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Abstract: This investigation deals with a mathematical model for a distribution transformer 

including saturation effect. To this end, the equations related to a three phase transformer 

are specified and the effect of an inter-turn fault is included. Naturally by applying an inter-

turn fault the inductance and resistance matrix will change. Thus, unknown quantities of 

inductances and resistances for completing the matrix are calculated and the inputs, outputs 

and state variables are specified. All the equations will be rewritten in terms of state 

variables, subsequently saturation effect is added to the model. Finally the block diagram of 

the specified model based on the obtained equations are designed and the ultimate model is 

simulated. The saturation effect, added to the mathematical model and also the variable 

fault parameters are known as two significant contributions which distinguish this study 

from other investigations. Various results obtained from the simulation of the final model 

confirm the changes in the behavior of faulty transformer such as: a large circulating 

current flowing in the shorted turns, lower impact on terminal voltages and currents, a 

sudden increase in current flowing in the primary winding, asymmetrical flux distribution 

and inverse proportion of the fault severity and the limiting resistor. 
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1 Introduction 1 

1.1 Transformer Fault Classification 

transformer as a vital part of a power system, plays 

an important role in the transmission process of 

generated energy in power plants and distribution of it 

to a point of power utilization. In today's world, due to 

the incremental rate of complex loads in power 

networks with various control systems which causes an 

amazing network expansion, transformers are seriously 

and continuously exposed to risks. This fact is the main 

reason that necessitates the Recognition; classification 

and urgent detection of transformer faults. Accordingly, 

the faults can be categorized as external and internal [1]. 

The external faults involve; overloading, voltage 

increase due to impulse excitation, short circuit in the 

network and etc. Whereas, the internal faults involve; 
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winding defects, winding insulation failures, oil 

decomposition, core faults, defects in the mechanism of 

tap-changer and etc. Among all the mentioned faults, 

winding insulation failures are always considered as the 

most important reason of power transformer outage, 

which are usually categorized as static and dynamic 

failures [2], [3]. The reason of static failure is winding 

insulation defect during manufacturing. But the 

important factors that cause dynamic failures include; 

over voltages caused by lightning, over voltages caused 

by switching, inrush current of transformers, prolonged 

overloading and failure of the cooling mechanism. 

    Inter-turn fault is known as a famous reason of 

insulation failure in transformers. Transient over 

voltages, caused by impulse excitation, is a 

determinative factor in creation of winding inter-turn 

fault. Thus, overvoltage distribution along the winding 

must be uniform [4]. It should be noted that, urgent 

detection of inter-turn fault has a great importance in 

preventing the increment of fault severity [5]. 

1.2 Literature Review and Contribution 

   Various methods have been proposed in order to 

detect inter-turn fault which are completely mentioned 

in Table 1. On the other hand, the disadvantages of the 

applied methods are presented in Table 2.  

   In [22], [23], the behavior of transformers are 

analyzed with high emphasis on experimental models. 

A 
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Table 1 Description of some important methods for internal fault detection. 

Methods Ref. Remarks and essential descriptions 

 

Differential 

Protection 

 

[1], [6], [7] 

 

[1], [6], [7] 

 Differential relays measure the primary and secondary phase current of the transformer and 

convert them to a mutual base value which is comparable with the calculated differences 

in the currents.  

 Small current differences indicates the normal operation of the transformer and also external 

fault occurrence condition. This small value is equal to the magnetizing and also the core 

loss of the current. But this difference value becomes greater during an internal fault. 

 

Dissolved 

Gas Analysis 

(DGA) 

[8], [9]  

 

 

[10], [11] 

 Transformer oil and its winding insulation can be destructed and decomposed to different 

gases due to thermal or electrical stress. A range of generated amount of gases between 0-

500 ppm, shows the normal operation of transformer. 

 The high amount of circulating current caused by an internal fault can be detected with 

obtained DGA data, applied by various methods such as Rogers Ratio method.  

 

 

Frequency 

Response 

Analysis 

(FRA) 

[12]- [14] 

 

[15] 

 

 

 [16], [17] 

 

 Due to high dependency of winding admittance to the operating frequency, the FRA is 

introduced as another method for detection of inter-turn fault. In this method the 

admittance is measured in a wide range of frequency. 

 The responses in this method are categorized as low, medium and high frequency response. 

But only low and high frequency responses are considered to be significant in frequency 

analysis of inter-turn faults. 

 This method can also be used in order to detect deformation of windings due to short circuit 

fault, and also diagnosis of core fault.  

Advanced 

Methods 

 

[18]- [20] 

[21] 

These methods include 

 Wavelet transform and Artificial neural networks 

 Fuzzy logic 

 

Table 2 The disadvantages of the mentiond method for internal fault detection. 

Methods Disadvantages 

 

Differential 

protection 

 The differential method has high sensitivity to measurement accuracy of the current transformers. 

Therefore an algorithm for compensation of measurement through mathematical fault correction, 

generated by current transformers, is always needed. 

 Inaccessibility to phase terminals in the transformers with delta connections for measurement of the 

phase currents 

 

Dissolved gas 

analysis (DGA) 

(DGA) 

 

 The results and forecasts derived from dissolved gas analysis method such as local overheating and 

high circulating current can also be created by other internal faults in addition to inter-turn fault. 

Therefore, this method can cause ambiguity in determining the precise type of fault. 

 This method is not suitable for dry transformers, transformers with a natural cooling mechanism and 

transformers with air forced cooling mechanism. 

frequency response 

analysis (FRA) 

 FRA always requires additional equipment for diagnosis. 

 The prediction of operating conditions is not easily possible due to complex admittances, and always 

requires an expert’s opinion and evidential reasons.  

 

Advanced methods 

 These methods are not practical. As an example, in artificial neural networks the neural current is not 

easily available for transformers. Besides, advanced calculation methods always require a large 

number of powerful processors. 

 

But considering the high price of transformers and 

difficult  accessibility to the equipment required for 

performing the experiment, this method is not feasible 

for everyone. Furthermore, analyzing inter-turn fault 

effects, on accessibility to the equipment required for 

performing the experiment, this method is not feasible 

for everyone. Furthermore, analyzing inter-turn fault 

effects, on transformers with different characteristics 

and in different voltage levels requires multiple 

experimental models which is illogical from economic 

point of view. In [24], a model based on flux 

rearrangement around the damaged turns has been 

developed. But the mentioned model is very simple and 

only simulated a single phase transformer. On the other 

hand, it does not have transformative fault parameters 

including changeable fault resistance and also 

changeable number of faulty turns of transformer 

winding. Ref. [22], [25], [26], present a finite element 

model (FEM) of a transformer in addition to an 

experimental model. The various aforementioned 

models of the transformer, with inter-turn fault, are 

based on  finite element analysis, mathematical model 

without consideration of saturation effect and also 

limited experimental models in accordance to the 

specifications of the transformer which are given in the 

transformer plaque. In fact, none of the published papers 

have presented a flexible model, based on mathematical 

equation, considering linkage and leakage flux of the 

transformer (changeable self and mutual inductances). 

On the other hand, the aforementioned models do not 



 

172 Iranian Journal of Electrical & Electronic Engineering, Vol. 13, No. 2, June 2017 

 

have flexibility for different fault severity. Therefore, 

providing a transformer approximate model including 

inter-turn fault which can operate under  

 different nominal specification of the transformer 

 different winding resistance and inductances 

(changeable resistance and also self and mutual 

inductances) 

 various fault resistance and fault severity (the 

ability to present an acceptable flux analysis) 

 various involved number of turns in the faulty 

winding 

 selective fault in each section of each winding 

 consideration of the core saturation effect 

seems to be essential. 

    The mentioned model is proposed to achieve a better 

understanding from the behavior of distribution 

transformers with inter-turn fault in a frame of a flexible 

model based on mathematical equations, with the ability 

to change the fault parameters including fault severity 

and the number of shorted turns of the primary winding. 

Different parameters of transformer such as voltage, 

frequency, inductance, resistance and etc are 

changeable. It should be noted that, the saturation effect 

is included in the model as well. This paper is based on 

mathematical equations of a transformer with inter-turn 

fault. Therefore, the passive parameters, caused by 

inter-turn fault, should be specified. Then, the equations 

are rewritten according to new status, considering the 

saturation effect. Finally the obtained block diagram of 

the specified model is designed and simulated. 

2 Three-Phase Transformer Model, with Inter-turn 

Fault 

 

    A sample model for a normal 3-phase transformer is 

well known [27]. The resistance and inductance matrix 

for a normal operated 3-phase transformer are also 

presented in [27]. Imposing an inter-turn fault to phase 

‘B’ of the transformer primary winding divides the 

mentioned coil into two segments including sub-coils 

‘a’, and ‘sh’, as shown in Fig. 1, [27].  
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    As a result, the resistance and inductance matrix will 

change to, 7*7 matrix with unknown parameters as 

shown in (1). It should be stated that, the quantities of 

the faulty sub-coil, are shown with, ‘sh’ index and the 

red colored parameters are known as passive parameters 

which should be calculated subsequently. 
 

 

 
 

Fig. 1 Inter-turn fault modelling in a distribution transformer [28]. 

2.1 Determination of inductances and resistances 

    Passive resistance quantities depend on the ratio 

between, the number of turns in each sub-coil to the 

general number of turns in the faulty (primary) winding 

[27]. The unknown quantities of inductance matrix are 

specified by three important rules including: 

consistency, proportionality and leakage [27]. It is 

necessary to mention that, leakage factors, such as 

,, andash shiσ  σ    σ
ai

 are considered as known parameters. 

In fact, leakage factors have a strong relationship with 

the geometry of transformers and it is the main reason 

which makes these factors hard to obtain. However, the 

leakage factors can be approximated by neglecting the 

leakage flux outside the windings and assuming it to 

flow completely parallel to the axis of transformer 

windings [29].  

    Each winding inductance consists of, self and mutual 

inductance. For instance: 

(2) 

  aa La maL L L  

 33 3 3 L mL L L  

  shsh Lsh mshL L L  

    In accordance to the mentioned rules, the unknown 

self and mutual inductances of the inductance matrix are 

calculated by a numerical resolution method, as follows: 

(3) 

2

33

3

*
 

  
 

a

aa

n
L L

n
 

    Consequently, shshL  can be obtained by replacing shn  
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instead of 
an  in (3). 

 

 

 

      (4)  

33

3 3

*
   

     
   

  

a sh

ash sha

sh sh

aa La ma

a a

n n
L L L

n n

n n
L L L

n n

 

    But other inductances including, mutual inductances 

among the sub-coils of faulty winding in phase ‘B’, and 

other windings are still unknown, which are calculated 

by assuming: 

      (5)  ai a

shi sh

L n
k

L n
 

Thus, the mentioned inductances are given by: 

(6) 3

31
1

    




a a

sh sh a

ai ia i

a sh a

sh sh

n n

n n nk
L L L

n n nk n

n n

 

(7) 
3

3

1 1

1
1

   




sh

shi ish i

a

sh

n
L L L

nk n

n
 

    However, by assuming a typical winding to be wound 

on the same leg as the sub-coils of faulty (phase ‘B’ of 

primary) winding, the equations will be different for 

that. In this method the sub-coil of the faulty winding 

which has the largest number of turns will be selected. 

Suppose, sub-coils ‘a’ has the largest number of turns 

between two sub-coils. As a result, the following 

equation is specified. 

      (8) 
3

ai

i





 

    As mentioned before, different leakage factors such 

as 3,   and   ai shi i    are assumed to be known. Thus, 

for obtaining the unknown inductances, the following 

formula is obtained. 

      (9) 
33

3 2

33 3

1
1aa i

ai ia i

i

L L L
L L L

L L







    

    And as a result of consistency principle shiL  can be 

calculated as follows. 

    (10) 3 shi i aiL L L  

 

2.2 Voltage Equations 

    The faulty phase voltage equations of the primary 

winding, considering an inter-turn fault occurred on 

phase ‘B’, with certain number of turns which is shown 

by ,shn  can be written as 

(11)  3    a a f a circulating av r i z i i p  

(12)  sh sh sh shv r i p

 

where fz  is the fault impedance, circulatingi  is the 

circulating current caused by inter-turn fault in the 

shorted turns, shv  and shr  represent the voltage and the 

resistance of the shorted turns, respectively, and 

/ .p d dt

 

The voltage equations for healthy windings 

in both primary and secondary sides in phase ‘A’ can be 

written as follows. 

(13) 1 1 1 1 v r i p  

(14) 
´ ´ ´ ´

2 2 2 2 v r i p 

 

    Equations of healthy windings in phase ‘B’ and ‘C’ 

can be written in the same way as above. By taking a 

look at the voltage equations, the induced voltage terms 

including, 1,   ,  a shp p p   and
´

2p  can be seen 

obviously. All the induced voltage terms depend on 

inductances. Besides, after the occurrence of an inter-

turn fault the inductance matrix will change, which 

involves known and unknown arrays. Thus, for 

completing the voltage equations in details, the 

unknown quantities should be rewritten based on the 

known inductances and considering three important 

rules including consistency, leakage and proportionality, 

as mentioned before. 

 

2.3 Determination of the Induced Voltage Equations 

    By assuming 

(15) 

1 3 5 n n n  

2 4 6 n n n

 
    The first induced voltage term of faulty winding is 

ap  which can be written, based on 3LL  and 3mL . For 

this purpose, the flux equation should be written based 

on the flux matrix as follows: 

(16) 
1 1 2 2 4 4

5 5 6 6

    

 

a a a aa a ash sh a

a a

L i L i L i L i L i

L i L i


 

    In the next step, the unknown inductances will be 

replaced in accordance to (3)-(10), as expressed below. 

 

 

 

(17) 

2

3

3 3 3

2
´

1 2

3 3 3 3 3
3

´ ´

4 5 6

3 3 3

  
   
   

  
    
    
    
 

a a sh

a L a sh

a a a a sh

a sh

m

a a a

n n n
L i i

n n n

n n n n n
i i i i

n n n n n
L

n n n
i i i

n n n



 

    Finally, derivative of (17), represents the induced 

voltage of sub-coil ‘a’, and will be written as 
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(18) 

2

3

3 3 3

´ 2

1 2

3 3 3 3 3

3 ´´

5 64

3 3 3

  
    
   

 
     

  
  

 
    
 

a a a sh sh

a a L

a a a a a sh sh

m

a a a

n di n n di
e p L

n dt n n dt

n n n di n n didi d i

n dt n dt n dt n n dt
L

n n di n d id i

n dt n dt n dt



 

    The second induced voltage term of the faulty 

winding is, shp  which can be calculated in the same 

way as ap . The final equation will be as follows 

 

 

 

(19) 

2

3

3 3 3

´ 2

1 2

3 3 3 3 3

3 ´´

5 64

3 3 3

  
    
   

 
     

  
  

 
    
 

sh sh sh a a

sh sh L

sh sh sh sh sh a a

m

sh sh sh

n di n n di
e p L

n dt n n dt

n n n di n n didi d i

n dt n dt n dt n n dt
L

n n di n d id i

n dt n dt n dt



 

    The induced voltage of phase ‘A’ and ‘C’, in the 

primary winding can be obtained with the same process, 

as mentioned for the sub-coils of the faulty winding. 

The induced voltage of phase ‘A’ is calculated from 

flux equation as follows. 

(20) 
1 11 1 12 2 1 1 14 4

15 5 16 6

    

 

a a sh shL i L i L i L i L i

L i L i


 

    The following equations are obtained, According to 

Ref. [29]. 

(21) 1 1

1

 i

i m

n
L L

n
 

(22) 

2

1 1

2 2

 
  
 

m

m

L n

L n

 
With the help of (2) and (21), the flux equation becomes 

(23) 

´

1 2

1 1
1 1 1 1

´ ´

4 5 6

 
   

   
 
   

a sh

a sh

L m

n n
i i i i

n nL i L

i i i

  

    The derivative of (23), represents the induced voltage 

of phase ‘A’ in primary winding as follows: 

(24) 

´

1 2

1 1 1
1 1 1 1

´ ´

4 5 6

 
   
 

    
 
   
 

a a sh sh

L m

di d i n di n di

di dt dt n dt n dt
e p L L

dt
d i di d i

dt dt dt

  

Considering, 1 3 5 m m mL L L

 

and also 

2 4 6 m m mL L L , The ultimate induced voltage 

equation of phase ‘C’, can be written with the same 

process, as phase ‘A’. For completing (14) which is 

known as the secondary voltage equation of phase ‘A’, 

the secondary induced voltage including, 
´

2p  , should 

be calculated. The induced voltage of the mentioned 

phase in secondary side is calculated from the flux 

equation as 

(25) 
2 21 1 22 2 2 2 24 4

25 5 26 6

    

 

a a sh shL i L i L i L i L i

L i L i


 

     The unknown parameters of (25) is calculated in 

accordance to (3)-(10), as previously mentioned and the 

equation becomes 

(26) 

1

1 2

2 2 2

2 2 2 2

5 64

4 5 6

2 2 2

 
   

  
 
   
 

a sh

a sh

L m

n nn
i i i i

n n n
L i L

n nn
i i i

n n n

  

    With the help of the equations which are used for 

referring the quantities of winding secondary side, to 

winding primary side [29], and by multiplying both 

sides of (26) by  2 1/ ,n n  the following equation is 

obtained. 

(27) 

´ ´ ´
2

´ 1 2 4 5 6
2 2

2 2 2 1
2 2

1 1

2 1 2 1

L m
a sh

a sh

i i i i i
n n

L i L n nn nn n i i
n n n n



 
     

    
     
 

 

       By dividing both sides of (27) to  
2

2 1/n n , the 

final flux equation can be written as 

(28) 

´

´ ´ ´ 1 2

1 1
2 2 2 1

´ ´

4 5 6

 
   

   
 
   

a sh

a sh

L m

n n
i i i i

n nL i L

i i i

  

    The derivative of (28), represents the induced voltage 

of phase ‘A’, in secondary winding as follows: 

(29) 

´

1 2´
´

2 1 1
2 2 1

´´

5 64

a a sh sh

L m

n di n didi d i

d i dt dt n dt n dt
e L L

dt
di d id i

dt dt dt

 
   
 

   
 
    
 

 

    The induced voltages of phase ‘B’ and ‘C’ in 

secondary winding side, are obtained the same as phase 

‘A’ and in accordance to (25)-(29). It is worth noting 

that, the first term of all induced voltage equations 

shows the leakage inductance, and the second term of 

the mentioned equations presents the core model. 

2.4 Simulation of Three-Phase Transformer 

    As mentioned earlier, for simulation of 3- phase 

transformer with inter-turn fault, specification of input, 

output and state variables are needed. In this simulation 

voltages are considered as input, currents are considered 

as output and the total flux is used as state variable. The 

total flux linkages of windings are known as state 

variables. Thus we have 7 state variables. In terms of 

these 7 state variables, the voltage equation of the faulty 

winding can be rewritten as follows: 
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(30)  3

1
    a

a a f a circulating

b

d
v r i z i i

dt




 

(31) 
1

  sh

sh sh sh

b

d
v r i

dt





 
    It is noteworthy that, other voltage equations can be 

rewritten in the same way. As previously mentioned, 

(17) represents the related flux of sub-coil ‘a’ in the 

faulty winding in primary. By rewriting (17), based on 

,  the following relation is obtained. 

 

 

 

(32) 

2

3

3 3 3

2
´

1 2

3 3 3 3 3
3

´ ´

4 5 6

3 3 3

  
   
   

  
    
    
    
 

a a sh

a L a sh

a a a a sh

a sh

m

a a a

n n n
x i i

n n n

n n n n n
i i i i

n n n n n
x

n n n
i i i

n n n



 

where a b a   , and b  is the base frequency which 

is used for reactance calculation. It is noteworthy that, 

sh  is also obtained in the same way. By rewriting (23) 

and (28) for two other windings, both in primary and 

secondary sides in a similar way, based on  , the 

following formulas are obtained. 

(33) 

´ ´

1 2 4

1 1
1 1 1 1

´

5 6

 
    

   
 
  

a sh

a sh

L m

n n
i i i i i

n nx i x

i i

  

(34) 

´ ´

´ ´ ´ 1 2 4

1 1
2 2 2 1

´

5 6

 
    

   
 
  

a sh

a sh

L m

n n
i i i i i

n nx i x

i i



     The final rewritten equations for other phases, both in 

primary and secondary can be obtained the same as (33) 

and (34). The second term of (33) and (34), is related to 

the magnetizing inductance of healthy windings. It can 

be expressed as 

(35) 
´ ´ ´

1 1 2 4 5 6

1 1

 
       

 

a sh

m m a sh

n n
x i i i i i i i

n n
  

    Equation (36) and (37) are related to the magnetizing 

inductance of sub-coils ‘a’ and ‘sh’ in primary, 

respectively. They can be written as 

(36) 

´ ´

1 2 4

1 1
_ 1

´3

5 6

 
     

   
   

  

a sh

a sh
a

m a m

n n
i i i i in n nx

n
i i

  

(37) 

´ ´

1 2 4

1 1
_ 1

´3

5 6

 
     

   
   

  

a sh

a sh
sh

m sh m

n n
i i i i in n nx

n
i i



     The minimum shorted turns in the faulty winding will 

cause the highest circulating current. Since, in such 

situation, an  is usually close to 3n , it is assumed that, 

  _ m m a  . Thus, we can use (35) instead of (36). The 

ratio between the linkage flux, passes through the core 

inside the shorted turns and the same flux passes 

through the middle of the transformer core inside the 

healthy turns can be written as follows. 

(38) 
_

3

 
  
 

m sh sh

m

n

n




 

    According to (37) and (38) and by assuming a 

constant supply voltage, occurrence of an inter-turn 

fault causes decrement of the flux density, flowing 

through the core, inside the faulty turns. On the other 

hand, this issue leads to an enhancement of flux density 

outside the faulty area. The main reason of this 

phenomenon is the high leakage flux, surrounding the 

shorted turns unlike the lower amount of flux inside 

them. In this situation, due to constant supply voltage 

the fundamental linkage flux does not vary, but a major 

amount of that, passes the same as leakage flux in a 

radial form, around the shorted turns and naturally, the 

leakage flux around these turns becomes stronger, 

exactly unlike the flux flowing through the core inside 

the faulty turns [22]. So, by considering (35) and (37) 

and in accordance to the flux equations, which were 

previously rewritten, the compact flux equations in the 

faulty winding and also healthy windings of a sample 

phase, both in primary and secondary side can be 

written as 

(39) 

2

3

3 3 3

  
    
   

a a sh

a L a sh m

n n n
x i i

n n n
   

(40) 

2

3 _

3 3 3

  
    
   

sh sh a

sh L sh a m sh

n n n
x i i

n n n
 

 (41) 1 1 1 L mx i 

 (42) 
´ ´ ´

2 2 2 L mx i 

 

The flux equations of other healthy windings are the 

same as (41) and (42). Thus the currents which are 

known as outputs of our simulation can be calculated 

with the help of (39)-(42), and ultimately by substituting 

the obtained current equations into (35) and by 

assuming  
3

ζan

n
  , (35) becomes 

(43) 

´

1 2

´

1 3
2

1 ´´

5 64

´ ´

5
4 6

 
   

 
 
 

  
  
  
 

a mm m

L L
L

m m

m mm

L
L L

x x
x

x

x
x x

    





    

 

Equation (43) can be written more compactly as 
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(44) 

´´ ´

5 61 2 4

´ ´ ´

1 3 5
2 4 6

 
      
 
 

a

m M

L L L
L L L

x
x x x

x x x

    



 

´ ´ ´

1 1 3 5
2 4 6

1 1 1 1 1 1 1 1
      

M m L L L
L L L
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     Basically, there are different methods for adding 

saturation to the mentioned simulated model of the 3-

phase transformer including inter-turn fault. In this 

paper, a relation between the saturated and the linear 

linkage flux is presented according to (45) and Fig. 2. 

The mentioned figure consists of three regions. The first 

region is the linear region ( sat
1m B ). The second 

region is called, knee region ( sat
1 2 mB B ). And the 

third region is the fully saturated region ( sat
2m B ) 

which is approximately linear [29]. 

(45) 
unsat sat  m m m    

 

 
 

Fig. 2 Piece-wise approximations of  vs. sat

m [29]. 
 

 

    In fact, after modelling the saturation effect, sat

m  

will be used instead of unsat

m in all relations. Therefore, 

(44) will change as follows 
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     By comparing (44) with (46), it is observed that, the 

only difference between the linear and saturated model 

is summarized in an extra term in (46), which is shown 

by 
unsat

mx


  In fact, the saturated model consists of the 

linear model plus saturation block. The saturation block 

has a data table with two columns, including  m  

values which are written in terms of 
m . 

    With a glance to Equations (44) and (46), it can be 

concluded that, the saturation block has decreasing 

effect on the linkage flux, due to the subtractive effect 

of the extra term, showing by 
unsat



mx

 . In fact the relation 

between the saturation effect and linkage flux is 

expressed in Equation (46). 

    Therefore, any issue which affects the linkage flux 

can be determinative in core saturation and vice versa. 

    On the other hand, as previously mentioned, by 

assuming a constant supply voltage, occurrence of an 

inter-turn fault causes decrement of the flux density, 

flowing through the core (linkage flux) extremely unlike 

the leakage flux. As a result, the linkage flux gets 

weaker due to an inter turn fault as depicted in the 

following figure. 
 

 
Fig. 3 Flux density distribution inside the transformer under 

faulty operating condition [22]. 
 

    Thus, both the saturation effect and inter turn fault 

have decreasing effect on linkage flux. As a result, 

occurrence of an inter turn fault under saturation 

condition leads to sequential decrement of the linkage 

flux. 

    By adding the saturation effect, the current equations 

can be rewritten as presented in (47)-(53). 

    By substituting the obtained current equations into 

flux equations the final flux equations are obtained in 

accordance to (54)-(60). 

    The saturation effect can also be modeled by three 

single-phase saturable transformers connected to the 

primary side of the linear transformer model. In 

accordance to the mentioned equations, the block 

diagram of a 3-phase transformer with inter-turn fault, 

including saturation effect and transformative fault 

parameters is designed, as shown in Fig. 4. 
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Fig. 4 The block diagram of 3-phase transformer with inter-turn fault including saturation effect. 
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3 Simulation Results and Discussion 

   The model developed, has been simulated and the 

following simulation results refer to a 3-phase star-star 

transformer with an inter-turn fault, imposing to phase 

‘B’ of the transformer primary winding whose 

characteristics are given as follows: 
 

Table 3 Three-phase transformer parameters 

Rated KVA 630 
Frequency 50 Hz 
Number of turns per phase in primary 360 
Number of turns per phase in secondary 120 
Primary voltage 4000 v 
Secondary voltage 1300 v 
Primary resistance 8.25 Ω 
Secondary resistance 4.0134 Ω 
Primary inductance 0.66 H 
Secondary inductance 0.073 H 
Mutual inductance 708 H 

 

The result are analyzed by considering different shorted 

turns ( shN ) and various fault resistances ( fR ) and with 

constant load and supplying voltage. Fig. 5 shows 

different result caused by imposing an inter-turn fault to 

phase ‘B’ on primary winding in a three phase 

transformer, by assuming 50shN   and 0fR  . 

    Occurring an inter-turn fault, whether in primary or 

secondary, causes a severe voltage drop which leads to a 

large amount of circulating current flowing in faulty 

turns. The mentioned circulating current which is shown 

in Fig. 5(b), arises from the high ratio between the 

complete winding and the shorted portion of that. It is 

worth mentioning that, the circulating current is aimed 

at producing an opposite MMF compared the 

fundamental MMF of the winding in order to limit the 

entering flux into the turns. All the above explanations 

can be justified by Faraday’s law. 

When an inter-turn fault occurs, whether on the primary 

or the secondary, a large amount of current flows in the 

primary winding. The reason for this incremental 

behavior in the primary winding is, presence of fewer 

turns for producing the magneto-motive force (MMF) in 

order to maintain the basic flux of the transformer 

winding. As previously mentioned, the circulating 

current flowing in the shorted turns will act as an 

opposite MMF. On the other hand, the circulating 

current caused by the inter-turn fault has a large amount 

and the MMF which is produced by that might be 

greater than the fundamental MMF. Thus, the inter-turn 

fault has a significant effect on decrement of 

fundamental MMF. So inevitably, for having a better 

MMF compensation, the primary current should be 

increased. The mentioned behavior is shown in Fig. 

5(a). 

   By dividing the faulty winding to shorted and not 

shorted turns, the flux waveform of both segments can 

be obtained in accordance to Fig. 5(c). In this figure the 

dark black continuous waveform represents the flux        

 
(a) 

 

 
(b) 

 

 
(c) 

 
 

 
(d) 

 

Fig. 5 Waveforms of transformer with inter-turn fault, arising at 

t=9s by assuming ( 50shN   and 0
f

R  ). (a) Primary current 

in three phase. (b) Circulating current along with phase 

currents. (c) Primary leakage flux along with shunt flux.          

(d) circulating current along with fault current. 
 

 

waveform of not shorted segment and the inconspicuous 

Spotter waveform shows the flux waveform of shorted 

segment and two other curves represent the flux 

waveforms of normal phases. Naturally by increasing 

the shorted turns in the faulty phase, the amplitude of its 

related waveform will increase. Fig. 5(d), represents the 

fault current compared with the circulating current. The 

fault current consists of the circulating current plus the 

increased current of the faulty winding.  

    A very important principle in inter-turn fault in 

transformers is that, the lower, number of shorted turns, 

the higher is the circulating current and the lower is the 

primary current. As previously mentioned, the 

circulating current produces an opposite MMF 

compared to the fundamental MMF of winding. On the 

other hand, the supply voltage of the transformer is 
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assumed to be constant. Subsequently the fundamental 

MMF of the transformer will not change. Thus, by 

increasing the shorted turns, the same opposite MMF 

need to be produced, as it used to. As a result, a lower 

amount of circulating current is produced. Besides the 

incremental behavior of circulating current due to 

decreasing of the shorted turns, also refers to reduction 

of impedance of the shorted loop. Fig. 6(a) shows the 

circulating current with the minimum turn ( 1shN  ) 

which leads to a high amount of current as expected. 

    Increasing the number of shorted turns will decrease 

the number of healthy (not shorted) turns and leads to 

enhancement of primary current. Fig. 6(b) shows the 

primary current by imposing an inter-turn fault to phase 

‘B’ on primary winding in a three phase transformer, by 

assuming 75shN   and 0fR  , which confirms the 

incremental behavior of primary current due to 

increasing the shorted turns of the faulty winding. 

    The enhancement of primary current caused by 

increasing the shorted turns, can be seen obviously by 

comparing Fig. 5(a) and 6(b). 

    In accordance to Fig. 6(c) and comparing it with Fig. 

5(c), the flux enhancement caused by increasing the 

shorted turns in the faulty winding which is shown by 

the inconspicuous Spotter waveform can be seen 

obviously. On the other hand, by increasing the shorted 

turns in faulty winding, the healthy turns of this winding 

will decrease. As a result, the flux which is produced by 

the healthy turns of the faulty winding will decrease as 

shown by the dark black continuous waveform in Fig. 

6(c). 

    A very significant parameter for controlling the fault 

and the circulating current is the fault resistance which 

is naturally caused by insulation defection during the 

fault occurrence. By increasing the fault resistance, the 

fault and circulating current will decrease. In other 

words, the fault severity will decrease. On the other 

hand by decreasing the fault resistance, the fault and 

circulating current will increase. In other words, the 

fault severity will increase. Fig. 7(a) and 7(b) shows 

different result caused by imposing an inter-turn fault to 

phase ‘B’ on primary winding in a three phase 

transformer, by assuming 50shN  and 0.25fR  . 

    A comparison between Fig. 5(a) and 5(b) and Fig. 

7(a) and 7(b)  shows that by increasing the fault 

resistance to 0.25, while we have 50 shorted turns, the 

primary current will decrease approximately from 80 to 

70. On the other hand the circulating current will 

decrease approximately from 480 to 400 and as a result 

the fault current will decrease approximately from 560 

to 470. 

    Fig. 7(c) and 7(d) shows different result caused by 

imposing an inter-turn fault to phase ‘B’ on primary 

winding in a three phase transformer, by assuming 

50shN  and 0.5fR  . In this model we increase the 

fault resistance from 0.25 to 0.5. Reducing the fault 

…… 

 
(a) 

 

 

 
(b) 

 

 
(c) 

 

Fig. 6 Waveforms of transformer with inter-turn fault, arising 

at t=9s by assuming ( 1
sh

N  or 75) and ( 0
f

R  ).               

(a) Circulating current along with fault current. (b) Primary 

currents in three phase for ( 75
sh

N  ) and ( 0
f

R  ).            

(c) Primary leakage flux along with shunt flux for ( 75
sh

N  ) 

and ( 0
f

R  ). 
 

 

severity after increasing the fault resistance is obvious 

by comparing Fig. 7(a) and 7(b) with Fig. 7(c) and 7(d). 

    Fig. 8(a) is a column chart which shows primary 

currents, considering different fault parameters 

including variable shorted turns and fault resistances. As 

already proved, the enhancement of shorted turns in 

faulty winding will decrease the circulating current 

which leads to an increment in primary current of the 

transformer. This figure confirms reducing of fault 

severity by increasing the fault resistance in accordance 

to previous simulated figures of our model. 

    Fig. 8(b) is a column chart which represents the flux 

in both shorted and healthy turns by changing the 

number of shorted turns in the faulty winding. This 

column chart is a brief result from the effect of changing 

the fault size on flux in the shorted and healthy portion 

of the faulty winding which is obtained from the 

simulation of our model and confirms the enhancement 

of shorted turn flux by increasing the number of shorted 

turns and consequently decreasing the flux of healthy 

turns in faulty winding by decreasing the number of 

healthy turns. 
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(a)  

 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Fig. 7 Waveforms of transformer with inter-turn fault, arising 

at t=9s by assuming ( 50
sh

N  ) and ( 0.25
f

R   or 0.5).         

(a) Primary currents in three phase for ( 50
sh

N  ) and 

( 0.25
f

R  ). (b) Circulating current along with phase current 

for ( 50
sh

N  ) and ( 0.25
f

R  ). (c) Primary currents in three 

phase for ( 50
sh

N  ) and ( 0.25
f

R  ). (d) Circulating 

current along with phase currents for ( 50
sh

N  ) and 

( 0.25
f

R  ). 
 

 

4 Conclusion 

   This contribution modeled and consequently 

simulated a distribution transformer, based on 

mathematical equations both in normal operating 

condition and also in the presence of an inter-turn fault. 

The saturation effect is also considered in this model, 

which is obtained by adding the saturation block to the 

linear model of the transformer. The mentioned block is 

an approximation of 
m  values, which are written in  

 
 

(a) 
 

 
 

(b) 

Fig. 8 Primary current and flux measurement. (a) Primary 

current, considering different fault parameters. (b) Flux in 

both shorted and healthy turns assuming different shorted 

turns.              

 

terms of 
m . The model has been used to demonstrate 

different behaviors of a transformer, considering 

alterability in the number of shorted turns in the faulty 

winding and also in fault resistance. The mentioned 

items are two highlighted distinctions in this study 

compared other investigations. The results of 

simulations indicate the remarkable ability of the 

flexible model to represent the real behavior of a 

transformer with an inter-turn fault. The mentioned 

results can be written as follows. 

    Occurrence of an inter-turn fault, whether in primary 

or secondary causes a severe circulating current which 

leads to an increment in the primary current of the faulty 

phase. It was also found that for the faults on the 

primary side, the secondary current will remain 

unaltered. Increasing the number of shorted turns will 

cause flux enhancement of this segment of the faulty 

winding. It is noteworthy that, the lower the number of 

shorted turns, the higher is the circulating current due to 

reduction of impedance of the shorted loop and the 

lower is the primary current due to increasing the 

number of healthy turns in the faulty winding. Thus, an 

inter-turn fault, including a few turns, has negligible 

effect on the terminal values of the transformer which 
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makes the fault detection harder. It was also proved that, 

by assuming a constant supply voltage, an inter-turn 

fault will decrease the flux density passing through the 

core, inside the shorted turns and increases the flux 

density outside the faulty area. In fact the fundamental 

linkage flux remains constant. But it mainly passes in 

redial form around the shorted turns which leads to 

asymmetrical flux distribution in the transformer. 

Finally, the last result which is obtained from the 

simulation is the fault severity which can be controlled 

by a fault resistance and the number of shorted turns. 

The minimum fault resistance causes the maximum 

circulating and primary current. On the other hand, the 

minimum number of the shorted turns causes the 

maximum circulating current and minimum increment 

in primary current. 
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