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FOREWORD 
There can be few more unsettling experiences than mechanical problems at sea: the helpless feeling as you rack your brains for some kind of solution while drifting miles away from any help can be frustrating to say the least.
This brings us to electrics, which has become so fundamental to the modern boat that the thought of electrical failure can send a shudder down the spine of even the most experienced mariner. We rely on our electrics to start the motor, illuminate the boat at night and power our many navigational gizmos.
In the most extreme cases, some modern engines rely on electronics not only to start, but also to keep them running. 
In my role as director of Sea Start marine breakdown services, I have spent much of the past couple of decades repairing many different boats and I can confidently say that many of these problems have originated from dodgy electronics whether it be poor installation or bad upkeep.
This is where this book comes to the fore; providing a comprehensive guide to all aspects of marine electrics and providing you with the knowledge to remedy many problems before they disrupt your boating. 
I hope you enjoy reading this book as much as I did. Trust me; it could save you a lot of trouble further down the line.
Nick Eales
Sea Start
www.seastart.co.uk

INTRODUCTION 
What exactly is electricity? Its marvels are all around us, just a flick of a switch away, but the outward signs of its existence tell us almost nothing about the invisible forces at work. For some the practical outcomes are sufficient. If the lights turn on, the radio squawks and beverages chill in the fridge, who cares how it happens?
Few boat owners would have trouble answering that question. As our reliance on electrical systems increases, it’s reassuring to have a good understanding of what’s going on around us. At least then we can anticipate where problems might occur and guard against them to minimise the risk of failures. Moreover, when things do go wrong, we will have a valuable insight into how they may be put right – even if we may not be able to do the work ourselves. For clearly, in these days of micro-technology, with many electrical components sealed and inaccessible, there’s a limit to what we can tinker with. 
But, with mounting complexity, the need to get the fundamentals right has become more important than ever before. The basic circuitry and its immediate ancillaries are the foundations upon which all the rest depends. Unfortunately, many older boats are now struggling with electrical burdens never imagined when their systems were conceived. The process of upgrading such systems starts with acquiring some knowledge of the principles involved.
And that’s what this book is all about.
Andrew Simpson
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CHAPTER 1: BASIC THEORY
A popular way to demonstrate electrical characteristics is to make comparisons with water flowing through a plumbing system – a ‘hydraulic analogy’ as it’s sometimes called. Conveniently for us, even some of the terminology is identical: ‘flow’ and ‘current’ mean much the same in either camp, even ‘eddies’ in obscurer contexts, and ‘valves’ and ‘condensers’ are to be found in both disciplines. And, for the most part, the analogy is very useful – so useful, indeed, that we shall be giving it an airing within the very next few pages.
But at the most elemental level the comparison falls down. Water is a substance, tangible and visible. Given a transparent pipe, you can see it flowing. Electricity, on the other hand, works unseen and has some astonishing qualities. It will pass through highly conductive materials almost without hindrance, and usually without disturbing the material or changing its appearance or nature. So, what exactly is this stuff and how does it perform these tricks?
One dictionary describes electricity as ‘the manifestation of a form of energy associated with the movement of charged particles’. Well, that’s certainly an accurate definition but it hardly throws open the window to a full understanding of the issue. So, let’s fill in some of the details.
Looking into atoms
The phrase ‘charged particles’ refers to those that go to make up atoms (Figure 1:1). At the heart of each atom is a dense nucleus consisting of electrically neutral neutrons and positively charged protons. All but a minuscule scrap of an atom’s mass is in the nucleus. Orbiting the nucleus are a number of tiny, almost weightless electrons. These carry a negative electrical charge and collectively balance the positive charge of the nucleus, thereby leaving the atom electrically neutral as a whole. If it lost or gained an electron the atom’s neutrality would be compromised and it would become an ‘ion’ – something we will be looking at later.
[image: An atom with a dense nucleus of neutral neutrons and positively charged protons. Several electrons are orbiting the nucleus. ]
Figure 1:1
Figure 1:2 shows a flattened representation of an atom. Of course, in real life it would be three dimensional and those concentric orbits can be thought of as nesting ‘shells’, one inside the other like the skins on an onion and not necessarily spherical. This atom has an ‘atomic number’ of 29, meaning it has 29 protons and 29 electrons (and, incidentally, 34 neutrons which for our purposes we can ignore). Note the outer shell which is occupied by a single electron. This vulnerable orphan of the atomic world is known as a ‘valence’ electron and requires only a small amount of energy to nudge it free from its attraction to its nucleus.
[image: A flattened representation of an atom, with a valence electron, nucleus and electrons labelled. ]
Figure 1:2
The atom we are looking at is copper – a metallic element widely used as a conductor, hence its choice as our example. And the electron’s break for freedom when it willingly occurs is electrical energy. All elements that enthusiastically shed electrons are conductors. Some better than others. Those that hold fast to their electrons are insulators.
So, an electrical current is a sort of atomic bucket chain where the atoms don’t move but the electrons are passed from atom to atom (Figure 1:3). The knock-on effect is almost instantaneous and – unlike water in a pipe – isn’t measured by the progress of a single particle. Push one extra pea into the end of a fully loaded peashooter and another will instantly pop out of the other end, despite the fact that the intruder pea has only just started its journey (Figure 1:4). Incidentally – and you might think illogically – because electrons are negatively charged, their actual movement is against the flow of the current as we know it.
[image: An atomic bucket chain, with electrons passing from atom to atom. ]
Figure 1:3
[image: A hand pushing a pea into one end of a fully loaded peashooter, with another pea popping out of the other end. ]
Figure 1:4
I’ll leave you to ponder that (actually it’s because electric currents were identified before we had discovered electrons) but, a more important fact to us is that all electrons are the same. If, say, you were unfortunate enough to become part of a circuit, the current would not stop because it’s run out of conventional conductor. It simply wouldn’t know the difference. The electrons within your body are interchangeable with those in the live cable and will cheerfully take up the baton, allowing the current to be conducted through you – possibly with lethal results. (See here)
TERMS AND DEFINITIONS
It’s now time to come to grips with some essential terminology. Without it there can be no deeper understanding of the subject.
Note that those wayward electrons above weren’t bounding from atom to atom spontaneously. They were being pushed by an outside force. This is aptly known as an ‘electromotive force’ (or EMF) and its strength is expressed in ‘volts’ (after Alessandro Volta, inventor of the first battery). Its designated symbol is ‘V’. The higher the number the stronger the force. 
A VOLT can be thought of as a unit of electrical force. 
Now, if it were possible to be a bystander counting those electrons as they passed, you would get some idea as to how much current was flowing. The drawing shows them in single file – feeble without a doubt. But what if they marched by a hundred abreast? Or perhaps a thousand … or maybe several million? Clearly, the more numerous the electrons the greater the current. And the size of that current is expressed in ‘amperes’ (named after the French physicist André-Marie Ampère and usually shortened to ‘amps’). Its symbol is ‘A’ but, for reasons that will become clear later, it’s represented in equations by the letter ‘I’. 
[image: The number of electrons passing in a weak current and a strong current. ]
Figure 1:5
An AMPERE is the unit of electrical current. 
Our practical interest in these matters will eventually lead us to wonder how useful any current will be – i.e. how much work it will do; its power. This capability is expressed in ‘watts’ (a tribute to James Watt of the steam engine fame, denoted by the symbol W) and is a combination of volts and amps – easily calculated by multiplying them together. Watts are represented in equations by P (power). Thus:
I x V = P (in other words amps times volts equals watts) 
A WATT is a unit of power and work capability. 
Electrical appliances, from simple bulbs to sophisticated electronics, are almost invariably marked with their voltage and power consumption in watts, meaning how much power the device is rated to use at that voltage. This is important information since we must know how much current a circuit will be asked to carry before the cable size is specified. It’s therefore very common to see this equation transposed to yield amps – the size of the current that will flow through that circuit. 
P/V = I (in other words watts divided by volts equals amps)
Here’s the calculation for, say, an electrically ravenous electric windlass:
800W/12V = 66.7A (Ouch! That’s a big wire we’ll need) 
TIP
Over the years, countless electricians have relied on ‘magic triangles’ to nudge their memories. Simply block out the value you want and the positions of the other two will indicate what you need to do to obtain it. For example: let’s say you want watts. Obscure the P at the top of the triangle and it shows that V and I must be multiplied to get the result. If in search of I, P must be divided by V, and so on. 
[image: A triangle with P over V and I. ]
Resistance
The last of this indispensable quartet of electrical properties has to do with ‘resistance’ – a term that describes any opposition to the flow of current within a circuit. Its effects were first defined in 1826 by Georg Simon Ohm whose law states: 
Electric current is directly proportional to voltage and inversely proportional to resistance. 
In less dusty language, this means that increasing voltage increases the current, while adding resistance has the opposite effect. Ohm gave his name to the unit of resistance – the ohm – the symbol of which is the Greek letter omega (Ω). It is represented in equations by ‘R’ thus:
I = V/R or R = V/I or V = I x R
These three equations represent Ohm’s Law transposed to solve for amps, ohms, and volts in turn. 
An electromotive force of one volt will drive a current of one amp to overcome a resistance of one ohm. 
TIP
This is the second of our magic triangles. Again, simply block out the value you want and the positions of the other two will indicate what you need to do. Let’s say you want volts. Obscure the V at the top of the triangle and it shows that I and R must be multiplied to get the result. If in search of I, R must be divided into V, and so on. 
[image: A triangle with V over I and R. ]
Sorting the symbols
It’s useful to understand the distinction between the ‘units’ of electrical properties and their ‘dimensions’. 
	The symbol ‘A’ describes the unit of current and ‘I’ its dimension. Similarly:

	‘W’ is the unit of power and ‘P’ its dimension. 

	‘Ω’ is the unit of resistance and ‘R’ its dimension.

	Then, just when you think you’ve got things sorted you discover that ‘V’ is the unit of electrical force and its dimension. 

Power and resistance – a pause for thought
Many of us would consider a 12V system utterly safe. Grab the ends of a live wire and we can’t even feel the electricity flowing through us. But if we were rash enough to do the same on a 240V domestic circuit we would know instantly we were in deep trouble – assuming we had time
The HYDRAULIC analogy
	Volts can be compared with water pressure. Electricity will only flow from a higher voltage to a lower voltage – the disparity between them being known as the ‘potential difference’. Similarly, water naturally flows downhill.

	Amperes (electrical current) can be compared with the amount of water passing a given point per unit of time. Both refer to flow rate.

	Watts – the unit of power – compares to a combination of water pressure and flowrate, closely mirroring the relationship between volts and amps. In hydraulic terms a small flow of water under high pressure can have as much power as a larger flow at low pressure. The same goes for electricity.

	High water flow rates demand big bore pipes. Similarly, large currents require cables of greater cross-sectional area.

	Both the electrical current and the water will be slowed by internal resistance and both will experience a fall-off in pressure (or voltage) due to that loss. However, the rate of flow will be the same, simply because what goes in one end of a sealed system must come out of the other.

Basic circuits
Series circuits
Parallel circuits
Meet the multimeter
CAUTION
Measuring amps
Measuring volts
Measuring resistance
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