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introduction


Many years ago whilst at university, I worked as a weekend sales assistant at a local camera shop. On one particularly quiet Sunday afternoon, a well-spoken elderly lady entered the shop and asked the manager if he could fix her faulty camera. My colleague took the camera, carefully checked it over then opened the back cover to remove the battery. After weighing the battery carefully in his palm for a few seconds he announced, with a completely straight face, ‘Aha, here’s the problem, madam, your battery is empty!’


Now of course it was not the weight of the tiny battery that had indicated to my colleague that it was flat. Even after several decades in the camera business there was still no way he could possibly have determined whether the battery was ‘empty’ just by looking at it or weighing it in his hand. His magical electrical skills that had so impressed the old lady were actually nothing more than reading a few simple signs; something the lady could have easily done herself. The dim display on top of the camera had been the real giveaway and the whole battery weighing charade was merely a distraction to help pass a long Sunday afternoon at work.


And so it is with classic motorcycles too. An aura of mystery seems to have developed over the years concerning our old bike’s electrical systems which, I think, is completely unfounded. Perhaps it is because we cannot see an electric current in the same way that we can spot an oil leak that leads many to believe that this ‘electric-trickery’ is best left to an initiated few. Many skilled owners have completed a full mechanical restoration of their cherished motorcycle, only to then pay someone else to sort out the electrics.


In reality, there really is no mysterious ‘black art’ to motorcycle electrics – honest! This is especially true when it comes to our simple old bikes that have none of the complications, computers or gadgetry of more modern machines. If you are competent enough to change a spark plug and are willing to learn a few basic techniques, then you are more than qualified to become a classic motorcycle electrician.


I therefore hope that you will find this book both an interesting read and a useful reference for when you are out in the shed or garage with your bike. It is written from a purely practical sense of what is likely to go wrong, how to spot it and then what to do about it. That is not to say that we won’t indulge in a little electrical theory along the way, but we’ll restrict this to just enough to help us understand what is actually going on inside our bike’s wiring loom. Our aim will be not only to understand what is happening, but also why it is happening. In this way we’ll be in a much better position to apply the same skills and logic to any new problems you may encounter with your motorcycle.


It is worth taking the time to read through the first few chapters to begin with in order to get up to speed with the basics, learn some useful background information and become familiar with the important terminology. After that, feel free to dip in and out of the book as your interests (or problems with your bike) dictate. I am sure that the simplicity of a classic bike’s electrical systems will soon become apparent. Before long and with a little practice, you will inevitably become that person to whom everyone in your local riding group or owners’ club section turns when ‘The Prince of Darkness’ next makes a visit.


James Smith


Hong Kong, May 2015






1


electrical theory





The logical place to begin this motorcyclist’s electrical handbook is to define what exactly this strange ‘electricity’ stuff actually is. We can’t normally see it, it doesn’t have a smell, it’s silent and we’re going to try our best to avoid touching it (at least as far as getting an electric shock is concerned). So that doesn’t really give us much to go on.


Yet while electricity may at first seem somewhat mysterious, it is actually rather predictable and we can easily visualize what is going on inside our bike’s wiring loom with a few simple analogies. This first chapter aims to provide you with enough background information to be able to understand not only what is happening inside your bike’s electrical system, but also why this is happening. It is this understanding of why something does (or doesn’t) happen that will make the discussions in the following chapters much more straightforward.


WHAT IS ELECTRICITY?


Put simply, what we call ‘electricity’ is just the flow of charged particles around a circuit. But what is a ‘charged particle’, what makes it suddenly decide to ‘flow’ and what exactly constitutes a ‘circuit’? To answer these questions and properly understand what electricity really is, we’ll first need to brush-up on a little background physics.


The structure of an atom


Every part of a classic motorcycle is made up of atoms, just like the rider sat on top of it and the road beneath its wheels. For years, atoms were considered to be the smallest fundamental particle of which everything in the universe was made. The word itself comes from the Greek word atomos, which roughly translates as ‘something that cannot be cut in two’.


Advances in science soon revealed that atoms weren’t quite as indivisible as we had previously thought. We now know that they are in fact made up of even smaller particles called protons, neutrons and electrons. There are other particles too, many with strange sounding names and even stranger properties. Some of these can themselves be broken down into even smaller particles, but none of these are particularly relevant when it comes to a motorbike’s electrical system. So we’ll leave these to the physicists and stick with just the basic protons, neutrons and (perhaps most important of all), electrons.


You will no doubt be at least vaguely familiar with the simplified view of an atom illustrated in fig. 1.1. At the centre of the atom is the core or nucleus, which is made up of a mixture of positively charged protons and charge-less neutrons. The number of protons defines what type of element the atom is and is referred to as its atomic number. If it has one proton then it’s a hydrogen atom, two protons and its helium, eight gives us oxygen, twenty-nine and it is copper, and so on.


A neutron is roughly the same size and mass as a proton. While the number of neutrons in the nucleus doesn’t affect what element the atom is, it does affect some of its chemical properties. Different versions of an element may be found with different numbers of neutrons in the nucleus and these are what we call ‘isotopes’ of the basic element.


Orbiting around the central nucleus of the atom is a collection of negatively charged electrons. These are much smaller than both the protons and neutrons (about 1/1800th of their size), but the negative charge of an electron is about equal in magnitude to the positive charge of a proton. Most atoms have an equal number of protons and electrons such that their charges cancel each other out, giving the atom an overall neutral charge.


If we think of the nucleus of the atom as being like the sun at the centre of our solar system, then the electrons are like the planets orbiting around it. Just as each planet has its own particular orbit around the sun, so the electrons have fixed orbits at specific distances out from the atomic nucleus. These electron orbits are known as ‘shells’ and each shell can contain one or more electrons.


The saying goes that opposites attract and this is definitely true when it comes to charged particles. The positively charged protons in the nucleus and the negatively charged electrons whizzing around it feel a strong attractive bond within the atom.
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Fig. 1.1 The simplified planetary model of an atom with a core of protons and neutrons, and with smaller electrons orbiting around the outside. (Not to scale.)
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Fig. 1.2 The atoms and electrons in an insulator and conductor.


These attractive forces are, however, quite short-range and so extend for a relatively small distance out from the nucleus. Electrons orbiting close to the inner core tend to be held quite tightly, while those that are further away experience a weaker attractive force. These outer electrons therefore find it much easier to break free from the attractive bonds of the nucleus and leave the atom.


In some materials the outer electrons are held so loosely and are so close to their counterparts in neighbouring atoms that they are constantly switching positions. Rather than continually orbiting a single nucleus, they are instead shared between neighbouring atoms and can move around within the material by hopping from one atom to the next. Their motion is, however, very random, so while they may appear to move around a lot compared to the nucleus, they don’t actually get very far in any particular direction.


This effect is often described as the material having a ‘sea of free electrons’ flowing around the atoms. It is this sea that give metals the ability to conduct electricity. Conductors have lots of free electrons, whereas electrical insulators have only a few or maybe none at all. Without a ready supply of free electrons, insulators are unable to conduct electricity.


Let’s now imagine that the free electrons in a conducting material all suddenly feel some urge to move in a particular direction. Their motion will still be quite random as they jump between neighbouring atoms, but overall they might tend to drift in one direction more than any other. This is what electricity is: simply the drift of free electrons in a particular direction within a conducting material.


The next logical question to ask is what would make all of the electrons suddenly decide to start drifting in a particular direction? Clearly some sort of invisible force would need to be applied, but what could this be? As you might well have already guessed, this is where a battery comes in rather handy. The battery is what supplies us with the invisible force that urges the free electrons to move together through a conductor in a certain direction.


The battery provides what is known as an ‘electromotive force’ or EMF (electro- because it acts upon electrons and -motive because it makes them move). Hence an EMF is a force that makes electrons move, and as we now know, that’s what gives us the effect we call electricity. While you may not have come across this particular term before, you are almost certainly familiar with its meaning as it is simply the technical name for what we normally refer to as the battery’s voltage. A 12-volt battery supplies us with an electromotive force equal to 12 volts.


What is a circuit?


Free electrons are always present in a conductor irrespective of whether or not an EMF is applied across it. The electrons are not created by the battery, nor are they used up by the bulb. The EMF of the battery merely provides the necessary push to make the existing electrons move.


[image: ]


Fig. 1.3 Even the simplest electrical circuit must include these four basic components.


In order for electrons to be able to flow from the battery towards the headlight, there must also be a path by which they can flow back from the headlight to the battery, thereby completing the circuit. Any electrical system must be comprised of at least four components: a source of EMF (the battery), a load (the bulb), a conductor connecting the battery to the bulb (the supply wire) and another conductor connecting the bulb back to the other terminal of the battery (the return wire).


This is the simplest electrical circuit there is, and you’ll be pleased to learn that many of the circuits on your classic motorcycle are not a great deal more complicated. Add in a simple switch and you have the basis of a headlight circuit, or change the bulb to something that makes a loud noise and you have your horn circuit.


We’ll come back to these circuits in later chapters. For now it is sufficient to understand that any circuit must include each of these four basic components. There must always be a complete circuit for the current to flow around, although of course few of the circuits on our classic bikes will be so neatly laid out in practice.


Motorcycle earth


The ‘earth’ or ‘ground’ of a vehicle has nothing whatsoever to do with the road beneath its wheels. Instead these terms are used to denote a common electrically conductive connection between the various components of the vehicle formed by the metal frame, engine and bodywork.
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Fig. 1.4 With the addition of a switch, we already have the basis of the majority of electrical circuits on a classic motorcycle.


By connecting the battery’s earth terminal directly to the metal frame of a vehicle, every connected metal component therefore becomes a potential earthing point. This cuts the amount of wiring almost in half since, rather than requiring an individual return wire back to the battery, each electrical load can instead be earthed to the nearest available point on the engine, frame or metal body of the vehicle. This saves both cost and weight, and it also vastly simplifies the wiring loom since there are far fewer wires required.


Take a motorcycle’s headlamp as an example: a wire goes from the live battery terminal to the headlight bulb via the appropriate switches. But rather than having a second wire completing the circuit back to the battery, the other side of the bulb is instead connected to the metal headlamp shell. The headlamp shell is bolted to the front forks, which join via the metal head bearings to the motorcycle’s frame. Since the frame is already connected to the battery by a short length of wire, the circuit is complete. The various metal components of the motorcycle thereby act as a very thick conductor joining the earth terminals of the bulb and battery.
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Fig. 1.5 We can reduce the number of wires required by using the metal frame of a motorcycle as the connection back to the battery.


Voltage


If we define electricity as the flow of electrons through a conductor, then the electrical voltage is the force that drives it. The speed at which the electrons move through the conductor (ignoring the random part of their movement) is proportional to the magnitude of the applied EMF. Increasing the voltage provides a greater force on the electrons, which causes them to flow more quickly through the conductor.


Voltage is known by a variety of different terms depending upon the context and it is useful to be able to understand and make use of the correct terminology. We have already mentioned that the voltage supplied to a circuit by a battery is known as the electromotive force (EMF). Another term for voltage is ‘electrical potential’, although this is seldom used in practice. When we measure the difference in voltage between two points in a circuit, however, we normally refer to this as the ‘potential difference’ (rather than the voltage difference) between the points.


Historically the term ‘electric tension’ has also been used to describe a voltage. While this term is now mostly obsolete, it is still used in relation to some automotive electrical systems. The high-voltage ignition coil, for example, is often known as the ‘high-tension’ (HT) coil and the wire going from the coil to the spark plug is referred to as the ‘HT lead’.


Irrespective of whether we are talking about an electromotive force, potential difference, electrical potential or electric tension, all of these quantities are measured in the same units of ‘volts’. We use the uppercase letter ‘V’ to denote volts and hence voltages may be written as either 12 volts or 12V.


Current


A current is a flow of electrons within a conducting material. However when we talk about current we usually want to be a little bit more precise about how many electrons are flowing and how fast they are going in order to know how much useful work they will be able to perform.


The term ‘current’ is therefore mostly used to specify the rate at which electrons are flowing through a conductor. Current is measured in ‘amperes’, which we usually shorten to ‘amps’. It is given the symbol upper case ‘A’, so we can write 10 amps or 10A.




HOW FAST DOES ELECTRICITY TRAVEL?


As soon as we turn on the headlight switch, the front lamp of our bike begins to shine. So we might assume that the electricity must travel rather quickly through the wires from the battery to the bulb and back again in order to have this immediate effect. And we’d be right, but also at the same time, we’d also be wrong.


It all depends upon how exactly we define ‘electricity’. The effect of turning on the switch travels through the wires at almost the speed of light so that the headlamp appears to illuminate at the exact moment the switch latches. But the actual electrons themselves are moving surprisingly slowly through the wires of the bike. So slowly in fact that they would have difficulty keeping up with a snail crawling along the outside of the cable!


The easiest way to think about this is to consider a long tube filled with a single row of marbles. If we try to insert another marble into one end of the tube, the furthest marble will almost instantly fall out of the other end. The marbles themselves (representing our electrons) move relatively slowly along the tube (our wire). However, the effect of inserting another marble at one end (representing electrons flowing into the wire from the battery) is experienced almost instantly at the other end as the marble drops out (or our bulb lights up).


To put this back into the context of our bike’s electrical system, the electrons travelling through the wire between the battery and the headlight bulb move at around 0.22mm per second. They will therefore take around 2.5 hours to complete a single circuit from the battery to the bulb and back again. In contrast, a common garden snail travelling at around 1mm per second will have completed more than four of these circuits in the same time.
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Fig. 1.6 We can think of a wire full of electrons as being like a long tube filled with marbles.





Resistance


In our model of a typical conductor, we have pictured a ‘sea’ of loosely bound free electrons moving randomly between the various atoms. When an EMF is applied across the conductor, these electrons all begin to drift in a single direction, giving us the flow of charge that we know as electricity.


Even under the effect of the strongest EMF, the electrons cannot move in a straight line from one end of the conductor to the other. There are far too many atoms in the way and so collisions are unavoidable. Each collision slows down the electrons and impedes their progress through the conductor. It is this restriction of the flow of electrons that gives rise to the resistance of the conductor.


We can think of a conducting material as being a bit like one of those old ‘penny falls’ arcade machines where you insert a coin at the top and it falls between various pegs before hopefully dislodging a cascade of pennies at the bottom. The coin you insert doesn’t fall directly to the bottom, but instead it bumps and bounces off various fixed pegs that make its path very random. This is exactly how we might visualize an electron moving through a conductor, bumping and bouncing off the various atoms that get in its way. The penny falls under gravity in the same way that electrons move under the influence of an EMF; neither gets from one end to the other via a very direct route.


A number of different factors can influence the amount of resistance the current experiences. Different conductors have different atomic structures, which may provide more or less resistance to the flow. Another factor is the temperature of the conductor. At an atomic level, heat can be thought of as being vibrations of the atoms. The atoms in a hotter material will vibrate back and forth much more than those in a colder material. The more an atom is vibrating, the more of an obstacle it presents to the electron flow and hence the greater the material’s resistance. Therefore the resistance of conductors increases when they are heated, such as in the case of a glowing filament in a lightbulb.


Resistance is measured in ‘ohms’, for which we use the Greek symbol omega (Ω). We can therefore write 500 ohms or 500Ω. Electrical conductivity is the opposite of resistance. A material with high conductivity has a low resistance, and conversely a material with a high resistance has low conductivity.




WHAT IS THE BEST CONDUCTOR?


The element with the best electrical conductivity (lowest resistance) is silver, although this is usually too expensive to use in wires. Therefore most wires are made from copper, which is only about 5% less conductive than copper, but costs significantly less. Third place goes to gold, which is 35% less conductive than silver. This is also too expensive to use for wires, but it is sometimes used as a coating on connectors since it does not oxidize over time, unlike copper. However a solid gold wire would have a higher resistance than a standard copper wire.


The best conducting metals (with their conductivity expressed as a percentage of that of copper) are as follows: silver (106%), copper, gold (69%), aluminium (60%), tungsten (30%), zinc (28%), nickel (24%), iron (17%), platinum (16%), tin (15%) and steel (12%).


Although copper is the default choice, wire may also be formed from alternative metals for use in applications where other requirements take priority over conductivity. Aluminium wires are used in some aircraft because of the need to minimize weight. Similarly the filaments in halogen bulbs are made from tungsten wire since this has a particularly high melting point. Copper wires may also be tinned for use in harsh environments, for example in marine applications, since the tin coating helps to protect the copper strand beneath from corrosion. However, the majority of wires that we will come across on our motorcycles will be of the standard bare copper variety.





[image: ]


Fig. 1.7 Is the traffic flowing to the left, or is the space between the bikes flowing to the right?


Conventional current


Imagine a long line of vehicles all queuing up in a bumper-to-bumper traffic jam. Every now and then the car at the front of the queue moves forward a few metres, then the second vehicle pulls forward, then the third, and so on along the full length of the queue. The traffic is moving slowly forwards, but what if for a second we forgot about the vehicles themselves and instead focused on the short stretch of empty tarmac between them? This gap would start at the front of the traffic jam and, as each vehicle pulls forward, it would move gradually backwards towards the rear of the queue.


So which way is the flow going? Well it all depends upon whether you are watching the traffic or the empty stretch of road, each of which is moving at the same speed but in opposite directions. This is exactly what happens when a current flows in a conducting material. If we watch the free electrons then we would say that the flow is in one direction towards the positive battery terminal. Yet if instead we were to focus on the empty ‘hole’ left by each electron as it moved from one atom to the next, we might say that the flow is going in the opposite direction towards the negative battery terminal.


If we assume that each atom initially has no charge (i.e. it has the same number of positive protons and negative electrons), then when it loses an electron it becomes unbalanced and acquires a positive charge. So the empty space moving between neighbouring atoms is actually a flow of a positive charge through the material in the opposite direction to the electron drift.


We therefore have two different ways of thinking about the flow of electricity; negative electrons flowing one way or positive ‘holes’ moving the opposite way. This may at first seem a little confusing, but thinking back to the traffic jam analogy will help show that they are just two different ways of looking at exactly the same scenario. Neither way of thinking is particularly right or wrong; they are both just useful ways to help us visualize something complicated in terms of something that is a little more familiar. Whether you picture negative charges going one way or positive charges going the other, the result is just the same.


It is, however, more technically correct to think of the electrons leaving the negative terminal of the battery (remember that the reason it is negative is that it has an excess of negatively charged electrons). The electrons then flow around the circuit towards the positive battery terminal as opposites attract (remember that the positive battery terminal is positive because it has a deficiency of negatively charged electrons). This is what we call the ‘electron flow’ model as it is based upon visualizing the path that the electrons take.


Traditionally however, electricity was considered to flow from the positive battery terminal, around the circuit and back to the negative battery terminal. This is what we call the ‘conventional current’ model and it goes back to the days before we knew as much as we do now about what goes on at a sub-atomic level within a conducting material.


In practice, it makes no difference to how a motorcycle’s electrical system works if we think in terms of the electron flow or conventional current models. Therefore go with whatever seems to make the most sense to you, but also be prepared for someone else to adopt the opposite approach.


Series and parallel circuits


When two loads are connected to the same circuit, they can be connected in either ‘series’ or ‘parallel’ configurations. Take for example the pair of bulbs that make up a motorcycle’s twin headlights. In series configuration, we would have a wire from the battery to the first bulb (via the switch), then another wire between the first and second bulb, then a third wire back to the battery (fig. 1.8a). This is quite a neat and simple circuit with the two bulbs connected one after the other, i.e. in series with each other.


However there are some significant disadvantages with this type of circuit. First, each of the two loads receives only a proportion of the total battery voltage. If the two loads are the same (identical bulbs for instance) then they will each receive half of the battery voltage. So when using a 12-volt battery, each bulb wired in series will receive only 6 volts. Not only would it be confusing to use 6-volt bulbs in a 12-volt vehicle, it would also be inefficient as each bulb would require twice the current to give the same light output.
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Fig. 1.8 A pair of headlamp bulbs wired in series and parallel configurations.
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Fig. 1.9 Series and parallel circuits give very different results when one component in the circuit fails.


Another problem with connecting bulbs in series is what happens if one of these were to blow. The broken filament would break the circuit for both bulbs and hence both lights would stop working, even though only one has actually blown (fig. 1.9a). These two reasons mean that series circuits are not used very often in vehicles, and especially not when it comes to wiring the headlights.


The preferred option is to wire the two loads in parallel so that each has its own connections to the battery, thereby giving them both access to the full battery voltage (fig. 1.8b). Each bulb therefore receives 12 volts when it is connected in parallel to a 12-volt battery.


Wiring the two loads in parallel also means that if one of them were to fail, the other would still remain connected to the power supply (fig. 1.9b). For a headlight circuit this would mean that if one bulb were to blow, the other would continue working so that you wouldn’t lose all lighting. Clearly this is a much preferable arrangement.


Just as loads can be connected in series or parallel, so too can batteries. When two batteries are connected together in series (fig. 1.10a), their individual voltages are added together. Therefore, connecting two 6-volt batteries together in series allows us to power a 12-volt electrical circuit. When batteries are connected together in parallel (fig. 1.10b), the overall voltage remains the same as per the individual batteries, but the capacity of the battery is increased. So by connecting two smaller 6-volt batteries together in parallel we form a larger capacity 6-volt battery. This will be discussed in more detail in Chapter 12.
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Fig. 1.10 Batteries may be connected together in series or parallel configurations to give either a higher voltage or greater capacity.


AC and DC voltages


So far we have only discussed direct current (DC) voltages as supplied by a battery or dynamo as this is the type of electricity used by the majority of motorbike systems. There is, however, another type of electricity called alternating current (AC) with which you will be more familiar from the mains voltage supplied to your home.


The difference between AC and DC current is to do with how the electrons move within the wires. In DC current we have already seen that the electrons all flow (albeit very slowly) in a single direction around the circuit. However with AC current, the electrons flow in one direction for a while, then in the other direction, then back the other way again, and so on. They are constantly alternating their direction many times per second, hence the name of this type of current.


So why do we have these two different sorts of electricity? The answer comes from the way that we generate the electricity in the first place. Direct current can be considered the original form of useful electricity since it was the first to power a circuit by way of an electrical cell (i.e. a battery). All batteries are DC devices; there is no such thing as an AC battery. As well as using the chemical energy stored in a battery, it is also necessary to be able to generate electricity using mechanical energy. This is where electrical generators (also known as dynamos) come in.


Inside a dynamo is a coil of wire that rotates inside a fixed magnetic field. Each time the wire cuts through the magnetic field, a small electric current is induced. Actually a dynamo is not truly a DC device like a battery as the electrical output varies depending upon the position of the wires within the magnetic field and so changes as the coil rotates. But if we have a sufficient number of separate coils, which are each aligned at a slightly different angle, then the output is smoothed out and becomes much more like a proper DC current.
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Fig. 1.11 The constant direct current (DC) voltage produced by a battery or dynamo versus the fluctuating alternating current (AC) voltage of an alternator.


The problem with DC dynamos is that they’re not very efficient because of the way that we need to connect to the rotating coils of wire. With fixed connections the wiring would soon become twisted and tangled after only a few turns of the generator. Instead, a pair of stationary contacts are used that connect to each of the separate coils inside the dynamo one by one as they rotate past. This works reasonably well, but isn’t an ideal arrangement as anyone with a dynamo-powered bike will be only too aware.


A different sort of electrical generator was therefore invented known as an ‘alternator’. Rather than having rotating coils of wire inside a fixed magnet, these devices have a rotating magnet inside a fixed coil, thereby doing away with the complicated wiring connections between the stationary and rotating parts of the circuit. As the name suggests, alternators produce an alternating current and this is where this second form of electricity originates from.


An AC alternator is much more efficient and is able to produce much more electricity than a DC dynamo. This is why the power we consume in our home is of the AC variety and is also why all modern vehicles have alternators rather than dynamos. The problem is that our motorcycle’s battery can only be charged with a DC voltage (an AC voltage would put some electrons in, take some out, put some in and so on, thereby never actually charging the battery). However, it is fairly straightforward to convert an AC voltage into a DC one. All vehicles with an alternator charging system will therefore also have a rectifying device that converts its output from AC to the DC voltage required to power the bike and recharge the battery.


RMS voltages


While on the subject of AC voltages, we should also consider how exactly we measure their magnitude. Since the current is changing directions back and forth many times per second, the voltage is similarly going from zero to a peak, back to zero again and then to another peak in the opposite direction. So what do we take as being the voltage of the supply if the voltage is currently changing?


The obvious answer might be to take the maximum or peak voltage, however this is not particularly useful because the actual voltage is much less than the peak for the majority of the time. It is also not a true reflection of the power output of the supply. Instead we calculate a special type of average value called the ‘root mean square’ (RMS) voltage.


The method of calculating the RMS value of an AC voltage is a little complicated and thankfully we will never need to do this (but should you be interested, it is explained in the box below). Instead, for the sinusoidal voltage outputs generated by an alternator, we can make use of a simple rule that says that the RMS voltage will be 70 per cent of the peak value. Therefore if we know the peak voltage of an AC supply is 10 volts, then the RMS voltage will be 10V × 0.7 = 7 volts:
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Whenever we talk about AC voltages we always use the RMS value and not the peak. Therefore all AC voltage measurements that we come across can safely be assumed to be RMS values unless it is explicitly stated otherwise. More often we will want to convert from the specified RMS voltage to the maximum peak voltage. To do this we just divide the RMS value by 0.7. At home in the UK we know that the mains supply is 230 volts AC, so we can now calculate that the peak voltage is 230V ÷ 0.7 = 328 volts:
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When we measure AC voltages we must ensure that the multimeter is set to the AC mode. The result displayed on the meter will then be given in terms of an RMS voltage. For classic motorcycles, the only time we’ll be dealing with AC or RMS voltages is when we are working with an alternator charging system (see Chapter 15). Owners of earlier bikes with dynamo charging systems need not concern themselves with such complications since they will only ever be working with DC voltages.




CALCULATING THE RMS VALUE OF AN AC VOLTAGE


In order to be able to determine the RMS value of an AC voltage, we first need to know what the waveform looks like. Let’s assume that we have a nice smooth sine wave that is typical of the output from an alternator or of the mains power in our homes. As the voltage is constantly changing, we’ll need to take a series of instantaneous voltage measurements throughout the AC cycle. For this example we’ll take twelve measurements as this divides the wave pattern up nicely (a greater number of measurements would give us greater accuracy, but twelve is enough).


At each of these twelve equally spaced positions we make a voltage measurement. Fig. 1.12 shows an example of an AC voltage signal that peaks at 10 volts and which has been divided up into our twelve measurement segments. Since the positive (above the line) and negative (below the line) parts of the wave are equal, we can actually just focus on the positive half.


Once we have determined the voltage at each of our measuring points, we then square each of these individual values (i.e. multiply them by themselves) to give us our ‘square’ values (fig. 1.12a). We add together these voltage-squared values and then divide by the number of values to give us our ‘mean square’ value (fig. 1.12b). The final step is to take the square root (√) of this value to calculate the ‘root mean square’ value (fig. 1.12c), which works out as 7.1 volts for our example with a 10 volt peak.


We have thereby shown that the RMS value is 71 per cent of the peak voltage (but we usually round this off to 70 per cent for simplicity). This applies to all AC signals with a sinusoidal waveform.
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Fig. 1.12 Calculating the RMS value of a 10V peak AC voltage.





ELECTRICAL CALCULATIONS


Ohm’s Law


The voltage, current and resistance present in a circuit are all very closely related. Higher voltages result in greater currents, whereas higher resistances decrease the current. These three quantities can be brought together in a simple equation that is known as Ohm’s Law. This states that the voltage (V) is equal to the current (I) flowing multiplied by the resistance (R) of the conductor, or in mathematical terms:
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This simple equation forms the basis of many of the electrical calculations we may wish to perform on our bike’s electrical system. Ohm’s Law also provides us with a couple of useful insights into electrical flow. Firstly it states that voltage and current are directly proportional to each other. Therefore, if we keep the resistance of a circuit constant but double the voltage (for example by swapping the original 6-volt battery to a 12-volt one), then the current will also double. Similarly if we halve the voltage (by changing to a 3-volt battery) then the current will also be halved.
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Fig, 1.13 Voltage is the pivot point of the Ohm’s Law seesaw: the current will go up when the resistance goes down, and vice versa.


Another way of looking at this is to examine what would happen if we were to keep the voltage constant but vary the resistance. If we double the resistance (for example by having two bulbs in the circuit rather than just one), then we would halve the current. But if we were to install a bulb with lower resistance, the current would go up. Current and resistance are therefore indirectly proportional; as one goes up the other goes down in the same ratio.


Ohm’s Law allows us to calculate the voltage, current or resistance in a circuit when we know the other two quantities. Written in its V = I × R form, we can use it to calculate the voltage when we know the current and resistance, but it can easily be rearranged to make current or resistance the subject:
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Work and power
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Fig. 1.14 The Ohm’s Law triangle provides an easy way to remember and rearrange the formula to calculate voltage, resistance or current.


The triangular diagram shown in fig. 1.14 is often used to help remember Ohm’s Law and to easily rearrange it to get the required form for either voltage, current or resistance calculations. To use this, you place a finger over whichever quantity you wish to calculate and then read the arrangement of the other two quantities. For example, if you wish to find the voltage, cover the ‘V’ with your finger as shown in fig. 1.14b, which leaves you with ‘I’ next to ‘R’ (i.e. I × R). If we want to find resistance, cover the ‘R’ with a finger as in fig. 1.14d, leaving ‘V’ over ‘I’ (i.e. V ÷ I).


Moving electrons around an electrical circuit is hard work for a battery and can be thought of in much the same terms as physical work (for example, the work your motorcycle’s engine is doing while propelling you down the road). The difference between a high and low voltage battery is how quickly they can perform work and it is this rate of doing work that we know as power.


Electrical power is directly analogous to engine power. A higher voltage battery is the same as a bigger engine as both can do work at a much faster rate, and are therefore more powerful. Power is measured in watts irrespective of whether we are talking about it in its electrical or mechanical form (brake horsepower (bhp) is just an imperial version of watts). Larger powers are measured in kilowatts (kW); one kilowatt is equal to one thousand watts.


The formula for calculating electrical power is nice and simple as power (P) is simply the product of the current (I) and the voltage (V):
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This form of the equation allows us to calculate the power of an electrical system if we know both the current and power, but we can also rearrange it to make either of the other two terms the main subject:
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Fig. 1.15 The power triangle provides us with an easy way to rearrange the power equation.


In some circumstances when we are trying to calculate power we might not know the voltage or current, but instead we may know the resistance of the conductor. We can therefore combine Ohm’s Law with the power equation to give us a couple of alternative ways to calculate electrical power. We know from Ohm’s Law that V = I × R, so we can substitute ‘I × R’ for ‘V’ in the power equation, giving us:
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Which we can simplify to:
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We thereby have a new equation that allows us to calculate electrical power when we know the current and resistance, but not the voltage. Similarly, we can also come up with an equation that allows us to calculate power from voltage and resistance when we don’t know the current. By rearranging Ohm’s Law we know that I = V ÷ R, so substituting ‘V ÷ R’ for ‘I’ in the power equation gives us:
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Which we can simplify to:
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We can see from these last two equations that power is proportional to both the current and voltages squared. So if the voltage or current were to rise by a factor of two, the power would rise by a factor of four (as 22 = 4). Similarly if the voltage or current were to be halved, the power would be reduced to a quarter (since 0.52 = 0.25). This finding has a number of interesting results that we shall explore in detail in later chapters, but it is worth mentioning a couple of examples now.


When a battery is starting to go flat, the voltage may fall from around 12 volts to, say, 11 volts. This may seem like a small change; it is only a one volt difference after all, which equates to an 8 per cent reduction. However, the brightness of the headlight depends upon its power and this is proportional to the voltage squared. A small 8 per cent reduction in voltage therefore actually results in a much more significant 15 per cent reduction in headlight power and therefore brightness (since 0.922 = 0.85).


Older model bikes tend to have 6-volt electrical systems, which require twice the current to match the power output of a 12-volt electrical system. Power losses in the wires and switches are proportional to the current squared, so by doubling the current these losses are increased by a factor of four. Both of these results are particularly significant when it comes to maximizing the efficiency of a bike’s electrical system, and especially if we are trying to get the most light possible out of a headlamp.


Kirchhoff’s Laws


Most of the circuits that we will encounter on a classic motorcycle aren’t going to be any more complicated than the basic circuits shown in fig. 1.4. Parallel circuits are sometimes a little trickier since they introduce junctions in the wiring at which electrical current has a choice of which way to flow. However they are still fairly straightforward once you are aware of a few important electrical rules.


When we are analysing circuits, we need to be able to determine how the voltage supplied by the battery gets divided between the various components. For parallel circuits, we also need to be able to work out what happens to the current when it reaches a junction in the wiring.


To do this, we rely on two rules that are known as Kirchhoff’s Laws (named after the nineteenth-century German physicist Gustav Kirchhoff). Kirchhoff’s First Law tells us what happens to a current when it reaches a junction in a circuit. Kirchhoff’s Second Law tells us about how the battery voltage is consumed by the various loads.


Kirchhoff’s First Law of currents


Whenever there is a junction in a circuit, the electrons have a choice as to which way they will flow. Electrons (and hence current) can be thought of as being lazy and will always try to take the path of least resistance. Hence, when given the choice between flowing through a headlight bulb or via an accidental short circuit, they will always take the easier short-circuit option.


The loads connected to most of the electrical junctions we will encounter tend to be equally matched (for example, the left and right headlamp bulbs) and hence some electrons will choose one path and some will choose the other. When we think in terms of electrons it should be apparent that whatever number of them flow into a junction, the exact same number must also flow back out. The electrons can’t magically disappear into the junction, nor can additional ones suddenly appear from nowhere.
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Fig. 1.16 Kirchhoff’s First Law states that the current flowing into a junction must be equal to the current flowing out of that junction.


If we wanted to state Kirchhoff’s First Law a bit more scientifically, we would say that the sum of the currents flowing into a junction is equal to the sum of the currents flowing out of the junction. Fig. 1.16 helps to illustrate this: on the left we have a single current flowing into the junction from the battery (which we’ve called IA) and on the right we have two currents flowing out to the headlight and tail lamp (IB and IC). If IA coming in to the junction is 8 amps and we know that IB is 6 amps, then IC must of course be equal to 2 amps. That gives us 8 amps going in and 8 amps coming back out.


Kirchhoff’s First Law states that what goes in must come out. Currents cannot be created or destroyed in a circuit, they can only split up to travel along parallel circuits and then join back together again. Therefore the current flowing into and out of a junction must always be exactly the same.
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Fig. 1.17 We can apply Kirchhoff’s First Law to this circuit to determine what current will flow at each of the labelled points.


As an example of the application of Kirchhoff’s First Law, let’s consider the simple circuit illustrated in fig. 1.17. We have a single 12-volt battery connected via a switch to two bulbs wired in parallel, one a headlight bulb and the other a stop light bulb. The question is how much current will be flowing at each of the five locations, labelled A to E, around the circuit when the bulbs are lit. To work out the answer, we’ll assume that the resistances of the two bulbs are 5 and 35 ohms respectively.


Our first step is to determine what current will flow through each of the bulbs. Given that we know their resistances and the EMF provided by the battery, we can use Ohm’s Law to determine the two currents. This tells us that we have a current of 0.4 amps flowing through the tail light bulb and a current of 2.4 amps flowing through the headlamp bulb. So IC = 2.4 amps and ID = 0.4 amps.


Let’s now turn our attention to point B, which is located after the switch, but ahead of the junction at which the two parallel circuits separate. This hopefully looks rather similar to the arrangement we have already seen in fig. 1.16 with one current flowing into a junction and two currents flowing out. We know from Kirchhoff’s First Law that the current flowing into the junction (IB) must be the same as that flowing out (IC + ID). Since we have already calculated the two currents flowing out through the bulbs, we can then determine that IB = 2.4 + 0.4 = 2.8 amps.


Point A is located before the switch, so what will the current here be? Although the current has flowed through the switch by the time it reaches point B, there were no junctions so it can’t have been divided or added to. So the current before the switch must be exactly the same as the current after the switch, since there is nowhere else for it to go. Therefore IA = IB = 2.8 amps.


Lastly we must consider point E and it should now be fairly obvious that the current here must again be equal to the sum of the two currents through the bulbs. So IE = IC + ID = 2.8 amps. Notice that the current flowing into and out of the battery (IA and IE) are both equal. The battery is just like any other component in that it cannot create or destroy current, it only provides an EMF that drives the current on its way.


Kirchhoff’s Second Law of voltages
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Fig. 1.18 Kirchhoff’s Second Law tells us that the full EMF of the battery is consumed by the combination of loads around the circuit.


A simple circuit is shown in fig. 1.18a in which a 12-volt battery is powering a single light bulb. If we were to use a multimeter to measure the voltage difference between the left side of the bulb and the battery’s negative terminal we would get a reading of around 12 volts. If we were to measure the voltage difference between the right side of the bulb and the battery’s negative terminal we would get a reading of 0 volts. So the full 12 volts of electrical energy supplied by the battery has been consumed by the bulb. If we replaced the battery with a 6-volt version we would find that the bulb consumed the full 6 volts, and similarly if we substituted a 24-volt battery the bulb will consume the full 24 volts (at least until it blows).


It is therefore clear that the voltage drop across the bulb is a function of the circuit in which it is connected and clearly we would want this to be the same as the bulb’s rated voltage. Whenever a load is connected to a power source, the load will always consume the full EMF supplied to it. This may seem fairly straightforward for a simple circuit with a single load, but what would happen if we were to have two or more loads connected together as part of the same circuit? How would the EMF supplied by the battery be consumed by the various different components?


The circuit shown in fig. 1.18b is a little more complicated since it now has a second bulb connected in series with the first. Again if we were to make multimeter measurements of the voltage at the left and right sides of the bulbs we would get readings of 12 and 0 volts respectively. But what reading would be get if we were to take a voltage measurement at the wire between the two bulbs? Does the first bulb consume all 12 volts or does the second bulb do this, or do they somehow share the 12 volts between them?


The correct answer is that the two bulbs will share the available EMF between them. If the two bulbs are identical, then the 12-volt supply would be split evenly between them and they would both have a voltage drop of 6 volts. So in fig. 1.18b the multimeter reading taken between the two bulbs would be 6 volts, since the current has flowed through one bulb and hence the voltage drop so far is only 6 volts (12 − 6 = 6V).


In many cases, the two loads will not be identical so we require a method to determine how they will split the available EMF between them. Let’s consider the circuit shown in fig. 1.19 in which we have a small brake light bulb connected in series with a larger headlight bulb (this doesn’t relate to any real motorcycle circuit). The electrical loads imposed by the two bulbs on the circuit will obviously be different depending upon their individual resistances. To answer this question, we first need to know the resistance of each of the two bulbs. Let’s assume that the headlight bulb has a resistance of 5 ohms and the brake light bulb a resistance of 30 ohms.


The two loads are in series so we can determine the total load resistance by summing the individual resistances together (see the next section), giving us a total of 35 ohms (fig. 1.19a). Using Ohm’s Law we can then determine that the current flowing around the circuit is 0.34 amps (fig. 1.19b).
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Fig. 1.19 We can use Ohm’s Law to calculate the voltage drop across each of the loads in a series circuit.


Once we know the current that is flowing through the bulbs, we can then apply Ohm’s Law to each of them to determine the voltage drop across each load. This tells us that the voltage drop across the headlight bulb is 1.7 volts (fig. 1.19c) and that across the brake light bulb it is 10.3 volts (fig. 1.19d). If we sum these together we get the total battery voltage (1.7 + 10.3 = 12V). It should be noted that the greater load (in this case the brake light bulb, because it had the greater resistance) consumed the greater proportion of the battery’s EMF. The headlight bulb had a much lower resistance and hence consumed a much smaller proportion of the available EMF.


We can make use of this relationship between a component’s resistance and voltage drop to give us a handy shortcut. The ratio of a particular load’s resistance to the total resistance is the same as the ratio of its voltage drop to the total voltage (EMF). The headlight bulb in our example had a resistance of 5 ohms out of a total of 35 ohms, and its voltage drop was 1.7 volts out of a total EMF of 12 volts. Both of these ratios are identical: 5 ÷ 35 = 0.14 and 1.7 ÷ 12 = 0.14.


We can therefore take a shortcut in the calculation and avoid the need to determine the current first (fig. 1.19e). Instead we calculate the proportion of the total resistance attributable to a particular load, and then multiply this ratio by the available EMF in order to find the component’s voltage drop. This gives us exactly the same results as the original method, but is significantly quicker.


What we have seen here is an example of Kirchhoff’s Second Law in action. The law states that the sum of the voltage drops around a circuit must be equal to the sum of the EMFs supplied by the battery. In our examples so far we have only looked at a circuit with a single battery, but the rule applies just the same if multiple batteries are used (for example, if we have two 6-volt batteries powering a 12-volt circuit). The only difference is that we first need to sum all of the EMFs together to determine the total EMF available to the circuit.


When it comes to parallel circuits, Kirchhoff’s Second Law still applies but we need to apply it slightly differently. When two bulbs are connected in parallel to the battery, as in fig. 1.8b, each will have access to the full EMF of the battery. In such cases they do not share the EMF as would be the case had they been connected in series (as per fig. 1.8a). Kirchhoff’s Second Law still applies around each circuit, however a parallel load arrangement must be considered as two circuits in one.
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Fig. 1.20 Kirchhoff’s Second Law tells us that the voltage drops around a circuit must be equal to the EMF of the battery.


Take for example the circuit shown in fig. 1.20, where we have a parallel arrangement of bulbs. In the upper (green) circuit we have a single head-lamp bulb and in the lower (blue) circuit we have two identical tail light bulbs in series. Both circuits receive the same 12 volt EMF from the battery as they are connected in parallel. So the voltage drop across the head-lamp bulb is 12 volts. The voltage drop across the two tail light bulbs is also 12 volts, however, because they are connected in series the voltage drop across each individual bulb is only 6 volts.


Resistors in series


When we have a number of different loads connected in series, their resistances combine to give a greater overall resistance to the current flow. It is very easy to calculate the total resistance as all we need to do is to add together each of the individual resistances.
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Fig. 1.21 To calculate the total resistance of a number of loads in series we just add together each of the individual resistances.


As an example, let’s calculate the current flowing around the circuit shown in fig. 1.21, which consists of three resistors in series. These resistances could represent light bulbs or some other component, but they’re depicted as generic resistances here for simplicity. Each of the individual resistances of the three bulbs is known, so we can calculate the overall circuit resistance by summing these together to give an answer of 40 ohms (6 + 14 + 20 = 40Ω).


Once we have calculated the total resistance, it is then relatively straightforward to apply Ohm’s Law to determine that the current flowing around the circuit is 0.3 amps. The same current must flow at all points around the circuit, since there are no junctions at which it could split or join with other currents.


Resistors in parallel


Combining the resistances of loads connected in parallel is a little more difficult since the current has a more complicated choice as to which way it will flow. Clearly the majority of the current will take the easiest option through the path of lowest resistance, but nevertheless, a smaller current will still choose to flow around the higher resistance paths.
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Fig. 1.22 When multiple loads are connected in parallel we can apply Ohms’ Law to determine the overall resistance.


An example of three different resistances connected in parallel is shown in fig. 1.22. The total current induced by the battery (ITOT) has three circuits to choose between and so there will be different currents flowing through each of the resistances (IA, IB and IC). We already know from Kirchhoff’s First Law that the sum of the currents through the three loads will be equal to the total current exiting and entering the battery. We could alternatively determine the total current by calculating what the combined resistance of the three loads is (i.e. what single resistance would have the same effect as the three resistances connected in parallel).


The first step is to calculate the current through the three resistances separately using Ohm’s Law, which tells us that IA is 1.2 amps, IB is 1.0 amp and IC is 0.8 amps (fig. 1.22a). We therefore know that the total current flowing from the battery is 3.0 amps (fig. 1.22b) and, by reversing Ohm’s Law, we can calculate that the total effective resistance of the three loads is 4.0 ohms (fig. 1.22c).


Let’s take a moment to consider that result. We started with 10, 12 and 15 ohm resistances connected in parallel and we have calculated that their combined resistance is only 4 ohms. The combined resistance is therefore significantly less than any of the individual resistances, which is perhaps a little surprising. Most of the current will flow through the lowest resistance, so this has the greatest influence on the value of the overall resistance. Less current flows through the higher resistances, nevertheless these still provide alternative current paths and so reduce the effective resistance below that of the lowest resistance.


Practical calculations


In all of our examples so far we have assumed that the wires and switches in the various circuits have had zero resistance (i.e. that they are perfect conductors). Sadly this is not usually the case in practice and this is the source of many electrical problems for classic motorcycles, as we shall see in later chapters.




DETERMINING THE VOLTAGE DROP ACROSS A COMPONENT


In the circuit illustrated in fig. 1.23 we have three different bulbs connected in series to a pair of batteries (this doesn’t really correspond to any practical circuit on a motorcycle). We know the resistances of the three loads and we can determine the total EMF of the two batteries (fig. 1.23a), but we want to know what the voltage drop across each of the bulbs (VA, VB and VC) will be.


We begin by calculating the total resistance by summing together the three individual resistances (fig. 1.23b), which equals 24 ohms. To calculate the voltage drop across a given bulb, we divide its individual resistance by the total, and then multiply this ratio by the total available battery voltage (figs. 1.23c–1.23e). The results of the calculations are shown in the figure and it should be noted that the total of the three voltage drops equates to the same as the battery EMF (fig. 1.23f).
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Fig. 1.23 Determining the voltage drop across a series of bulbs, each of which has a different resistance.





While the wiring on our bike is made from copper and is therefore highly conductive, it still has a small but sometimes significant resistance that can drain power from the circuit. Switches also have a resistance and this can be quite considerable for old units or cheap reproductions, especially if the contacts are dirty or corroded.


Everything we have seen so far has therefore been an idealized case. In practice we will need to take into account the resistances of the wiring, switches, connectors, earthing points and various other circuit components in our calculations. This is not difficult, though; we just treat each length of wire and each switch (or other component) in exactly the same way as we have already been treating the bulbs. Each of them is a load with a certain resistance, so we can apply Ohm’s Law, the power equation and Kirchhoff’s Laws to them in exactly the same manner as we have applied them to the bulbs.


Another consideration is the actual battery voltage, since in practice this will rarely be exactly 6 or 12 volts (see Chapter 12). A 12-volt nominal battery actually has a terminal voltage of between 10.5 and 12.8 volts depending upon its state of charge, and this can increase to as much as 14.7 volts when the bike’s charging system is in operation.


Table 1.1 Suggested battery voltages for use in calculations (halve these values for 6-volt motorcycle applications)













	Scenario
	Battery voltage




	Half-discharged battery
	12.1V




	Fully-charged battery
	12.8V




	Battery charging while riding
	14.1V




	Maximum charging voltage
	14.4V






Therefore, when making calculations it is sometimes necessary to determine what voltage within these ranges would give the worst case results. If the peak power or current is of interest, for example when selecting a fuse rating, we should use a voltage from the higher end of this range. If however we are more concerned with voltage drops, for example how the losses in the wiring affect the voltage a bulb receives, then we should select a lower voltage. Table 1.1 provides some suggestions for the appropriate voltages to use in calculations for different scenarios.




Practical example


A more realistic headlamp circuit is illustrated in fig. 1.24. As well as the primary resistance of the bulb’s filament (RB), we must also consider the resistance of the wire (RW), the switch (RS) and the earth connection via the motorcycle’s frame (RE). The resistance of wiring is usually given per metre length, so we need to multiply this value by the total wiring length (let’s assume two metres for this example) in order to determine the total wiring resistance. We can then determine the total circuit resistance by summing the individual resistances, which works out as 5.92 ohms (fig. 1.24a).
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Fig. 1.24 A practical example of calculations for a more realistic headlamp circuit with power losses in the switch and wiring.


The circuit is powered by a 12-volt battery, but we know that the actual EMF will depend upon the state of charge of the battery and whether or not the engine is running. We’ll assume that the battery is fully charged but the engine is not running, hence the EMF is taken as 12.8 volts from Table 1.1. We can now use Ohm’s Law to determine the current flowing around the circuit (fig. 1.24b).


The voltage drops across each component can also be determined based upon their resistances using our earlier shortcut method (fig. 1.24c). It can be seen that, as a result of the voltage drops across the other components, the bulb is actually receiving only 10.2 volts of the 12.8 volts supplied to the circuit by the battery. This is a common problem with classic bikes with the reduced bulb voltage resulting in poor light output from the headlamp.


As each component in the circuit has a resistance so it also has a corresponding power consumption (fig. 1.24d). We can calculate what this is using the power equation and it can be seen that our example circuit has significant losses in the switch and earth connection. In an ideal scenario there would be no voltage or power losses in the switch or wiring and so the bulb would receive the full EMF of the battery, such that it has a power output of around 35 watts (fig. 1.24e). However, because the parasitic loads have reduced the voltage available to the bulb to 10.2 volts, its power output is actually only around 22 watts. The light output of this motorcycle’s headlamp would therefore be rather dim.


The values of resistance used in this example are arbitrary and it would be difficult to measure such small values directly in practice. However, the effects on the bulb’s light output are exactly as we may find on many classic motorcycles with poor headlamps. We will be investigating how we can minimize the parasitic voltage drops and power losses in the following chapters so that we can get as close to the ideal scenario as possible for maximum lighting efficiency.


This example has used most of the electrical circuit theory that we have discussed in this chapter and you will be relieved to know that this is about as much maths as we are ever going to need! If you have followed these example calculations without too much difficultly and feel able to replicate them using actual values from your bike’s electrical system, then you’re ready to proceed with the rest of the book. If anything still seems unclear, then re-reading the relevant sections and working through the examples will be time well spent.






2


electrical components





The electrical circuits of classic motorcycles are not very complicated and there are only a handful of different components that we need to be familiar with. Some of these (such as bulbs, batteries, dynamos and alternators) will be covered separately later in their own specific chapters. However we will now take a look at some of the more straightforward components to ensure that we are familiar with their function and operation, and also to begin to build up some of the necessary terminology that we will be using later on.


SWITCHES


In most electrical circuits we need to be able to turn the load on and off repeatedly. We could do this by disconnecting one of the wires to break the circuit, but it’s far more convenient and much safer to use a switch instead.


Switch terminology


In order to be able to select the most appropriate switch for a given application, we first need to understand the terminology used to describe the number of positions that a switch can be set to and how the contacts inside are arranged.


The number of ‘poles’ in a switch refers to the number of contact sets it has, which determines the number of separate circuits that it can control. A single pole switch can only control a single circuit, but a double pole switch can simultaneously control two completely separate electrical circuits. The number of poles can also be thought of as the number of inputs that the switch has, with each input connecting to a separate set of make-andbreak contacts.


The majority of switches found on motorcycles are of the single pole variety, for example the switches that control the brake lights or horn. The rotary lighting and ignition switches fitted to many classic bikes are a good example of a multi-pole switch. The same switch controls the headlights, side lights, charging system and ignition cut-out, each of which is a completely separate electrical circuit. The multiple poles inside the switch allow each of the various circuits to be switched on and off independently by the single action of turning the knob.


Related to the number of poles that a switch has is its ‘throw’ count. This determines how many different conducting positions each of the switch’s poles can be set to or, alternatively, how many different ‘on’ positions it has. A single throw switch has only one on position and so can be used to turn a simple light circuit on and off. A double throw switch on the other hand has two different ‘on’ positions and can be used in applications where only one of a pair of circuits needs to be turned on at a time. A good example of this is an indicator switch which can turn either the left or right indicator circuits on, but not both together. The term ‘way’ is sometimes used instead of ‘throw’, i.e. a double throw switch is the same as saying a two-way switch.
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Fig. 2.1 A selection of different types of electrical switch.


To specify a switch we need to state both the number of poles and the number of throws. Most switches have either one or two of each, so we normally use the terms single and double. Therefore a switch with one pole and one throw is called a ‘single pole, single throw’ switch (or SPST for short) and a switch with two poles and a throw count of two is a ‘double pole, double throw’ (or DPDT) switch. A selection of the internal contact arrangements of the most common switch types is shown in fig. 2.2. It can be seen that the double pole switches are basically just two of the single pole switches assembled into a single unit and operated by the same lever.
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Fig. 2.2 The internal contact arrangements of some of the most common types of electrical switch.


Depending upon the circuit’s requirements, a switch’s contacts may be either ‘momentary’ or ‘latched’. A momentary action is one where the switch contacts remain activated only while the user is holding the switch, for example when a horn button is pressed or the brake light switch is activated by the foot pedal. As soon as the switch is released, a spring action returns the contacts to their default (usually off) position. Most switches, however, are of the latching variety in that they remain in the position selected by the user when they are released. The main lighting switch is an obvious example.


When discussing the on and off positions of a switch, we often use the terms ‘open’ and ‘closed’, which relate to the position of the contacts inside. When the contacts are open there is a gap between them, so no current can flow, hence the switch is in the off position. When the contacts are closed they are touching, which allows current to flow so that the current is turned on.


Types of switch


While there are many different varieties of electrical switch available, we can divide the ones we are likely to encounter on a classic motorcycle into five basic types. The simplest switches are push-buttons such as the type used to sound the horn. Most push-buttons are of the momentary ‘normally open’ variety, which are off until they are pressed, at which point they turn on until they are released. There are however versions available that are ‘normally closed’ and such switches will be on until they are pressed, at which point they will momentarily turn off. Latching push-button switches are also available that alternate between being on (closed) and off (open) with each subsequent press.


A toggle switch is one which has some sort of lever that is moved back and forth to open and close the contacts. The lever is usually either spring loaded or has some sort of internal cam action, such that it snaps between positions with a positive action. Most toggle switches have two positions giving either on-off operation (e.g. as a light switch) or on-on operation (e.g. for selecting between the main and dipped headlamp beams). Some toggle switches may also have a central off position (i.e. on-off-on), such as those used to control direction indicators. One or more of the positions may also be spring loaded to give a momentary action, for example headlamp switches that feature an additional flash position.


Rocker switches are similar to toggle switches except that they tend to be flush fitting rather than having a protruding lever. Slide switches are also very similar except that the lever moves back and forth along a linear path to change between the various positions. Both rocker and slide switches are widely used on modern motorcycles to control circuits such as the lighting, indicators and starter motor circuits. Just like toggle switches, they tend to have either two or three positions, one of which may have a spring-loaded momentary action.
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Fig. 2.3: Push-button switches such as this Lucas HP26 model are used to control the horn circuit since it needs to be turned on for only a short duration.
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Fig. 2.4 This switch features a push-button on top to sound the horn and a toggle switch on the side to switch between the main and dipped headlight beams.
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Fig. 2.5 This modern Royal Enfield switch unit features a push-button switch for the horn, toggle switch for the indicators and two slide switches to control the lighting.


Rotary switches can often be the most complicated to understand because of their number of different positions and because of the range of circuits that a single switch can control. The most obvious examples of a rotary switch are the main lighting switches found on the majority of classic motorbikes. These have three or more positions (for example off, low and high) and have multiple contact sets to simultaneously switch the headlights on and off, control the side or pilot lights, ground the ignition cut-out and engage the appropriate charging circuits. They can therefore often be quite challenging to wire up, but guidance is provided for all the most common configurations in Chapter 11.
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Fig. 2.6 A Lucas U39 rotary switch used to control the lighting and charging circuits on many classic motorcycles.


Switch maintenance


Most of the switches installed on classic vehicles tend to be quite bulky compared to modern switches with substantial terminal and contact sets. They therefore usually last quite well with only a minimal amount of maintenance and lubrication.


The most common problems encountered with switches are due to dirty or corroded contacts and terminals. Corrosion and dirt that accumulates on the metal components are usually non-conductive and thereby increase the resistance of the switch. This can give rise to significant voltage drops across the switch, which use up valuable power. A few tenths of a volt drop across a switch can, for example, result in a surprising reduction in headlamp brightness.


It is therefore important to ensure that a switch’s contacts and terminals are kept clean and free of corrosion. Various contact cleaner sprays are commercially available that remove contamination and dissolve dirt and grease build-up. They also usually leave a protective film over the components to prevent further corrosion. It is important to use a product specifically designed for this application, as opposed to a general-purpose cleaner or lubricant, since these may leave behind a residue that increases the resistance of the device. For heavily contaminated switches, it may be necessary to use several applications of cleaning solvent to gradually remove the dirt. Cotton swabs may also be used to help clean the contacts. Repeatedly turning a switch that hasn’t been operated for some time on and off can also help to remove contamination.


If a switch’s contacts appear to be blackened, this may be due to a buildup of carbon from tiny sparks that occur each time the switch is turned on and off (more so when switching heavier loads). This can be a little more difficult to remove, mostly because of the difficulty in accessing the necessary surfaces. A light abrasive such as a pencil eraser or fine wet-and-dry paper can be used to remove the carbon, but take care not to damage or wear away the contacts.


Corrosion of the switch terminals can be removed using a mixture of kitchen vinegar (it doesn’t matter what type) and table salt. This acidic mixture etches away the corrosion, taking the terminals and contacts back to bare metal. Any corrosion present is quickly removed so there is no need to leave the switch to soak for more than a few minutes. A bicarbonate of soda paste can then be used to neutralize the acid dip and assist with some additional cleaning prior to a thorough rinse under running water.
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Fig. 2.7 Cleaning the contacts and terminals of a switch is a relatively simple job when using a commercial contact cleaner spray.
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Fig. 2.8 The dull and partially corroded terminals of this Lucas lighting switch were restored using a combination of salt and vinegar followed by bicarbonate of soda dips.


Once the contacts are clean they should also be inspected for wear, although little can usually be done about this other than installing a replacement switch. Finish the job by applying a light coating of contact cleaner to protect the bare metal and prevent corrosion reoccurring. Also apply a small amount of light machine oil or a lubricant such as WD40 to the moving parts to ensure smooth operation.


RELAY SWITCHES


What is a relay?


Relays are just another type of switch, except that they are turned on and off by means of an electrical signal rather than directly by someone pressing a button or flicking a lever. Modern vehicles tend to have a whole array of different relays controlling all aspects of the electrical system, whereas most classic motorcycles don’t have any at all. There are, however, circumstances when we might wish to install a relay as part of one of our bike’s electrical circuits and so it is useful to know what they are, how they work and why they can be so useful.
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Fig. 2.9 Most modern vehicles use a relay to control the headlights in order to reduce the current that needs to flow through the switches on the handlebars or dashboard.


An example of a headlamp circuit that uses a relay to control power to the light bulbs is shown in fig. 2.9. Initially this may seem very complicated compared to the simple lighting circuits we have seen in the preceding chapter and the advantage it provides may not be immediately obvious. What the addition of a relay allows us to do is to electrically separate the two halves of the circuit (i.e. the parts on either side of the relay) from each other. Therefore, the left-hand control circuit can be of a completely different voltage, polarity or current carrying capacity than the controlled circuit on the right.


Relays can therefore be employed to switch a high voltage using a low power signal. However, for automotive applications where all circuits operate at the common battery voltage, it is the ability to have the two circuits carrying different currents that is the important benefit. Modern headlamps can be very powerful and thereby require a high current supply. In contrast, the delicate micro-switches built into the handlebar controls are only able to carry a relatively small current. So if we were to wire the switch directly in series with the load, the high current would soon burn out its internal contacts.


By using a relay to separate the circuit into a low current control side and a high current load side we can design and rate each half according to its required power. Relays need only a very small current to activate them (usually only a few hundred milliamps or less), which a micro-switch can easily conduct. Yet the power side of the relay is designed to handle much higher currents (tens or even hundreds of amps), which can power even the most demanding of loads.
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Fig. 2.10 An example of a four-terminal Lucas relay switch with the internal circuit diagram and terminal numbers clearly marked on the top.


The most common application for relays on a modern vehicle is to control the starter motor. This draws a huge current when it is turning over the engine and supplying this directly from the delicate ignition key switch is not feasible. Instead, the ignition switch is used to control a special type of high current relay known as a ‘solenoid’ and it is this that actually switches on the high current supply to the starter motor. Various other high current electrical systems on modern motorcycles may be operated with relays in the same way.


The headlights of classic motorcycles aren’t particularly powerful and the chunky lighting switches are easily capable of supplying the required current. Therefore, relays are not typically necessary from a current capacity perspective, but there is another reason why we may wish to convert the headlight circuit to a more sophisticated relay arrangement. This is because the original lighting switches tend to have quite a high resistance, especially if they are old and the contacts are dirty, which can lead to a significant voltage drop in the headlamp circuit. The headlamp bulb therefore receives less than the full battery voltage resulting in reduced light output.


A relay can be added to the lighting circuit at the point where the bulb would have originally been located (i.e. the light switch now powers the relay instead of the headlamp). A new power supply wire is run directly from the battery to the headlamp bulb via the relay’s output terminals such that when the original lighting switch turns the relay on, the relay then turns on the direct supply from the battery to the bulb. This ensures that the head-lamp receives the full battery voltage and can make a big difference to the light output, especially on vehicles with 6-volt electrical systems.


The heaviest electrical load on a classic bike is often the horn, which can draw in excess of 5 amps of current. Despite this, many of the horn switches installed by the manufacturers are surprisingly delicate with only small contacts inside (for example, the small push-button switch mounted into the handlebar shown in fig. 2.3). These switches are therefore susceptible to wear and also tend to have a high resistance, thereby restricting current to the horn. Excessive use of the horn may cause the internal contacts to heat up and potentially fail. We can therefore offer such switches some respite by installing a relay to control power to the horn and giving the original switch the much less taxing job of controlling the relay. The circuit used would be exactly as per the one shown for headlights in fig. 2.9 except for replacing the twin bulbs with the horn.


How do relays work?


Relays work based upon the principle of electromagnetism. Whenever an electrical current passes through a conductor it induces a magnetic field around it. For a single length of wire this magnetic field is quite weak, but when hundreds of loops of wire are wrapped into a coil we get something much more powerful. Inside a relay is such a coil and this is what operates the relay’s contacts. When the control circuit is on and current flows through the coil, its magnetic field attracts a small lever that causes the contacts to close, thereby turning on the load. When the control current is turned off again, the magnetic field disappears and a small spring reopens the contacts, thereby breaking the circuit.
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Fig. 2.11 The basic operating principle of an electromechanical relay.
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Fig. 2.12 This clear casing of this particular relay makes the coil and switch contacts inside clearly visible.


Some relays may have multiple output terminals which are connected either when the control signal is turned on (normally open or ‘NO’ contacts) or when the control signal is off (normally closed or ‘NC’ contacts). Relays may have one or both of these types of outputs, depending on their intended usage. Other types are available that have multiple sets of NO and NC contacts inside, allowing a number of different functions to be controlled by just one relay and one input signal. A selection of the most common relay types for automotive applications is shown in fig. 2.13.


Relay connections


Since classic motorcycles were not normally fitted with any sort of relay at the factory, there is no original standard to work to regarding how the contacts are to be arranged and connected. Most modern automotive relays have terminals that are numbered following the German standard developed by Bosch in the early 1970s. This system gives a unique number to almost every terminal on an automotive electrical system and the numbers that pertain to switching relays are listed in Table 2.1.




Table 2.1 Relay terminal numbers according to DIN Standard 72552













	Terminal numbers
	Internal connection




	85
	Coil negative (ground)




	86
	Coil positive (trigger)




	30
	Input supply from battery




	87
	NO switched output




	87a
	NC switched output




	87b
	2nd NO switched output
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Fig. 2.13 Four of the most common relay types found in automotive applications with a selection of normally open and normally closed outputs operated by a single coil.


The four relay arrangements illustrated in fig. 2.13 are the most common that will be encountered in automotive applications. These will typically have either four or five terminals on their base, depending upon the number of outputs. The terminal numbers shown at the bottom of each illustration correspond with those described in Table 2.1. The four-terminal relay shown in fig. 2.14 is the most common type found and corresponds to the internal contact arrangement depicted in fig. 2.13a.




The control current (i.e. the small current from the switch controlling the relay) flows through the internal coil between terminals 85 and 86. For many applications it doesn’t matter which way around these terminals are connected since the current will energize the relay either way. However, some relays feature a diode connected internally across terminals 85 and 86 in the opposite direction to normal current flow (see fig. 2.13d). The purpose of this diode is to eliminate a voltage spike that can occur when the coil is turned off, which might otherwise damage the sensitive electronic components of more modern vehicles. Since diodes are polarity sensitive devices, relays with this feature must be connected so that terminal 85 is negative and 86 is positive. It is worthwhile sticking with this convention even for relays that do not have protection diodes in order that the wiring system makes sense to future electricians.


The high current load circuit is connected across terminals 30 and 87 of the relay with the battery connected to terminal 30 and the load connected to terminal 87. Terminal 87 is a normally open (NO) switched contact, which means that it will be fed with power only when the relay is on. Other types of relay may have a terminal labelled 87a, which is a normally closed switched contact (i.e. it turns off when the relay is on), or an additional terminal labelled 87b, which is a second normally open contact.


[image: ]


Fig. 2.14 The base of a standard four-terminal automotive relay showing the terminal number markings.


DIODES


What is a diode?


A diode is a small electronic component that allows current to flow through it only in a single direction. Any current that tries to flow through it in the reverse direction is blocked and so a diode can be thought of as being very much like a one-way valve in a water pipe. A theoretical diode has zero resistance in the forward direction to allow current to flow, and infinite resistance in the reverse direction to prevent current flow.
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Fig. 2.15 Diodes are available in a wide range of sizes, ratings and formats to suit all different applications.
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Fig. 2.16 The voltage-current relationship for a typical diode and the symbol used to represent them in circuit diagrams.


In practice, however, diodes aren’t perfect devices and they behave a little differently to this theoretical ideal. Fig. 2.16 illustrates the current that flows through a typical diode when various voltages are applied to it. The right-hand half of the graph represents what happens when a voltage is applied across the diode, which makes current flow in the forward direction. Rather than allowing current to flow completely freely, the diode imposes a slight restriction and therefore it is necessary to apply a certain minimum voltage (usually between 0.5 to 0.7 volts) before current can start to flow. However, it will flow freely at all voltages above this up to the diode’s maximum current-carrying capacity.


Perhaps of more interest, though, is what happens when a reverse voltage is applied that tries to force current to flow backwards through the diode. The diode will block this reverse current, at least up until its maximum voltage limit is reached, at which point it will start to break down and fail, allowing current to flow. It is therefore important to select a diode with a maximum reverse voltage rating in excess of the voltages to which it will be subjected in use. Even when the applied voltage is less than the maximum reverse voltage of the diode, a small leakage current can still occur.


The symbol used to represent a diode on a circuit diagram includes an arrow pointing in the direction in which current can flow freely and a perpendicular bar representing the blocking action for reverse currents (see fig. 2.16). For the markings on actual diodes, the arrow is usually omitted, leaving only a stripe around one end of the component. Current cannot flow into the end of the diode with the stripe; it can only enter from the end without the stripe.


Zener diodes


Zener diodes are a special kind of diode that allows current to flow freely in the forward direction, just like a conventional diode, but which also allows it to flow in the reverse direction if the voltage exceeds a specified level. If we think of a standard diode being like a one-way valve in a water hose, then a Zener diode is like a one-way valve that has a ‘blow off’feature if the water pressure exceeds a certain level.


Each Zener diode has a fixed Zener voltage (also known as the ‘breakdown’ voltage) at which it will begin to allow current to flow through it in the reverse direction. If the applied voltage is less than the Zener voltage then current can only flow through the diode in the forward direction. But if the applied voltage exceeds the Zener voltage then the diode will conduct in both directions. As long as the current limit of the diode is not exceeded, this electrical breakdown does not cause any damage to the component and it will revert to its normal operation when the input voltage falls below the voltage threshold. Zener diodes are available with breakdown voltages ranging from a few volts to several hundred volts and it is critical to select the correct rating for a given circuit.


Zener diodes are named after the American physicist Clarence Zener, who first described the electrical breakdown properties of insulators that led to their development, hence the ‘Z’ is always capitalized. A range of slightly different symbols are used to represent Zener diodes on circuit diagrams (see fig. 2.17), all of which are quite similar to that for a standard diode (see fig. 2.16) and so may be easily mistaken.
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Fig. 2.17 The various symbols used to represent a Zener diode and the symbol for a LED that may be found in circuit diagrams.


Zener diodes are usually connected in a circuit with a ‘reverse bias’, which means that they are the opposite way around to the normal flow of current. They therefore block the flow of current until the applied voltage exceeds their breakdown voltage, at which point they will allow current to flow freely. They can therefore be thought of as a type of pressure relief valve for an electronic circuit.


This property of Zener diodes was used for a time on some classic motorcycles to regulate the voltage produced by the charging system. The advantage of such a voltage regulation system is that it is simple and requires very few components. However, the downside is that all of the excess voltage has to be dissipated by the Zener diode as heat and therefore it requires a large heat sink positioned in good airflow in order to remain cool and avoid burning out.
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Fig. 2.18 A simple voltage regulator can be made using only an appropriately rated Zener diode and a resistor.


A Zener diode is selected with a breakdown voltage equal to the maximum permissible output voltage for charging the battery, which is usually around 14 volts for a 12-volt electrical system. This is connected with a reverse bias across the output of the charging system as shown in fig. 2.18. When the voltage supplied by the charging system is below the Zener voltage of the diode (see fig. 2.19a), the Zener diode has no effect upon the operation of the circuit since no voltage can flow through it. The output voltage supplied to the battery is therefore the same as the input voltage produced by the charging system.
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Fig. 2.19 A Zener diode provides a simple but effective way to regulate the variable voltage produced by a motorcycle’s charging system.


When the input voltage from the charging system exceeds the Zener voltage of the diode, however, current starts to flow backwards through the diode. The voltage drop across the diode will always be equal to its fixed breakdown voltage, so if we are using a 14-volt Zener diode the voltage drop across it when current is flowing through it in the reverse direction will always be 14 volts. It can therefore be seen in fig. 2.19b that, although the charging system may be producing a greater output voltage, the voltage at the top of the Zener can never exceed 14 volts. In practice the system voltage will be limited to within a volt or two of the diode’s Zener voltage. Any excess voltage is ‘burned off’ by the diode as current flows through it and down to the earth connection.
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Fig. 2.20 The bolt-mounting Zener diodes used to regulate the voltage of some of the later Lucas alternator charging systems were attached directly to a large metal heat sink.


This method of voltage regulation would have worked equally well with earlier dynamo charging systems but, since suitable Zener diodes weren’t available until the 1960s, they are typically found only on later alternator-based charging systems (see Chapter 15). Because all of the excess power is dissipated by the Zener diode as heat, it is necessary for it to have a good thermal connection to a large heat sink in order to remain within its operating temperature range (see fig. 2.20).


Light-emitting diodes


Light-emitting diodes (LEDs) are another special type of diode. Just like a regular diode they only permit current to flow in one particular direction, however they also emit light at the same time. They are much more efficient at producing light than traditional light bulbs since they do not rely on heating up a filament of wire until it glows white hot. They therefore consume very little current and don’t get hot while in use.


The chemical makeup of the semiconducting materials used to make an LED affects the frequency, and hence colour, of the light produced. Originally LEDs were really only available with red light output (the little red power light found on many electrical devices), but they are now available in a whole spectrum of colours across the visible light range and beyond. The most common colours are, however, red, yellow, green and blue. In recent years, white LEDs have also appeared and these have also become available in ever increasing power ratings and light outputs. They can therefore now compete with conventional filament bulbs and fluorescent tubes in many lighting applications. The symbol used to represent an LED in circuit diagrams is shown in fig. 2.17b.


The high efficiency, low heat output and low power consumption of light-emitting diodes makes them ideal upgrades for many of the lamps on a classic motorcycle. However, because they operate on the diode principle (i.e. that current can only flow through them in one particular direction), they are polarity sensitive and hence it is important to select the correct types for a given vehicle, depending upon whether it is wired with a positive or negative earth. LED lighting upgrade options are discussed in much greater detail in Chapter 10.


Diode bridges


A ‘diode bridge’ is a particular arrangement of four standard diodes that can be used to convert alternating current (AC) into direct current (DC). They are therefore employed in the alternator charging systems of later motorcycles to provide a DC voltage with which to charge the battery. Diode bridges are also commonly referred to as ‘rectifiers’ as they are used to ‘rectify’ (or correct) the AC voltage into a DC one.
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lc=V/Rc
=12V /15Q=0.8A

b) Total current flowing from the battery:
lor=la+lg+lc
=1.2A+1.0A +0.8A=3.0A

c) Calculate the total overall resistance:
Rror =V / ltor
=12V /3.0A=4.0Q
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b) Calculate current using Ohm’s Law:
I1=V+R
1=12V + 350 = 0.343A

c) Voltage drop across headlight bulb:
V=1xR
V=0.343A x 50 = 1.7V

d) Voltage drop across brake light bulb:
V =0.343A x 30Q = 10.3V

e) Or using the shortcut method:
V=(5+35)Qx 12V =17V
V =(30 +35)Q x 12V = 10.3V

f) Cross-check answer:
1.7V +10.3V = 12.0V = EMF of battery
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