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A transformer is a static piece of equipment with a complicated 
electromagnetic circuit inside. The energy is transferred from 
one electrical circuit to another through a magnetic field. In the 

ideal case, it is assumed that the magnetic field linking the primary 
winding links the secondary winding. But in practice, this is impossible 
as there is always some leakage flux because magnetic flux cannot 
be confined. However with proper design and selection of materials 
the majority of the flux flows through the windings.

Major materials like copper, aluminium, cold roller grain orien-
tated silicon steel, insulating oil, insulation material such as press 
board, paper insulation, and others - depending on the type of trans-
former, are essential to build a compact and trouble-free transformer.

In the early 1950s transformers in the 400 kV ratings were built, 
increasing to the 1 100 MVA 800 kV in the 1970s and presently, higher.

Principles of a transformer

The physical basis for a transformer is mutual inductance between 
two circuits linked by a common magnetic flux through a path of 
low reluctance (the grain orientated silicon steel core). According to 
Faradays law   e = M di/dt where e = induced emf and M = Mutual 
Inductance.

 .
Figure 1: Basic transformer diagram.

For rms values it can be shown that Ep = 4,44 x f x Np x øm

Where Ep = primary voltage Vp, f = Frequency (Hz), Np = Primary turns 
and øm = flux in core in Webers.
In the ideal case we then have the relationship where Vs/Vp = Ns/Np 
= Es/Ep 
Again in the ideal case we have Vp x Ip = Vs x Is and therefore 
Is/Ip = Vp/Vs  = Np/Ns 

Ideal transformer

No-load

The primary current under no-load conditions has two components, 
one to supply the iron losses in the core (Eddy current and Hyster-
esis losses) and two, a very small amount of copper losses in the 
primary winding. Hence the angle θo which is slightly less than 90o 
(see Figure 2).

As the no-load current Io is very small compared to the full-load 
primary current hence the primary copper loss is very small and it is 
therefore generally accepted that the no-load primary input is practi-
cally equal to the iron-loss in a transformer.

        

Figure 2:  No-load current of an ideal transformer.
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‘William Stanley develops a commercially practical transformer ..... Stanley also demonstrates that transformers can be connected in parallel 

and designed as self regulating.’[1]
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Abbreviations

On-load

When the secondary of a transformer is loaded the current Is is de-
termined by the characteristics of the load.

The secondary current sets up its own mmf (= Ns x Is) and hence is 
own flux øs which is in opposition to the primary flux øp which is due to 
Io. The opposing secondary flux weakens the primary flux momentarily 
and the primary back emf Ep  tends to reduce, for a moment Vp gains 
the upper hand over Ep and hence causes more primary current to 
flow. The current I’s is commonly known as the load component of 
the primary current and is in phase opposition to Is. The additional 
primary mmf Ns x I’s sets up a flux ø’s which opposes øs but is in the 
same direction as øp. The magnetic effect of Is the secondary current 
gets neutralised immediately by the additional primary current I’s.
øs = ø’s

Ns x Is = Np x I’s 
I’2  = (Ns/Np) x Is

Figure 3. Vector diagram for ideal transformer ratio 1 and inductive load.

To this we can now add winding resistance and leakage flux compo-
nents. The resistances will introduce Ip x Rp and Is x Rs vectors noting 
these vectors are in phase with Ip and Is respectively. 

The leakage flux linking one or other winding or both will therefore 
have a reactive component in both the primary and secondary wind-
ing. (Ip x Xp and Is x Xs where Xp and Xs are the leakage reactance of 
the primary and secondary respectfully). Transformers being static 
pieces of equipment if correctly designed, maintained and used within 
their design specifications will give many years of service.

Three-phase transformer connections

The overall majority of three-phase transformer connections are 
made by connecting three identical transformers or phases of a poly- 

phase transformer, either between the lines, thus forming a delta 
connection or one end of each phase together and the other end to 
the lines forming a star or Y connection. In either connection method 
the rating of each phase is E x I/1,73 and the kVA rating would be 
1,72 x E x I for all balanced three phase loads. It follows that the kVA 
in the transformer is equal to the kVA delivered to the circuit (except 
for magnetising current and regulation drop), thus the ratio of kVA 
load to the kVA present in the bank is unity. The fact that in all other 
three-phase transformer connections the ratio is less than unit prob-
ably accounts for the preference for delta and star connections. For 
example in open-delta, and T connection the ratio is 86,6%, which 
means that these connections are only capable of delivering 86,6 % 
of their total transformer rating.  

Phase rotation of three phase transformer windings

The polarity alone is inadequate to represent phasor relationships in 
poly-phase transformers connections. It is important to understand 
these relationships as transformers with different phasor relation-
ships cannot be connected in parallel unless they are the same. In 
indicating the phasor relationships the following symbols are used:
•	 D	indicates	delta	primary	winding.	Y	indicates	star	primary	winding.
•	 d	 indicates	 delta	 secondary	 winding.	 y	 indicates	 star	 primary	

winding.
•	 N	neutral	brought	out	on	primary	winding.	n	neutral	brought	out	

on secondary winding.
•	 Z	indicates	a	zigzag	winding	primary.	z	indicates	a	zigzag	winding	

secondary.
•	 The	numerals	0,	1,	5,	6,	7	and	11	indicate	the	angle	relationship	

between the primary phasor and the secondary phasor the num-
bers indicating the numerals of a clock.

Delta-delta connected transformers

There are only two possible combinations resulting in two phasor 
relationship diagrams:

Phasor relationship 1 (Dd0)  Phasor relationship 2 (Dd6)

Star-Star connected transformers

As in previous case there are only two possible combinations result-
ing in two phasor relationship diagrams.

IPT - Inter-phase Transformer
EMF - Electromotive force
MMF - Magnetomotive force
NEC/R - Neutral earthing compensator/resistor
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Phasor relationship 1 (Yy0)  Phasor relationship 2 (Yy6)

Star-Delta and Delta-Star connected transformers

Here	there	are	a	number	of	possibilities	such	as	Dyn	1,	Dyn5,	Ynd11	
etc. The star winding can also be wound as a zigzag winding where 
a phasor consisting of two windings connected in series each on a 
different limb of the transformer core.

Figure 4: Zigzag winding connection.

Symmetry and harmonic voltages and currents

Another important basis for comparison is the question of sym-
metry with respect to the lines and also with respect to the neutral. 
Voltage and current symmetry, both with respect to the three lines 
and also the neutral, is only obtained in the delta and in the zigzag 
connection. All other connections possess varying degrees of dissym-
metry which, although the three-phase load is balanced introduces 
objectionable operating features such as unbalanced regulation and 
current distortion. [1].

The Y (star) connection although symmetrical as far as the lines 
are concerned, introduces third-harmonic voltages and current dis-
symmetry between lines and neutral, which could under certain 
conditions subject the system to over voltages.

Star-star (YY) connection with isolated neutral is not recom-
mended.

It should be noted that, in the star-delta or delta-star connection, 
complete symmetry for all practical purposes is maintained by the 
presence of the delta. Balanced three-phase delta-delta, star-delta and 
delta-star banks do not introduce third and their multiples into the 
line, and for that reason the wave shapes of the magnetising currents 
supplied to such are superior to the wave shapes of dissymmetrical 
banks, all other conditions being equal.  

It is also interesting to note that if a delta-star transformer is 
operating in parallel with a star-delta transformer of the same rat-
ing, the fifth, seventh, seventeenth and nineteenth harmonics in the 
magnetising current taken from the line by the two transformers are 
180˚ in phase and therefore only a small difference will be supplied 
by the line itself [1].

Delta-delta vs Delta-star and Star-delta connections

From a consideration of rating and symmetry these connections 
can be considered equal. Obviously if a neutral is required then the 

delta-delta connection cannot be used; if the neutral is only required 
for earthing protection then a NEC/R will have to be provided. Also 
in high-voltage designs a star connection is preferred as the phase 
voltage is E/1.73 and conversely in high current applications delta is 
preferred as the current is I/1.73.

Delta-delta connection

This arrangement has a certain flexibility in that it makes it possible 
to continue operation after one unit has failed; where three single 
phase units are used, one unit can be removed and the operation 
continues in an open delta configuration at reduced power 86,6%. 
There is however a small negative sequence voltage component 
which affects motor performance and this should be noted.

Star-Star connection

The star-star connection has been relatively unpopular owing to its 
operating difficulties arising from its inherent neutral instability; the 
three cases of neutral instability are due to: 
•	 Magnetising	currents
•	 Third	harmonics
•	 Line	to	neutral	load

The three-phase core type star-star units although not entirely ideal 
do eliminate some of the disadvantages of the star-star single phase 
and shell type transformers on account of the magnetic coupling be-
tween the three-phases. As the return circuit for the third and multiple 
order fluxes is a high reluctance path compared to the single-phase 
and shell type cores which have closed iron paths available, these 
fluxes are greatly reduced.

A delta connected tertiary winding may be used in a star-star 
connected transformer for the following reasons:
•	 To	 protect	 the	 transformer	 and	 system	 from	 excessive	 third-

harmonic potentials.
•	 To	 prevent	 interference	 due	 to	 third-harmonic	 currents	 in	 the	

lines and ground.
•	 To	stabilise	the	neutral	of	the	fundamental	frequency	voltages.
•	 To	supply	a	load	in	addition	to	any	of	the	above.

The tertiary winding should be designed to be able to carry the 
circulating current that could possibly induce in it due to a line to 
neutral short circuit.

Multi-phase transformer connections

There are certain applications where multi-phase output are required 
from the transformer such as 6,12 and 24 pulse units requiring 6,12 
or 24 evenly spaced phases.

Six phase transformers are relatively straight forward and basic; 
however in many cases the output voltage requirement is low and the 
current very high. In this case the primary would generally be delta 
connected and the secondary a double star with separate neutrals 
brought	out	(Dyn0yn6	connection).

The neutrals connected together through an inter-phase trans-
former either bar or wound type depending on the voltage to be 
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absorbed and the direct current rating, the purpose is to balance the 
individual transformers particularly if used with rectifier or thyristor 
circuits. (see Figure 5).

              Secondary A.  IPT.       Secondary B

Figure 5: Paths of current in an Inter-Phase Transformer (IPT).

The IPT would generally have air gaps in the core to prevent satura-
tion. Twelve phase systems would consist of two transformer second-
aries as the above six phase units but one primary delta connected 
to the other star connected to give 30˚ phase shift between all the 
secondary	phases.	(Dyn0yn6-Yyn0yn6)

Twenty-four phase systems would have two twelve phase sys-
tems but with one system having an extended delta primary and the 
star primary wound as a zigzag both winding shifting the vectors 
7,5˚ to the left, the second twelve phase system wound to shift the 
vectors 7,5˚ to the right resulting in a 15˚ phase shift between all the 
twenty-four phases.

Conclusion

Although transformers are very basic and static pieces of equipment 
and therefore tend to be reliable if correctly designed, manufactured 
and applied to the designed application, the possible configurations 
are very extensive and can be complex. It should also be noted that 
the mechanical forces in a transformer can be large and the damage 
extensive under fault conditions (see example below.)

 
 

Damage caused by fault condition.
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