistor will be the opposite as those obtained in table 14.2. C B



C B



E (a)



E (b)



Figure 14.11
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Figure 14.12



Positive lead



Negative lead



Reading



Base



Emitter



Low



Emitter



Base



High



Base



Collector



Low



Collector



Base



High



Emitter



Collector



High



Collector



Emitter



High



Table 14.13



N1 Industrial Electronics



14.6.1 



231



Open-circuit and short-circuit test



The illustrations in figure 14.11 (a) and (b) indicate how a transistor can be checked for open-circuit or short-circuit. Figure 14.11 (a) illustrates a PNP transistor. The readings indicated in figure 14.11 (a) and should a low reading between the base-emitter for each polarity applied be obtained then the transistor is short-circuited. A high reading between base emitter for each polarity applied indicates that the transistor is opencircuit. An NPN transistor will have readings opposite to that of figure 14.11 (a).



14.6.2 



Identification of the base terminal



There are three possible sets of measurements that can be obtained. Measure the resistance between each set with each polarity. The set for which the reading remains high for each polarity is not the base terminal.



14.6.3 



Identification of the type of transistor



This test will assist in determining whether the transistor is of an NPN type or a PNP type. Having identified the base terminal, connect the negative lead to the base terminal and the positive lead to either of the two remaining terminals. A low reading as illustrated in figure 14.11 (a) will indicate that it is a PNP type transistor whilst a high reading as illustrated in figure 14.11 (b) will indicate that it is an NPN type transistor.



14.6.4 



Identification of emitter and collector



The meter is connected as illustrated in figure 14.11 (a) to the collector and emitter terminals for a PNP transistor. The measurement that results in the higher reading of resistance indicates the emitter terminal. Should we have identified an NPN transistor the polarities of the meter is reversed and the higher reading will again indicate the emitter terminal.
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Exercise 14.1 1. Use suitable schematic diagrams that will illustrate a: 1.1 Biased NPN-transistor; and 1.2 Biased PNP-transistor. 2. Determine the magnitude of the base current of a transistor if it was found by measurement that a current of 80 mA flowed from the emitter and 78,5 mA was measured in the collector of the transistor. 3. Draw a neat labelled graphical representation that will illustrate the three regions of operation of a transistor and then give a detailed description of the three regions with a possible application. 4. Explain with the aid of a suitable circuit diagram the operation of a transistor when used as a switch. 5. Complete the following table with reference to the three amplifier configurations. Characteristics



Type of amplifier Common emitter Common base



Current gain Voltage gain



Low High



Input impedance Output impedance Phase shift



Common Collector



Low Low 180°



6. Explain using suitable sketches how you would determine the base, emitter and collector of an unmarked transistor. 7. 



Draw neat labelled circuit diagrams with input- and output waveforms of a PNP transistor used as an amplifier in the following configurations: 7.1 Common collector; 7.2 Common emitter; and 7.3 Common base.
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