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A transformer is a static piece of equipment with a complicated 
electromagnetic circuit. The electrical energy is transferred from 
one electrical circuit to another through a magnetic field. In its 
simplest form, a transformer consists of two conducting coils 
having a mutual inductance.

The history of transformers goes back to the early 1880s and with the 
demand for electrical power increasing, large high voltage transformers 
have rapidly developed.

Transformers are amongst the most efficient machines. Being 
static devices, they have no moving components, therefore mainte-
nance and life expectancy is long.

They are necessary components in electrical systems as diverse 
as distribution of multi-megawatt power from power stations to hand 
held radio transceivers operating at a fraction of a watt.

Transformers are the largest, heaviest and often the costliest of 
circuit components.

The geometry of the magnetic circuit is three dimensional; this 
property places a fundamental restraint on reducing transformer size. 
The properties of available material limit size and weight reduction.

High voltage transformers require specific clearances, and insula-
tion type and thickness dictate the size of the unit.

Transformers are indispensable for voltage transformation in pow-
er applications. Their ability to isolate circuits and to alter earthing 
con ventions can often not be matched in any other way.

Special designs are available to obtain isolated multi-phase supplies 
for six, 12, 24 and higher phase (pulse) rectification circuits.

Transformers are essentially single-application devices designed 
for specific requirements.

A well designed transformer is a rugged piece of equipment and, 
if used in the environment and application for which it was specifically 
designed, it will give many years of trouble-free service with minimal 
maintenance and attention. However, because transformers are static 
passive units they often lack attention and maintenance.

The basic principles for all transformers are the same; only the 
detail design will change and in this short article it is impossible to 
cover all possible winding configurations. The basic theory covers all 
types from small high frequency transformers using ferrite core, current 
transformers – typically a round wound core and a toroidal winding – to 
800 kV power transformers.

There are no rules which dictate that either a spiral winding or disk 
winding has to be use on a particular design; the designer would have 
to make these decisions, as in the case of most electrical machine 
designs. There is no unique design for a particular transformer and 
there are many designs which could meet all the specifications. Some 
of these designs would be better than others but they would all function.

Basic theory
Electrical energy is transferred from one electrical circuit to another 
through a magnetic field. In its simplest form, a transformer consists 
of two conducting coils having a mutual inductance. In an ideal scenario, 
it is assumed that all the flux linked with the primary winding also links 
the secondary winding. This is impossible as magnetic flux cannot be 
confined; but it can be directed so that most of the flux meets this 
criterion. The small portion of flux that cannot be directed is known as 
leakage flux and will link one or other winding and/or component in the 
transformer. Voltage is proportional to the number of turns, current is 
inversely proportional to turns.

General types
The two fundamental types of transformers are the ‘core’ and ‘shell’ 
types: the winding circulating the iron core is the core-type while in the 
shell-type, the winding is largely encircled by the iron core. Both single 
and three phase transformers can be constructed in either type.

 

Windings

Core

Figure 1: Core type transformer (3 phase).

Figure 2: Shell-type transformer (3 phase).

Core construction
• Core steel laminations are manufactured specifically for transform-

ers and motors but with a difference. Motor laminations are man-
ufactured (stamped) from non-oriented lamination steel whereas 
transformer laminations are manufactured from grain oriented steel

• Flux flows with lower losses in the direction of rolling (grain  
oriented)
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Figure 3: Losses in grain orientated lamination steel for various directions 
of magnetisation [1].

The purpose of the core steel is to provide a low reluctance path for 
the magnetic flux that links the primary and secondary windings.

Lamination steel is specifically designed to reduce losses in the 
steel. There are two main components to iron losses they are:
•  Hysteresis losses
•  Eddy current losses
Hysteresis is dependent on frequency, material and flux density. Eddy 
current is dependent on the square of the frequency and the square of 
the material thickness.

A number of different grades and types of lamination steel are 
available.
• Hot rolled steel
• High-permeability steel (0,025% Al cold rolled) (30 to 40%)
• Domain-refined steel (5 to 8%)
• Amorphous steel (80% Iron 20% Boron and Silicon) (33,33% im-

provement at knee point) (1,5 to 1,6 Tesla)
Core profile can be square, round (stepped), oval or rectangle. The joint 
can also take on many configurations (butt, overlap, mitred, etc).

Core-magnetic circuit
The magnetic flux density is measured in Tesla (Webers/m2), and 
normal values for a transformer range between 1,6 and 1,8 Tesla.

How eddy currents are avoided in the core (eddy currents 
increase no-load losses and create hot-spots):
• The core steel laminations should be thin
• The core steels should be insulated from each other
• Smallest burrs possible in both slitting and cutting as these burrs 

create shorts across the laminations
• The core steel should have high resistivity

Joint between core laminations:
• In joints the magnetic flux ‘jumps’ to the adjacent laminations, with 

local saturation as a result
• Step-lap joints have a higher saturation limit compared with con-

ventional joints. The magnetising current is lower for the step-lap 
in this area of the joint

• Mechanically, the step-lap joint is weaker than the conventional 
joint because of the smaller overlap

• It is important to keep the gap between the laminations as small 
as possible at the joints

• The clamping at the joint must be as strong as possible to reduce 
noise, increase strength and reduce gap losses

 

 

To summarise:
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+ Mechanical strength
- Higher losses
- Noise level

Area of  
higher flux  
concentration

Step-lap 
joint

Conventional 
joint

Figure 4: Lamination joints.

• The core construction can take on many forms but must be rigid 
and tightly clamped

• All clamping must be insulated to eliminate the possibility of circu-
lating currents as a result of the main flux and or the leakage 
fluxes

• Clamping must not short-out the lamination; through bolts must 
be insulate

Windings
Winding can be done in a number of configurations, namely concentric 
or sandwich types. In the concentric type the LV coil is generally wound 
against the core and the HV winding over the LV winding. In certain 
applications the HV is against the core and the LV is in on the outside. 
The sandwich type of winding is assembled with alternating low and 
high voltage winding.

HV winding

Concentric type winding Sandwich type winding

LV winding
LV windings

HV windings

Core

Core

Figure 5: Winding types.

There are four types of coils used in transformer winding assemblies 
- cylindrical (Figure 6), bobbin (Figure 7), disc (Figure 8) and foil windings 
(Figure 9).
• Foil-type winding: Foil wound transformers generally have the LV 

wound using aluminium or copper foil over the full width of the 
winding; therefore with one turn per layer and the number of turns 
equal to the number of layers, the foil being wound with a suitable 
insulation is interleaved with the foil.

In its simplest form, a transformer  
consists of two conducting coils having  

a mutual inductance
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• Winding conductors 
may be copper or 
aluminium, and they 
may be in foil or 
sheet form, or of 
round or rectangular 
section

• For high powered 
transformers the 
low voltage winding 
may require a large 
cross-sectional area 
to be able to carry 
the required current. 
In this case, the use 
of stranded insulat-
ed conductors in 
parallel may be re-
quired to reduce the 
eddy current losses 
in the conductor. It 
may also be neces-
sary to transpose 
the conductors, to 
reduce the circulat-
ing current within 
the winding. In large 
transformers contin-
uously transposed 
conductors (CTC) 
may be used

• It is important when 
conductors are used 
in parallel that the 
lengths and configu-
ration with respect 
to the core and each 
other are al l the 
same otherwise cir-
culating currents 
could result and 
there would be an uneven distribution of current in the parallel 
conductors

• Large cross sectional conductors also result in eddy currents and 
skin effect coming into play in the conductor, which increases 
losses and therefore localised heating

Coil insulation
Paper insulation on the conductor is the insulation generally used for 
oil-immersed transformers. Nomex, an aramid paper developed by  
Du Pont, is used extensively in the electrical industry and also in  
oil-immersed and dry type transformers. The oil in a transformer serves 
two purposes; one to act as an insulator and the other, to act as a 
coolant medium. The paper used readily absorbs the oil to form a 
uniform insulation medium in the transformer.

Main insulation
In oil type transformers, pressboard and wood products are widely used 
as the operating temperature is limited by the oil and paper products 
used as insulation. In the case of core transformers, pressboard cylin-
ders are used between the LV and core and between the HV and LV 
windings. Dry type transformers would use ‘Nomex’ or ‘Kapton’ for 
conductor insulation and ‘Nomex’ or glass-based boards for packing 
and cylinders as the operating temperature would be much higher than 
oil types.

Conductor material
Generally copper is used for its mechanical properties and conductivi-
ty. Aluminium can, and has been used but its conductivity is much 
lower than copper and mechanically not as good. Aluminium has suc-
cessfully been used in cast resin dry type transformers because the 
thermal expansion coefficient of the resin and aluminium are extreme-
ly close. The transformer designer should weigh up the pros and cons 
of the particular application when deciding whether copper or alumin-
ium is used as the conductor material - there is no fundamental rule. 
Generally, copper is preferred and used except where foil winding are 
employed.

Cooling
Dry type transformers rely on air circulation through and around the 
winding for cooling and can be naturally- or force-cooled with fans. The 
designer would have to design accordingly, bearing in mind that the 
operating temperature would be much higher and materials would have 
to be selected to suit the high operating temperature.

Oil-cooled transformers rely on the oil to cool the transformer and 
this is circulated through suitable radiators by natural convection or 
alternatively, pumped.
Common terminology used:
ONAN – Oil Natural Air Natural
ONAF – Oil Natural Air Forced (fans used to force air over radiators)
OFAN – Oil Forced (oil pumped through the transformer) Air Natural

Oil should have the following properties.
• Low viscosity
• High flash point
• Chemically stable and low impurity content
• High dielectric strength
Mineral oil has traditionally been used in transformers though vegetable 
oils are now available with properties that are claimed to be superior; 
notably high flash point with flame retardant properties owing to the 
high flash point. One of the major problems with mineral oils is once 
they are ignited and burning, it is extremely difficult to get the fire 
under control, particularly in enclosed environments such as buildings 
or underground in the mines.

Fundamental transformer theory
E = (2 x π x f x N x a x β)/√2 = 4.44 x f  x  N  x  a  x β
where:
f = frequency
N = number of turns

Figure 6: Cylindrical type winding.

Figure 7: Bobbin type winding.

Figure 8: Disc-type winding.

Figure 9: Twin parallel disk winding with 
continued transposition.
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a = core area (m2)
β = flux density in Tesla
Voltage transformation ratio = Nsecondary /Nprimary

Therefore Vsecondary = Vprimary x (Nsecondary /Nprimary)
Current transformation ratio = Nprimary /Nsecondary

And I secondary = Isecondary x (Nprimary /Nsecondary)
where N is the number of turns in the primary and secondary winding

Figure 10: Magnetic flux distribution.

Figure 10 shows the main flux in a transformer including some leakage 
flux. The leakage though the tank is not shown. There will always be 
leakage flux in the transformer and into the tank. The leakage into the 
tank would generally be small in magnitude but would depend on the 
clearance and tank configuration and any screening.

Efficiency
The transformer is not called upon to convert electrical energy into 
mechanical energy or vice versa and consequently has no moving parts. 
The efficiency is generally high. 
Efficiency %  =  {Poutput / (Poutput + Plosses)} x 100

The losses are confined to:
• Core losses: Eddy-current losses and hysteresis losses
• I² R losses: Owing to the heating of the conductors due to the 

passage of current
• Stray losses: Owing to stray magnetic fields causing eddy current 

in the conductors or in the surrounding metal, eg tank
• Dielectric losses: In the insulating materials, particularly in the oil 

and solid insulation of high voltage transformers

Regulation
The voltage regulation is defined for any given load current as the 
arithmetic difference between the secondary no-load voltage E2 and 
the load voltage V2 expressed as a fraction of the no-load voltage.
Regulation % = {(E2-V2)/E2} x 100

No-load losses
On no-load the secondary circuit is open and, consequently, the pri mary 

current is Io only. The I2 R losses owing to this are negligible. (At full 
load the I2 R losses would be approximately 1% or less and since the 
no-load current is of the order of one twentieth of the full load current 
the I2 R losses would be 1/400 x 1% = one four hundredths of a percent.)

Consequently, the power input on no-load is concerned with the 
core and dielectric loss, the latter being negligible except in very high 
voltage transformers.

The no-load losses measured on open circuit secondary represent 
the core and dielectric losses; the dielectric losses are generally negli-
gible compared to the iron losses. 

Copper losses (I2 R losses)
As the voltage has to be reduced to a very low value if the secondary 
terminals are short-circuited, the current in the secondary could be full 
load current while the secondary voltage would be zero because of the 
short-circuit. The primary voltage would be small and the flux F would 
likewise be small. At full load the input voltage would be 0,05 to 0,1 of 
the rated voltage. The core loss is approximately proportional to the 
square of the flux and would be very small. Therefore, the core losses 
would be negligible.

Transformer connections
In three phase transformers there are five types of winding connections. 
The choice of connection depends on the function of the transformer 
in an integrated power system.

Star-star connection
This connection is used 
where the phase relation-
ship is required to remain 
the same and earths are 
required in both sides. It 
is mainly used in small 
transformers and large 
transmission transform-
ers. The transformers are 
frequently equipped with 
an additional set of winding 
connected in delta to sup-
press any triplen harmonics.

Delta-star connection
Dy11, Dy1 and Dy5 are com-
monly used configurations 
enabling the secondary to be 
earthed directly or through a 
suitably sized resistor. The 
delta winding inherently sup-
presses any triplen harmon-
ics, that may occur in the 
magnetising current and dis-
tort the voltage. The numeri-
cal number associated with 
the configuration indicates 
the phase angle relationship.

Magnetising flux ΦM

Transformer core

Secondary winding
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Primary winding
leakage flux

Primary winding

1 2

Secondary winding

B

b

A

a c

C

Yy0 connection

Figure 11: Star-star vector diagram.

Figure 12: Delta-star vector diagram.
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Figure 13: Star-delta vector diagram.
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Star-delta connection
Essentially used in situations where the secondary is not to be earthed 
and cannot be used where single phase voltage is required, such as 
domestic or small light industry connected to the secondary supply. 
Again, the connection can accommodate various vector phase angle 
relationships.

Auto-wound transformers
Auto wound transformers share a common star point and thus a com-
mon earth and the systems are not isolated from each other. Auto-trans-
formers comprise two windings; series and common. Auto-transform-
ers are typically used as high voltage system interconnecting trans-
formers and in reduced voltage starting systems for large motors.

Zig-zag 
connection
This configuration is 
typically used where a 
specific phase angle 
shift is required, for 
example, in multiphase 
rectifier transformers 
and where it is neces-
sary to have a positive 
sequence impedance 
higher than the zero 
sequence impedance.

Conclusion
The subject matter on transformer design is extensive and this article 
briefly outlines some theory and factors to be considered in the design.
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