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Introduction
One of the problems with school physics textbooks is that the material on electromagnetic machines
is not in accord with an electrical engineer’s understanding of the subject. It is not that the textbook 
is over simplified or even over simplified to the point of being wrong – what is presented is just 
wrong and over complicated. What is published is not in accord with the laws of electromagnetism 
– as can be demonstrated experimentally using the facilities of a well equipped school physics 
laboratory.

What follows is something of an experiment: it attempts to give an accurate description of the 
operation of those machines covered at GCSE using no more knowledge of physics and 
mathematics than is familiar at that level – in fact at a good deal lower level. It does not depend on 
anything that would not have been known by the end of the 19th century.

A legitimate complaint would be that there is far too much material here for a GCSE course. That is 
true but it is not the point. The intention is to point out errors in what is currently taught, correct 
them as far as possible, and provide the necessary background for anyone who desires to do it 
better.

As we must start from where we are, it is necessary to point out errors, not only at the outset but 
throughout the text where otherwise they would cause confusion. This has made what should have 
been a simple, concise, explanation into something much longer as we explore many blind alleys 
along the way; but this is necessary as the reader is likely to start with many pre-conceived ideas 
obtained from poor textbook material.



All of the electromagnetic machines that are generally included in GCSE 
textbooks: transformers, DC motors, DC and AC generators, and DC 
electromagnets are covered both from the point of view of the physics 
involved and also looking at some of the practical aspects.

• AC induction motors fall outside of this category as do AC 
electromagnets.

• Transformers are discussed in some depth ending with a 
description of how to design a moderate size mains 
transformer. A similar commercial product is considered in 
Appendix 2: Efficiency of a Transformer where the correct 
way to measure efficiency using school apparatus is 
described.

• The Westminster Motor Kit is considered as an example of a 
DC motor but it proves to be so inefficient that no further 
information can be gleaned from it beyond that it 
revolves – and that very quickly! Discussion then turns to to 
commercial designs – the data sheet for a particular example 
is to be found in Appendix 3: DC Permanent Magnet Motor.

• DC generators are shown to function in the same way as 
motors – so much so that the term motor effect becomes 
superfluous because the same equations are applicable to 
both motors and generators. Appendix 4: Ward Leonard 
Motor-Generator Set uses three Nuffield Fractional 
Horsepower Motors which are also discussed in the text.

• The DC electromagnet is unique amongst the machines 
investigated because it depends on its own losses in order to 
function and thus has to be considered separately – all the 
other machines can initially be studied as ideal or lossless.

• Finally, Part 6: Alternating Current deals with the AC 
generator, both the simple version described in school 
textbooks and the practical realisation as used for power 
generation.

SI units have been used consistently throughout except, having used revolutions/second to express 
angular velocity, it did not seem appropriate to introduce radians just to subdivide one revolution 
when no calculations that involve angles will be discussed – degrees are more familiar.

Having a good system of units is important to show that the phenomena involved can be expressed 
numerically and to allow the argument to proceed in logical stages. The alternative approach 
adopted in school textbooks is to accept that mechanical and electrical phenomena can be quantified
but when it comes to magnetic phenomena everything is explained by piling rule upon rule with no 
justification given. The irony is that the electromagnetic SI base unit is the ampere and thus we 
already have all we need to quantify magnetic phenomena. As we proceed we will see that the 
answers just drop out without effort and without requiring all those special rules.



Basic electromagnetic theory is covered in Part 3: A New Approach which deals with it very 
specifically from the requirements for understanding the machines in question. The surprising thing 
is that it can all be explained simply and logically, quantitatively as well as qualitatively, by 
applying the basic rules of arithmetic to a few physical laws of which The Law of Electromagnetic 
Induction is the only new one. It is actually easier than studying mechanics; the new quantity, 
magnetic flux, can be revealed by sprinkling a few iron filings – the same cannot be done with 
momentum!

Only the minimum required for an understanding of electromagnetic machines, at the level 
intended, has been included. The reader will have to look elsewhere for a deeper understanding of 
the underlying science on one hand or for a deeper understanding of the engineering aspects on the 
other.

Lots has had to be omitted – in fact the whole subject of electric fields has been disregarded which 
sets a boundary to what can be discussed. Although the text implies that the transfer of energy from 
the primary to the secondary of a transformer cannot be attributed to it being carried across by the 
magnetic flux, no alternative is offered, but then no explanation is offered for how the energy 
reached the transformer in the first place – being carried across by the current is wrong for much the
same reason.

The nature of a magnetic flux is not discussed, but neither is that of an electric current; both 
quantities are described purely in terms of the SI units that define them; then each is merely given 
an arbitrary direction in accordance with convention.

So, who is this intended for? The same erroneous material has been passed down from textbook 
publisher to textbook publisher until it has become the Textus Receptus. A candidate demonstrating 
a proper understanding would be marked harshly – under no circumstances should any of the 
material contained herein be shown to persons under 18!

Obviously teachers are subject to the same restrictions as students, as indeed are examiners and 
textbook writers – the system seems impenetrable.

Thus there is no obvious target audience but hopefully someone will find this as interesting to read 
as it was to write.

Alan Barnard 16th February 2018
School Physics Technician (Electrical and Electronics Engineer – retired)



Electrical Machinery – Part 1
Where have the text books gone wrong?
Richard Feynman dismisses the whole subject thus:

“The study of the design of electrical machinery is a life work in itself. We cannot go 
very far in that direction, but we should be aware of the fact that when we have 
discovered the law of induction, we have suddenly connected our theory to an enormous
practical development. We must, however, leave that subject to the engineers and 
applied scientists who are interested in working out the details of particular 
applications. Physics only supplies the base—the basic principles that apply, no matter 
what.”

However, this does not stop others going where Nobel laureates fear to tread – as we shall see.

How does a Motor Work?
The following is taken from an IGCSE Revision Guide:

It is wrong on all four points – all these factors slow it down.

It is notable that AQA, for instance, assumes that, as far as any theoretical explanation goes, motors 
are permanently stalled. Thus it has no basis on which to make any statements concerning speed.

The BBC has an animation that correctly shows the speed increasing with voltage but wrongly 
shows the speed increasing with magnetic field strength.

How does a Generator Work?
Text books generally start with motors, move onto generators, and finish with transformers. Motors 
are treated as a distinct topic whereas generators and transformers are lumped together under 
‘electromagnetic induction’.

Simple descriptions of generators are generally accurate as far as they go despite the same books 
getting motors so very wrong. Although the similarity between motors and generators is frequently 
stated, this is never carried through as far as any theoretical explanation is concerned.

Keeping motors and generators in separate compartments stops similarities being explored but has 
the fortuitous side-effect of preventing inane statements about motors being carried over to 
generators.

A Simple D.C. Electric Motor

4 Factors which Speed it up

1) More CURRENT

2) More TURNS on the coil

3) STRONGER MAGNETIC FIELD

4) A SOFT IRON CORE in the coil

http://www.bbc.co.uk/schools/gcsebitesize/science/add_ocr_21c/electric_circuits/electricmotorsrev2.shtml


Again, it is notable that AQA assumes that generators are never connected to an electrical load. This
has little effect on the theoretical explanations given but it contains the same limitation applied to 
motors: the motor does no work whereas no work is required to make the generator function. 
Clearly, neither can be described as serving a useful purpose.

How does a Transformer Work?
The following diagram is taken from a TES “Resource”.

Simple explanations all agree that an alternating current in the primary produces an alternating 
magnetic field in the core which, in turn, induces an alternating voltage in the secondary. It is then 
taken for granted that when a load is connected to the secondary, the secondary voltage causes a 
current to flow in the secondary circuit.

This explanation is unsatisfactory because, although power can be taken from the secondary 
winding, there is no reference to power entering the primary winding, only a vague mention of 'an 
alternating current'.

This shortcoming is artfully concealed by invoking the Law of Conservation of Energy and 
assuming that the transformer is 100% efficient. Nobody argues with the Law of Conservation of 
Energy and if a real transformer can be >99% efficient, it can surely only differ trivially from the 
ideal?

A real transformer that is over 99% efficient is very big, very heavy, runs very hot, and hums 
audibly – this looks very far from being an ideal transformer. To make matters worse, when we 
remove the load from the transformer, it still produces a substantial amount of heat, and it still 
hums – the efficiency falls to zero and it now does not even approximate to an ideal transformer.

What appeared to be an explanation in terms of the actual voltages, currents, and magnetic fields in 
the transformer is not followed through to completion. Instead, the physical transformer is suddenly 
replaced with a black box.

fig 1.1



An ideal transformer can only be explained by magic – how else can it have a magnetic field in its 
core when there is no load on the secondary and hence no current in the primary? Worse still, when 
it is providing current, the field due to the primary current is always exactly cancelled out by the 
field due to the secondary current. The concept of an ideal transformer has real applications in 
electrical engineering but, for the purposes of explaining how a transformer works, it just creates 
confusion.

The trouble with using the Law of Conservation of Energy is that it requires that we assume that the
transformer actually works. Likewise, assuming that the transformer is 100% efficient also implies 
the transformer actually works. None of this is of any help in explaining how the transformer works.
In any case, the explanation based on energy conservation is itself wrong!

In addition, these explanations use apparently arbitrary choices of terminology: pd/emf, field/flux, 
cutting/linking.

More advanced explanations lose us in calculus, trigonometry, complex numbers, phasor diagrams, 
and the j-operator. Explanations that start with equations seem to end with equations without 
actually explaining how a transformer works.

How have the authors and editors got it so wrong?
The purpose of electromagnetic machines is to transform electrical or mechanical energy, at the 
input, to electrical or mechanical energy, at the output. They generally supply, or are supplied with, 
electricity at a certain voltage, not at a certain current; the current is usually left to sort itself out 
depending on the load, be it electrical or mechanical. Usually, they do not depend on the resistance 
of conductors or other losses in order to function; losses merely have a deleterious effect on 
performance. Also, there is a close relationship between electromagnets, transformers, generators, 
and motors.

Authors generally do not consider the implication of these statements. Instead they flail about trying
to come up with an explanation that sounds convincing. They jump between ‘current’ and ‘voltage’ 
without any understanding of how these quantities are related.

Perhaps they are trying to invoke Ohm’s Law without explicitly saying so. In resistive circuits, there
is a relationship between voltage and current:

R=V
I

Even if the relationship is non-linear, the expression is still meaningful. Sometimes it is necessary to
consider incremental changes in current and voltage and even regions of negative resistance can be 
coped with. The idea that the terms, ‘current’ and ‘voltage’ can be considered almost 
interchangeable, differing only by a factor, albeit one that may be far from constant, is deeply 
ingrained.

It is perfectly possible to describe the operation of electromagnetic machines without including the 
resistance of conductors. Without resistance, it is clearly mathematically impossible to relate 
voltage and current by applying Ohm’s Law.

What is the result of this?
Books ‘approved’ by the examining bodies are riddled with errors and, having published these 
absurdities at GCSE level, the same organisations have tied their own hands and can include very 
little on the subject at A-level. Indeed, no mention is made of experiments that would reveal how 
things really work. 

We now have a generation of text book writers and examiners whose jobs depend on them not
understanding the subject.



Electrical Machinery – Part 2
What are the road-blocks to understanding?

“The Jabberwock was a monster with many heads. As such it resembles, in some way, the 
manner in which we divide our science into Physics, Chemistry, Biology, etc., and then 
Physics into Heat, Light, Sound, Magnetism and Electricity. Often one can spot the 
various heads as being Laws of Physics, and some of them look into mirrors, see their 
reflections and think that the total number of their kind is bigger than it really is. Thus 
they attempt to co-exist with their own shadows and reflections. One of the best examples 
I can give you is the collection of Laws of Electromagnetic Induction.

When I was at school*, I was taught Fleming's left- and 
right-hand rules, and taught to remember what the fingers
and thumbs represented by emphasising the initial letters 
of the electrical quantities thus:

thuMb – Motion

Fore-finger – Field

seCond finger – Current

Then we had to remember which hand to use for motor and which for generator. After that
we were taught Lenz's law, the Gripping rule, Corkscrew rule and Ampère's swimming 
rule. What a business! They were all, apparently, separate, independent heads. But those 
were the bad old days - I hope. Electromagnetism is a good deal easier than that.”

Eric Laithwaite: Engineer through the looking glass (1980) – a revised and expanded version of his 
Royal Institution of Great Britain Christmas lectures, 1974/75.

* ‘When I was at school’ would have been shortly before WWII – nothing much has changed!

“There are at least seven mutually exclusive systems of electric and magnetic units in use 
at the present day, some dating from the time when it was not realised that electricity and 
magnetism are different manifestations of the same thing. This has made life very 
confusing to the student of physics or electrical engineering….”

Goodier and Ghey: ELECTROMAGNETISM (1952) – based on the rationalised MKS system of 
units.

“There are many electronicians, both hobby and professional, who are at war with 
electromagnetism. Whenever they need to design a coil or a transformer, an abyss of 
desperation opens in front of these poor people. The worst thing is that usually these poor 
victims are not really at fault, since the authors of electronic textbooks seem to have struck
a plot to explain these things in such a messy way that nobody can really understand 
them! Or maybe these authors themselves didn't have a clue about the matter?”

“When you enter this page, you have to leave out all obsolete, absurd units of which most 
textbooks and catalogs are full: Most notably, inches, gauss and oersted.”

Manfred Mornhinweg: Homo ludens electronicus – the inspiration for much that follows.

fig 2.1

http://ludens.cl/Electron/Magnet.html


Electromagnetism comes with plenty of historical baggage, some of which is mentioned by the 
authors above.

The study of magnetism started with the lodestone and worked up from there. Thus we have the 
concepts of the isolated magnetic pole and of lines of force. In SI units, all this is swept away and 
magnetic units are defined in terms of current, even the concept of magnetic poles plays no part in 
the system.

Field lines may be useful for visualising static magnetic fields but becomes problematic if the fields
are changing. For instance, when the strength of a field is increasing, the spacing between the lines 
needs to decrease and at the same time the number of lines needs to increase. Apart from the fact 
that this will be visualised as some sort of jerky motion, it raises the issue of having two methods of
explaining electromagnetic induction; that illustrated by a conductor cutting field lines, and that 
illustrated by a field changing within a coil; the implication being that these are two different 
phenomena. Text books often mangle the cutting explanation to apply to a situation where the field 
clearly does not intersect the conductor – total confusion. Field lines and the cutting of field lines 
are not useful concepts; electromagnetic phenomena can be better explained without them.

Another consequence of visualising fields in terms of lines is that it leads to the concept of a 
magnetic field being a substance and one that is attached to the magnet. This results in all sorts of 
wonderful diagrams where contorted lines of force are seen to be tugging the machine round; it 
looks very plausible but does not lead to the sort of explanation that you can put numbers to.

The laws of electromagnetism describe vector fields. Classic experiments involve fields that spew 
out in all directions. Again, this does not lead to the sort of explanation that you can put numbers to.
Actual machines constrain these fields in very definite ways because this is necessary for good 
performance. This means that we do not have to cope with these complications and scalar quantities
can generally be substituted for vector ones.

Direct Current and Alternating Current are marketing terms applied to two competing systems of 
electricity supply – a DC supply providing an unchanging voltage, and an AC supply providing a 
sinusoidal voltage waveform. The terms should be reserved for this. Much confusion results from 
the use of these terms, the expression AC voltage is an obvious example. Note that changing does 
not equal alternating and, in particular, a changing current can accompany an unchanging voltage.

The term electromotive force is not generally introduced at this level and this has resulted in the 
term potential difference being very much abused in text books and elsewhere. Voltage will do for 
both.

Energy was a little understood concept in physics and it was not until the mid 19th century that the 
Law of Conservation of Energy became accepted. This development came about because of the 
desire to apply scientific principles to the rapidly growing field of engineering where the well 
established laws of Newtonian mechanics were proving insufficient. Even now, explanations 
concentrate on electric current as being the cause of magnetic fields and that this alone accounts for 
the operation of electromagnetic machines; thus neglecting the fact that the machines are actually 
transformers of energy. Considering energy from the outset makes everything much clearer.

Much of the published ‘theory’ of electrical machines is in fact a set of mathematical short-cuts to 
enable engineering calculations to be simplified; this tends to obscure what is actually happening.

Although sinusoidal waveforms are ubiquitous, most electrical machines either do not require them 
or require other waveforms. Limiting explanations to sine waves, tends to obscure what is actually 
happening.

But the greatest road-block to understanding is the volume of published explanations that 
show muddled thinking or that are just plain wrong.



Electrical Machinery – Part 3
A New Approach
In this part we will derive the basic equations that we need to understand electromagnetic machines.
We will be taking a separate, but parallel, path to that taken in physics textbooks.

In moving from physics to engineering we are going from the general to the particular. The laws of 
electromagnetism are very general indeed and beyond the scope of this guide. They will instead be 
expressed in a very simple form applicable only to the particular machines under consideration. 
From an engineering point of view, the machines themselves, and their operating conditions, will be
simplified to just that which is required for a basic explanation.

These machines do not depend on the resistance of conductors or other losses to explain their basic 
operation. Thus the effect of these losses will be ignored in the first instance and their effect added 
in later when we consider the practical engineering aspects. It must be realised that, until these 
losses are introduced, this explanation will assume that all conductors have no diameter and 
no resistance and merely serve as a guide for the current, likewise, magnetic materials  are 
equally perfect, merely serving to guide the magnetic flux and having no losses.

The purpose of these machines is to transfer energy from a source, be it electrical or mechanical, to 
a load, be it electrical or mechanical. Thus any explanation must include a source of energy and a 
load capable of absorbing energy. A simple example, and one not involving an electromagnetic 
machine, is a battery connected to a bulb.

energy transferred = voltage · current · time 

In SI units, these are measured in: joules, volts, amperes, and seconds, respectively.

Alternatively, if the bulb is replaced by an electric motor, no energy is transferred unless the motor 
is doing work, such as raising a mass.

energy transferred = force · distance = voltage · current · time

In SI units, force and distance are measured in: newtons, and metres, respectively.

Fig 3.1 shows a simple circuit with a battery having a
constant voltage V, as a source of energy, and a load
having a constant resistance R.

An electric current I, which can be calculated using 
Ohm’s Law, flows around the circuit in the direction
assigned by convention, this current causes a
magnetic flux Φ to exist around it which is also
assigned a direction by convention.

An electric field is also shown for completeness. This
can be of great importance under some circumstances
but in the case of the electromagnetic machines in
question it can generally be ignored. Also ignored are
electric charges, sub-atomic and otherwise, as they are
not needed in this explanation.

Also shown is a flow of energy E from the source to the load. The direction of this arrow is not at 
all arbitrary. If the battery is reversed, the energy flow continues in the same direction though every 
other arrow is reversed.

V

Φ

E

I

R

fig 3.1



Fig 3.2 shows that not only does the flux encircle the current but the current also
encircles the flux. The magnetic circuit and the electric circuit are thus linked.

Fig 3.3 shows the circuit in cross-
section. It can be seen that all the
magnetic flux passes in the same
direction through the loop formed
by the electric current and, rather
conveniently, passes through the plane of the loop at 
right-angles. Φ is a scalar value representing  the total
amount of flux passing through that area.

Another phenomenon is that the conductors carrying the current experience a force F. The ampere 
[A], an SI base unit, is defined:

The ampere is that constant current which, if maintained in two straight 
parallel conductors of infinite length, of negligible circular cross-section,
and placed 1 metre apart in vacuum, would produce between these 
conductors a force equal to 2 x 10 –7 newton per metre of length.

[The 2 x 10 –7 bit is a conversion factor because the original unit of current was defined as part of a 
different system of units.]

This force provides the hope that it is possible to construct an electric motor.

We now meet an impasse: we have introduced a resistor R, which helps to define the current, but 
this is absorbing, and thus wasting, all the energy E flowing from the battery; we have demonstrated
that the current I produces a force F but have shown no way of making this produce useful work; 
finally, we have introduced this magnetic flux Φ with no evidence that it is the measure of 
something useful; we do not have a unit for it nor a way of arriving at its magnitude.

Physics text books now digress to show how the magnetic flux can be arrived at for various 
particular cases having different configurations of conductors.

Instead, we will just make one bold move – to rid the circuit of that resistor!

Before the resistor disappears, let us have one last look to see what
the resistor is really doing. Fig 3.4 is the circuit stripped to the
essentials. When the battery is connected, a current I flows which
automatically adjusts itself so that the voltage I · R across the resistor
is exactly equal to the battery voltage V and opposing it.

Thus, if we establish values for V and R, I will automatically adjust
itself to the value determined by Ohm’s Law.

Now let us remove the resistor (fig 3.5) – in the absence of any
resistance in the circuit, Ohm’s Law is of no use to us and, when we
connect the battery, some catastrophe would seem to be inevitable.
Indeed, when we connect the battery the current I will start to rise

without limit and the magnetic flux Φ will
also start to rise without limit.

However, the situation is saved (at least
temporarily) by the Law of Electromagnetic
Induction. If we consider the simple wire
loop in fig 3.6 we can state it in the form: 

A voltage ℰ is induced in the loop equal to
the rate of change of flux through the loop.

Φ

fig 3.2
I

R
V

I

fig 3.4

ΦF F

fig 3.3

ℰ Φ

fig 3.6

V
Φ

I

fig 3.5



This statement makes no mention of whether the flux is due to a voltage applied to the loop or 
whether the flux comes from some other source and just happens to pass through the loop.

If the flux is increasing in the direction shown, the polarity of the induced voltage ℰ is as indicated.

In this case we will provide a current by reconnecting the battery – the other case provides the
hope that it is possible to construct a transformer and a generator.

Just as Ohm’s Law describes how the current automatically adjusts itself so as to cause the voltage 
across the resistor to equal the battery voltage, so the Law of Electromagnetic Induction describes 
how the rate of change of flux through the loop likewise automatically adjusts itself so as to cause 
the induced voltage in the loop ℰ to equal the battery voltage V.

As the battery voltage is constant, the rate of rise of flux is also constant. Moreover, as we have said
that the induced voltage is equal to the rate of change of flux, we are now able to define a unit for 
magnetic flux – this is called the weber [Wb]:

since: rate of rise of flux = voltage

then: flux = voltage · time  [Φ = V · t]

or: weber = volt · second  [Wb = V · s]

Providing the loop comprises a wire having no resistance and no thickness, which forms a single 
turn around the perimeter of a plane area, and the material through which the flux passes is non-
conductive and lossless, the equation holds true regardless of the shape and size of the loop and the 
magnetic properties of the surrounding material.

We started, as do the physics text books, with a current I producing a flux Φ, the implication 
being that I is known and Φ is something to be determined. We have then diverged by 
showing that a voltage V produces a known rate of change of flux from which Φ can readily be
obtained – we have thus replaced an unknown flux by an unknown current.

We know that there is a relationship between I and Φ but we have not considered the factors that 
affect it. We do not even know if the relationship is linear: the physicist would answer, ‘Yes – in a 
vacuum’, whereas the engineer would answer, ‘No – not generally’.

Let us now make another bold move and introduce a magnetic core around which we wrap 
our single turn of wire.

This core is made of our perfect, but unfortunately
unobtainable, magnetic material. We will leave a
very narrow gap having an area A and of width d.
The shape and size of the rest of the core is of no
consequence.

Nothing that we have done has affected the
magnitude of the flux which remains:

Φ = V · t

The big difference that we have made is to confine
the flux to a simple path which is going to make
calculation much easier.

We can assume that the flux Φ crosses the gap at right angles and is 
spread uniformly across the area A.

The flux density: B=Φ
A

webers per square metre [Wb · m–2]

A weber per square metre is also known as a tesla [T]

V

ΦI

fig 3.7



The only factors determining the magnitude of Φ are d, A, I, and something representing the 
magnetic properties of the material in the gap – known as the permeability μ of the material.

In the case of a vacuum, the permeability is μ0 which is defined as:

4π x 10 –7 newtons per ampere squared or henrys per metre.

Names for μ0 include the magnetic constant and the permeability of free space but it is 
really just a fiddle-factor to enable us to use the metre, kilogram, second, ampere system 
of units. It is an untidy thing that we will just have to live with but, having accepted it, all 
electric and magnetic quantities can be expressed without any further conversion factors.
For other materials, the permeability is expressed as a multiplying factor μr (which has no 

units and has to be determined experimentally) so that:
μ = μ0 ·  μr 

For air and other virtually non-magnetic materials μr is very close to unity. For magnetic 

materials it will vary with many factors including the flux density. 
If we revisit the definition of the ampere we can eliminate the conversion factor:

The ampere is that constant current which, if maintained in two straight parallel 
conductors of infinite length, of negligible circular cross-section, and placed 
1 metre apart in vacuum, would produce between these conductors a force equal 

to
μ0

2π
newton per metre of length.

The 2π is due to the geometry of the system and now takes its rightful place in the equation.

The electric current I in the single turn can be considered as the consequence of a magnetic flux Φ 
flowing through an area A of a material having a permeability μ and a thickness d.

Thus: I =Φ ·
d

μ · A

It is convenient to have a single term that describes the combined effect of  A, d, and μ. This is   

reluctance: ℛ= d
μ · A

amperes per weber [A / Wb ]

therefore: I =Φ ·ℛ amperes

or: I =V · t ·ℛ

This form emphasises that the voltage, time, and reluctance are quantities over which we generally 
expect to have direct control; whereas the current is generally a consequence of these factors.

Real machines have coils with multiple turns – so consider the addition of a second loop.

By the Law of Electromagnetic Induction:

A voltage ℰ is induced in each loop equal to the rate of
change of flux through the loops – fig 3.8

If the two loops are joined in series to form a coil with two
turns, the total induced voltage will be doubled for the same
rate of change of flux. Therefore the battery voltage would
need to be doubled to maintain the original rate of change
of flux – fig 3.9

For N turns:

Φ

ℰ
ℰ

fig 3.8Φ=V · t
N



But when the two loops are connected in series, the current
in the wire encircles the flux twice – fig 3.9

Therefore it requires only half the current in the wire to
maintain the original level of flux.

For N turns: Φ= I · N
ℛ

Hence:
V · t
N

= I · N
ℛ

V= I
t

·
N 2

ℛ

The term: N 2

ℛ
is called the inductance L of the coil and relates the rate of rise of current:

I
t

to 

the applied voltage V. The unit of inductance is the henry H webers per ampere [Wb / A].

Let us now pause for reflection before considering the matter of energy.

We now have a set of equations concerning an ideal coil wound on a core of ideal magnetic 
material. These equations link the basic variables:

• the applied voltage V that is taken to be constant,

• the number of turns N – also constant, 

• the resultant flux Φ that rises at a rate that depends solely on V and N,

• the reluctance ℛ which describes the magnetic properties of the core and depends on the 
dimensions d and A and the permeability μ of the material in the gap,

• the inductance L which describes the electrical properties of the complete assembly of the 
coil and the core (which we will now call an inductor) and depends solely on ℛ and  N.

• the current I which rises at a rate that depends solely on V and L.

• the flux density B which depends solely on Φ and A.

All this has been achieved without resorting to calculus, trigonometry, vectors, complex numbers, 
or any other form of hard sums.

We have already introduced the formal definition of the ampere. Apart from 
defining the unit of current, this also serves to introduce the concept of a force
between current-carrying conductors and leads to the concept of a force acting
on one conductor due to the combination of the current in it and the magnetic 
field due to the current in the other – the classic formula is:

force = flux density · current · length   [F = B · I · l ]

This is the approach that we have been trying to avoid though it is the usual 
starting point for explanations of the ‘motor effect’ – in fact it even gets used 
as a definition of flux density. Unfortunately, as most motors do not consist of 
conductors in a magnetic field and their designers studiously avoid doing so 
and also avoid subjecting those conductors to a force, it is of little use in 
explaining how these motors work and, hence, of even less use in explaining 
how a generator works and it is hardly applicable to a transformer at all. We 
are looking for a more general explanation.

Φ
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Let us now return to a single loop around a core.

We will assume that the gap has an area A, width d, 
containing a material of constant permeability μ.

As we have shown:
Φ = V t

And:

Φ= I ( μA
d )= I

ℛ

Hence:
I =ℛ (Vt )

Let us now plot a graph (fig 3.11) of:

 I v V t

The flux Φ webers after time t seconds can be
read off the x-axis:

Φ = V t

The corresponding current I amperes after time t
seconds can be read off the y-axis.

The reluctance ℛ amperes per weber is equal to the
slope of the graph:

ℛ= I
Φ

 

The energy E joules after time t seconds is equal
to the area under the graph:

E=ℛ
2

(V t)2

We have now illustrated graphically the relationships between V, t, Φ, ℛ, I  and now  E in a very 
simple and clear manner; albeit one limited to a single turn and constrained by the need to keep V and ℛ 
constant. We can easily re-draw the graph (fig 3.12) to accommodate N turns by adjusting the slope:

For N turns: Φ=Vt
N

Thus doubling the number of turns reduces the 
flux to a half.

The slope: 
ℛ
N 2

= 1
L

Where L is the inductance.

The current I =(Vt ) ℛ
N 2

=Vt
L

Thus doubling the number of turns reduces the 
current to a quarter.

The energy E= ℛ
2 N 2 (V t)2=

(V t)2

2 L
Thus doubling the number of turns also reduces 
the energy to a quarter.
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We could re-write the last equation as: E=1
2

I 2 L

Like F = B I l  this is another classic text book formula and, like it, assumes 
that the starting point is a current. Again, this is not a path we wish to 
pursue.

Let us return to considering what the graphs illustrate.

When we first connect the battery, the current and the flux are both zero. These quantities start to 
increase with time. A larger voltage will cause a greater rate of increase in both quantities. A greater 
number of turns will cause a lesser rate of increase.

If we double the number of turns and double the voltage, the rate of rise of the flux will remain 
unchanged – but the rate of rise of the current will be halved. Thus there seems to be a trade-off 
between voltage and current – we will exploit this later.

We can also affect the relationship between current and flux by adjusting the reluctance of the 
magnetic circuit – making the gap larger, for instance, would increase the reluctance and hence 
make the rate of rise of current greater.

There is a current flowing in the coil – but current is not energy. There is a flux in the core – but this
also is not energy. To account for the energy transferred from the battery, we must consider the 
current in the coil and the flux in the core simultaneously.

As allowing the current, flux, and energy to continue rising indefinitely is clearly a situation 
that would not be permissible in a real-world situation, let us try to stop all three by reducing 
the battery voltage to zero – that is turning the battery into a short-circuit.

The energy, originally from the battery, stored in the 
linked electric and magnetic circuits, cannot return to the
battery, that avenue no longer exists. The energy cannot 
be lost as heat because anything in the system that could 
produce the losses required has been eliminated.

Again, a catastrophe is averted by the Law of 
Electromagnetic Induction.  If the current were to fall, 
the flux would also fall which would generate a voltage 
proportional to its rate of change and which would act in
the direction that would increase the current and the 
flux.

Thus the current, flux, and energy are maintained 
indefinitely – this is the principle of super-conducting 
electromagnets which, improbable as it sounds, actually 
exist and are in regular use.

The concept of magnetic poles has no place in SI units but the term is retained 
to indicate the surfaces through which flux leaves and enters; these poles have 
been labelled on the diagram accordingly.

We can use this super-conducting magnet as an adjustable permanent magnet in the same way 
that we used a core of ideal magnetic material with a variable gap as an adjustable reluctance.

ΦI N
S
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Let us now return to the matter of force. This was illustrated in fig 3.3 which showed a force 
between two current-carrying conductors. This could also be interpreted as the force on one 
conductor due to the magnetic field of the other. This is again a route that we do not want to pursue 
because it starts with current, not voltage, and it involves the concept of a field due to a current in a 
straight conductor rather than a field due to the current in a complete circuit.

Another problem is that the fields are very non-uniform and would involve relatively complex 
calculations compared to the basically uniform fields that are found in actual machines.

The ‘permanent’ magnet that we created in fig 3.13 has
a well-defined magnetic flux in the gap – where it is 
uniform and confined to the area between the poles.

Fig 3.14 shows a conductor X-Y placed in the gap. 

Fig 3.15 shows this in plan view. The rest of the circuit
is shown by the dashed line – the exact path is of no 
consequence.

The area of the gap is A and the width is l.

The conductor divides the flux Φ into two parts:

ΦINSIDE & ΦOUTSIDE

Referring back to fig 3.6 we can say that, according to the 
Law of Electromagnetic Induction:

A voltage ℰ is induced in the loop equal to the rate of
change of flux through the loop.

There is nothing said about how the flux is caused to change.
In this case we will increase the flux inside the loop by
moving the conductor X-Y in the direction shown in fig 3.15

The greater the velocity v of the conductor, the greater will be
the rate of increase of the flux inside the loop, and the higher
the induced voltage ℰ.

Induced voltage: ℰ =
Φ l v

A
= Blv  V

No forces or transfer of energy is involved in this 
process but if we complete the circuit with a resistor R 
as shown in fig 3.16 then a current I will flow in the loop
in accordance with Ohm’s Law:

Current: I = Blv
R

A

This will result in energy being dissipated as heat in the 
resistor. This energy must be provided by an external 
force F sufficient to maintain the velocity v of the 
conductor.

Energy transferred: Fv= I 2 R=
( Blv)2

R
J/s [watts]
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The external force F is required to pull in the same direction as v and have a magnitude 
proportional to the load current I and if we re-arrange the above equations we get:  F = B I l.

It is worth noting that we have arrived at this result, which is usually associated 
with the motor effect, by studying what is clearly a generator. We have also arrived,
quite naturally, at the direction of the force – we do not need Fleming’s rules of 
thumb nor do we have to wrestle with the contortions of Faraday’s Lines of Force.

Generators are normally required to produce a steady output voltage and, as the induced voltage ℰ 
is proportional to the velocity v of the conductor, it follows that we must keep this velocity constant 
and with the magnitude required to produce the desired voltage.

Fig 3.17 shows the externally applied force F acting on the conductor in the same direction as v but 
also shows the equal and opposite force F´ due to the current in the conductor.

Up until now, everything seems to have fallen out in a simple,
indeed elegant, manner. We are now confronted with 
something that is neither simple nor elegant. We have to 
provide a constant velocity of movement against a force that 
varies with load. As most prime movers tend not to run at 
constant speed with a varying load, it becomes necessary to 
continuously monitor the speed and to hold it constant by 
increasing or decreasing the energy input. This is of course an
engineering problem and one which does not directly affect 
our description of the electrical machine itself but one that 
does nevertheless introduce complications to what should be 
a simple argument.

Let us make yet another bold move and replace that
resistive load by a rechargeable battery. The battery is of
course perfect and always has a fixed voltage V across it
regardless of the current flowing and regardless of whether
it is charging or discharging.

Now, when we exert a pull F on the conductor it will move
at velocity v such that the induced voltage in the loop ℰ is
always exactly equal to the battery voltage V.

As we pull harder, we impart more energy, the velocity
remains constant but the current increases. This causes the
battery to charge faster. The current adjusts itself to produce
an equal and opposite force F´.

As there is no resistance in the circuit, we cannot use Ohm’s
Law to calculate the current I but the energy transferred is:

 Fv= IV =IBlv J/s [watts]

Hence: I = F
Bl

A By now, it will be no surprise to find this can be re-arranged as: F = B I l.

And: v= V
Bl

m/s As  V,  B, and l, are constant, v must be constant.

By making this simple substitution of a battery for a resistor as a load, we have eliminated the 
complication of having to fiddle with the force to maintain a constant velocity – in fact velocity and 
force are now independent, as indeed are voltage and current.
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We are now just a tiny step away from realising an
electric motor.

If we cease pulling on the conductor X-Y (as shown in 
fig 3.19) something very interesting happens – the conductor 
continues to move with the same velocity v as before.

Moreover, if we now apply a force F in the opposite 
direction to before (as shown in fig 3.20) we find that the 
conductor still moves with the same velocity v.

Again, the current I adjusts itself to produce an equal and 
opposite force F´ – this requires that it now flows in the 
reverse direction.

The energy needed to move the conductor with velocity v 
against the force F is, of course, being provided by the 
battery, which is now discharging.

We seem to have created an electric motor –  but we have actually done nothing:

• the motor is exactly the same piece of hardware as the generator;

• we have made no changes to the electrical connections, if we marked X and Y as negative 
and positive when it was considered as a generator, the markings could be left unchanged 
when it is considered to be a motor;

• regardless as to whether it is treated as a generator or a motor it moves in the same direction 
and at the same speed;

• it produces a force equal to and opposing the applied force in either case;

• it produces an induced voltage equal to and opposing the battery voltage in either case;

• if we were to derive the equations that describe its operation as a motor, we would find that 
we have merely restated the equations that we have already derived for a generator.

I = F
Bl

and v= V
Bl

To avoid confusion later, we need to realise that the equations show that a motor 
can be made to run more slowly by:

• increasing the flux density B

• increasing the length l – by adding more turns.

This will come as no surprise to electrical engineers, who have been doing this 
every day for a living, but it must come as a blinding revelation to examiners 
and school textbook writers who make a living by publishing the exact opposite.
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If we had started by knowing only that F=BIl  we would be unable to see that the 
velocity v is constant for a given supply voltage and design of motor. We would 
just presume that: ‘There is some sort of current, leading to some sort of force, 
which should produce some sort of movement’.

The vagueness of the last statement can lead to the erroneous conclusion that, 
with no deliberate mechanical load, the motor will race away at a speed limited 
only by frictional forces.

We have now found the relationships between the magnitudes and directions of the quantities 
involved for both motors and generators and, as in the case of the inductor above, we can say that 
all this has been achieved without resorting to calculus, trigonometry, vectors, complex numbers, or 
any other form of hard sums.

Although we have derived the same results as could be obtained from Fleming’s 
right-hand and left-and rules, it would be very difficult to derive those rules from an
understanding of the physics involved – they still need to be learnt by rote.
There are three physically valid ways of assigning the three quantities to three digits
and working back to the original mnemonics is doubly difficult because is means 
finding the ‘correct’ synonyms for the fingers concerned.

Further confusion arises in the case of some variations where force is substituted for
motion; as we have seen, the forces are reversed when moving from the generator to
the motor but the motion is unchanged.

We set out with the intention of following a separate, but parallel, path to that taken in physics 
textbooks. But, once we discovered for ourselves the relationship F=BIl, we found ourselves 
following the textbook path with its implication that motors are all about current flowing in a 
segment of conductor which is ‘cutting’ a magnetic field. It has already been pointed out that 
practical motors are generally not built like that. Also, it is difficult to see how F=BIl relates to 
transformers which are likewise just coils of wire and electric currents. It is not that F=BIl is 
wrong; whatever path we followed, we were bound arrive at that same result eventually.

Let us now think about this in an entirely different way.

Our difficulties go right back to fig 3.15 and the equation that we derived for the induced voltage:

ℰ =
Φ l v

A
= Blv  V

The problem is that it applies to a specific system having a particular geometry. We are confusing 
matters by making the line X-Y serve as both as the conductor carrying the current I and also as the 
dividing line between ΦINSIDE and ΦOUTSIDE

Fig 3.21 shows a machine where the position of the 
rotor, rather than the position of the coil wound on 
it, is more important in determining the division 
between ΦINSIDE and ΦOUTSIDE

Fig 3.21 represents a deliberately ambiguous 
electromagnetic machine – it may be a motor,
it may be a generator, or it may be a 
transformer – it thus serves to illustrate the 
similarity between the different types of 
machine.

Φ
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Note that the argument following on from fig 3.15 starts from first principles with the law of 
electromagnetic induction and considers the changes in the flux enclosed by the whole loop and 
not just the flux ‘cut’ by the moving conductor.

Thus we are able to abandon the idea of there being a special motor effect to explain the behaviour 
of a current carrying conductor in a magnetic field and can treat it as just a special case.

In the case of fig 3.20 which shows a conductor moving in a magnetic field, the mechanical force 
acts on the portion of the conductor which has to move to cause the total flux through the loop to 
change. In the case of fig 3.21 where the conductors are in a region of weak field, the mechanical 
force is experienced mainly by the magnetic material of the rotor for exactly the same reason.

The approach that we have adopted not only deals correctly with these two distinct cases but unifies
the whole study of motors, generators, and transformers.

Although our findings are in agreement with the laws of physics, we have only been able to 
arrive at such simple solutions by restricting our argument to the application of those laws to 
systems resembling common electromagnetic machines –  and very idealised versions at that.

So far we have used three laws:

• The Law of Electromagnetic Induction

• Ohm’s Law

• The Law of Conservation of Energy

We have arranged the geometry of our machines so that we are able to treat all quantities as scalars 
and thus the only mathematics required has been two rules of arithmetic:

• Multiplication

• Division

We should remember that, in all of this discussion, we are dealing with systems where there are no 
losses, where conductors have no resistance and no diameter, where magnetic materials are perfect 
and have no effect other than to guide the flux.

In the section concerning forces, moving parts have no mass, no friction, and move at a steady rate. 
We have likewise assumed that currents are steady and hence we can disregard the effects of 
inductance. We have also assumed that the field due to our ‘permanent magnet’ is unchanging and 
unaffected by anything happening to the other parts.

None of these assumptions are of course true, but their effects are to reduce the performance of an 
otherwise perfect machine, rather than to make any fundamental changes to its mode of operation.

Many mistakes can be attributed to trying to weave these extraneous 
effects into an explanation of how a machine works before acquiring
a proper understanding of the essential phenomena involved.

We will now move on to Part 4 where we will look at transformers, generators, and motors as 
complete machines. These will still be ideal machines so the above warnings still apply.

“Thus number may be said to rule the whole world of quantity, and the four rules of arithmetic 
may be regarded as the complete equipment of the mathematician.”

James Clerk Maxwell – 1871 Paper to the London Mathematical Society

Two down and two to go!



Electrical Machinery – Part 4
Some Ideal Machines
Transformers
Let us now add a second winding to an inductor to make a transformer (fig 4.1) – the primary 
winding has Np turns and the secondary winding has Ns turns. The battery voltage is Vp and when it
is connected to the primary winding, it produces a magnetic flux Φ in the core:

Φ = ( Vp · t ) / Np

The flux rises at a rate that induces a
voltage ℰ in every turn of both windings
such that the total voltage induced in the 
primary winding is equal to the battery
voltage Vp and opposing it:

Vp =  ℰ·Np

Similarly, the total voltage Vs induced
in the secondary winding is:

Vs =  ℰ·Ns  = Vp ( Ns / Np )

If we now connect a load resistor R to
the secondary – a current Is flows in
accordance with Ohm’s Law:

Is = Vs  /  R

Energy is now flowing from the transformer to the load – but where is it coming from?

When the load R is connected, the flux Φ must continue to rise at its original rate to maintain the 
induced voltage that balances the supply voltage Vp – thus the total current encircling the flux in the
core must also continue to rise at its original rate.

Before the load is connected, the only current flowing is that in the primary winding – so the total 
current encircling the flux is:  Ip · Np

After the load is connected, there is also a current flowing in the secondary – the total current 
encircling the flux due to this is:  Is · Ns

The primary current automatically adjusts itself to leave
the total current encircling the flux in the core unaffected
by the current in the secondary winding. 

The primary and secondary currents encircle the core in
opposite directions – thus the primary current Ip has to 
increase by an amount:

 Is ( Ns / Np )

Fig 4.2 shows graphically how the primary current increases. 

We can therefore say: 

The primary voltage controls the secondary voltage.

The secondary current controls the primary current.

Ip

Energy stored 
in inductor

Load connected

Energy 
transferred 
to load
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Φ
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Are we saying that it is possible to connect an unchanging voltage source to the primary 
winding and obtain an unchanging voltage from the secondary winding?

The important thing to note is that the action of transferring  voltage, current, and energy from the 
primary circuit to the secondary circuit does not depend on the input voltage changing – yet alone 
be ‘alternating’. But as illustrated in fig 4.2 – the primary current and flux in the core will 
eventually rise to an impractical level. Actual limitations will be considered in Part 5 but for now 
we will just acknowledge that there will be some limit. There are various methods that can be used 
to cause the current and flux to return to zero but the simplest, and most relevant to the present 
discussion, is to reverse the supply voltage. This is illustrated in fig 4.3 for the primary winding of a
transformer with no load.

As before, the current Ip starts to rise when the voltage Vp is applied. When the current reaches the 
desired maximum value, the voltage is inverted and the current falls to zero; it then continues in a 
negative direction until the voltage is again inverted.

The dashed line Pp shows the product of Ip and Vp. The area under this line represents the energy Ep

stored in the inductor. When the polarity of Vp changes, Pp  becomes negative, that is, power starts 
to flow out of the inductor, thus reducing the stored energy.

When the stored energy is released, it is returned to the source and becomes available for reuse. 
Thus, on average, no energy is taken.

The current Ip is called the magnetising current and examination of the waveforms show that this 
current lags the voltage by a quarter cycle and thus the current is flowing in the reverse direction to 
the applied voltage half the time.

Any attempt to calculate power using separate voltage and current meters or of attempting to 
apply Ohm’s Law to the circuit, is doomed to failure. Measurements need to be made with a 
proper watt meter or joule meter.

In Part 3 we saw that, by increasing the number of turns on an inductor by a factor of N, the flux Φ 
is decreased by a factor of N while the current is decreased by a factor of N2. In reality, there will be
a minimum number of primary turns that are required to prevent the flux, and the magnetising 
current, rising too quickly for a given maximum supply voltage and minimum supply frequency.

Thus the number of turns on the primary winding of a transformer is by no means arbitrary.

Thus, even for a perfectly lossless transformer, we are only justified in saying:

primary turns
secondary turns

= primary voltage
secondary voltage

= secondary current
primary current

if we ignore the magnetising current.

But, as implied above, the factors that determine the magnetising current play an essential part in 
the design of the whole transformer.
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Consider a transformer as in fig 4.1 having a secondary with n times the number of primary turns – 
thus making a 1:n step-up transformer. The waveforms in fig 4.4 are for a transformer with n=2.

A) A voltage Vp is applied to the primary winding

B) A magnetising current Imag flows in the primary circuit

C) A voltage Vs = n · Vp is induced in the secondary winding

D) A current Is = Vs  R flows in the secondary circuit

E) The resultant total primary current  Ip = n ·  Is +  Imag
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Let us now apply what we know in order to build a lossless but otherwise realistic transformer.

First let us consider the primary winding of the transformer:

Let the supply frequency be 50 Hz and the supply voltage be ±200 V.

A maximum flux density of 1 T would be reasonable and will occur when 200 V has been applied
for 5 ms. This will also be the time when the magnetising current is a maximum.

We will assume that the cross-sectional area of the core is 10 square centimetres.

We will also need to leave a gap in the core. With our ideal magnetic material, if we did not leave 
a gap, the reluctance of the magnetic circuit would be zero, which would make the equations in 
Part 3 moot. A gap of 0.1 mm will do.

When we get to Part 5 – Losses it will be apparent why we have chosen these particular values. 
For now they just need to be accepted as convenient round numbers.

Let us now plug these values into our existing equations:

V = 200 V      t = 0.005 s      B = 1 T      A = 0.001 m2      d = 0.0001 m

Flux: Φ=BA=1×0.001=0.001 Wb

Turns: N =Vt
Φ

= 200×0.005
0.001

=1000

Reluctance: ℛ= d
μA

=0.0001×1000000
1.2566×0.001

=100000
1.2566

A / Wb

Inductance: L= N 2

ℛ
= 1000×1000×1.2566

100000
=12.566 H

Current: I =Vt
L

=200×0.005
12.566

=0.0816 A

Energy: E=
(V t )2

2 L
=0.0408 J

Note that none of the above quantities depend on the energy actually being transferred from the 
input to the output of the transformer; all these quantities remain constant regardless of the load. 
Although a (magnetising) current flows and associated energy is stored in the transformer, this 
does not, of itself, constitute any form of loss from the transformer, as we have seen (fig 4.3) 
above.

When we consider losses in Part 5, we will find that any losses associated with magnetising the 
core tend to be independent of load and thus remain reasonably constant – thus the term ‘fixed 
losses’.

In the absence of losses we are able to draw unlimited power from the transformer. Again, when 
we get to Part 5, we will see that when we chose the cross-sectional area of the core we were 
making a major step towards determining the maximum power that can actually be transferred to 
the load. This is basically limited by losses due to the resistance of the windings. These losses 
will vary with the current drawn – thus the term ‘variable losses’.

We will make this a step-down transformer and put in some appropriate figures:

Secondary voltage = 10 V → Primary turns : Secondary turns = 20 : 1 → Secondary turns = 50

Secondary current = 5 A → Primary current = 0.25 A + magnetising current.



Generators & Motors
If we start with a current-carrying conductor moving in a magnetic field as described in Part 3, we 
need to consider how to convert this unidirectional linear motion into continuous circular motion.

Fig 4.5 shows a simple motor as found in school textbooks and on examination papers.

As the single-turn coil rotates, the flux Φ
passing through it varies cyclically as does the
rate of change of  Φ which equals the voltage
induced in the coil ℰ – which swings positive
and negative each revolution.

The split-ring commutator not only makes
electrical connection to the rotating coil but
also automatically reverses the connections to
the coil just as the induced voltage passes
through zero.

Although we can make a motor based on it
and watch it whiz round merrily, it makes a
very poor example. While it does illustrate the
essential parts of a motor it is ultimately a
practical and pedagogical dead end. We will
deal with it later.

In order to make it into a useful motor we need to go 
back to that current-carrying conductor moving in a 
magnetic field as described in Part 3. If instead of a 
single conductor moving in a gap in the core, we cut a 
pair of gaps, we can mount a coil with its commutator 
attached so that it is free to turn in the magnetic field – 
as shown in fig 4.6

We now have a properly defined, low reluctance, 
magnetic circuit. The purpose of the core inside the coil 
is simply to reduce the reluctance of the magnetic circuit.
The core may rotate with the coil or the coil may rotate 
independently.

We can further reduce the reluctance of the magnetic 
circuit by winding the coil in slots in the core and thus 
make the gap even smaller – as shown in fig 4.7

Fig 4.8 shows the alternating voltage induced in the coil.

Fig 4.9 shows the voltage as seen at the motor terminals 
after the commutator – the significant point is that the 
voltage is not constant but dips to zero, twice per 
revolution as the induced voltage changes polarity.

In Part 3 we found that the velocity, battery voltage, 
induced voltage, force, and current all played nicely 
together to give an induced voltage equal to the battery 
voltage and constant velocity, force, and current.

In this case, the induced voltage, as seen at the terminals, does not balance the battery voltage – the 
coil short-circuits the battery twice per revolution and the whole argument collapses in ruins.
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We can solve this problem by having multiple 
coils arranged in slots around the rotor core and a 
multi-segment commutator.

Fig 4.10 shows an actual rotor from a small motor.

There are numerous ways of arranging these coils 
in the slots and arranging their connections to the 
commutator. We will choose a simple example 
with 12 slots, 12 coils, and 12 commutator 
segments.

Let us use the generic terms: rotor for the part that rotates, and stator for the part that remains 
stationary. Fig 4.11 shows the rotor and stator of such a motor rolled out flat. The coils and 
commutator move in the direction shown while the brushes and magnetic poles remain fixed.

Starting at commutator segment 1, there is a single turn coil, shown in red, which passes through a 
slot in the rotor and returns through a diametrically opposite slot and finishes on segment 2. Then, 
from this segment there is another coil which finishes at segment 3. Note that the coils that start on 
segments 2 to 6, go away from the commutator (shown by a solid line) over a south pole and return 
to the commutator (shown by a dashed line) over a north pole; as the rotor turns, the voltages 
induced in each of these coils add up. We therefore place a brush in contact with each end of these 
five coils as shown. The fact that these brushes are also each shorting out a coil (the red one and the 
blue one) is of no consequence because there is no voltage being induced in either of these coils.

As we go on, the coils starting on segments 7 to 12, go out over a north pole and return over a south
pole;  as the rotor turns, the voltages induced in each of these coils add up but the voltages are 
acting in the opposite direction to those induced in the first set. When the end of the last coil is 
finally connected to segment 1, thus making a complete circuit, the voltages around the rotor have 
cancelled out and the short circuit is of no consequence. Also, the two existing brushes are in just 
the right place to make contact with the correct commutator segments connected to these coils.

Fig 4.12 is the equivalent circuit of the rotor with the voltage induced in each coil shown by a cell.
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Fig 4.13 shows the ubiquitous Westminster Motor Kit assembled. It would be useful to 
investigate why it works so badly and indeed why it works at all.

This represents a practical realisation of fig 4.1
but with two significant differences:

• The impossible pair of magnetic
monopoles floating in space are replaced
by a pair of slab magnets adhering to a
mild steel yoke.

• The split-ring commutator has been
reduced to a pair of bare wire ends that
only make contact with the brushes
momentarily twice per revolution.

Without the yoke the flux from each slab magnet naturally flows from the north to the south 
pole of the same magnet. Having a facing pair only slightly modifies that. Adding the steel yoke
provides a low reluctance path joining the magnets and thus making them into a single magnet. 
There is now a small, but reasonably well defined, flux passing across the gap in which the 
rotor turns. The field is weak because the gap is wide but at least it is where it is needed.

The original commutator allowed the brushes to short the commutator segments and hence the 
battery; the modified design avoids this. It also has the effect of confining the region where 
current can flow to a small angle either side of the horizontal position of the rotor. The force 
acting on the rotor and the induced voltage in the rotor are both a maximum in this position; 
both fall to zero when the rotor is vertical.

Fig 4.14 shows the rotor current (A) v time (ms). The battery only supplies current when the 
rotor is in its most favourable position. The motor progresses at about 1600 revolutions/minute 
in a series of kicks – two per revolution.

We have already established that, for a single
conductor of length l  carrying current I  moving at
velocity v in a field of flux density B , the induced
voltage ℰ and  force F are:

ℰ =  Blv V  and  F  = BIl  N

For a rectangular coil 5 cm x 3 cm having 5 turns,
rotating at 1600 rpm, and a 1.5 V battery:

B  = 1.2 T  and  F  = 2.5 N

These results are absurd. A flux density of 1.2 T
over such a large volume would require a very
large, very heavy, and very expensive magnet. A
force of 2.5 N requires that there must be an equal
mechanical load for it to act against – but there is
no such load, just windage and friction.

Fig 4.15 shows the current drawn by the same motor when the rotor is forcibly held stationary. 
This is not much higher than with the motor turning and indicates that the vast majority of the 
battery voltage is lost in the resistance of the rotor and other conductors. All this energy is 
wasted as heat while the rotor is just left beating the air and doing no useful work.

fig 4.13



Let us now analyse the machine represented by fig 4.11

As the rotor turns, the flux ΦINSIDE passing through any single-turn coil varies cyclically as does the 
rate of change of  ΦINSIDE which equals the voltage induced in the coil ℰ

If we consider the BLUE coil that is connected to commutator segments 7 & 8 which are currently 
under the NEGATIVE brush: the flux ΦINSIDE is equal to the total flux Φ

As the rotor turns, ΦINSIDE decreases to zero and, after half a revolution, the BLUE coil will be in 
the position originally occupied by the coil shown in RED and its commutator segments 7 & 8 are 
under the POSITIVE brush: the flux ΦINSIDE is now equal to -Φ because it is passing through the 
coil in the opposite direction.

Therefore the total change of the flux ΦINSIDE is equal to 2Φ in half a revolution. If the rotor is 
turning at a speed of f complete revolutions per second, the average voltage ℰ induced in this 
single-turn coil is equal to 4Φf volts.

Let us now consider the rest of the coils currently between the  POSITIVE brush and the  
NEGATIVE brush. These are all connected in series with each other and with the  BLUE coil that 
we were originally considering. If there are n coils on the rotor there will ½ n coils between the 
brushes. These coils will have the same average voltage ℰ induced in each. Thus there will be an 
induced voltage between the brushes of 2Φfn volts.

As there are likely to be more than a single turn on each coil, we can multiply this voltage by the 
number of turns on each coil. Thus if there are N turns on the rotor in total we can say that the 
induced voltage between the brushes V = 2ΦfN volts.

The remaining ½ n coils on the rotor are also connected in series between the brushes and also 
generate 2ΦfN volts but, as shown in fig 4.12 above, these form a parallel path and have no effect 
on the overall induced voltage, though it does result in the wire forming the coils only having to 
carry half the current.

Why have we gone to so much trouble to examine a motor that is both complicated and which 
will never appear on an examination paper?

We must start from what we have – in this case it is the motor found in GCSE textbooks where we 
are presented with a number of fallacious statements about a motor that barely resembles a real 
motor and which barely works at all. We are also asked to accept that these statements apply equally
to a real motor in practical use.

By a series of rational steps, from the original crude design, we have derived a motor, which could 
equally well be a generator, of a type in common use and which is reasonably efficient. If we 
disregard the losses, which we will deal with in Part 5, we can use it as the basis of an ideal 
machine.

In Part 3 we derived an equation for the voltage induced in a conductor moving in a uniform 
magnetic field at constant velocity:

ℰ =  Blv  volts

In the case of any of the rotary machines discussed, both B and v are vectors having values which 
vary in magnitude and direction and therefore the above assumptions do not apply. However the 
analysis of fig 4.11 shows that the multiple coils effectively average out the variations in B and by 
considering the angular velocity we avoid the variations in v and the commutator deals with the 
polarity changes. Then, by applying exactly the same principles that we used in Part 3, we have 
obtained the equivalent equation for our ideal, but realistic, machine:

V = 2ΦfN volts

We will have to put up with the complexity of the machine for the simplicity of this result.



Note that the induced voltage depends only on the flux Φ , the total number of turns on the rotor N , 
and its speed of rotation f .

Note that it does not depend on:

• whether the machine is a motor or a generator,

• the number of commutator segments, coils, or slots,

• whether the rotor windings are fixed to the core or whether they rotate independently,

• whether the coils are wound on the surface of the rotor or in slots,

• the length or diameter of the rotor,

• the current in the rotor windings,

• the mechanical or electrical load on the machine.

The two equations:        ℰ =
Φ l v

A
=  Blv  volts …….….(i)

and:                                    V = 2ΦfN volts …………...……(ii)

look very different –  but we can show that both equations lead 
to the same result.

If we consider the hypothetical case of a rotor having just two 
coils (fig 4.16):                      N = 2

For a rotor with radius r:       v = 2πfr

Hence:                      f = v
2πr

Assume that we have a uniform radial flux Φ that is spread over
an area A equal to half of the circumference of the rotor times 
its length l:                            Φ = BA = B(πrl)

But:                                        V = 2ΦfN …………….…( ii)

Hence:                        V=
4 B(πrl )v

2 πr
= 2Blv

We chose N = 2 because it is the smallest number of coils to 
which equation (ii) applies. The two coils are effectively in 
parallel so we can disregard one of them. This leaves one coil 
having two conductors, each of length l  moving in the magnetic
field so as to cause the voltages induced in each to add.

Therefore the induced voltage ℰ in one conductor is: 

                                         ℰ =  Blv ……….………....….(i)
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Let us now consider the effect of applying a mechanical load to the motor

Fig 4.17 shows the motor circuit in schematic form – we will
ignore any connections to the stator circuit and just assume that
the magnetic field is supplied by a permanent magnet. 

The motor is turning at constant speed and driving a constant
mechanical load. As it is a rotary machine, it will be convenient
to express these quantities as:

• speed f revolutions/second

• torque τ newton · metres [N·m]

The motor is supplied with a voltage V and draws a current I.

We have already established that: V = 2ΦfN volts

Hence:                                        f = V
2ΦN

 revolutions/second …………………………….. (1)   

We can also say that:

                      Electrical Input Power = Mechanical Output Power  

                                                      VI = 2πτf  watts

Hence:                                          I = π τ
Φ N

amperes …………………………...………..……. (2)

Note that the terms on the right hand side of equations (1) and (2) are things over which we 
generally have control, whereas those on the left are a consequence of these decisions.

We can say:

• The electrical input voltage V controls the mechanical output speed f

• The mechanical load on the output τ controls the electrical input current I

When we consider loses in Part 5 it will be seen that it is desirable to keep the flux Φ  as high as 
possible. Then, once we have chosen the operating voltage V, we can chose the number of turns N 
to give the required speed f. If the voltage is low then only a small number of turns of thick wire 
will be required. Conversely, if the required operating voltage is higher, the same performance can 
to achieved by using more turns of thinner wire – this will take up the same space so the rotor size 
will be unchanged. The operating current will be reduced proportionately.

Trading increased torque for reduced speed does require a larger rotor for the same output power.

What can we say about the direction of rotation?

The terms clockwise and anti-clockwise
can be ambiguous. A machine with a shaft
that is turning clockwise, when viewed
from one end; will be turning anti-
clockwise, when viewed from the other.

It is clearer if the rotation is shown as a
vector as in fig 4.18 where it is applied to
a ‘can’ motor.

This motor has an improved version of the ‘Westminster’ stator comprising a pair of curved 
magnets on the inside of a steel tube which forms the body as shown in the cutaway illustration.
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“Sweet exists by convention, bitter by convention, colour by convention; 
atoms and Void (alone) exist in reality . . .”

Democritus (lived about 460 – 370 BC) Ancilla to the Pre-Socratic Philosophers, by Kathleen 
Freeman, [1948]

__________________________

There is a resemblance between the diagram showing mechanical rotation and that showing electric 
current and its associated magnetic flux (fig 3.1) – the essential difference is that the direction of 
mechanical rotation represents a real movement of atoms whereas the directions of current and flux 
are arbitrary conventions.

How then have we been able to establish a real direction of rotation starting with such arbitrary 
conventions? Traditionally, we would conceal the arbitrary nature of these conventions by applying 
apparently arbitrary rules that have actually been cunningly designed to cause the right answer to 
pop out at the end. This all provides an abundance of mark fodder for examiners. Instead, we have 
considered energy, which always has a real direction of flow, and the direction of motion just falls 
out naturally without any hand waving.

Looking at fig 3.19 we can see that the direction of motion indicated by v can be reversed simply by
rotating or flipping over the drawing – these operations are exactly equivalent to reversing the 
battery connections or reversing the poles of the magnet. Exactly the same argument can be applied 
to the rotary version.

Fig 4.19 shows a stylised version of our can 
motor. The ends of the shaft are marked 
using the usual dot and cross convention to 
indicate the direction of the rotation vector 
shown in fig 4.18

Reversing the motor is equivalent to looking 
at it from the other end. We can illustrate this
by taking the initial drawing (fig 4.19a) and 
turning it over.

A horizontal flip (fig 4.19b) turns the motor 
around and reverses the positive and negative
terminals and hence the current.

A vertical flip (fig 4.19c) turns the motor 
around and reverses the direction of the 
magnetic field.

A horizontal and a vertical flip (fig 4.19d) 
reverses the current and reverses the 
direction of the magnetic field while the 
direction of rotation remains unchanged.

A real motor might not have the symmetry of our ideal motor and it may be necessary to physically 
rearrange the electric or magnetic polarity to reverse it – this could be by means of a simple 
change-over switch in the supply to the brushes or, if the permanent magnets are replaced by an 
electromagnet, in the supply to that.

We can use the machine as a generator – equations (1) & (2) still apply – so we can say:

• The mechanical input speed f controls the electrical output voltage V

• The electrical output current I controls the mechanical load on the input τ
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“And, has thou slain the Jabberwock?
    Come to my arms, my beamish boy!
  O frabjous day! Callooh! Callay!”
    He chortled in his joy.

Lewis Carroll: Jabberwocky from Through the Looking-Glass and What Alice Found There (1872) 
________________________________

We have slain the Jabberwock, its many heads have turned out to be just reflections and shadows. 
Of the rules listed by Eric Laithwaite in Part 2, only Lenz’s Law remains and what a perfectly 
pointless ‘Law’ it is, it can be derived at any time from the Law of Conservation of Energy, it 
remains purely as a rule of thumb alongside those other rules that we have shown to be unnecessary 
but not necessarily un-useful.

In Part 3 we finished with a list of three laws and two rules of arithmetic. We finish Part 4 having 
added just a third rule of arithmetic: Addition. In Part 5 – Losses we will meet: Subtraction.

We are left with an uneasy feeling that, having described the operation of both transformers 
and rotary machines in terms of a very limited repertoire of physical laws, those two 
descriptions seem to be irreconcilably different – surely they should have more in common.

Fig 3.12 would seem to indicate that there should be some sort of connection – as indeed there is.

A rotary machine is required to have a constant flux in its magnetic circuit whereas a transformer 
is required to have an alternating flux in its magnetic circuit. The electrical input and output of a 
transformer are both AC whereas the electrical input of a motor and the electrical output of a 
generator are both DC. Finally, rotary machines rotate whereas transformers are static.

Let us take our motor (fig 4.20a) and hold the shaft stationary. The rest of 
the motor is now rotating in the reverse direction (fig 4.20b). We now have
an ‘external rotor’ machine and the flux through the windings of our new 
‘stator’ due to the rotating permanent magnets is now alternating. 

The commutator provided a connection between the stationary and 
moving parts but also served to convert between AC and DC. The first 
function is now redundant, as the coils concerned do not move, and we 
can now envisage some form of switching arrangement between the motor
terminals and the coils to perform the second function. Motors like this, 
not only exist but are made in huge quantities for use in computer fans.

Whereas the commutator in fig 4.20a allowed the rotating windings to 
produce a stationary magnetic field, the corresponding mechanism in 
fig 4.20b causes the stationary windings to produce a rotating magnetic 
field.

We can perhaps begin to see that there is no fundamental differences 
between the different types of machine and the same principles apply to 
them all.

There now opens up the possibility of building all sorts of motors and generators both DC and 
AC. The machine hinted at in fig 3.12 which forms a transformer supplying its own rotor current 
from a rotating field in the stator is a very common one. Being able to use electronics to switch 
and control the various currents, allows all sorts of systems that were not practicable with a 
commutator. This even includes allowing a transformer to function with DC.

But we must heed Feynman’s warning in Part 1 and stop here – we can leave the details to others.
We have shown that even a GCSE knowledge of physics and mathematics provides a basis for 
understanding the operation of electrical machines – which was our aim.
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Electrical Machinery – Part 5
Losses
Let us continue with the design of the
transformer that we started in Part 4.

The input to the primary is to be the 230 V
50 Hz mains supply which is represented by
the blue line in fig 5.1 

The red line represents a square-wave which
has an equivalent magnetising effect – as
this  is very similar to the ±200 V square-
wave that we used in the preliminary design
in Part 4, the final transformer design will
also turn out to be very similar.

The theory behind the figures given in the diagram is explained in Part 6 – Alternating Current.

Now let us consider the transformer core.

If this was made of a more realistic material with a
high enough relative permeability μr to ensure that
the flux is adequately guided, we can eliminate the
gap (fig 5.2) and calculate the reluctance on the basis
of the whole magnetic circuit:

ℛ= ℓ
μ0 μr A

Of course, our ‘more realistic material’ is still
assumed to be lossless – it is just that it has a finite
permeability.

Unfortunately, for the materials available, their permeabilities are far from constant and, at high 
levels of flux, become drastically reduced, ultimately tending to μ0 – that of a vacuum. This is 
called ‘saturation’. To make matters worse, these materials are far from lossless and their losses 
increase with flux density. Saturation, losses, or both, effectively sets a limit on the amount of flux 
allowed.

The material used for a 50 Hz transformer is basically iron that has any impurities very carefully 
controlled and which has been subjected to various processes, like cold rolling and heat treatment, 
to ensure desirable magnetic properties such as high permeability. The maximum usable value of 
flux may be in the range 1 T to 1.7 T

Other transformers may use very different materials and require quite different design compromises 
to achieve the best performance. It is frequently better to convert 50 Hz AC to DC then back to 
high-frequency AC before passing it through a transformer; the result is that it costs less to make, it 
is a great deal more efficient, and it is smaller and lighter (making it cheaper to ship from China).
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There are two principal causes of core losses: hysteresis losses and eddy current losses – these 
constitute fixed losses, sometimes called iron losses.

Hysteresis loss is due to the fact that the material of the core tends to become slightly permanently 
magnetised and this requires energy; as this occurs every time that the flux changes direction, 100 
times a second in our transformer, the total loss is significant – it wastes power and causes heating 
in the core.

Eddy current loss is due to currents induced in the conductive core material. These currents oppose 
the build up of flux in the core, especially away from the surface. As the flux rises to its maximum 
value in a quarter cycle, it is important that the eddy currents die away quickly. This is achieved by 
making the core of thin sheets, insulated from each other, known as ‘laminations’, and increasing 
the electrical resistance of the iron by adding a few percent of silicon.

A much smaller, but annoying, loss is due to the core changing shape slightly when magnetised. 
This is the cause of the hum that is sometimes heard.

The other losses are the variable losses, sometimes called copper losses or I2R losses. These are due
to the primary and secondary currents heating the windings. These losses can be reduced by 
decreasing the resistance of the windings – the limiting factor is the winding space available in the 
core. We can reduce the resistance of the windings by allowing the flux density to be higher, this 
requires fewer turns and thus we can use thicker wire; this may mean using better quality 
laminations or accepting higher iron loss. Otherwise, we must start again with a larger core.

Copper losses not only waste energy and heat the windings but also cause the output voltage to fall. 
Not only does it fall but the amount by which it falls depends on the load current. In order to 
compensate for this, transformers are generally designed with turns ratios to give the specified 
secondary voltage at full load current – this requires more turns on the secondary using thinner wire
– which means more resistance. In the case of very small transformers, this can get very silly.

The concept of copper loss is very simple and can easily be analysed by applying Ohm’s Law. 
It is unfortunately rather neglected at school level (in favour of iron losses which involve horrible 
non-linearities and time-dependences and can be given only the most cursory, qualitative, 
explanation). The failure to appreciate the nature of losses in a transformer leads to some absurd 
A-level questions (and corresponding absurd answers) though the examiners’ hands are tied by the 
need to work around the damage already done at GCSE. The problem is compounded by the need to
perform approved, but equally muddle-headed, experiments.

Moving on: another ‘loss’ popular with the usual suspects is that attributed to the fact that not of all 
the flux created by the primary current links with the secondary winding. (The fact that not all of 
the flux created by the current in the secondary links with the primary winding is completely 
neglected – but this is of no consequence to those who do not know how a transformer works.) The 
energy required to produce this flux is no more lost than that stored in any other inductor. This 
spurious inductance is called ‘leakage inductance’ and can have various effects on the performance 
of a transformer but we will not be dealing with this now.

Another ‘loss’ is that due to the magnetising current. We have the curious situation where this 
current is not even acknowledged to have a theoretical existence but, when measurements are made 
during practical experiments, this current gets added in for the purpose of calculating efficiency. 
Wrong – in both theory and practice. We will see how to correctly measure efficiency later.



This is all getting very complicated, is there a simpler way of putting it?

Fig 5.3 represents a transformer with its primary connected to the
mains voltage supply and nothing connected to its secondary. The no-
load current into the transformer can be split into two components: the
inductive component where energy is stored and the resistive
component where energy is dissipated. The latter represents the total
contribution of all the losses in the core. We are dependent on the
material supplier for information and we are left with merely
choosing from what is on offer.

If we attempt to measure the energy loss by measuring the voltage with a voltmeter and the current 
with an ammeter, we would get a completely spurious answer – the magnetising current, which does
not contribute to the losses, predominates and we get a greatly inflated value for the core loss. A 
proper watt-meter will give the correct answer.

The important thing is that for a given design of transformer, operating from a supply of given 
voltage and frequency, the core loss is practically constant regardless of the load on the output.

Fig 5.4 completes fig 5.3 so that we
can connect a load to the output.

The item in the dashed box is an 
‘ideal transformer’. This is a purely
fictional device that serves to allow
us to include the transformer function
in the diagram.

The resistor in series with the secondary represents the effect of the resistance of both of the 
windings. The power loss in this resistor is I2R and the voltage across it is IR; both of these 
quantities are zero at no-load and increase with output current. The effect of the power loss is to 
heat the windings and the effect of the voltage drop is to decrease the available output voltage.

We could have drawn fig 5.4 with two resistors to represent the resistance of the primary and 
secondary windings separately. If the primary is wound with 20 times the length of wire with 0.05
times the cross-sectional area it will take up the same space as the secondary. It will have 400 
times the resistance but will only be carrying 0.05 times the current – it will therefore have the 
same power loss as the secondary. It will also be dropping 20 times the voltage – but, as a 
fraction of the voltage across the winding, this is the same as in the case of the secondary. 
Therefore we are justified in using a single resistor in series with the output, having twice the 
resistance of the secondary winding, to represent the total power loss and total voltage drop.

We are now ready to choose our core.
From Appendix 1 –  EI 96 has a centre
limb of width 32 mm, a 32 mm stack
of these gives an area of just over
10 cm2. All the other dimensions fall
out automatically because of the
‘waste-free’ design. A standard bobbin
is available to suit – fig 5.5
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We have chosen our core to ensure that the magnetic path is as short and wide as possible. The 
E and I shapes are stacked alternate ways round so that the gaps between them do not coincide. 
Alternatively, the core can be made in the form of a toroid by winding an insulated iron strip up like
a swiss-roll; now that these can be easily machine wound, there is no need to cut it into ‘C’ cores.

We are now ready to wind our bobbin – to avoid tedious arithmetic, Manfred Mornhinweg has 
created a spreadsheet: Homo ludens electronicus which does these calculations for us.

As the no-load voltage is 230/20 = 11.5 V let us aim for 12V which should require a couple of extra 
secondary turns. Let us assume a flux density of about 1 T as we did in Part 4 – this results in the 
primary having about 1000 turns as before. We will put in sensible values for the other quantities or 
just use the defaults. Note that only 0.4 of the winding space is usable because of insulation and 
gaps between the turns – even that has to be split between primary and secondary.

The spreadsheet does not solve algebraic equations, we just have to tweak the input data to get the 
output data that we want. Note that we have had to increase the secondary turns even more to get 
12 V output at full load – the no-load voltage is now 13 V.

The last page of Appendix 2 contains the manufacturer’s data sheet for a commercially available 
transformer. This is similar in weight to our one. The most significant difference is that the 
commercial transformer is rated at 100 / 12 = 8.33 A whereas ours is rated at 6.85 A

The copper loss in our transformer is significantly higher than the iron loss – maximum efficiency 
occurs when the output current is such that the variable losses equal the fixed losses. Maximum 
efficiency is not necessarily the design objective but the figures suggest that we could perhaps get 
more out of it by increasing the flux density. Trying 1.3 T in the spreadsheet would be a good start.

We could tweak the design to equal the commercial one but we really need to be able to put more 
accurate information into the spreadsheet. But as this is intended to be about ‘engineering for 
physicists’ and not ‘physics for engineers’ – we will not pursue it further.

Transformer calculation sheet, by Manfred Mornhinweg

Input data: Iron: Center leg mm: 32 Design decisions: Flux Density T: 1.02
Stack height mm: 32 mm2/A: 0.4
Loss W/kg@1T,50Hz: 2 Fill factor: 0.4

Temperature rise K: 50
Primary V: 230
Secondary no-load V: 13
Frequency Hz: 50

Prices: Iron $/kg 3.2
Copper $/kg 16

Output data: Cross section mm2: 1024 Window area mm2: 768 Copper area mm2: 307.2
Turns per Volt: 4.312677 Av. turn length mm: 178.2655

Primary turns: 991.9156 Length m: 176.8243 mm2: 0.154852 Ampere: 0.38713
Secondary turns: 56.0648 Length m: 9.994418 mm2: 2.739687 Ampere: 6.849218

Input power VA: 89.03983 Iron loss W: 3.150085
Power loss %: 11.22585 Copper loss W: 6.845395
Voltage drop %: 7.688014 Total loss W: 9.995479
Loaded Vout: 12.00056 Surface area m2: 0.026752

Required thermal transfer coefficient W/m2K: 7.472697
Iron weight kg: 1.513882 7 is easy to get
Copper weight kg: 0.489035 Convection cooling up to 12
Cost $: 12.66898 Strong fan up to 30
$/W: 0.142284 Oil up to 50?

https://ludens.cl/Electron/trafos/transformers.xls


How do we correctly measure the efficiency of a transformer?

This is adequately covered in Appendix 2 –  Efficiency of a Transformer (from The Big Bad Book 
of Physics Experiments – an unpublished work by Bradford Grammar School Physics Department)

We need to look at why the ‘assume the transformer is 100% efficient’ argument to show:

primary turns
secondary turns

= secondary current
primary current

………………….……… (1)

is such a poor one and what misunderstandings ensue?

The purpose of the argument is obviously to avoid explaining how a transformer works – but as 
we know how a transformer works, the short answer is that it is unnecessary but we need to learn 
it to get the mark.

The long answer would involve considering what difference would it make if the transformer was
not 100% efficient? Now, examiners are hard-wired to accept:

primary turns
secondary turns

= primary voltage
secondary voltage

………………..……… (2)

Of course this is a standard GCSE answer – given with no mention of 100% efficiency but, given 
what we know about the effects of efficiency, it is clearly not true for a real transformer.

So it follows that, at A-level, any question involving a less than perfect transformer is going to 
assume that (1) is false and (2) is true. Needless to say this is going to lead to very silly answers.

Now we have a working transformer, so let us just tie up a few loose ends:

Whereas in Part 4, we were able to keep things simple with waveforms that consisted of only 
straight lines; when we hit the real world, things begin to become more complicated.

Although the transition from square to sinusoidal waveform appeared uncomplicated (fig 5.1) the 
rate of change of the latter is another sinusoid and when we have to add these together (fig 4.4) the 
result is yet another sinusoid. This makes it difficult to see what is happening and engineering 
textbooks descend into complicated mathematics at this point.

The waveforms in Part 4 really exist in high frequency switched-mode power supplies (that is those 
electronically converting DC to AC)

School textbooks state that the purpose of the core is to guide the flux from primary to secondary 
but an equally important purpose is to increase the inductance of the primary to limit the 
magnetising current – the primary just acts as a short-circuit across the supply without the core.

They also show transformers with the primary and secondary wound on opposite limbs of the core 
(fig 1.1) This configuration would result in very high flux leakage and consequently poor 
performance; it is normal to place one winding on top of, or immediately beside, the other which 
gives very much better coupling. We have drawn them side by side (fig 4.1) which makes it much 
easier to see the winding direction without twisting your neck – compare with fig 1.1 again.

Also popular with examiners are questions where the core is split and the primary half and the 
secondary half are waved around at a distance. All that would happen is that the magnetising current
would fly up resulting in most of the supply voltage being lost in the resistance of the primary 
winding and leaving little to create flux – which in its turn would mostly fail to link with the 
secondary winding. Even a very tiny gap is a disaster unless it is carefully planned for.



Let us continue with the design of the rotary machine which we started in Part 4.

Part 4 was very heavy going because we had to go deeply into the design of a practical machine 
because the standard ‘educational’ one was so defective as to be unusable. We will not go over this 
again; sufficient that we have created a lossless, but otherwise realistic, machine.

The losses in a real machine include those found in a transformer –  I2R losses in the windings, 
hysteresis and eddy current losses in the magnetic components (which need to be laminated where 
they are carrying an alternating magnetic flux). There are many other considerations that are of 
concern to the designer, assumptions that we made, things like the way that the rotor current distorts
the field produced by the stator. There are of course mechanical losses like friction and windage – 
particularly if it uses a fan for cooling (fig 4.10)

We have already established that the speed of an ideal motor depends on its supply voltage and its 
current depends on the mechanical load. The effect of the winding resistance is to cause a voltage 
drop equal to IR so that the effective voltage is lower and the machine runs more slowly – the 
greater the mechanical load, the greater the current and the greater the voltage drop, so the greater 
the speed reduction. 

School textbooks get this the wrong way round – they say that the greater load
slows the motor down (because magic) thus reducing the induced voltage and 
thus indirectly increasing the current. The truth is simpler, the current will 
increase to match the load, the motor only slows down as a side effect.

As the resistance of the windings of a transformer reduces the effective input voltage in proportion 
to the current, so does the resistance of a motor. Likewise, as the resistance of the windings of a 
transformer reduces its output voltage in proportion to the current, so does the resistance of a 
generator reduce its output voltage.

Let us look at a real motor as described in Appendix 3
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Fig 5.6 looks rather daunting but it can actually be constructed from very little information. The 
supply is a constant 12 V. The mechanical load (torque) is the only independent variable.

The curves go way beyond the normal working range of the motor: from no-load to stalled. The 
speed curve is a straight line: starting at the no-load speed of the motor (fixed by the supply voltage 
and the design of the motor) and finishing with the motor stationary. The speed is fairly constant 
over the normal working load range.

The current is also a straight line starting at a small value without a load. Although it hardly shows 
without enlarging the graph, this represents a significant amount of power – about 25 W. This is the 
no-load loss of the motor. With the motor stalled, the current is over 70 A  and is limited by the 
resistance of the windings and their connections: R = V/I ≈ 0.17 Ω. The graph has to be extended 
out this far because this corresponds to the full supply voltage being applied to a stationary motor.

The motor slows down with increasing load because more of the supply voltage is lost in the IR 
drop in the winding – until the drop nearly equals the supply voltage, when there is not enough left 
to keep the motor turning.

With the maximum continuous rated load (torque = 0.6 Nm) the current is about 12 A giving an I2R 
loss of about 25 W. The efficiency curve reaches a peak of 66% at this point which corresponds to a 
loss of about 50W. If we assume that the loss that occurs at no load remains at the same level at full 
load, then adding this to the I2R loss also gives a figure of 50 W – thus showing that our assumption
was reasonable. The designer has clearly arranged that the maximum efficiency occurs at maximum
load – this was by no means inevitable.

The efficiency curve and the power output curve both fall to zero under no-load conditions and 
when the motor is stalled – obviously the motor is doing no work under either of these conditions, 
while still consuming current.

We are now left with two problems: how to get the motor up to speed without drawing 
excessive starting current and how to control the running speed.

Both problems may be addressed by placing a variable resistor in series with the motor. The 
resistance limits the starting current and needs to be gradually reduced in value as the motor builds 
up speed. The variable resistor can also be used to control the speed of the motor; the higher the 
resistance, the more voltage is dropped across it (V = IR) and the less is available for the motor, 
which results in a slower speed.

But this is a very poor method of speed control. Under no-load conditions the current is small and 
the additional resistance has little effect; when the load increases, so does the current, and the speed 
drops considerably – there is a real possibility of the motor stalling. There is also the cost of wasted 
energy and the problem of getting rid of the heat to consider – a suburban train might draw 2 MW 
on starting.

What is really needed is a controllable source of variable voltage. This was very difficult to do with 
19th century technology (which is what we have been really considering). One solution was the 
Ward Leonard Motor-Generator Set. This is covered in Appendix 4 – Ward Leonard Motor-
Generator Set (from The Big Bad Book of Physics Experiments) but before we can fully 
understand this, we will need to look at using an electromagnet to generate the stator field of a 
machine and the effect of this on the speed of a motor and the output voltage of a generator.



Returning to the equations that we derived in Part 4:

                                        f = V
2ΦN

 revolutions/second …………………..………….. (1)

                                          I = π τ
Φ N

 amperes ………………...………...………..……. (2)

If we connect the stator winding to the same fixed supply voltage as the rotor but through a variable
resistor, we can adjust the stator flux. The current flowing in the stator circuit is much smaller than 
that in the rotor and is thus more readily controlled.

We can see that rotor speed is inversely proportional to flux Φ (equation 1) and so we can increase 
the speed simply by reducing the flux but the rotor current is also inversely proportional to the flux 
(equation 2) – thus the current will also increase and we will need to reduce the mechanical load 
(torque – τ) to avoid overheating the motor due to the increased I2R loss in the rotor winding. 
Trading torque for speed in this manner can be useful but leads to no overall increase in output 
power and is at the expense of deteriorating performance.

If, instead of reducing Φ we increased V then the speed will also increase (equation 1) but the 
current will remain the same (equation 2) and thus there will be no increase in the  I2R loss despite 
the fact the output power has increased. Increasing speed in this manner requires no reduction in the
torque and the same motor will be producing greater output power without a corresponding increase
in losses. This represents an increase in efficiency.

Applying equation (1) to a generator shows that, at constant
speed, decreasing the flux decreases its output voltage.

If we rewrite (2) : τ= I Φ N
π

It becomes clear that to increase the torque τ we must increase I,  N, or Φ. Increasing any of these 
quantities requires that the machine be made larger. All machines made from iron and copper are 
subject to the same general limitations: flux density before saturation, and I2R losses before 
overheating. All machines produce torque by basically the same method so it follows that they tend 
to be a similar size for a given torque even if they differ greatly in other respects.

It also becomes clear that if we decrease Φ we need to increase I to maintain the same value of τ. 
This would increase the I2R losses. This represents a decrease in efficiency.

An example of a DC motor with separate connections to the rotor 
and stator windings is the Nuffield Fractional Horsepower Motor 
(fig 5.7) of which three can be found used in Appendix 4 – Ward 
Leonard Motor-Generator Set; one as a generator and two as 
motors. These motors are ideal for school laboratory experiments.
It is a simple matter to vary the rotor and stator voltages 
separately and the resultant speed changes immediately become 
obvious. A nice feature is the small cover which is made to be 
removed to allow the commutator and brushes to be seen. 
Unfortunately these motors are no longer manufactured.

fig 5.7



There have been many variations on the basic design of the brushed DC machine. These were 
intended to obtain the characteristics required for different applications while circumventing the 
difficulties of providing external control systems. Effectively, such a motor would act as an 
analogue computer pre-programmed for a particular application: a traction motor for an electric 
locomotive, a DC generator, and even an AC motor for an electric drill. Our particular one is simply
programmed to give a nearly constant speed despite a varying mechanical load.

Modern systems reduce the need for so many different designs, and even the need for brushes at all,
but depended on the development of power electronics and digital computer control which we will 
not be dealing with here.

The Electromagnet

We have been avoiding the humble DC electromagnet as a practical device because its theory of 
operation seems to go against the approach that we have been adopting – it would normally be 
described in terms of a current producing a magnetic field and the only purpose of the applied 
voltage is to overcome the resistance of the winding and so causing the current to flow.

As we were considering the theory of lossless machines, we abandoned the electromagnet at 
fig 3.13 where we left it as a super-conducting magnet. Having no resistance, it needs no voltage 
to sustain the current, merely a path for it to flow.

An electromagnet with resistance can be represented as a super-conducting winding in series with
a resistor representing the actual resistance of the winding.

What actually happened with our super-conducting magnet, and this applies equally to our plain 
electromagnet, is that when we connected it to the supply voltage the magnetic flux started to 
increase and the current correspondingly. This combination of linked flux and current represents 
the energy stored in the electromagnet.

Whereas in the case of the super-conducting magnet, we chose to turn off the applied voltage 
when the energy reached the required value; in the case of the plain electromagnet, we notice that
as the current rises, the voltage drop across the resistor increases causing the voltage available for
increasing the flux, to diminish. Eventually the full supply voltage is dropped across the 
resistance of the winding and the flux and the current no longer increase. Thus, although energy 
is still entering the winding, it is merely dissipated as heat, it makes no further contribution to the 
stored energy which remains constant.

As would be expected, we can arrive at the value of the magnetic flux from the current which in 
turn can be calculated using Ohm’s Law. This current flows continuously but the energy was 
stored in the electromagnet during a short period after the voltage was applied. This energy has to
be dissipated somehow when the electromagnet is de-energised.

An electromagnet can be made to do mechanical work because the amount of energy stored 
depends on the reluctance of its magnetic circuit. A force exists across any gap in this circuit 
because reducing its width reduces the reluctance and hence releases energy – which is now 
available to do useful work.

We have dealt with some very specific electromagnetic machines. However the same basic 
principles can be applied to any electromagnetic machine.

That brings Part 5 to a close. We will now take a look at Alternating Current and how it is 
produced in Part 6.



Electrical Machinery – Part 6
Alternating Current
The difference between AC and DC was discussed in Part 2 but basically there is only one type of 
electricity obeying one set of physical laws. We need to consider AC specifically because it is both 
ubiquitous and because it is covered in school textbooks – in fact we have already introduced it in 
Part 5. 

Fig 6.1 is similar to the motor shown in fig 4.5
but the commutator has been replaced by slip
rings and the small slab magnets have been
replaced by a single magnet providing a
uniform field throughout the entire volume
swept out by the rotating coil.

We need to analyse the voltage ℰ induced in
the coil as it rotates. Up until now we have
managed with just the four rules of arithmetic
but this problem is most easily solved using
elementary geometry.

Fig 6.2 shows an axial view of the coil rotating with instantaneous velocity v as indicated by the 
length and direction of the arrows. Another arrow, normal to the plane of the coil, has been drawn to
show the radius r and also to act as a pointer indicating the angular position θ of the coil which can 
be read off the circular scale marked in degrees. The total flux Φ has been shown sub-divided into 
ΦINSIDE and ΦOUTSIDE – the proportions change as the coil turns.

Plotting the distance x against the angle θ produces a smooth curve representing the changing flux 
passing through the coil – the negative portion representing the flux passing through the coil in one 
direction and the positive portion representing the flux when it passes in the opposite direction. All 
that remains is to mark the peak values of the flux +Φ and −Φ on the vertical axis.

So far so good but in order to find the induced voltage ℰ we do not need to know the flux through 
the coil but the rate of change of flux. We could draw the tangent at every point that we plotted and 
then plot a graph of the slope – but there is a better way.
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Fig 6.3 shows the same view of the rotating coil but this time we are looking at one of the arrows 
representing the velocity v. This is a vector which we can resolve into two components: a horizontal
component, in which we have no further interest, and a vertical component which is the one 
responsible for the induced voltage ℰ. This component is represented by the vertical line h which 
completes the triangle shown. We now form a similar triangle by dropping the perpendicular y.

Hence:
h
v
= y

r
[This ratio is also known as the sine of the angle θ   (sin θ )]

Plotting the distance y against the angle θ produces a curve representing the rate of change of flux 
ΦINSIDE through the coil.

This curve also represents the induced voltage ℰ. We could calculate the actual peak voltage using 
exactly the same method that we applied in the DC case but, as we are more interested in the 
geometry of the system and the shape of the waveform, we will just label the peaks:

+ℰ̂ and −ℰ̂
The voltage curve is a sine wave ( ℰ = ℰ̂ sin θ ) and has exactly the same shape as the flux 
waveform which lags 90° behind it – as can be determined by comparing how the two curves were 
constructed.

The voltage curve represents the rate of change of the flux curve so it follows that the rate of change
of the voltage curve will also be the same shape and so on. It is this property that gives the sine 
wave its smoothness which, combined with its close association with rotary motion, makes it so 
useful.

We are not restricted to applying our
knowledge to a generator. A sinusoidally
varying voltage would likewise be induced
in a stationary coil by a sinusoidally
varying flux – the flux would again be
seen to be lagging 90° behind the induced
voltage.

If the flux was due to a sinusoidally
varying voltage: V=V̂ sin θ applied to
the coil then both the flux and the current
would be sinusoidal and lagging 90°
behind the applied voltage.
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Fig 6.4 shows the voltage and current waveforms for a lossless inductor connected to a sinusoidally 
varying supply. If the inductor has some resistance, the current lags the voltage by a smaller angle. 
Ultimately, when the inductor is replaced by a pure resistance, the lag disappears. This all becomes 
of enormous importance when we consider the resultant transfer of energy.

Fig 6.5 shows this transfer for a pure 
inductance. The instantaneous power P is 
obtained by multiplying the voltage V by the 
current I at each point. Although the energy 
slops back and forth between the supply and 
the inductor, the average is zero, as would be 
expected of a lossless circuit.

It is assumed that this graph is going to be 
sketched in the manner indicated. A more 
formal method would require a rather 
greater familiarity with mathematics than 
has been needed up until now.

Fig 6.6 shows the energy transfer for a pure 
resistance. The voltage and current waveforms
are now superimposed. The power waveform 
is now sketched exactly as before. The 
difference between the two cases is quite 
remarkable. The product P of V and I is now 
always positive; energy now only flows from 
the supply to the resistor, there is no way back;
all of the energy is dissipated as heat.

Obviously real inductors have resistance so the
actual current and power waveforms will lie 
somewhere between the above two cases. This 
starts to become complicated and involves 
hard sums – we will not be going there.

It is clear that any attempt to measure power using separate ammeters and voltmeters is doomed 
to failure unless the nature of the load is known.

There is one more thing that we can usefully find out from fig 6.6 and that is, ‘What voltage DC 
supply would be needed to dissipate the same power in a resistive load as an AC supply?’

Peak power: P̂ =V̂ Î = V̂ 2

R

Average power: P AVG= 1
2

P̂ = V̂ 2

2 R
=

V DC
2

R

Hence: V DC = V̂
√2

≈0.707 V̂ Similarly: I DC= Î
√2

≈0.707 Î

This voltage (or current) is referred to as the root mean square (RMS) voltage (or current) because 
of the method of evaluating it. It is the default way of expressing an alternating voltage (or current).
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The declared nominal European mains voltage is 230 V which means that the peak voltage:

V̂ = 230 √2 ≈ 325 volts

We can now put the values of VPEAK and VRMS onto the axis of our graph in fig 5.1

It would also be useful to know the square-wave voltage which has a magnetising effect equivalent 
to that of the the AC supply. This is equal to the mean value of the voltage VAVG – but we must be 
careful how we calculate this. Fig 6.3 shows how the flux ΦINSIDE rises from −Φ to +Φ during the 

time that the induced voltage ℰ is positive, that is during the first half-cycle. We need to calculate 
our average over this range because, obviously, the long term average is zero.

VAVG can be calculated from the area under the voltage graph. However, this involves a level of 
mathematics well beyond that assumed here. We will have to devise a method that avoids the 
need for hard sums and one which also has the advantage of not losing sight of the magnetising 
effect in the process.

Referring to Fig 6.3 again, let us assume that the frequency is f and the area of the (single-turn) coil 
is A. We can now calculate the maximum voltage, which occurs after a quarter-cycle, using the 
formula that we derived earlier (remembering to double l  because the conductor passes through the 
flux twice):

ℰ = B l v = Φ
A

⋅2 A
2 r

⋅2 π r f = 2πΦ f

The time taken for a half-cycle is: 
1

2 f

And the total change of flux through the coil in this time is: 2Φ

If this change was linear it would induce a constant voltage in the coil of: 4Φf

Thus: 
V PEAK

V AVG

= π
2

But:    V PEAK = √2 V RMS

So:     
V RMS

V AVG

= π
2√2

= 1.11 – this value is known as the form factor.

Hence, for a 230 V mains supply:  VAVG = 230 x 1.11 = 207 volts

We can now include this figure on the axis of Fig 5.1 – it is used in the transformer design 
spreadsheet in Part 5 where it appears in the formula for the cell where the turns per volt is 
calculated. Its effect is to make a small but significant reduction in the number of turns required on 
all the windings (thus allowing thicker wire to be used) as the transformer is effectively wound for a
207 V supply when the actual supply voltage is 230 V.

Another situation where the form factor is used is in the calibration of inexpensive AC 
voltmeters and ammeters. These instruments actually measure mean voltage but display 
the result as if it were a root mean square reading. This means that all measurements are
effectively multiplied by 1.11 before they are displayed. Unfortunately this trick only 
works for sine waves, all other waveforms will give an inaccurate reading. True RMS 
meters are more expensive. 



Let us now return to our rotary AC machine – this suffers from several problems, some of which
it shares with the original DC machine on which it is based.

As a motor, it will only run in synchronism with the supply frequency. This means contriving some 
means of starting it and getting it up to the required speed. We will only be considering generators.

As a generator, the torque required to turn
the rotor varies cyclically –  reaching a
maximum twice per revolution. We can
smooth this out by replacing the single
rotor coil with three  coils set at 120° to
each other. This provides three independent
outputs at 120° to each other as shown in 
fig 6.7

As the voltages across the three windings add up to 
zero, it is possible to connect them in a delta 
configuration. Alternatively they may be connected 
in a star configuration which allows for an optional 
neutral connection to be made to the star-point; this
arrangement allows single-phase supplies to be 
provided as well as three-phase.

Our AC generator, or alternator as we may now call it, is not capable of providing useful power 
because of its extremely weak magnetic field. Using the techniques described for the DC case, we 
can improve this immensely.

As we do not need a commutator, it is better to move the rotor windings to slots in the stator – this 
eliminates the need for multiple slip-rings and brushes carrying the full output current and voltage. 
The rotor is generally a DC electromagnet which needs to be fed by slip rings but the power 
involved is very much lower.

Great care needs to be taken in the design to ensure that the output is sinusoidal – it is not inherent 
as was the case in fig 6.1 where the field was uniform and the waveform was guaranteed by simple 
geometry. (It is a common error in school textbooks to ‘improve’ the design by curving the faces of 
the pole pieces and assuming that the field will still be uniform.) In a real machine, a good 
waveform is achieved by a combination of the correct arrangement of the windings in the stator 
slots and suitable shaping of the poles of the rotor.

Three-phase transformers can be used to step up or step down voltage
or to convert between star and delta. As the voltages across the three
primary windings add up to zero, so does the flux in the three limbs
of the core – this results in a transformer that is far more economical
than using three separate transformers.

This brings us to a natural stopping point. We have achieved the
goal that we set in the Introduction and within the limitations that we
set. The GCSE textbook does go on to describe the National Grid but
that belongs to the 20th century and is hardly on a scale that fits into a
school physics laboratory. Also, it is very much in the realm of
engineering  – the foregoing should provide all of the theoretical
background needed for a basic understanding of it. By Svjo - Own work, CC BY-SA 3.0
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Tel.:  +49 (0) 7042/8363-0
Fax:  +49 (0) 7042/8363-63
Mail:  info@grau-stanzwerk.de
Web: www.grau-stanzwerk.de

Nennmaß Toleranz
(mm) +- 1/2 IT 12
Bereich (mm)
≤ 3 +- 0,050
> 3...    6 +- 0,060
> 6...  10 +- 0,750
> 10...  18 +- 0,090
> 18...  30 +- 0,105
> 30...  50 +- 0,125
> 50...  80 +- 0,150
> 80...120 +- 0,175
> 120...180 +- 0,200
> 180...250 +- 0,230
> 250...315 +- 0,260
> 315...400 +- 0,285
> 400...500 +- 0,315

Fig.1 Fig.2



Efficiency of a Transformer

Objective

To measure the power loss, and hence determine the efficiency, of a 12 V 100 VA 
transformer.

Apparatus

 1. 12 V 100 VA transformer fitted with 13 A mains plug

 2. Plug-In Mains Power & Energy Monitor

 3. Demonstration Joule Meter

 4. Timer

 5. 2 x Multimeter

 6. 2 x Croc. clips

 7. 2 x Short 4 mm leads

 8. 5 x 4 mm leads

 9. Variable AC PSU

Theory

The obvious way to measure the full-load efficiency would be to connect the input to a 
suitable power source and the output to a suitable load and measure the input power and 
the output power with watt-meters.

Testing large transformers in this way is impracticable for several reasons:

• It would require a supply capable of sourcing the full-load power

• It would require a load capable of dissipating the full-load power

• It would require very accurate meters capable of distinguishing the very small 
difference between the input and output powers.

The preferred method is to take two measurements:

• The input power at full supply voltage with no output load

• The input power with a short circuit across the output and the supply voltage 
adjusted to give the normal full-load current at the output

The losses can be divided into two categories:

• Fixed losses, otherwise known as iron losses, which are those associated with the 
excursions of the flux in the core. The first measurement applies the full supply 
voltage to the primary giving the full flux excursion. This is virtually independent 
of load and thus the loss can be consider to be fixed. The secondary current is 
obviously zero and the primary current is small, thus the losses (which depend 
on I2) due to these currents can be ignored.

• Variable losses, otherwise known as copper losses, are those due to the currents in 
the primary and secondary windings. The second measurement draws the full 
output current from the secondary and hence the corresponding input current is 
drawn by the primary. The required primary voltage is very much reduced so the 
flux is small and hence the iron loss can be ignored.

The total full-load loss is the sum of the iron and copper losses.



Method

Open circuit test

Set a multimeter to 20 V AC and connect it to the
secondary of the transformer. Plug the Mains Energy Meter
into a accessible 13 A socket and plug the 13 A plug
(permanently wired to the transformer primary) into the
socket on the Mains Energy Meter.

Switch ON and measure the input voltage (V) the input power (W) and the product of the 
input voltage and current (VA). There is a separate document showing how to operate this 
meter. Also measure the output voltage with the multimeter.

Short circuit test

Connect the PSU to a multimeter set to
the 20 V AC range and to the input of the
Joule Meter. Connect the output of the
Joule Meter using the 0.7 A range to the
13 A plug on the transformer using croc.
clips. Set the second multimeter to the 20 A AC range and connect it to the secondary of 
the transformer using short, thick, leads.

Set the PSU to zero, switch ON the power and adjust the PSU to give the require secondary
current. As the Joule Meter is only rated at 15 V, this will be restricted to about 5 A in this 
case. Record this current reading. Also record the input voltage reading. Switch OFF the 
power.

Reset the timer and the Joule Meter. Simultaneously switch ON the power and start the 
timer. When 100 s has elapsed, switch OFF the power and read the Joule Meter taking care 
to insert the decimal point in the correct place. [Do not attempt to stop the timer nor 
attempt to take a reading – concentrate on switching OFF the power when the timer 
reaches 1 minute and 40 seconds.]

Results

Open circuit test

• Input = 238 V

• Output = 13.16 V (for reference only – will drop under load)

• Input power = 4 W

• Product of input voltage and current = 21 VA (for reference only – would give a 
grossly wrong answer if used as a measure of input power)

Short circuit test

• Input = 14.83 V (for reference only – must not exceed 15 V)

• Output = 5.06 A

• Input power = 4.14 W (414.2 J / 100 s)

• Efficiency:

η= OUTPUT POWER×100
OUTPUT POWER+LOSSES

= 5.06×12×100
(5.06×12)+(4+4.14 )

=88%

Mains 
Energy 
Meter



Notes

The maximum efficiency of a transformer occurs when the load is such as produces copper
losses equal to the iron losses. This occurs at about the test current used (5.06 A).

The Plug-In Mains Power & Energy Monitor is working at the bottom end of its resolution 
when measuring the iron losses and this limits the overall accuracy of the result but, as is to
be expected with a transformer of this (small) size, the iron loss is small compared with the
copper loss at the full rated current of the transformer.

As the joule meter is rated for only 15 V maximum input, the experiment had to be done at 
a secondary current of 5.06 A rather than 8.33 A. This still gives a useful result and the loss
at 8.33 A can be calculated as the copper loss is proportional to I2.

This gives a copper loss of: 4.14( 8.33
5.06)

2

=  11.2 W and hence the overall efficiency:

η= 100×100
100+4+11.2

=87 %

This is a high quality transformer intended for continuous use at its rated output even when
mounted on a flammable surface. Smaller transformers tend to be less efficient and the 
smallest very much so. An engineering text book give the following figures for a 50 kVA 
transformer:

Iron loss = 430 W

Copper loss = 525 W

η= 50000×100
50000+430+525

=97.34%

The apparatus available was not ideal – it would have suited a transformer with a much 
higher rating. There are a number of factors which would have affected the accuracy of the 
result but those producing the largest errors are those with the least effect on the overall 
result.

The data sheet for the transformer tested is attached. The results obtained are in good 
agreement with the manufacturer’s figures:

The no-load voltage when corrected for mains voltage was 
13.16×230

238
=12.7  V

as against the manufacturer’s figure of 12×1.08=12.96 V

The measured efficiency was 87% as against the manufacturer’s 87.5%

The no-load loss was 4 W (could only be measured to 1 sig. fig.) as against 4.9 W

Safety

The use of croc. clips to connect to the pins of the 13 A plug is safe because this is only 
ever done when the 0-25 V PSU is in use. At all other times the plug is inserted in a proper 
13 A socket.

Check that Joule Meter has a current PAT label.

Ensure that the PSU is never connected to the output of the transformer – THIS CAN 
PRODUCE A LETHAL VOLTAGE ON THE EXPOSED PINS OF THE MAINS PLUG.



Safety isolating transformer

SIM 100

 

Type SIM 100
Input
 

Rated frequency 50 - 60 Hz

Rated input voltage 230 Vac

Output
 

Rated output voltage 2 x 12 Vac

Rated Power 100 VA

No-load voltage (app. x factor) 1.08

No-load loss (typ.) 4.90 W

Efficiency 87.5 %

Standards
 

Classification Safety isolating transformer

Approvals
 

Approvals VDE

Environment
 

Ambient temperature max. 40 °C

Safety and protection
 

Type Resin encapsulated transformer

Insulation class A

Protection index IP 20

Safety class II

Short circuit strength non-inherently short-circuit proof

Test voltage 5000 Vac, 50 Hz

Order numbers
 

Order Number SIM 100

Type SIM 100
Terminal and mounting
 

Fixing method
Fixing holes in the terminal connection

compartment

Terminals Screw-type terminal

Measures and weights
 

Weight 2.00 kg

135.0
166.0
90.0

14.2

4.3

65.0
76.0

58.0
77.0
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Ward Leonard Motor-Generator Set

Objective

To control the speed of a DC motor using a Ward Leonard motor-generator set. 

Apparatus

 1. 3 x FHP 12V DC motors with separate field connections

 2. 4 mm leads

 3. 56 Ω rheostat connected as a potentiometer

 4. Reversing switch

 5. Rubber tube to connect pair of motors

 6. Unilab PSU

Method

1. Couple two of the motors using the rubber tube.

2. Set the PSU to 15V

3. Set the switch to its central position (OFF).

4. Set the rheostat to minimum.

5. Connect the components as shown in the schematic, bear in mind that high currents

flow in the armature connections, so arrange these leads to minimise voltage drop.

6. Switch ON.

7. Move the reversing switch to one direction.

8. Increase the speed by slowly moving the rheostat to the maximum position.

9. Decrease the speed to zero by moving the rheostat to the minimum position.

10. Move the reversing switch to the opposite direction.

11. Increase and decrease the speed as before.



Schematic

Theory

The Ward Leonard system was used to provide a variable speed drive that was capable of 

very fine speed adjustment and easily reversed. The speed of a DC motor can be controlled

by reducing the current through the field winding – which weakens the field and thus 

increases the speed of the motor. The alternative is to reduce the voltage to the armature 

windings which reduces the speed – this can be done by adding resistance in series with the

armature. Both these methods are used but only give a limited control of the speed and 

make it more dependent on the mechanical load.

What is required is a method of adjusting the armature voltage smoothly from zero to 

maximum in both directions without wasting enormous amounts of power.

Any convenient prime mover can be used. There needs to be a constant DC supply 

available – this can come from a small extra generator driven by the prime mover. In this 

demonstration the prime mover is a DC motor – so a single DC supply can be used to 

power everything.

The prime mover drives the main generator. The field current can be adjusted by some 

system of resistors and switches – this frequently incorporates a change-over switch so that

both the magnitude and direction of the current can be controlled by a single lever. In this 

demonstration a standard rheostat and reversing switch are used. Changing the field current

changes the output voltage of the generator; reversing the field current reverses the output 

voltage of the generator. All this control circuitry is operating at relatively low power – 

even the reversing switch does not have to break the full field current as that has been 

reduced to zero before the direction is changed.

The output of the generator drives a DC motor. The field winding of the motor is connected

directly to the constant DC supply – alternatively there may be additional resistance that 

can be added to weaken the field and thus increase the speed further when required.

The Ward Leonard system was rendered obsolete by the introduction of electronic systems 

capable of handling the power levels involved.

Notes

The supply measures about 13V at zero speed, falling to 11V at full speed. The output of 

the generator is about 9V at full speed.

Safety

Check that the PSU has a current PAT label. Keep hair and clothing out of moving parts.

M15 V DC G M


