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Introduction 
 

The vast majority of investigations [1,2,3,4,5], 
dealing with leakage of magnetic fields in transformers are 
limited with the mode of short circuit, when 
magnetomotive forces of the primary and the secondary 
windings are equal but polar opposites. It is also supposed 
that inductive reactance of leakage determined in the short 
circuit mode does not depend on the transformer’s load 
coefficient. Practically, spatial distribution of the magnetic 
leakage depends on the transformer’s load coefficient: in 
case of short circuit magnetic leakage is concentrated on 
the windings and in between them, while in the mode of 
no-load leakage of magnetic fields of the first winding is 
significantly bigger and overspread far of the windings. It 
follows that magnetic fluxes of the transformer’s leakage 
depend not only on the spatial configuration of the 
windings but also on the operational mode, i.e. on the load 
coefficient. This factor should be taken into account in the 
process of projecting, because transformation coefficient 
defined as a ratio of the voltages of the no-load of the 
primary and the secondary windings depends not only on 
the number of turns in these windings but also on their 
spatial position. 

This work deals with a simple method of physical 
modelling of magnetic leakage of the transformer by 
means of which a number of turns of the secondary 
winding is established for the given transformation 
coefficient. 
 
Theoretical substantiation of the method 
 

Fig. 1 shows ferromagnetic circuit with wound up 
windings: 1 – the primary excitation winding; 2, 3, …, n – 
the secondary dead windings; w1, w2, w3, …, wn – a number 
of turns in adequate windings; Φ - the main magnetic flux 
of the primary winding; Φσ1 – magnetic flux of leakage of 
the selfinduction of the primary winding; Φσ2, Φσ3, …, Φσn 
– magnetic fluxes of the mutual induction between the 
primary and secondary windings; wk, Uk – a number of 
turns and voltage of the control winding, wound up on the 
ferromagnetic circuit in such a way that linked magnetic 
flux of mutual induction is equal to zero. 

Let’s suppose, that there are no magnetic losses in a  
magnetic circuit (temporary phases of all magnetic fluxes 
and the primary excitation winding voltage coincide). 
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Fig. 1. Ferromagnetic circuit with wound up windings 
 

Voltage of the primary winding U01: 
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 Where R1 – active resistance of the primary winding; ω - 
cyclic frequency of the supply voltage; w1 – a number of 
turns of the primary winding. 

No-load voltage of the secondary winding U02: 
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where w2 – a number of turns of the secondary winding. 
No-load voltage of the nth winding U0n: 
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where wn – a number of turns of the nth winding. 
No-load voltage of the control winding Uk: 
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where wk – a number of turns of the control winding. 
Desirable transformation coefficient between the 

primary and secondary windings in no-load conditions: 
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It can be supposed in medium and high power 

transformers that R1 ≈ 0; then the formula (5) becomes as 
follows: 
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Analogously: 
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If w2 = w3 = … = wn, then the transformation 

coefficients will satisfy the condition: 
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It can be seen from the latter expression that if all 

secondary windings have an equal number of turns then 
their transformation coefficients must increase because 
fluxes of mutual induction decrease (upon receding of the 
secondary winding from the primary one). 

When the given transformation coefficient is k1l and 
the given number of the turns of the primary winding is w1, 
a number of the turns of the secondary winding wl is 
established according to the formula (8) 
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The main magnetic flux Φ and leakage magnetic 

fluxes Φσi, i = 1, 2, 3, …, n, are determined from the 
following formulas (1) … (4): 
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In case of n secondary windings, then (n-l) of the 
leakage flux can be expressed in the following way: 
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Thus in order to determine necessary number of turns 
wl according to the formula (10), which guarantee the 
given transformation coefficient k1l, it is necessary to know 
values of the magnetic fluxes Φ and Φσi,  
i = 1, 2, 3, …, n. These magnetic fluxes are functions of 
the no-load voltage Uk, U01, U02, U03, …, U0n (12). 

Such definition of the magnetic fluxes of leakage 
without solution of the equation is preferable because of 
little time and resources. A number of turns for the 
secondary windings can be precisely defined from the 
physical model already in the transformer’s designing 
process thus ensuring the given value of the transformer’s 
coefficient taking into consideration of the winding 
construction. 

 
Experimental part 

 
Experiment was carried out with a special monophase 

transformer, showed in fig. 2. Construction measures of the 
transformer’s magnetic circuit and windings are shown in 
the picture. The primary winding 1 has w1 = 139 turns 
from the rounded wire and is fixed in the lower part of the 
magnetic circuit. The secondary winding 2 has w2 = 252 
turns from the rounded wire and can slide along the 
transformer rod (l = var.) Control turn 3 is wound up on 
the upper yoke of the magnetic circuit in such a way that 
magnetic fluxes of leakage of operating windings wouldn’t 
intersect its turns.  A number of turns of control winding 
wk = 16. 
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Construction dimensions of the magnetic circuit:  
l1 = 76·10-2 m, l2 = 7,6·10-2 m, l3 = 15,3·10-2 m; dimensions 
of the primary winding: l4 = 30,8·10-2 m, l5 = 40·10-2 m, 
l6 = 13·10-2 m; dimensions of the secondary winding:  
l7 = 26,3·10-2 m, l8 = 40·10-2 m, l9 = 16·10-2 m; l – variable 
distance between the primary and the secondary windings. 

Distance between the windings l was chosen as 
follows: l(1) = 1·10-2 m, l(2) = 18·10-2 m, l(3) = 35·10-2 m. 

Thus a four-wound transformer was modelled with 
the following number of the secondary windings  
w2 = w3 = w4 = 252; R1 = 0,0877 Ω. 

Voltages of the no-load were measured by means of a 
digital voltmeter. Current of the no-load I01 = 0,500 A was 
chosen in such a way that the magnetic induction in the 
magnetic circuit wouldn’t exceed 0,2 T. 
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Fig. 2. The transformer of experiment 
 

Results of the various measurements for different 
distances between the primary and secondary windings are 
presented below. 

 
Table. Results of measurements for different distances 

n l(n), m U01, V I01, A U0(n+1), V Uk, V 
1 1·10-2 67,0 0,500 119,0 7,38 
2 18·10-2 67,0 0,500 117,0 7,38 
3 35·10-2 67,0 0,500 115,8 7,38 

 

The following magnetic fluxes can be defined from 
the equation system (11) Φ, Φσ1, Φσ2, Φσ3, and Φσ4: 

 
3100772 −⋅= ,Φ Wb, 4

1 1043390 −⋅= ,Φσ Wb, 
4

2 1036460 −⋅= ,Φσ Wb, 4
3 1021480 −⋅= ,Φσ Wb, and 

4
4 1007810 −⋅= ,Φσ Wb. 

 

The coefficients of transformation when leakage 
fluxes are not estimated:  

 

k12 = k13 = k14 = 0,5516. 
 

A number of turns of the secondary winding can be 
defined according to the formula (10). 

A number of turns of the secondary winding  
(l(1) = 1·10-2 m): 

5,257
4

2
12

4

1
1

2 =






 +







 +

=
∑

∑

=

=

i
σi

i
σi

ΦΦk

ΦΦw
w  

 
 

A number of turns of the thirdly winding  
(l(2) = 18·10-2 m): 
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A number of turns of the fourthly winding  
(l(3) = 35·10-2 m): 

 

( ) 3,264
414

4

1
1

4 =
+







 +

=
∑
=

σ

i
σi

ΦΦk

ΦΦw
w . 

 

Having chosen the number of turns of the secondary 
windings in this way, the transformation coefficient of all 
three windings remains practically constant. 

Voltages of the no-load after determination of new 
number of windings: 

83121'
02 ,  U = V; 64121'

03 , U = V; 31121'
04 ,  U = V. 

After correction of the number of turns the new 
coefficients of the transformation are as follows:  

54990"
12 ,  k = ; 5516013 , k" = ; 5523014 , k" = . 

Discrepancy of new transformation coefficients does 
not exceed ±0,5%, and this meets standard requirements. 

Coefficients of the secondary windings prior to 
correction of the number of windings (w2= w3= w4=252) 
in no-load conditions:  

5630012 , k' = ; 5726013 ,  k' = ; 5786014 , k ' = . 
Deviations of the transformation coefficients from the 

given k = 0,5516 make +4,89%. 
 

Conclusions 
 

Precision of the transformation coefficient is 
predetermined by the precise definition of the number of 
turns of the transformer’s winding in the designing 
process. It is known that in case of deviation of the 
transformation coefficients of the parallel connected 
transformers in 1%, the rectified current increases in 18% 
so decreasing the useful transformer’s load. Since voltages 
of the no-load according to which transformation 
coefficient is established depend not only on the number of 
winding turns but also on the leakage of magnetic fluxes, 
so it is obviously necessary to take into account these 
fluxes. 

Given dependencies of the number of turns on 
leakage of the magnetic fields allow defining a number of 
turns and transformation coefficient rather precisely. It is 
shown in this work that the discrepancy of the 
transformation coefficient in particular transformer makes 
+4,89% according to the transformation coefficient defined 
with reference to the ration of the turns of the primary and 
the secondary windings and to the transformation 
coefficient according to the data of the idle running, 
without taking into account influence of the leakage fields 
on the number of the secondary windings.  
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A way of defining the number of turns of the 
secondary windings proposed by us can guarantee that the 
discrepancy of transformation coefficients will not exceed 
±0,5%. 
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