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Abstract. This paper presents an analytical method to compute the leakage 

inductances of power transformers with a turn-to-turn winding fault. A leakage 

inductance model to represent the transformer with faulty turns is also 

proposed. The results obtained from the application of the analytical method are 

validated by using data obtained from finite-element analysis and experimental 

tests.  
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1   Introduction 

Power transformers are key elements of the electric generation, transmission and 

distribution network and constitute one of the most capital-intensive investments 

made by power system utilities. The unexpected failure of a power transformer can 

generate substantial costs for repair and financial loss due to unscheduled electrical 

outage. Therefore, it is of crucial importance to detect internal defects in their 

incipient stage, so that the faulted unit can be immediately disconnected, avoiding the 

progression of the defective condition into a catastrophic failure, minimizing the 

damages in the transformer and other expensive neighboring equipment, and thus 

reducing downtime and total outage costs. 

The development of new techniques for transformer condition monitoring and fault 

protection requires a detailed characterization of the transformer behavior during the 

occurrence of turn-to-turn winding short-circuits. The experimental study of these 

incipient internal faults presents some difficulties, mainly due to the high magnitudes 

of the faulty currents involved, which can damage the test transformer. Therefore, a 

detailed analysis of these phenomena can be better investigated by the use of a 

suitable digital simulation transformer model [1].  

Several circuit-based transformer models were presented in the last few years for 

winding fault studies [1]-[4]. One of the major difficulties in these approaches is to 

model the leakage inductances when the turn-to-turn short-circuit is present. The 

difficulty arises because the distribution of the magnetic flux is substantially modified 

when such a fault occurs [5]. In [2] the method to determine the leakage inductances 
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relies on correction factors, in order to take into account the radial component of the 

leakage flux. In [3] an analytical formula for the leakage inductance of the faulty 

winding is developed, but only for the simpler case of transformer no-load conditions. 

Nevertheless, the derivation of the models is not straightforward and difficult to be 

implemented. More recently a simplified method was proposed [4], in which the 

leakage inductances are computed from the nameplate short-circuit reactance. Errors 

up to 68% are reported (as compared with experimental results) and only a model 

based on finite elements method would yield good results.  

This work presents an analytical method to compute the leakage inductances of 

power transformers with a turn-to-turn winding fault. The influence of the fault 

position and fault progression is also characterized. Additionally, a leakage 

inductance equivalent circuit to represent the transformer with faulty turns is 

proposed. The results obtained from the application of the analytical method are 

validated by using data obtained from finite element analysis and experimental tests.  

2   Relationship to Internet of Things 

The smart grid can be seen as one of the Internet of Things application domains, in 

which intelligent electronic devices and their communication capabilities can be used 

to provide unprecedented reliability levels in the power network. However, for this to 

occur it is necessary the development of new fault detection methods, which must be 

integrated with the smart grid technologies. This in turn requires detailed and 

extensive modeling and simulation of the power system network. A power 

transformer model for winding fault studies is essential for these purposes.  

3   Winding Fault Characterization 

For the experimental investigation a three-phase, two winding, three limb transformer, 

of 10.3 kVA, 230/132 V, was used. The primary and the secondary windings have 

152 and 90 turns, respectively. In each transformer winding there are five additional 

tappings connected to the coils, allowing for the introduction of shorted turns at 

several locations in the winding, as shown in Fig. 1(a), for one phase of the primary 

and the secondary windings. Only the coils of the center limb were used to perform 

the short-circuit single-phase tests, which results in a shell-type core design.  

When a fault occurs in the primary-side, the short-circuited turns act as an 

autotransformer load on the winding, as shown in Fig. 1(b). The initial effect of the 

inter-turn short circuit is limited to a slight increase in the primary current. However, 

the insulation failure can lead to a high circulating current in the shorted turns, even if 

only a small number of turns is affected.  

Fig. 2(a) presents the current waveforms in the transformer windings for the case 

of a load-test during the occurrence of a turn-to-turn fault in the primary winding. To 

protect the transformer from complete failure when the fault was introduced the 

current in the shorted turns is limited by an auxiliary resistor, which represents the 

fault contact resistance, Rsh. It can be seen that the current in the shorted turns (ib) and 
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the current in the secondary winding (is) are in phase opposition with the primary-side 

current (i.e., they are opposing the primary magnetomotive force (MMF)).  

The leakage inductance is usually obtained by performing the short-circuit test. It 

might be thought that the effect of the inter-turn short-circuit could be analyzed by 

performing a short-circuit test where both Ns and Nb turns were individually shorted, 

Fig. 1(c). However, as explained next, this test is far from representing the true 

leakage flux distribution. The resultant current waveforms obtained for this case are 

shown in Fig. 2(b). It can be seen that the current ib presents a completely different 

behavior than the one for the load test: it has a very small magnitude and is opposing 

the secondary MMF, instead of opposing the primary MMF. The main reason is that 

the mutual flux that links the three coils (Na, Nb and Ns) is significantly different in 

these two tests, and, therefore, the induced currents do not follow the same pattern. As 

a result the flux distribution obtained by this short-circuit test is very different from 

the leakage flux component in the load test and it is not representative of this latter 

condition.  

A better solution to study these phenomena can be obtained by performing the 

short-circuit test of Fig. 1(d), where the short is applied to Ns and Nb connected in 

series-addition. With this approach both currents in these coils are opposing the 

primary magnetomotive force, Fig. 2(c), which is much more similar to the results of 

the load-test of Fig. 2(a).  

Alternatively, the leakage inductances can be obtained by performing the 
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Fig. 1. (a) Location of the tappings of the windings; (b) equivalent circuit for a fault occurring 

in the primary winding; (c), (d) and (e) short-circuit test schematics. 
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Fig. 2. Current waveforms for the case of: (a) load-test of Fig.1(b); (b) short-circuit test of Fig. 

1(c); (c) short-circuit test of Fig. 1(d). (Nb = 2 turns.) 
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traditional short-circuit test were one winding is shorted at a time, Fig. 1(e). With this 

approach the three-winding transformer theory can be applied to obtain the leakage 

inductance transformer model, which must be consistent with the conditions of the 

non-standard short-circuit test of Fig. 1(d).  

4   Leakage Inductance Analytical Computation 

Several formulas for the analytical computation of the leakage inductances have been 

proposed in the past. For the case of concentric transformer windings, with the same 

height h, the leakage flux that flows due to the load current is virtually parallel to the 

axis (except in the ends of the windings). Under this assumption, Fig. 3(a) shows the 

per unit MMF distribution (mk) obtained for the windings geometric structure of the 

test transformer. It is considered that the MMF's of the two windings are equal and 

opposite, which is valid for normal operating conditions (no fault). The leakage 

inductance can be computed by using (notation as per Fig. 3) [6]: 

( )
n2

2 2 21 0
( ) 1 1

1

2
3σ σ − −

=

π µ  = ⋅ ⋅ + + + ⋅ ⋅ ⋅
 ∑ax k k gk k k k k k wk

k

N
L K m g r m m m m w r

h
 (1) 

where N1 is the number of turns of the excited winding, µ0 is the permeability of free 

space, n is the number of vertical layers (7 in this case), rwk is the mean radio of the 

coil k, rgk is the mean radio of the gap between coils k and k+1, and mk is the per unit 

MMF acting on gap between coils k and k+1, see Fig. 3(a).The Rogowski correction 

factor, Kσ, is used to take into account the flux fringing at the top and bottom of the 

windings and the effect of the iron core. For the case of a shell-type design: 
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Fig. 3. Geometric structure and per unit leakage MMF distribution for the case of: (a) axial 

configuration; (b) radial configuration. 
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being E the height of the winding, T the wave length of the MMF wave, L the mean 

coil perimeter, L1 that part of the perimeter which has iron on both sides, L2 the rest of 

the coil perimeter, and C and C1 the distances from iron to coil on the two sides [6].  

Equation (1) can also be used, with proper adaptations, for the computation of the 

leakage inductance of a disk-type winding configuration. Fig. 3(b) presents a generic 

disk-type winding arrangement. In this case it can be assumed that the leakage flux 

has only one component in the radial direction and the radial leakage inductance 

becomes: 

( )
n2

2 2 21 0
( ) 1 1

1

2
3σ σ − −

=

π µ  = ⋅ + + + ⋅ ⋅
 ∑rad k k k k k k k

k

N r
L K m g m m m m h

w
 (3) 

When there are irregularities in the concentric windings, such as a fault, the 

leakage flux is no longer parallel to the axis, but has significant components of radial 

flux, depending on the amount of asymmetry [7]. The formulas given by (1) and (3) 

are no longer valid under these asymmetrical conditions and a direct computation of 

the leakage inductance for these winding arrangements can be very complicated and 

extremely laborious. A very ingenious and useful way of dealing with these situations 

was proposed by Stephens [7] (and generalized in [6]), in which the leakage 

inductance is divided into two components, one axial and the other radial. Each 

component can be computed separately and then added together to give, very nearly, 

the value of the total leakage inductance. Fig. 4 illustrates the basic principle of the 

method with a simplified diagram, assuming a fault in the middle of the primary 

winding. The axial component is obtained by dividing the affected winding into two 

coils, one referring to the healthy portion of the winding and the other to the faulty 

part. These two parts are uniformly distributed along the axis, resulting in a concentric 

design configuration, which can be computed by (1).  

The procedure to obtain the leakage inductance radial component is shown in Fig. 

4(b). First, the secondary-side current is converted to the primary-side. Next, the 

secondary winding is divided into three segments, with the same dimensions of those 

in the primary winding. The MMF of each segment is then computed assuming an 

uniform distribution of the ampere⋅turns in the windings. Finally, the MMF's of the 

corresponding segments of each winding are summed up and the radial component of 

the leakage inductance can be computed by using (3).  

The total leakage inductance is then obtained: 

( ) ( )σ σ σ= +ax radL L L  (4) 

A finite elements method (FEM) based transformer model [8] is also used to 

investigate the adequacy of the analytical calculations. The energy method was used 

to compute the leakage inductance from the FEM results [9].  

Fig. 5(a) presents the results obtained when the position of the faulty turns (Nb) are 

moved along the vertical axis of coil 1, from top to bottom, using the series-addition 

short-circuit test of Fig. 1(d). The leakage inductance takes greater values when the Nb 

turns are located at the coil ends, because the radial component is higher in this 

situation. Obviously, the asymmetry increases with the number of the faulty turns, 

and, as a consequence, there is also an increase in the variation of the leakage 
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inductance when the Nb turns are moved along the winding. Only one experimental 

result can be obtained for this specific test conditions, due to the fixed tap positions in 

the coils. 

Fig. 5(b) presents the variation of the leakage inductance when the fault progresses 

vertically, involving additional turns, first from the top to bottom in coil 1, and then 

affecting the neighboring vertical layer (coil 2). The leakage inductance initially 

grows, due the increasing values of the radial component. It is interesting to note that 

this behavior is opposing the fault progression, since it tends to limit the faulty 

current. The radial component reaches its highest level when the fault has extended to 

just about the vertical center of the coil and then decreases more or less 

symmetrically. This pattern is repeated in the other vertical layers (only shown for 

coils 1 and 2). The axial component of the leakage inductance drops, since the 

number of primary turns is effectively decreasing as the fault evolves. 
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Fig. 4. (a) Equivalent representation of a fault in terms of two components, axial and radial; (b) 

diagram illustrating the procedure to obtain the radial component. 
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Fig. 5. Leakage inductance as a function of the: (a) number of Nb turns and their relative 

position along the winding (coil 1); (b) fault progression. (Short-circuit test of Fig. 1(d).) 
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The results obtained by the analytical calculation, the FEM analysis, and the 

experimental tests are in relatively good agreement.  

The aforementioned method is also valid for computing the leakage inductances 

between pairs of windings for the case of the standard short-circuit tests of Fig. 1(e). 

Fig. 6(a) presents the corresponding results as a function of the Nb turns, which are 

also in good agreement with the FEM analysis and the measured values (Lσ(ij) ≡ 

leakage inductance when the Ni turns are excited and the Nj turns are shorted). 

5   Leakage Inductance Equivalent Circuit Model 

The equivalent circuit for the leakage inductance of three-winding transformers 

proposed in [10] is adapted here to represent the transformer with faulty turns. The 

equivalent circuit is shown in Fig. 7 and its parameters are computed from the short-

-circuit inductances between the pairs of windings obtained by the tests of Fig. 1(e): 

1 ( )σ σ= abL L  (5) 

( )
2

2 ( )σ σ= bs a bL L N N  (6) 

( )
2

( ) ( ) ( ) 2σ σ σ σ
 = − −
 as ab bs a bM L L L N N . (7) 

The leakage inductance equivalent circuit model can be used to simulate the 

short-circuit test of Fig. 1(d). By analyzing the circuit of Fig. 7, with a short applied to 

the series-connected Nb and Ns turns, the equivalent inductance becomes: 

( ) ( )
2

(a, b+s) 1 2 2σ σ σ σ = + + + + s s b s s bL L L N N N M N N N  (8) 

Fig. 6(b) compares the results obtained by applying (8) and the ones previously 

presented in Fig. 5(b). Globally, the proposed leakage inductance model yields good 

and consistent results. The FEM results are almost coincident. Minor differences can 

be detected in the analytical computed results, mainly due to approximations in the 

calculation of the mean radius and the Rogowski correction factors.  

The leakage inductance network of Fig. 7 can be integrated with other transformer 

models [1], [10], in order to take into account the core and loss components.  

6   Conclusions 

This paper has presented a method for the analytical determination of the leakage 

inductances of transformers with winding interturn short-circuits. An equivalent 

circuit for the representation of the leakage inductance of transformers with winding 

faults is also proposed. The experimental and FEM analysis results confirm the 

adequacy of the proposed analytical calculation method.  
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Work is currently in progress to further simplify the leakage inductances 

computation method, in order to allow their determination from nameplate data and 

core window dimensions.  
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Fig. 6. (a) Leakage inductance as a function of the number of Nb turns for the case of the short-

circuit tests of: (a) Fig. 1(e); (b) Fig. 1(d). 
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Fig. 7. Leakage inductance equivalent circuit. 
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