Single phase transformer
Working Principle of a transformer
A transformer is a static piece of apparatus by means of which electric power in one circuit is transformed into electric power of the same frequency in another circuit. It can raise or lower voltage in a circuit but with corresponding decrease or increase in current. The physical basis of a transformer is mutual induction between the two circuits linked by a common magnetic flux. In its simplest form, it consists of two inductive coils which are electrically separated but magnetically linked through a path of low reluctance.

Secondary
Primary

If one coil is connected to a source of alternating voltage, an alternating flux is set up in the laminated core, most of which is linked with the other coil which produces mutually induced emf. The coil connected to ac mains is called primary winding while the other from which the energy is drawn from is called secondary winding.
Ideal transformer
An ideal transformer is one which has no copper losses, no iron losses and no magnetic leakage. Hence it consists of two purely inductive coils wound on a loss free core.










Let’s consider ideal transformer above, whose secondary is open and primary connected to a sinusoidal voltage. This potential difference causes an alternating current to flow in the primary. Since the primary coil is purely inductive and there is no output because the secondary is open, the primary draws magnetizing current  only. 
The function of this current is to magnetize the core and it is small and lags  by.
The alternating current  produces alternating flux  which is at all times proportional to  and in phase with it.
The changing flux is linked with both the primary and the secondary windings. Therefore it produces self-induced emf,, in the primary.  is at every instant equal to and in opposition to . It is also known as counter emf or back emf of the primary.
Similarly, there is produced in the secondary an induced emf, , which is known as mutually induced emf. This emf is anti-phase with and its magnitude is proportional to the rate of change of flux and the number of secondary turns.
EMF Equation of a transformer






Let:




Flux increases from its zero value to maximum value  in one quarter of the cycle i.e. 
Therefore average rate of change of flux 
Therefore induced voltage per turn.
If the flux  variation is sinusoidal, then the rms value of induced voltage is obtained by multiplying the average value with the form factor.


Now rms value of the induced emf in the whole primary winding is:



Similarly rms value of emf induced in the secondary is:



It can be seen that:

i.e. emf per turn is the same for both primary and the secondary.
Voltage transformation ratio (k)
 We have seen that    


This constant is known as the voltage transformation ratio.
If, the transformer is called a step up transformer.
If, the transformer is called a step down transformer.
Also for ideal transformer, input VA= output VA


Transformer with losses but no magnetic leakage
a) Transformer on no load
When transformer is on no load, primary input current is not usually wholly reactive. The primary input current under no load conditions has to supply iron losses in the core (hysteresis and eddy current losses) and very small amount of copper loses in the primary winding there being no copper losses in the secondary because it is open. Hence, the no load primary current  is not at behind  but lags it by an angle . The no load input power is given by:









 is the primary power factor under no load. The current  has two components. The one in phase with  is known as the active or working or iron loss component  because it supplies the iron loss plus the small quantity of primary copper loss.

The other component is in quadrature with  and is known as the magnetizing component  because its function is to sustain the alternating flux in the core. It is wattles.

Hence:

As  is very small, no load copper loss is negligibly small which means that no load primary input is practically equal to the iron loss in the transformer.
The no load primary current  is approximately one percent of full load current.
b) Transformer on load
When the secondary is loaded, the secondary current  is set up. The magnitude and phase of  with respect to  is determined by the characteristics of the load. Current  is in phase with  if the load is purely resistive, lags behind  if the load is inductive and leads  is the load is capacitive.
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The secondary current sets up its own mmf  and hence its own flux  which is in opposition to the main primary flux  which is due to, as shown in fig. (2)
The opposing secondary flux  weakens the primary flux  momentarily, hence primary back emf,  tends to be reduced. For a moment  gains upper hand over  and hence causes more current to flow in the primary.
The additional current in the primary  is known as load component of primary current. This current is in anti-phase with. 
The additional primary magnetomotive force  sets up its own flux  which is in opposition to  and is equal to it in magnitude as shown in fig.(3).
Hence the two fluxes  and, cancel each other out. So we find that the magnetic effects of secondary current  are immediately neutralized by additional primary current  which is brought into existence exactly the same time as. Hence whatever the load conditions, the net flux passing through the core is approximately the same as at no load as shown in fig. (4). An important conclusion is that due to the constancy of the flux at all loads, the core or iron losses are constant under all load conditions.


The primary current  has two components;  and.
























c) Transformer with winding resistance
An ideal transformer was supposed to possess no resistance, but in an actual transformer, there is always present some resistance of the primary and secondary windings. Due to this resistance there is some voltage drop in the windings.










Equivalent resistance



 is primary winding resistance and  is secondary winding resistance both shown externally. The resistance of the two windings can be transferred to any of the two windings. The advantage of concentrating both the resistances in one winding is that it makes calculations very simple and easy because one has to work in one winding only.
The value of  in secondary is equivalent to  in the primary denoted by  i.e. the equivalent of secondary resistance as referred to primary.
The copper loss in secondary is. This loss is supplied by primary which takes a current. Hence if  is equivalent resistance in primary which would have caused the same loss as  in secondary, then;



Similarly, equivalent primary resistance as referred to secondary is:

Hence we have:

 is equivalent resistance of the transformer as referred to primary.











 is equivalent resistance of the transformer as referred to secondary.





Magnetic leakage
It has been assumed that all the flux linked with the primary winding also links the secondary winding. In practice this is impossible. It is found however, that all the flux linked with the primary does not link the secondary but part of it i.e.  completes its magnetic circuit by passing through the air rather than around the core. This flux is known as primary leakage flux and is proportional to primary ampere turns alone because the secondary turns do not link magnetic circuit of. It induces an emf  in primary but not in secondary.


Load


Similarly, secondary ampere turns sets up leakage flux  which is linked with the secondary winding alone. It produces emf  in secondary but not in primary.
 The effect of the self-induced voltages  and  is equivalent to a small chocker or inductive coil in series with each winding such that the voltage drop in it is equal to that produced by the leakage flux.
Hence a transformer with magnetic leakage is equivalent to an ideal transformer with inductive coils connected in both primary and secondary circuits.





 is primary leakage reactance. 
 is secondary leakage reactance.
Just like for resistance we have:





Transformer with resistance and leakage reactance










Equivalent circuit
Secondary circuit and its equivalent primary values:












Combining primary and secondary we get:




















A simplification can be done by transferring exciting winding:




















If the exciting winding is ignored, then we have:






Open circuit or no load test
A
V

Watt meter

Low
High

The purpose of this test is to determine the no-load loss or core loss and no load  which is helpful in finding  and.
One winding of the transformer, normally the high voltage side, is left open and the other is connected to supply normal voltage and normal frequency.
With normal voltage, normal flux will be set up in the core and normal iron loses will occur. As is very small usually 2 to 10% of rated current copper loss is negligible in primary and nil in secondary. Hence wattmeter reading represents the core loss.







Short circuit test or impedance test
A
V
Low voltage supply
Watt meter
Low
High

This is an economical method to determine.
In this test one of the winding, usually the low-voltage winding is short circuited by a thick conductor. A low voltage usually (5 to 10%) of the normal primary voltage and at normal frequency is applied to primary voltage and increased till full load current flow in both primary and secondary winding.
Since in this test the applied voltage is a small percentage of the normal voltage, the mutual flux  produced is also a small percentage of its normal value. Hence core losses are very small and hence the wattmeter reading represents full load copper losses i.e.  for the whole transformer. If  is the voltage required to get rated load current, then:





Why transformer rating is in KVA
Copper loss of a transformer depends on current and iron loss on voltage. Hence, total loss depends on volt-ampere (VA) and not phase angle between voltages and current i.e. it is independent of power factor. 
Efficiency of a transformer
The efficiency of a transformer at a particular load and power factor is given by:

But transformer being a highly efficient piece of equipment, it has very small loss, hence it is impractical to try to measure its efficiency by measuring input and output. The quantities are nearly of the same size. A better method is to determine the losses and then calculate the efficiency.

OR:

Condition for maximum efficiency
Copper losses=


Considering primary side:
Primary input 


Differentiate both sides with respect to 

For  to be maximum. Hence we have:


OR:
[bookmark: _GoBack]Copper = Iron losses.






