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Preface 




Electronics represents one of the most important, and rapidly changing, areas of engineering. It is used at the heart of a vast range of products that extends from mobile phones to computers, and from cars to nuclear power stations. For this reason, all engineers, scientists and technologists need a basic understanding of such systems, while many will require a far more detailed knowledge of this area.


When the first edition of this text was published it represented a very novel approach to the teaching of electronics. At that time most texts adopted a decidedly ‘bottom-up’ approach to the subject, starting by looking at semiconductor materials and working their way through diodes and transistors before eventually, several chapters later, looking at the uses of the circuits being considered. Electronics: A Systems Approach pioneered a new, ‘top-down’ approach to the teaching of electronics by explaining the uses and required characteristics of circuits, before embarking on detailed analysis. This aids comprehension and makes the process of learning much more interesting.


One of the great misconceptions concerning this approach is that it is in some way less rigorous in its treatment of the subject. A top-down approach does not define the depth to which a subject is studied but only the order and manner in which the material is presented. Many students will need to look in detail at the operation of electronic components and understand the physics of its materials; however, this will be more easily absorbed if the characteristics and uses of the components are understood first.


A great benefit of a top-down approach is that it makes the text more accessible for all its potential readers. For those who intend to specialise in electronic engineering the material is presented in a way that makes it easy to absorb, providing an excellent grounding for further study. For those intending to specialise in other areas of engineering or science, the order of presentation allows them to gain a good grounding in the basics, and to progress into the detail only as far as is appropriate for their needs.


While a top-down approach offers a very accessible route to understanding electronics, it is much more effective if one starts with a thorough understanding of the basic components used in such circuits. Some readers of this text will already be familiar with this material from previous study, while others will have little or no knowledge of such topics. For this reason, the book is divided into two parts. Part 1 provides an introduction to Electrical Circuits and Components and makes very few assumptions about prior knowledge. This section gives a gentle and well-structured introduction to this area, and readers can select from the various topics depending on their needs and interests. Part 2 then provides a thorough introduction to Electronic Systems, adopting the well-tried, top-down approach for which this text is renowned. The text therefore provides a comprehensive introduction to both Electrical and Electronic Engineering, making it appropriate for a wide range of first-level courses in areas such as Electronic Engineering, Electrical Engineering and Electrical and Electronic Engineering.



New in this edition



This sixth edition gives an opportunity to enhance the treatment of several key topics and also to update the text in several areas that are undergoing rapid change.




	A new section on single-board computers, including an overview of devices such as the Raspberry Pi® and the Arduino®.



	A new section on microwave communication, outlining its characteristics and applications.



	A new section on fibre-optic communication, which looks at the nature of optical fibres, and how they are used in a range of situations.



	An expansion of the chapters on sensors and actuators, to include additional material on image sensors and the devices used in fibre-optic communications.



	An expanded range of end of chapter exercises, to help readers to more effectively assess their understanding of the material.



	A number of additional video tutorials which not only help students to understand the material in the text, but also enable them to see how the various techniques can be applied in real world situations.









Video Tutorials



A major feature of the text is the provision of over a hundred supporting videos. These provide tutorial support for topics throughout the text and also aim to provide guidance and encourage creativity within the various ‘further study’ exercises. These videos are not hour-long ‘lectures’ covering broad-ranging themes, but are short, succinct tutorials, lasting only a few minutes, that describe in detail various aspects of design or analysis.
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Accessing the tutorials couldn’t be easier. Icons of the form shown on the left are placed throughout the text to indicate the topics covered. If you are using a paper copy of the text, simply scan the QR code in the icon with your phone or laptop to go straight to the video. If you are using an e-book it’s even easier, as the icon contains a direct link to the video. Alternatively, you can go to the companion website (see below) which gives a full list of all the videos available and provides direct access.





Who should read this text



This text is intended for undergraduate students in all fields of engineering and science. For students of electronics or electrical engineering it provides a first-level introduction to electronics that will give a sound basis for further study. For students of other disciplines it includes most of the electronics material that they will need throughout their course.





Assumed knowledge



The book assumes very little by way of prior knowledge, except for an understanding of the basic principles of physics and mathematics.






Companion website



The text is supported by a comprehensive companion website that will greatly increase both your understanding and your enjoyment. The site contains a range of support material, including computer-marked self-assessment exercises for each chapter. These exercises not only give you instant feedback on your understanding of the material, but also give useful guidance on areas of difficulty. The website also gives easy access to the numerous video tutorials mentioned above. To visit the site, go to www.pearsoned.co.uk/storey-elec.





To the instructor



A comprehensive set of online support material is available for instructors using this text as course reading. This includes a set of editable PowerPoint slides to aid in the preparation of lectures, plus an Instructor’s Manual that gives fully worked solutions to all the numerical problems and sample answers for the various non-numerical exercises. Guidance is also given on course preparation and on the selection of topics to meet the needs of students with different backgrounds and interests. This material, together with the various online study aids and self-assessment tests, should greatly assist both the instructor and the student to gain maximum benefit from courses based on this text. Instructors adopting this text should visit the companion website at www.pearsoned.co.uk/storey-elec for details of how to gain access to the secure website that holds the instructor’s support material.
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Chapter 1 Basic Electrical Circuits and Components





Objectives 



When you have studied the material in this chapter, you should be able to:




	give the Système International (SI) units for a range of electrical quantities



	use a range of common prefixes to represent multiples of these units



	describe the basic characteristics of resistors, capacitors and inductors



	apply Ohm’s law, and Kirchhoff’s voltage and current laws, to simple electrical circuits



	calculate the effective resistance of resistors in series or in parallel, and analyse simple resistive potential divider circuits



	define the terms ‘frequency’ and ‘period’ as they apply to sinusoidal quantities



	draw the circuit symbols for a range of common electrical components.























































1.1 Introduction



While the title of this text refers to ‘electronic systems’, this first part refers to ‘electrical circuits and components’ and it is perhaps appropriate to start by explaining what is meant by the terms ‘electronic’ and ‘electrical’ in this context. Both terms relate to the use of electrical energy, but electrical is often used to refer to circuits that use only simple passive components such as resistors, capacitors and inductors, while the term electronic implies circuits that also use more sophisticated components such as transistors or integrated circuits. Therefore, before looking in detail at the operation of electronic systems, we need to have a basic understanding of the world of electrical engineering, as the components and circuits of this domain also form the basis of more sophisticated electronic applications.


Unfortunately, while this use of the words electrical and electronic is common, it is not universal. Engineers sometimes use the term electrical when describing applications associated with the generation, transmission or use of large amounts of electrical energy, and use electronic when describing applications associated with smaller amounts of power, where the electrical energy is used to convey information rather than as a source of power. For this reason, within this text we will be fairly liberal with our use of the two terms, because much of the material covered is relevant to all forms of electrical and electronic systems.


Most readers will have met the basic concepts of electrical circuits long before embarking on study at this level, and later chapters will assume that you are familiar with this elementary material. In the chapters that follow we will look at these basic concepts in more detail and extend them to give a greater understanding of the behaviour of the circuits and systems that we will be studying. However, it is essential that you are familiar with some elementary material before continuing.


The list below gives an indication of the topics that you should be familiar with before reading the following chapters:




	The Système International (SI) units for quantities such as energy, power, temperature, frequency, charge, potential, resistance, capacitance and inductance. You should also know the symbols used for these units.



	The prefixes used to represent common multiples of these units and their symbols (for example, 1 kilometre = 1 km = 1000 metres).



	Electrical circuits and quantities such as charge, e.m.f. and potential difference.



	Direct and alternating currents.



	The basic characteristics of resistors, capacitors and inductors.



	Ohm’s law, Kirchhoff’s laws and power dissipation in resistors.



	The effective resistance of resistors in series and parallel.



	The operation of resistive potential dividers.



	The terms used to describe sinusoidal quantities.



	The circuit symbols used for resistors, capacitors, inductors, voltage sources and other common components.






If, having read through the list above, you feel confident that you are familiar with all these topics, you could move on immediately to Chapter 2. However, just in case there are a few areas that might need some reinforcement, the remainder of this chapter provides what might be seen as a revision section on this material. This does not aim to give a detailed treatment of these topics (where appropriate this will be given in later chapters) but simply explains them in sufficient detail to allow an understanding of the early parts of the text.


In this chapter, worked examples are used to illustrate several of the concepts involved. One way of assessing your understanding of the various topics is to look quickly through these examples to see if you can perform the calculations involved, before looking at the worked solutions. Most readers will find the early examples trivial, but experience shows that many will feel less confident about some of the later topics, such as those related to potential dividers. These are very important topics, and a clear understanding of these circuits will make it much easier to understand the remainder of the book.


The exercises at the end of this chapter are included to allow you to test your understanding of the ‘assumed knowledge’ listed above. If you can perform these exercises easily you should have no problems with the technical content of the next few chapters. If not, you would be well advised to invest a little time in looking at the relevant sections of this chapter before continuing.







1.2 Système International units



The Système International (SI) d’Unités (International System of Units) defines units for a large number of physical quantities but, fortunately for our current studies, we need very few of them. These are shown in Table 1.1. In later chapters we will introduce additional units as necessary, and Appendix B gives a more comprehensive list of units relevant to electrical and electronic engineering.



Table 1.1 Some important units.










	Quantity

	Quantity symbol

	Unit

	Unit symbol










	Capacitance

	C

	farad

	F






	Charge

	Q

	coulomb

	C






	Current

	I

	ampere

	A






	Electromotive force

	E

	volt

	V






	Frequency

	f

	hertz

	Hz






	Inductance (self)

	L

	henry

	H






	Period

	T

	second

	s






	Potential difference

	V

	volt

	V






	Power

	P

	watt

	W






	Resistance

	R

	ohm

	Ω






	Temperature

	T

	kelvin

	K






	Time

	t

	second

	s















1.3 Common prefixes



Table 1.2 lists the most commonly used unit prefixes. These will suffice for most purposes although a more extensive list is given in Appendix B.



Table 1.2 Common unit prefixes.










	Prefix

	Name

	Meaning (multiply by)










	T

	tera

	1012







	G

	giga

	109







	M

	mega

	106







	k

	kilo

	103







	m

	milli

	10-3







	μ

	micro

	10-6







	n

	nano

	10-9







	p

	pico

	10-12
















1.4 Electrical circuits




1.4.1 Electric charge



Charge is an amount of electrical energy and can be either positive or negative. In atoms, protons have a positive charge and electrons have an equal negative charge. While protons are fixed within the atomic nucleus, electrons are often weakly bound and may therefore be able to move. If a body or region develops an excess of electrons it will have an overall negative charge, while a region with a deficit of electrons will have a positive charge.






1.4.2 Electric current



An electric current is a flow of electric charge, which in most cases is a flow of electrons. Conventional current is defined as a flow of electricity from a positive to a negative region. This conventional current is in the opposite direction to the flow of the negatively charged electrons. The unit of current is the ampere or amp (A).






1.4.3 Current flow in a circuit



A sustained electric current requires a complete circuit for the recirculation of electrons. It also requires some stimulus to cause the electrons to flow around this circuit.






1.4.4 Electromotive force and potential difference



The stimulus that causes an electric current to flow around a circuit is termed an electromotive force or e.m.f. The e.m.f. represents the energy introduced into the circuit by a source such as a battery or a generator. The circuit or component in which the current is induced is sometimes called a load.


All real loads will oppose the flow of current to some extent, and the magnitude of this opposition is termed its resistance. The source must do work to drive a current through the resistive load, and therefore during this process energy is transferred from the source to the load.


The energy transferred from the source to the load results in a change in the electrical potential at each point in the load. Between any two points in the load there will exist a certain potential difference, which represents the energy associated with the passage of a unit of charge from one point to the other.


Both e.m.f. and potential difference are expressed in units of volts, and clearly these two quantities are related. Figure 1.1 illustrates the relationship between them: an e.m.f. is a quantity that produces an electric current, while a potential difference is the effect on the circuit of this passage of energy.





Figure 1.1




Electromotive force and potential difference.




[image: ]


If you have difficulty visualising an e.m.f., a potential difference, a resistance or a current, you may find it helpful to use an analogy. Consider, for example, the arrangement shown in Figure 1.2. Here a water pump forces water to flow around a series of pipes and through some form of restriction. While no analogy is perfect, this model illustrates the basic properties of the circuit of Figure 1.1. In the water-based diagram, the water pump forces water around the arrangement and is equivalent to the voltage source (or battery), which pushes electric charge around the corresponding electrical circuit. The flow of water through the pipe corresponds to the flow of charge around the circuit and therefore the flow rate represents the current in the circuit. The restriction within the pipe opposes the flow of water and is equivalent to the resistance of the electrical circuit. As water flows through the restriction the pressure will fall, creating a pressure difference across it. This is equivalent to the potential difference across the resistance within the electrical circuit. The flow rate of the water will increase with the output pressure of the pump and decrease with the level of restriction present. This is analogous to the behaviour of the electrical circuit, where the current increases with the e.m.f. of the voltage source and decreases with the magnitude of the resistance.





Figure 1.2




A water-based analogy of an electrical circuit.
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1.4.5 Voltage reference points



Electromotive forces and potential differences in circuits produce different potentials (or voltages) at different points in the circuit. It is normal to describe the voltages throughout a circuit by giving the potential at particular points with respect to a single reference point. This reference is often called the ground or earth of the circuit. Since voltages at points in the circuit are measured with respect to ground, it follows that the voltage on the ground itself is zero. Therefore, the ground is also called the zero-volts line of the circuit.


In a circuit, a particular point or junction may be taken as the zero-volt reference and this may then be labelled as 0 V, as shown in Figure 1.3(a). Alternatively, the ground point of the circuit may be indicated using the ground symbol, as shown in Figure 1.3(b).





Figure 1.3




Indicating voltage reference points.
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1.4.6 Representing voltages in circuit diagrams



Conventions for representing voltages in circuit diagrams vary considerably between countries. In the United Kingdom, and in this text, it is common to indicate a potential difference using an arrow, which is taken to represent the voltage at the head of the arrow with respect to that at the tail. This is illustrated in Figure 1.4(a). In many cases, the tail of the arrow will correspond to the zero-volt line of the circuit (as shown in VA in the figure). However, it can indicate a voltage difference between any two points in the circuit (as shown by VB).





Figure 1.4




Indicating voltages in circuit diagrams.




[image: ]


In some cases, it is inconvenient to use arrows to indicate voltages in circuits and simple labels are used instead, as shown in Figure 1.4(b). Here the labels VC and VD represent the voltage at the corresponding points with respect to ground (that is, with respect to the zero-volt reference).






1.4.7 Representing currents in circuit diagrams



Currents in circuit diagrams are conventionally indicated by an arrow in the direction of the conventional current flow (that is, in the opposite direction to the flow of electrons). This was illustrated in Figure 1.1. This figure also shows that for positive voltages and currents the arrow for the current flowing out of a voltage source is in the same direction as the arrow representing its e.m.f. However, the arrow representing the current in a resistor is in the opposite direction to the arrow representing the potential difference across it.










1.5 Direct current and alternating current



The currents associated with electrical circuits may be constant or may vary with time. Where currents vary with time they may also be unidirectional or alternating.


When the current in a conductor always flows in the same direction this is described as a direct current (DC). Such currents will often be associated with voltages of a single polarity. Where the direction of the current periodically changes, this is referred to as alternating current (AC), and such currents will often be associated with alternating voltages. One of the most common forms of alternating waveform is the sine wave, as discussed in Section 1.13.







1.6 Resistors, capacitors and inductors




1.6.1 Resistors



Resistors are components whose main characteristic is that they provide resistance between their two electrical terminals. The resistance of a circuit represents its opposition to the flow of electric current. The unit of resistance is the ohm (Ω). One may also define the conductance of a circuit as its ability to allow the flow of electricity. The conductance of a circuit is equal to the reciprocal of its resistance and is measured in siemens (S). We will look at resistance in some detail later in the text (see Chapter 3).






1.6.2 Capacitors



Capacitors are components whose main characteristic is that they exhibit capacitance between their two terminals. Capacitance is a property of two conductors that are electrically insulated from each other, whereby electrical energy is stored when a potential difference exists between them. This energy is stored in an electric field that is created between the two conductors. Capacitance is measured in farads (F), and we will return to look at capacitance in more detail later in the text (see Chapter 4).






1.6.3 Inductors



Inductors are components whose main characteristic is that they exhibit inductance between their two terminals. Inductance is the property of a coil that results in an e.m.f. being induced in the coil as a result of a change in the current in the coil. Like capacitors, inductors can store electrical energy and in this case it is stored in a magnetic field. The unit of inductance is the henry (H), and we will look at inductance later in the text (see Chapter 5).










1.7 Ohm’s law



Ohm’s law states that the current I flowing in a conductor is directly proportional to the applied voltage V and inversely proportional to its resistance R. This determines the relationship between the units for current, voltage and resistance, and the ohm is defined as the resistance of a circuit in which a current of 1 amp produces a potential difference of 1 volt.


The relationship between voltage, current and resistance can be represented in a number of ways, including:



V=IR(1.1)




I=VR(1.2)




R=VI(1.3)



A simple way of remembering these three equations is to use the ‘virtual triangle’ of Figure 1.5. The triangle is referred to as ‘virtual’ simply as a way of remembering the order of the letters. Taking the first three letters of VIRtual and writing them in a triangle (starting at the top) gives the arrangement shown in the figure. If you place your finger on one of the letters, the remaining two show the expression for the selected quantity. For example, to find the expression for ‘V’ put your finger on the V and you see I next to R, so V=IR. Alternatively, to find the expression for ‘I’ put your finger on the I and you are left with V above R, so I=V/R. Similarly, covering ‘R’ leaves V over I, so R=V/I.





Figure 1.5




The relationship between V, I and R.
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Example 1.1




Voltage measurements (with respect to ground) on part of an electrical circuit give the values shown in the diagram below. If the resistance of R2 is 220 Ω, what is the current I flowing through this resistor?




[image: ]


From the two voltage measurements, it is clear that the voltage difference across the resistor is 15.8−12.3=3.5V. Therefore using the relationship


I=VR


we have


I=3.5V220Ω=15.9mA










1.8 Kirchhoff’s laws




1.8.1 Current law





[image: ]


[image: ]





At any instant, the algebraic sum of all the currents flowing into any junction in a circuit is zero:



∑I=0(1.4)



A junction is any point where electrical paths meet. The law comes about from consideration of conservation of charge – the charge flowing into a point must equal that flowing out.






1.8.2 Voltage law



At any instant, the algebraic sum of all the voltages around any loop in a circuit is zero:



∑V=0(1.5)



The term loop refers to any continuous path around the circuit, and the law comes about from consideration of conservation of energy.


With both laws, it is important that the various quantities are assigned the correct sign. When summing currents, those flowing into a junction are given the opposite polarity to those flowing out from it. Similarly, when summing the voltages around a loop, clockwise voltages will be assigned the opposite polarity to anticlockwise ones.



Example 1.2




Use Kirchhoff’s current law to determine the current I2 in the following circuit.




[image: ]


Here we will apply Kirchhoff's current law to the point where the three resistors are joined. The law tells us that the three currents flowing into this point must sum to zero, but as is common in such circuits, some of the currents are defined as flowing into the circuit and others as flowing out. We therefore sum the currents flowing into the circuit, by saying that


I1−I2−I3=0


which we can rearrange to give


I2=I1−I3=10−3=7A


In practice, we could probably obtain this resulting directly, simply by looking at the diagram, and noting that if 10 A is flowing into the point through I1 and only 3 A is flowing down to ground in the form of I3 then the remaining 7 A must flow out of the point in the form of I2.






Example 1.3




Use Kirchhoff’s voltage law to determine the magnitude of V1 in the following circuit.




[image: ]


From Kirchhoff’s voltage law (summing the voltages clockwise around the loop)


E−V1−V2=0


or, rearranging,


V1=E−V2=12−7=5V













1.9 Power dissipation in resistors



The instantaneous power dissipation P of a resistor is given by the product of the voltage across the resistor and the current passing through it. Combining this result with Ohm’s law gives a range of expressions for P. These are



P=VI(1.6)




P=I2R(1.7)




P=V2R(1.8)




Example 1.4




Determine the power dissipation in the resistor R3 in the following circuit.




[image: ]


From Equation 1.7


P=I2R=32×50=450W










1.10 Resistors in series



The effective resistance of a number of resistors in series is equal to the sum of their individual resistances:



R=R1+R2+R3+⋅⋅⋅+Rn(1.9)



For example, for the three resistors shown in Figure 1.6 the total resistance R is given by


R=R1+R2+R3





Figure 1.6




Three resistors in series.
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Example 1.5




Determine the equivalent resistance of the following combination.




[image: ]


From above


R=R1+R2+R3+R4=10+20+15+25=70Ω










1.11 Resistors in parallel



The effective resistance of a number of resistors in parallel is given by the following expression:



1R=1R1+1R2+1R3+⋅⋅⋅+1Rn(1.10)



For example, for the three resistors shown in Figure 1.7 the total resistance R is given by


1R=1R1+1R2+1R3





Figure 1.7




Three resistors in parallel.
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Example 1.6




Determine the equivalent resistance of the following combination.




[image: ]


From above


1R=1R1+1R2=110+120=320∴R=203=6.67Ω


Note that the effective resistance of a number of resistors in parallel will always be less than that of the lowest-value resistor.










1.12 Resistive potential dividers





[image: ]
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When several resistors are connected in series, the current flowing through each resistor is the same. The magnitude of this current is given by the voltage divided by the total resistance. For example, if we connect three resistors in series, as shown in Figure 1.8, the current is given by


I=VR1+R2+R3





Figure 1.8




A resistive potential divider.
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The voltage across each resistor is then given by this current multiplied by its resistance. For example, the voltage V1 across resistor R1 will be given by


V1=IR1=(VR1+R2+R3)R1=V(R1R1+R2+R3)


Therefore, the fraction of the total voltage across each resistor is equal to its fraction of the total resistance, as shown in Figure 1.9,





Figure 1.9




The division of voltages in a potential divider.
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where


V1V=R1R1+R2+R3V2V=R2R1+R2+R3V3V=R3R1+R2+R3


or, rearranging,


V1=VR1R1+R2+R3V2=VR2R1+R2+R3V3=VR3R1+R2+R3


To calculate the voltage at a point in a chain of resistors, one must determine the voltage across the complete chain, calculate the voltage across those resistors between that point and one end of the chain, and add this to the voltage at that end of the chain. For example, in Figure 1.10





Figure 1.10




A simple potential divider.
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V=V2+(V1−V2)R2R1+R2(1.11)




Example 1.7




Determine the voltage V in the following circuit.




[image: ]


As described above, we first determine the voltage across the chain (by subtracting the voltages at either end of the chain). Then we calculate the voltage across the relevant resistor and add this to the voltage at the appropriate end of the chain.


In this case one end of the chain of resistors is at zero volts, so the calculation is very straightforward. The voltage across the chain is 10 V, and V is simply the voltage across R2, which is given by


V=10R2R1+R2=10300200+300=6V





Note that a common mistake in such calculations is to calculate R1/(R1+R2), rather than R2/(R1+R2). The value used as the numerator in this expression represents the resistor across which the voltage is to be calculated.


Potential divider calculations are slightly more complicated where neither end of the chain of resistors is at zero volts.



Example 1.8




Determine the voltage V in the following circuit.




[image: ]


Again, we first determine the voltage across the chain (by subtracting the voltages at either end of the chain). Then we calculate the voltage across the relevant resistor and add this to the voltage at the appropriate end of the chain. Therefore


V=3+(15−3)R2R1+R2=3+125001000+500=3+4=7 V


In this case we pick one end of the chain of resistors as our reference point (we picked the lower end) and calculate the voltage on the output with respect to this point. We then add to this calculated value the voltage at the reference point.










1.13 Sinusoidal quantities



Sinusoidal quantities have a magnitude that varies with time in a manner described by the sine function. The variation of any quantity with time can be described by drawing its waveform. The waveform of a sinusoidal quantity is shown in Figure 1.11. The length of time between corresponding points in successive cycles of the waveform is termed its period, which is given the symbol T. The number of cycles of the waveform within 1 second is termed its frequency, which is usually given the symbol f. The unit of frequency is the hertz (Hz).





Figure 1.11




A sine wave.
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The frequency of a waveform is related to its period by the expression



f=1T(1.12)







Example 1.9




What is the period of a sinusoidal quantity with a frequency of 50 Hz?


From above we know that


f=1T


and therefore the period is given by


T=1f=150=0.02s=20ms










1.14 Circuit symbols



The following are circuit symbols for a few basic electrical components.




[image: ]


In later chapters we will meet a number of additional component symbols, but these are sufficient for our current needs.







Further study 
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So far in this chapter we have concentrated on analysing the behaviour of given circuits. While this is a useful skill, often our task is to design a circuit to provide a particular functionality. To test your comprehension of the material in this chapter, attempt to design an arrangement to meet the following requirements.


The circuit below shows a component used within an automotive application. The module is connected directly across the car’s 12 V battery and has two functions. The first is to act as a light source and R1 represents the resistance of a built-in light bulb. The second is to produce a definable output voltage that is determined by the ratio of R2 and R3. For the purposes of this exercise you may assume that negligible current is drawn by whatever circuitry is connected to this output. The resistor R3 is sealed within the unit and cannot be altered. However, R2 is external to the unit and can be chosen to produce the required output voltage. What value of R2 is required to produce an output voltage of 8 V?




[image: ]


It is now required to use the same element in another application where the supply voltage is 18 V, but where the output voltage is still required to be 8 V. Since the sealed unit (and in particular the light bulb) is designed for use within cars, it has a maximum operating voltage of 12 V. Devise an arrangement to allow the sealed unit to be used in this application and determine the total power consumption of your circuit – including the sealed unit.






Key points 



Since this chapter introduces no new material, there are very few key points. However, the importance of a good understanding of this ‘assumed knowledge’ encourages me to emphasise the following:




	Understanding the next few chapters relies on understanding the various topics covered in this chapter.



	A clear concept of voltage and current is essential for all readers.



	Ohm’s law and Kirchhoff’s voltage and current laws are used extensively in later chapters.



	Experience shows that students have most problems with potential dividers – a topic that is widely used in these early chapters. You are therefore advised to make very sure that you are comfortable with this material before continuing.











Exercises 






	1.1 Give the prefixes used to denote the following powers: 10–12, 10–9, 10–6, 10–3, 103, 106, 109, 1012.




	1.2 Explain the difference between 1 ms, 1 m/s and 1 mS.




	1.3 Explain the difference between 1 mΩ and 1 MΩ.




	1.4 Define the terms ‘direct current’ and ‘alternating current’.




	1.5 What is the unit of measurement for resistance?




	1.6 What is the unit of measurement for capacitance?




	1.7 What is the unit of measurement for inductance?




	
1.8 Calculate the undefined currents I3 and I1 in the following arrangements.





[image: ]





	
1.9 Calculate the undefined voltage V3 in the following arrangement.
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	1.10 If a resistor of 1 kΩ has a voltage of 5 V across it, what is the current flowing through it?




	1.11 A resistor has 9 V across it and a current of 1.5 mA flowing through it. What is its resistance?




	1.12 A resistor of 25 Ω has a voltage of 25 V across it. What power is being dissipated by the resistor?




	1.13 If a 400 Ω resistor has a current of 5 μ A flowing through it, what power is being dissipated by the resistor?




	1.14 What is the effective resistance of a 20 Ω resistor in series with a 30 Ω resistor?




	1.15 What is the effective resistance of a 20 Ω resistor in parallel with a 30 Ω resistor?




	1.16 What is the effective resistance of a series combination of a 1 kΩ resistor, a 2.2 kΩ resistor and a 4.7 kΩ resistor?




	1.17 What is the effective resistance of a parallel combination of a 1 kΩ resistor, a 2.2 kΩ resistor and a 4.7 kΩ resistor?




	
1.18 Calculate the effective resistance between the terminals A and B in the following arrangements.
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1.19 Calculate the effective resistance between the terminals A and B in the following arrangements.





[image: ]




	
1.20 Calculate the voltages V1, V2 and V3 in the following arrangements.





[image: ]




	
1.21 Calculate the voltages V1, V2 and V3 in the following arrangements.





[image: ]




	1.22 A sinusoidal quantity has a frequency of 1 kHz. What is its period?




	1.23 A sinusoidal quantity has a period of 20 μs. What is its frequency?












Chapter 2 Measurement of Voltages and Currents





Objectives 



When you have studied the material in this chapter, you should be able to:




	describe several forms of alternating waveform, such as sine waves, square waves and triangular waves



	define terms such as peak value, peak-to-peak value, average value and r.m.s. value as they apply to alternating waveforms



	convert between these various values for both sine waves and square waves



	write equations for sine waves to represent their amplitude, frequency and phase angle



	configure moving-coil meters to measure currents or voltages within a given range



	describe the problems associated with measuring non-sinusoidal alternating quantities using analogue meters and explain how to overcome these problems



	explain the operation of digital multimeters and describe their basic characteristics



	discuss the use of oscilloscopes in displaying waveforms and measuring parameters such as phase shift.









































2.1 Introduction



In the previous chapter we looked at a range of electrical components and noted their properties and characteristics. An understanding of the operation of these components will assist you in later chapters as we move on to analyse the behaviour of electronic circuits in more detail. In order to do this, we need first to look at the measurement of voltages and currents in electrical circuits, and in particular at the measurement of alternating quantities.


Alternating currents and voltages vary with time and periodically change their direction. Figure 2.1 shows examples of some alternating waveforms. Of these, by far the most important is the sinusoidal waveform or sine wave. Indeed, in many cases, when engineers use the terms ‘alternating current’ or ‘alternating voltage’ they are referring to a sinusoidal quantity. Since sine waves are so widely used, it is important that we understand the nature of these waveforms and the ways in which their properties are defined.





Figure 2.1




Examples of alternating waveforms.
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2.2 Sine waves
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We previously noted that the length of time between corresponding points in successive cycles of a sinusoidal waveform is termed its period T and that the number of cycles of the waveform within 1 s is termed its frequency f (see Chapter 1). The frequency of a waveform is related to its period by the expression


f=1T


The maximum amplitude of the waveform is termed its peak value, and the difference between the maximum positive and maximum negative values is termed its peak-to-peak value. Because of the waveform’s symmetrical nature, the peak-to-peak value is twice the peak value.


Figure 2.2 shows an example of a sinusoidal voltage signal. This illustrates that the period T can be measured between any convenient corresponding points in successive cycles of the waveform. It also shows the peak voltage Vp and the peak-to-peak voltage Vpk−pk. A similar waveform could be plotted for a sinusoidal current waveform, indicating its peak current Ip and peak-to-peak current Ipk−pk.





Figure 2.2




A sinusoidal voltage signal.




[image: ]



Example 2.1




Determine the period, frequency, peak voltage and peak-to-peak voltage of the following waveform.
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From the diagram the period is 20 ms or 0.02 s, so the frequency is 1/0.02=50 Hz. The peak voltage is 7 V and the peak-to-peak voltage is therefore 14 V.






2.2.1 Instantaneous value



The shape of a sine wave is defined by the sine mathematical function. Thus we can describe such a waveform by the expression


y=A sin θ


where y is the value of the waveform at a particular point on the curve, A is the peak value of the waveform and θ is the angle corresponding to that point. It is conventional to use lower-case letters for time-varying quantities (such as y in the above equation) and upper-case letters for fixed quantities (such as A).


In the voltage waveform of Figure 2.2, the peak value of the waveform is Vp, so this waveform could be represented by the expression


v=Vp sin θ


One complete cycle of the waveform corresponds to the angle θ going through one complete cycle. This corresponds to θ changing by 360°, or 2π radians. Figure 2.3 illustrates the relationship between angle and magnitude for a sine wave.





Figure 2.3




Relationship between instantaneous value and angle for a sine wave.
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2.2.2 Angular frequency



The frequency f of a waveform (in hertz) is a measure of the number of cycles of that waveform that pass within 1 s. Each cycle corresponds to 2π radians, and it follows that there will be 2πf radians per second. The number of radians per second is termed the angular frequency of the waveform and is given the symbol ω. Therefore



ω=2πf red/s(2.1)







2.2.3 Equation of a sine wave



The angular frequency can be thought of as the rate at which the angle of the sine wave changes. Therefore, the phase angle at a particular point in the waveform, θ, is given by


θ=ωt rad


Thus our earlier expression for a sine wave becomes


y=A sin θ=A sin ωt


and the equation of a sinusoidal voltage waveform becomes



v=Vp sin ωt(2.2)



or



v=Vp sin 2πft(2.3)



A sinusoidal current waveform might be described by the equation



i=Ip sin ωt(2.4)



or



i=Ip sin 2πft(2.5)




Example 2.2




Determine the equation of the following voltage signal.
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From the diagram we can see that the period is 50 ms or 0.05 s, so the frequency is 1/0.05=20 Hz. The peak voltage is 10 V. Therefore, from Equation 2.3


v=Vp sin 2πft=10 sin 2π20t=10 sin 126t









2.2.4 Phase angles



The expressions of Equations 2.2–2.5 assume that the angle of the sine wave is zero at the origin of the time measurement (t=0) as in the waveform of Figure 2.2. If this is not the case, then the equation is modified by adding the angle at t=0. This gives an equation of the form


y=A sin(ωt+ϕ)


where ϕ is the phase angle of the waveform at t=0. It should be noted that at t=0 the term ωt is zero, so y=A sin ϕ. This is illustrated in Figure 2.4.





Figure 2.4




The effects of phase angles.
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Example 2.3




Determine the equation of the following voltage signal.
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In this example, the period is 100 ms or 0.1 s, so the frequency is 1/0.1=10 Hz. The peak voltage is 10 V. Here the point corresponding to zero degrees of the sine wave occurs at t=25 ms, so at t=0 the phase angle (ϕ) is given by −25/100×360°=−90° (or π/2 rad). Therefore


v=Vp sin(2πft+ϕ)=10  sin(2π10t+ϕ)=10 sin(63t−π/2)









2.2.5 Phase differences



Two waveforms of the same frequency may have a constant phase difference between them, as shown in Figure 2.5. In this case, we will often say that one waveform is phase shifted with respect to the other. To describe the phase relationship between the two, we often take one of the waveforms as our reference and describe the way in which the other leads or lags this waveform. In Figure 2.5, waveform A has been taken as the reference in each case. In Figure 2.5(a), waveform B reaches its maximum value some time after waveform A. We therefore say that B lags A. In this example B lags A by 90°. In Figure 2.5(b), waveform B reaches its maximum value before waveform A. Here B leads A by 90°. In these examples the phase angles are shown in degrees, but they could equally well be expressed in radians.





Figure 2.5




Phase difference between two sine waves.
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It should be noted that the way in which the phase relationship is expressed is a matter of choice. For example, if A leads B by 90°, then clearly B lags A by 90°. These two statements are equivalent, and the one used will depend on the situation and personal preference.


Figure 2.5 illustrates phase difference using two waveforms of the same magnitude, but this is not a requirement. Phase difference can be measured between any two waveforms of the same frequency, regardless of their relative size. We will consider methods of measuring phase difference later in this chapter.






2.2.6 Average value of a sine wave



Clearly, if one measures the average value of a sine wave over one (or more) complete cycles, this average will be zero. However, in some situations we are interested in the average magnitude of the waveform independent of its polarity (we will see an example of this later in this chapter). For a symmetrical waveform such as a sine wave, we can visualise this calculation as taking the average of just the positive half-cycle of the waveform. In this case, the average is the area within this half-cycle divided by half the period. This process is illustrated in Figure 2.6(a). Alternatively, one can view the calculation as taking the average of a rectified sine wave (that is, a sine wave where the polarity of the negative half-cycles has been reversed). This is shown in Figure 2.6(b).





Figure 2.6




Calculation of the average value of a sine wave.
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We can calculate this average value by integrating a sinusoidal quantity over half a cycle and dividing by half the period. For example, if we consider a sinusoidal voltage v=VP sin θ, the period is equal to 2π, so


Vav=1π∫0πVp sin θ dθ=Vpπ[−cosθ]0π=2Vpπ


Therefore



Vav=2π×Vp=0.637×Vp(2.7)



and similarly, for a sinusoidal current waveform,



Iav=2π×Ip=0.637×Ip(2.8)







2.2.7 The r.m.s. value of a sine wave



Often of more interest than the average value is the root mean square or r.m.s. value of the waveform. This is true not only for sine waves but also for other alternating waveforms.


In Chapter 1, we noted that when a voltage V is applied across a resistor R this will produce a current I (determined by Ohm’s law), and that the power dissipated in the resistor will be given by three equivalent expressions:


P=VI P=I2R P=V2R


If the voltage has a varying magnitude, then the instantaneous power will be related to the instantaneous voltage and instantaneous current in a similar manner. As before, we use lower-case characters to represent varying quantities, so the instantaneous power p is related to the instantaneous voltage v and instantaneous current i by the expressions


p=vi p=i2R p=v2R


The average power will be given by the average (or mean) values of these expressions. As the resistance is constant, we could say that the average power is given by


Pav=[average(or mean) of v2]R=v2¯R


or


Pav=[average (or mean) of i2]R=i2¯R


Placing a line (a bar) above an expression is a common notation for the mean of that expression. The term v2¯ is referred to as the mean-square voltage and i2¯ as the mean-square current.


While the mean-square voltage and current are useful quantities, we more often use the square root of each quantity. These are termed the root-mean-square voltage (Vrms) and the root-mean-square current (Irms) where


Vrms=v2¯


and


Irms=i2¯


We can evaluate each of these expressions by integrating a corresponding sinusoidal quantity over a complete cycle and dividing by the period. For example, if we consider a sinusoidal voltage v=Vp sin ωt, we can see that


Vrms=(1T∫0TVp2 sin2 ωt dt)1/2=(Vp2T∫0T12(1−cos 2ωt) dt)1/2=Vp√2


Therefore



Vrms=1√2×Vp=0.707×Vp(2.9)



and similarly



Irms=1√2×Ip=0.707×Ip(2.10)



Combining these results with the earlier expressions gives


Pav=v2¯R=Vrms2R


and


Pav=i2¯R=Irms2R


If we compare these expressions with those for the power produced by a constant voltage or current, we can see that the r.m.s. value of an alternating quantity produces the same power as a constant quantity of the same magnitude. Thus for alternating quantities



Pav=VrmsIrms(2.11)




Pav=Vrms2R(2.12)




Pav=Irms2R(2.13)



This is illustrated in Example 2.4.



Example 2.4




Calculate the power dissipated in a 10 Ω resistor if the applied voltage is:




	a constant 5 V;



	a sine wave of 5 V r.m.s.;



	a sine wave of 5 V peak.








	P=V2R=5210=2.5 W



	Pav=Vrms2R=5210=2.5 W



	Pav=Vrms2R=(Vp/√2)2R=Vp2/2R=52/210=1.25 W













2.2.8 Form factor and peak factor



The form factor of any waveform is defined as



from factor=r.m.s valueaverage value(2.14)



For a sine wave



from factor=0.707Vp0.637Vp=1.11(2.15)



The significance of the form factor will become apparent in Section 2.5.


The peak factor (also known as the crest factor) for a waveform is defined as



peak factor=peak valuer.m.s. value(2.16)



For a sine wave



peak factor=Vp0.707Vp=1.414(2.17)



Although we have introduced the concepts of average value, r.m.s. value, form factor and peak factor for sinusoidal waveforms, it is important to remember that these measures may be applied to any repetitive waveform. In each case, the meanings of the terms are unchanged, although the numerical relationships between these values will vary. To illustrate this, we will now turn our attention to square waves.










2.3 Square waves




2.3.1 Period, frequency and magnitude



Frequency and period have the same meaning for all repetitive waveforms, as do the peak and peak-to-peak values. Figure 2.7 shows an example of a square-wave voltage signal and illustrates these various parameters.





Figure 2.7




A square-wave voltage signal.
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2.3.2 Phase angle



We can divide the period of a square wave into 360° or 2π radians, as in a sine wave. This might be useful if we were discussing the phase difference between two square waveforms, as shown in Figure 2.8. Here two square waves have the same frequency but have a phase difference of 90° (or π/2 radians). In this case B lags A by 90°. An alternative way of describing the relationship between the two waveforms is to give the time delay of one with respect to the other.





Figure 2.8




Phase-shifted square waves.




[image: ]






2.3.3 Average and r.m.s. values



As the average value of a symmetrical alternating waveform is its average value over the positive half-cycle, the average value of a symmetrical square wave (as in Figure 2.8) is equal to its peak value. Thus for a voltage waveform the average value is Vp and for a current waveform it is Ip.


As the instantaneous value of a symmetrical square wave is always equal to either its positive or its negative peak value, the square of this value is constant. For example, for a voltage waveform the instantaneous value will always be either +Vp or -Vp and in either case the square of this value will be constant at Vp2. Thus the mean of the voltage squared will be Vp2, and the square root of this will be Vp. Therefore, the r.m.s. value of a square wave is simply equal to its peak value.






2.3.4 Form factor and peak factor



Using the definitions given in Section 2.2.8, we can now determine the form factor and peak factor for a square wave. As the average and r.m.s. values of a square wave are both equal to the peak value, it follows that


form factor=r.m.s. valueaverage value=1.0peak factor=peak valuer.m.s. value=1.0


The relationship between the peak, average and r.m.s. values depends on the shape of a waveform. We have seen that this relationship is very different for a square wave and a sine wave, and further analysis would show similar differences for other waveforms, such as triangular waves.










2.4 Measuring voltages and currents
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A wide range of instruments is available for measuring voltages and currents in electrical circuits. These include analogue ammeters and voltmeters, digital multimeters, and oscilloscopes. While each of these devices has its own characteristics, there are some issues that are common to the use of all these instruments.



2.4.1 Measuring voltage in a circuit



To measure the voltage between two points in a circuit, we place a voltmeter (or other measuring instrument) between the two points. For example, to measure the voltage drop across a component we connect the voltmeter across the part as shown in Figure 2.9(a).





Figure 2.9




Measuring voltage and current.
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2.4.2 Measuring current in a circuit



To measure the current flowing through a conductor or a component, we connect an ammeter in series with the element, as shown in Figure 2.9(b). Note that the ammeter is connected so that conventional current flows from the positive to the negative terminal.






2.4.3 Loading effects



Unfortunately, connecting additional components to a circuit can change the behaviour of that circuit. These loading effects can also occur when a voltmeter or an ammeter is connected to a circuit. The result is that the process of measurement actually changes the quantity being measured.


These loading effects are illustrated in Figures 2.9(c) and 2.9(d), which show equivalent circuits for the measurement processes of Figures 2.9(a) and 2.9(b). In each case, the measuring instrument is replaced by its equivalent resistance RM, and it is clear that the presence of these additional resistances will affect the operation of the circuits. When measuring voltages (as in Figure 2.9(c)), the presence of the voltmeter reduces the effective resistance of the circuit and therefore tends to lower the voltage between these two points in the circuit. To minimise this effect, the resistance of the voltmeter should be as high as possible to reduce the current that it passes. When measuring currents (as in Figure 2.9(d)), the ammeter tends to increase the resistance in the circuit and therefore tends to reduce the current flowing. To minimise this effect, the ammeter should have as low a resistance as possible to reduce the voltage drop across it.


When using analogue voltmeters and ammeters (as described in the next section), loading effects should always be considered. Instruments will normally indicate their effective resistance (which will usually be different for each range of the instrument), and this information can be used to quantify any loading errors. If these are appreciable it may be necessary to make corrections to the measured values. When using digital voltmeters or oscilloscopes, loading effects are usually less of a problem but should still be considered.










2.5 Analogue ammeters and voltmeters



Most modern analogue ammeters and voltmeters are based on moving-coil meters (we will look at the characteristics of such meters in Chapter 13). These produce an output in the form of movement of a pointer, where the displacement is directly proportional to the current through the meter. Meters are characterised by the current required to produce full-scale deflection (f.s.d.) of the meter and their effective resistance RM. Typical meters produce a full-scale deflection for a current of between 50 μA and 1 mA and have a resistance of between a few ohms and a few kilohms.



2.5.1 Measuring direct currents



As the deflection of the meter’s pointer is directly proportional to the current through the meter, currents up to the f.s.d. value can be measured directly. For larger currents, shunt resistors are used to scale the meter’s effective sensitivity. This is illustrated in Figure 2.10, where a meter with an f.s.d. current of 1 mA is used to measure a range of currents.





Figure 2.10




Use of a meter as an ammeter.
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In Figure 2.10(a), the meter is being used to measure currents in the range 0–1 mA, i.e. currents up to its f.s.d. value. In Figure 2.10(b), a shunt resistor RSH of RM/9 has been placed in parallel with the meter. Since the same voltage is applied across the meter and the resistor, the current through the resistor will be nine times greater than that through the meter. To put this another way, only one-tenth of the input current I will pass through the meter. Therefore, this arrangement has one-tenth the sensitivity of the meter alone and will produce an f.s.d. for a current of 10 mA. Figure 2.10(c) shows a similar arrangement for measuring currents up to 100 mA, and clearly this technique can be extended to measure very large currents. Figure 2.10(d) shows a switched-range ammeter arrangement, which can be used to measure a wide range of currents. It can be seen that the effective resistance of the meter is different for each range.



Example 2.5




A moving-coil meter produces an f.s.d. for a current of 1 mA and has a resistance of 25 Ω. Select a shunt resistor to turn this device into an ammeter with an f.s.d. of 50 mA.


We need to reduce the sensitivity of the meter by a factor of


50 mA1 mA=50


Therefore, we want 1/50 of the current to pass through the meter. Therefore, RSH must be equal to RM÷49=510 mΩ.









2.5.2 Measuring direct voltages



To measure direct voltages, we place a resistor in series with the meter and measure the resultant current, as shown in Figure 2.11. In Figure 2.11(a), the meter has an f.s.d. current of 1 mA and the series resistor RSE has been chosen such that RSE+RM=1 kΩ. The voltage V required to produce a current of 1 mA is given by Ohm’s law and is 1 mA×1 kΩ=1V. Therefore, an f.s.d. of the meter corresponds to an input voltage of 1 V.





Figure 2.11




Use of a meter as a voltmeter.
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In Figure 2.11(b), the series resistor has been chosen such that the total resistance is 10 kΩ, and this will give an f.s.d. for an input voltage of 10 V. In this way, we can tailor the sensitivity of the arrangement to suit our needs. Figure 2.11(c) shows a switched-range voltmeter that can be used to measure a wide range of voltages. As with the ammeter, the effective resistance of the meter changes as the range is switched.
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                    scaleEquation(equation, innerWidth, screenWidth)

                } else {

                    equation.setAttribute("style", "width: " + screenWidth + "px; overflow: visible; margin: 0 auto;")

                    //equation.parentNode.setAttribute("style", "height: "+innerHeight+"px")

                }

            }

        }

    }



    function scaleEquation(equation, width, parentW) {

        // if this fires, the equation needs scaling

        var scaleRatio = parentW / width,

            height = equation.offsetHeight * scaleRatio



            equation.style.webkitTransform = "scale(" + scaleRatio + "," + scaleRatio + ")"

        equation.style.webkitTransformOrigin = "0 0"

        equation.style.mozTransform = "scale(" + scaleRatio + "," + scaleRatio + ")"

        equation.style.mozTransformOrigin = "0 0"

        equation.style.transform = "scale(" + scaleRatio + "," + scaleRatio + ")"

        equation.style.transformOrigin = "0 0"

        equation.style.width = width + "px"

        equation.style.maxWidth = width + "px"

        //equation.parentNode.style.height = height + "px"

    }

    

    function scaleIt(it){

        if(it.id != "highlightPopupContent"){

            // check for nested images, on tables

            var nestedImgs = it.getElementsByTagName('img')

            for (var j = 0; j < nestedImgs.length; j++) {

                var nestImage = nestedImgs[j]

                nestImage.style.maxWidth = "none"

            }

            

            // set the parent to have a style of "overflow:auto"

            it.parentNode.style.overflowY = "hidden"

            it.parentNode.style.overflowX = "auto"            

            it.style.webkitTransformOrigin = "0 0"

            it.style.mozTransformOrigin = "0 0"

            it.style.msTransformOrigin = "0 0"

            it.style.OTransformOrigin = "0 0"

            it.style.transformOrigin = "0 0"

            var parentW = it.parentNode.offsetWidth,

                itW = it.offsetWidth

            if(itW > parentW){

                // it's too big

                var ratio = parentW/itW                

                it.style.height = "auto"

                

                var height = it.offsetHeight,

                    parentHeight = it.parentNode.offsetHeight

                it.style.webkitTransform = "scale("+ratio+", "+ratio+")"

                it.style.mozTransform = "scale("+ratio+", "+ratio+")"

                it.style.msTransform = "scale("+ratio+", "+ratio+")"

                it.style.OTransform = "scale("+ratio+", "+ratio+")"

                it.style.transform = "scale("+ratio+", "+ratio+")"

                it.style.height = height*ratio+"px"

                it.parentNode.style.height = height*ratio +"px"

            } else {

                it.style.webkitTransform = ""

                it.style.mozTransform = ""

                it.style.msTransform = ""

                it.style.OTransform = ""

                it.style.transform = ""

                it.style.height = ""

                it.parentNode.style.height = ""

            }

        }

    }



   function init() {

       isTouchDevice()

        // bind the click events for the tables

        document.addEventListener("click", function(e) {

            var targetClasses = e.target.className,

                target



                // if it's fa, then bubble to parent

            if (targetClasses.indexOf("fa") != -1) {

                targetClasses = e.target.parentElement.className

                target = e.target.parentElement

            } else {

                target = e.target

            }



            if (targetClasses.indexOf("zoom") != -1) {

                targetClasses = targetClasses.replace("zoom-btn ", "")

                switch (targetClasses) {

                case "zoom-in":

                    zoomIn(e, target)

                    break

                case "zoom-out":

                    zoomOut(e, target)

                    break

                case "zoom-reset":

                    zoomReset(e, target)

                    break

                }

            }

        }, false)



        var selectedTable, otherEls, scaleRatio



        if (supportsTouch) {

            window.addEventListener("orientationchange", function() {

                if (largeTables.length > 0) {

                    for (var i = 0; i < largeTables.length; i++) {

                        selectedTable = largeTables[i]

                        scaleIt(selectedTable)

                    }

                }



                resizeEquations()

            });

        } else {

            /*var css = '.lc_imagewrapper {width:100%; overflow: auto; padding: 0 0 0 32px;} \

                       .zoom-buttons { position:absolute; left: 0; width: 25px; z-index:5; } \

                       .zoom-btn { -webkit-box-shadow: 0px 1px 3px rgba(0,0,0,0.4); box-shadow: 0px 1px 3px rgba(0,0,0,0.4);} \

                       .zoom-in, .zoom-in:hover, .zoom-out, .zoom-out:hover {display:block; font-size:18px; font-weight:bold; background:#fff; border:1px solid #000; color: #000; padding: 2px; line-height: 100%; width: 25px; border-radius: 0; -webkit-border-radius: 0;} \

                       .zoom-in, .zoom-in:hover {border-bottom: 0} \

                       .zoom-reset, .zoom-reset:hover {border:none; font-size: 12px; background: transparent; padding: 0; box-shadow: none; color: #08c; font-weight: normal; } ',

                head = document.head || document.getElementsByTagName('head')[0],

                style = document.createElement('style');

            style.type = 'text/css';

            if (style.styleSheet) {

                style.styleSheet.cssText = css;

            } else {

                style.appendChild(document.createTextNode(css));

            }

            head.appendChild(style);



            for (var i = 0; i < largeImages.length; i++) {

                var selectedImage = largeImages[i]

                var randomId = Math.random().toString(36).substr(2);

                selectedImage.setAttribute("id", randomId);

                selectedImage.parentElement.setAttribute("style", "position: relative;")

                var div = document.createElement('div')

                div.setAttribute("class", "lc_imagewrapper")

                div.wrap(selectedImage)

                var div_control = ['<div class="zoom-buttons">', '<button data-target="' + randomId + '" class="zoom-btn zoom-in">+</button>', '<button data-target="' + randomId + '" class="zoom-btn zoom-out">-</button>', '<button class="zoom-btn zoom-reset" data-target="' + randomId + '" >Reset</button>', '</div>'].join('\n')



                div.insertAdjacentHTML('afterBegin', div_control)

            }*/

        }



        if (largeTables.length > 0) {

            for (var i = 0; i < largeTables.length; i++) {

                // on initial load, wrap the whole thing in a div

                selectedTable = largeTables[i]

                var newDiv = document.createElement("div")

                newDiv.className = "lc_tablewrapper"

                selectedTable.parentNode.insertBefore(newDiv, selectedTable)

                newDiv.appendChild(selectedTable)



                // fire off the scaling

                scaleIt(selectedTable)

            }

        }

        

        setupEquations()



    }



    window.addEventListener("resize", resizeThrottler, false);



    var resizeTimeout;



    function resizeThrottler() {

        // ignore resize events as long as an actualResizeHandler execution is in the queue

        if (!resizeTimeout && !supportsTouch) {

            resizeTimeout = setTimeout(function() {

                resizeTimeout = null;

                resizeWatcher();

                // The resize Watcher will execute at a rate of 15fps

            }, 66);

        }

    }



    function resizeWatcher() {



        if (largeTables.length > 0) {

            for (var i = 0; i < largeTables.length; i++) {

                selectedTable = largeTables[i]

                scaleIt(selectedTable)

            }

        }



        resizeEquations()



    }





    //find the closest figure parent





    function findAncestor(el, classname) {

        while ((el = el.parentElement) && !el.classList.contains(classname));

        return el;

    }



    function ancestorTag(node) {

        // walk tree until you reach a section

        var newNode = node,

            isParent = false



            do {

                newNode = newNode.parentNode

                if (newNode.nodeName.toLowerCase() == "figure" || newNode.nodeName.toLowerCase() == "section" || newNode.nodeName.toLowerCase() == "aside" || newNode.nodeName.toLowerCase() == "li") isParent = true

                //console.log(newNode)

            } while (!isParent)



            return newNode

    }





    //find the closest figure parent





    function hasClass(el, selector) {

        var className = " " + selector + " ";



        if ((" " + el.className + " ").replace(/[\n\t]/g, " ").indexOf(className) > -1) {

            return true;

        }



        return false;

    }



    //auto width columns





    function autoCalculateColWidth(tableEl) {

        var $table = $(tableEl);







        var $theadCells = $table.find('thead tr').children(),

            colCount

            // var colCount = $table.find('thead tr').length,

            //  colWidth = $table.parent().width() / colCount



        var $tbodyCells = $table.find('tbody tr:first').children();



        // Get the tbody columns width array

        colWidth = $tbodyCells.map(function() {

            return $(this).width();

        });



        // Set the width of thead columns

        $theadCells.each(function(i, v) {

            $(v).width(colWidth[i]);

        });



    }



    // Wrap an HTMLElement around each element in an HTMLElement array.

    HTMLElement.prototype.wrap = function(elms) {

        // Convert `elms` to an array, if necessary.

        if (!elms.length) elms = [elms];



        // Loops backwards to prevent having to clone the wrapper on the

        // first element (see `child` below).

        for (var i = elms.length - 1; i >= 0; i--) {

            var child = (i > 0) ? this.cloneNode(true) : this;

            var el = elms[i];



            // Cache the current parent and sibling.

            var parent = el.parentNode;

            var sibling = el.nextSibling;



            // Wrap the element (is automatically removed from its current

            // parent).

            child.appendChild(el);



            // If the element had a sibling, insert the wrapper before

            // the sibling to maintain the HTML structure; otherwise, just

            // append it to the parent.

            if (sibling) {

                parent.insertBefore(child, sibling);

            } else {

                parent.appendChild(child);

            }

        }

    }

    

    // check the readyState so it will load even if the the document has already loaded

    if(document.readyState == "loaded" || document.readyState == "complete"){

        init()

    } else {

        // not loaded, bind an event

        document.onreadystatechange = function(){

            if(document.readyState == "loaded" || document.readyState == "complete"){

                init()

            }

        }

    }



}(window.jQuery)
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