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Abstract— Transformers are extensively used in power 

system for metering purposes. One to one ratio transformers 

having equal primary and secondary voltages are used to 

electrically isolate the two parts of an electrical circuit. In 

high voltage laboratories the transformers are used to 

provide very high voltages for testing purposes, termed as 

testing transformers. In electric communication circuits 

transformers are employed for a variety of purposes e.g. as 

an impedance transformation device to allow maximum 

transfer of power from the input circuit to the output device. 

In radio and television circuits input transformers are also 

employed in telephone circuits, instrumentation circuits and 

control circuits. Indeed the transformer is a device which 

plays a vital and essential role in many facts of electrical 

engineering. 
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I. INTRODUCTION 

Electrical power transformer is a static device which 

transforms electrical energy from one circuit to another 

without any direct electrical connection and with the help of 

mutual induction between two windings. It transforms 

power from one circuit to another without changing its 

frequency but may be in different voltage level.  

For a valve amp this usually means a low voltage 

for the heaters and a high voltage for the anode supply, at 

the very least. However, the reader might well ask: what is 

to prevent us from devising a clever way to run the whole 

circuit directly from the mains, and not bother with the 

expensive transformer? 

II. EARTHING AND SAFETY 

In the 1960s it was quite normal to design equipment 

according to the half-wave rectifier arrangement as shown in 

fig.1. The heaters for all valves in the set were connected in 

series and powered directly from the mains via a dropping 

resistor, and the ‘U’ series of valves were manufactured 

specially for this type of operation.  

The chassis was connected to the neutral wire 

(which is bonded to earth at the junction box), so in theory it 

should be at roughly zero volts. The chassis was also 

connected to a local earth via a small capacitor to bypass 

radio frequency interference more effectively. 

 

Fig. 1: Typical transformer less power supply used in old 

mains wireless sets. Such an arrangement is dangerous and 

is now illegal. 

Unfortunately, it is the chassis-to-neutral 

connection that is the main problem. If an old-fashioned 

reversible mains plug is used, or if the mains plug happens 

to be wired incorrectly, the chassis can become live, and the 

chances are that the user will come into contact with the 

chassis sooner or later unsurprisingly; this is now considered 

to be surprisingly dangerous and needless to say, is illegal. 

Any appliance which is built into a metal chassis, and can be 

touched by the user, must have that chassis connected to 

earth for safety and this is called a Class I appliance. 

However, it is also illegal to connect a circuit between live 

(phase) and earth, so in fig.1 we cannot simply replace the 

neutral wire with the earth wire. 

Some appliances are double insulated, which is to 

say that there are at least two layers of insulation between 

the user (human body) and any electrical connections. If a 

metal chassis is used then one of these layers will be a 

plastic casing which completely covers the metal, so it 

cannot be touched. Such products do not need an earth 

connection to be safe, and these are called Class II 

appliances.  

The trouble with an audio amplifier is that even 

though we could try to make it double insulated, by building 

it into a plastic enclosure, we still ultimately need to connect 

it to the outside world via audio cables. Ultimately then, the 

user will come into electrical contact with the circuit when 

he handles the cables. In the case of a guitar amp, the guitar 

strings themselves are connected to the circuit ground, so 

the 

Guitarist is always in contact with the amplifier 

circuit as long as he is touching the strings, It is for this 

reason that a conventional audio amplifier will always need 

a power transformer, not just to provide different AC 

voltages, but to safely isolate the audio circuit from the 

mains supply, which in turn allows the chassis to be earthed. 

Where the mains cable enters the chassis, usually 

via an IEC inlet, a heavy gauge wire should be soldered to 

the mains earth connection (do not use a push-fit connector 

for this), and the other end is connected to the chassis with a 

solder tag, as shown in fig. 2. The chassis area should be 

cleaned with emery paper beforehand to ensure a good 

electrical connection. The wire should be short and should 

have the same colour scheme as the local mains supply. The 

earth wire is green-and-yellow striped in Europe, and green 

in the US. 

Where this wire is bolted to chassis is known as the 

earth bond, and it should be a dedicated screw/bolt, not a 

screw which is used to fix some other piece of hardware 

which might become loose over time. A nylon nut should be 

used, or else a shake-proof or star washer should be used, 

with two ordinary nuts, well tightened. This wire is the most 

http://www.electrical4u.com/electrical-power-transformer-definition-and-types-of-transformer/
http://www.electrical4u.com/what-is-inductor-and-inductance-theory-of-inductor/#Mutual-Inductance
http://www.electrical4u.com/voltage-or-electric-potential-difference/
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important connection in the amplifier and is legally required, 

and it must be completely sound. 

 
Fig. 2: The earth bond should be made to a dedicated screw, 

close to the mains inlet. 

III. MAINS VOLTAGE 

The mains frequency is 50Hz in India and also most of the 

world, and 60Hz in the US/Canada. In developed countries 

the mains frequency is closely regulated to better than ±1%. 

Since 2008 the official mains voltage in the UK has been 

230V ±10%, in keeping with the rest of Europe, but in most 

parts of Great Britain it is still rare to receive anything 

outside the old range of 240V ±5%. All standard domestic 

sockets are three conductors (phase, neutral and earth) and 

all mains plugs contain an internal fuse for protection 

purpose. 

The official mains voltage in the US/Canada is 

120V (60Hz), and most populous areas receive this to within 

±5%. However, in various regions the voltage has been as 

low as 110V in the past, and older equipment often suffers 

from over-voltage problems when used on the modern 120V 

supply. The use of two-conductor (no earth) sockets is still 

quite common, but must be avoided with equipment that is 

not double insulated, as the chassis must be connected to 

earth. Most US mains plugs have no internal fuse. 

IV. TRANSFORMER OPERATION 

Now that the reader appreciates the need for a transformer, 

he might remark that to design a power supply we don’t 

really need to know how a transformer works; only what it 

does. However, knowing the basic principles of how 

something works will make the limitations of the device 

more obvious and more intuitive, and hopefully make the 

designer more sympathetic of the job that it has to do. Since 

the power transformer is the main limiting factor in the 

whole power supply (as well as the most expensive and 

most dangerous), a fairly detailed understanding of its 

functioning is well deserved. 

From elementary physics we know that when a DC 

current passes through a wire, a permanent magnetic field is 

generated around the wire, as illustrated in fig.3. If, on the 

other hand, the current is AC, then the direction of the 

magnetic flux will continually change direction in sympathy 

with the changes in direction of current. 

Whenever the magnetic flux is forced to change 

(e.g., due to a change in current) an electro-motive force or 

EMF is generated across the conductor, in opposition to the 

current which caused the initial change. We might imagine 

that the magnetic field does not want to change, so it 

produces an opposing EMF in an attempt to keep the current 

the same, and this EMF is proportional to the rate of change 

of flux. 

 
Fig. 3: Direction of the self-induced magnetic flux, 

generated around a conductor. 

Self-induced EMF in a coil is directly proportional 

to the rate of change of electric current in the coil 

    
  

  
       

Where: 

L = self-inductance in henrys. 

E = EMF in volts. 

   = change in current, in amperes. 

   = period of time, in seconds. 

If the current through the coil when changing at 

rate 1 ampere per second induces EMF of 1 Volt in it, the 

inductance of the coil is said to be 1 Henry. 

If the wire is wound in a tight coil then the 

magnetic field around each turn of wire is forced to exist in 

the same physical space as the fields around the adjacent 

turns, and so the magnetic flux is concentrated, or we can 

say the flux density is greater. Therefore, a small change in 

current will cause a much larger change in magnetic flux 

around any given length of wire than if the wire were 

straight, so the self inductance is increased. However, the 

field around any individual turn will not completely link 

with all the other turns, at least, not very effectively. 

Ferromagnetic materials like iron have a sort of 

multiplying effect on flux, and this is known as relative 

permeability and is given the symbol μ. If a coil is wound 

around a ferromagnetic core material of high permeability 

then, not only will more flux be generated, but nearly all of 

it will be contained or concentrated within the core. 

Since most of the flux now flows inside the core, it 

is forced to link equally with all of the turns of wire as 

illustrated in fig. 4, so the self-inductance is increased. Any 

remaining flux which does not exist in the core is known as 

the leakage flux, and forms a magnetic leakage field around 

the whole thing. This leakage flux can induce hum and noise 

into audio circuits, which is why chokes and transformers 

are often shielded with a metal can and why sensitive 

circuitry should be placed far away from them. 

 
Fig. 4: Winding a coil around a ferromagnetic core causes 

almost all the flux to link equally with all the turns, which 

increases the self-inductance. 
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The process of induction works in reverse too; if 

we place a wire in a constantly changing magnetic field an 

EMF will be produced across the wire, and this EMF will be 

proportional to the rate of change of flux. If the wire is a 

complete loop (i.e., a circuit) then this EMF will generate a 

current. This is the principle of a transformer, and also the 

moving-magnet phono’ cartridge or guitar pickup, for 

example. 

A transformer is essentially two or more inductors 

wound very closely together on the same core, so that flux 

generated in the core by one coil is completely linked with 

the other coil/coils. The coil which we ‘drive’ is called the 

primary, and the other coils which we ‘draw upon’ are 

called secondary. The effect that one coil can exert on 

another –via the flux it generates– is called the mutual 

inductance, also measured in henrys: 

       
     

  
       

Where: 

M = mutual inductance in henrys. 

Esec = EMF induced in the secondary winding, in volts. 

dipri = change in current in the primary winding, in amperes. 

dt = period of time, in seconds. 

If current through one coil while changing at the 

rate of 1A/sec, induces EMF of 1 volt in another coil, the 

mutual inductance between the two coils is said to be 1 

Henry. 

Magnetic flux Φ, measured in volt seconds or 

webers (Wb), can be imagined to be like electrical current in 

a conductor. The force which causes the flux to flow is 

called the magneto-motive force, MMF, measured in amp-

turns (AT), and this is analogous to voltage. Flux and MMF 

are related by the magnetic reluctance  of the material in 

which the field is set up, measured in amp-turns per weber 

(AT/Wb), and this is analogous to electrical resistance. The 

three are related by the following equation: 

MMF =   

It is similar to Ohm’s law, V = IR. 

And the MMF is also multiplication of current I 

flowing through coil and the number of turns of the coil.  

MMF = NI    (AT) 

When the mains voltage (which is assumed to be 

sinusoidal) is applied across the primary of a transformer, a 

current will be set up in that coil which in turn generates an 

MMF, and this forces flux to flow around the core. This flux 

in turn produces a back-EMF which opposes the applied 

voltage and prevents the current from growing indefinitely. 

This back-EMF limits the current to a steady value known 

as the magnetising current. 

The more turns are applied around a given core 

material –or in other words, the greater the self-inductance– 

the smaller the magnetising current required. Fig.5 shows 

the phase relationship between these quantities; the flux and 

magnetising current lag the applied voltage by 90°. 

 

Fig. 5: Phase relationships between applied voltage, 

magnetising current and magnetic field for the primary 

winding of an ideal transformer. 

At the same time, the flux which is also linked with 

the secondary winding will generate an EMF across them 

too, in proportion to the ratio of the number of turns on the 

primary to the number of turns on the secondary, which is 

known as the turns ratio of the transformer. Thus if the 

primary voltage is Vpri, the voltage generated across a 

secondary coil Vsec will be: 

VSEC = VPRI / n, 

Where: 

n = the primary-to-secondary turns ratio   

=NPRI/NSEC. 

Since the induced EMF is proportional to the rate 

of change of flux, which is itself 90° out of phase with the 

applied (mains) voltage, the secondary voltage will be in 

phase with the mains voltage (or 180° out of phase, 

depending on which way round we connect the voltmeter). 

If we then connect a resistive load to the secondary 

then current will flow around the secondary circuit, and this 

will also be in phase with the secondary voltage. This 

secondary current itself generates an MMF in the secondary 

coil, but this does not cause additional flux in the core 

because that would imply a back EMF that is greater than 

the secondary EMF that we already have, which is 

impossible. Instead, an equal-but-opposite MMF is 

generated in the primary coil, which counters the one in the 

secondary, so the core flux density remains unchanged, even 

if the secondary is a short circuit. 

This opposing MMF is produced by additional 

current flowing in the primary, and this is called the working 

current, and is in phase with the primary voltage. The total 

primary current is therefore the vector sum of the 

magnetising current and the working current, and the phase 

shift between the primary current and the primary voltage 

will tend towards zero (i.e., in phase) as more load current is 

demanded, or in other words as the working current starts to 

swamp the magnetising current, which is only small. In this 

way the power supplied from the mains is not dissipated in 

the transformer core, instead it is cleverly passed on or 

‘transformed’ to the load. 

V. TRANSFORMER LOSSES 

Transformer is a static machine and therefore, there are no 

friction or windage losses. The various power losses 

occurring in a transformer are enumerated below: 

A. Iron or Core Losses: 

Iron loss is caused by the alternating flux in the core and 

consists of hysteresis and eddy current losses. 

1) Hysteresis Losses: 

The core of a transformer is subjected to an alternating 

magnetizing force and for each of emf a hysteresis loop is 

traced out. The hysteresis loss per second is given by the 

equation, 

Hysteresis loss,   

Wh = ’(BMAX)
x 
f V   joules per second or watts. 

Where f   is the supply frequency in Hz, V is the 

volume of core in cubic metres, ’ is the hysteresis 

coefficient , BMAX is maximum (peak)  value of flux density 
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in the core and x lies between 1.5 to 2.5 depending upon the 

material and is often taken as 1.6. 

This depends on: 

 Material of the core, 

 Maximum (peak) value of flux density in the core, 

 Frequency of supply. 

2) Eddy Current Loss: 

We know that whenever the flux linkage with a closed 

electric circuit changes an emf is induced in the circuit and a 

current flows, the value of which depends on the EMF 

around the circuit and the resistance if the circuit. It is not 

necessary that the circuit be a wire and that the flux passes 

entirely through it. If a solid block of metal is traversed by a 

varying flux, metallic circuits in the block itself, which are 

linked by the flux, will carry current. If the magnetic circuit 

is made up of iron and if the flux in the circuit is variable, 

currents will be induced by induction in the iron circuit 

itself. All such currents are known as eddy currents.   

Eddy current loss per unit volume, 

We   (BMAX)
2 
f  

2
 t

2
 

( i.e. We  =  
   

  

  
(BMAX)

2 
f  

2
 t

2  
Watts.) 

Where BMAX is peak value of flux density in the 

core, f   is the supply frequency in Hz, t is thickness of 

laminations,   is the resistivity of material in ohm-metre. 

This depends on: 

 Maximum (peak) value of flux density in the core, 

 Frequency of supply, 

 Thickness of laminations 

This loss can be reduced by reducing the thickness 

of laminations i.e. using thinner laminations. 

B. Copper Losses: 

These losses occur due to Ohmic resistance of the 

transformer windings. If I1 and I2 are the primary and 

secondary currents respectively and R1 and R2 are the 

respective resistances of primary and secondary windings 

then copper losses occurring in primary and secondary 

windings will be   
    and   

    respectively. So total 

copper losses will be:    
      

    These losses vary as 

the square of the load current or kva For example if the 

copper losses at full load are Wc then copper losses at one-

half or one-third of full load will be (
 

 
)
 

    or (
 

 
)
 

   i.e. 
  

 
    

  

 
 respectively. 

For example, if full load copper loss is 400 W, then 

a half load the losses or one third losses would be ,       

    (
 

 
)
 

       

or 

        ( 
 

  
 )
 

         

C. Stray Load Loss: 

Leakage field present in a transformer induce eddy currents 

in the conductors, tank walls, bolts etc. These eddy currents 

give to stray load loss. 

D. Dielectric Loss: 

This loss occurs in the insulating materials, particularly in 

oil and solid insulations. The stray load loss and dielectric 

loss are very small and are therefore, neglected. Thus the 

major losses are by far the first two constant core (or iron) 

loss, Wi the variable copper (or ohmic) loss, Wc. 
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