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Among the most noticeable root causes of improper performance in power
transformers, internal short circuit faults can be noted and if not quickly be
identified and addressed in the accepted time interval, irrecoverable damages
such as interruption or even collapse of the network connected to the power
transformer would happen. In this contribution, three-phase transformer
behaviors under magnetizing inrush, internal short circuit condition and their
current values determination have been surveyed using electromagnetic
coupling model approach and structural finite element method. Utilizing the
definition of transformer in the form of multi-coil and their electromagnetic
and electric couple, a three dimensional geometric model of transformer is
developed which includes nonlinear characteristics of the transformer,
different states of normal and under internal short circuit occurrence and the
moment of magnetizing inrush creation are investigated. The comparison
between obtained results of presented model simulation with the

consequences of practical studies on a typical three phase transformer reveals
that the proposed model has a reliable accuracy in detection and modelling
the transformer behavior in normal conditions, magnetizing inrush and
different types of internal faults. The proposed approach represents an
accurate model of a three-phase transformer for protection aims.
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1. INTRODUCTION

Power transformers are of the most important elements in power systems. Therefore, monitoring
their operation in normal and fault conditions, in addition to their importance in different evaluations and
calculations in power system, can guarantee the proper operation for protection system. Thus, this prevents
irreparable damages to power transformer and its connected network. Between 70 to 80 percent of
transformer damages are caused by winding short circuit faults [1]. In this view point, this is important to
achieve a model for transformer which can justify its behaviour in fault conditions. Winding-to-winding
faults are also produced by reasons like mechanical force due to a mechanical connection in transformer,
winding insulation destruction caused by continuous overload and transformer insulation breakdown due to
an impulse voltage, or combination of all the mentioned reasons [2-3].

The transformer models used in most previous studies are in no-fault cases or models those consider
external fault [4-5]. In [6-8], by making short circuit connections of the main nodes which belong to a
winding, a new protection-based method is investigated for modelling and simulating internal short circuit
faults in transformers. In [9], an advanced algorithm is proposed in which the power transformers protection
is shown on a single-phase transformer by an equivalent circuit of inverse inductances. In [10-11], one of the
most important models is proposed that obtains leakage and linkage inductance and also resistance matrices
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to internal fault studies. Therefore a linear model for transformer with internal fault is achieved. But this
mentioned algorithm is not precise enough in transformer modelling in comparison with the other
transformer protection algorithms [12-13].

In [14-15], to facilitate the calculations and increase the accuracy of the winding short circuit faults
modelling procedure, a model known as the variable phase model has been introduced. This model employs
the winding linkage fluxes as solution variables. Another research uses Transmission Line Method (TLM)
and fuzzy logic analysis based on dynamic principle component analysis in modelling of transformer
behavior for internal short circuit studies [16].

Finite Element Analysis (FEA) is another technique for precise modelling of elements behavior such
as power transformers which have nonlinear characteristics like magnetic saturation [19-20].

In [18], the two dimensional model of finite element method is presented for investigating the
behavior of transformer. In this model, due to eliminating one dimension, in order to proper approximation,
the lost value of coil should be applied in electrical model of transformer. So this model cannot be considered
as an accurate model for transformer.

In this paper, by using electromagnetic coupling model and three-dimensional structural finite
element, a power transformer modelling is presented in different conditions including normal condition,
magnetizing inrush and internal short circuit fault cases.

In this approach, a multi-coil form is considered for the transformer and with electromagnetic and
electric couple between coils; a physical and geometric model of transformer is constructed. Also, different
field and terminal parameters of transformer in the normal condition and internal short circuit cases, are
obtained very accurately with evaluating done by time step method. This model also considers the
transformer nonlinear characteristic.

2. INTERNAL FAULTS IN TRANSFORMERS

Internal short circuit faults are known as most important reasons of inappropriateness performance
in power transformers. Also, distinguishing the fault from magnetizing inrush effect of the transformer is so
significant to guarantee the robust protection of wind to wind fault in the primary phase and at last, it depicts
the primary to secondary winding fault. In ground faults, the winding is divided into two -N1 and N2- parts
[11]. Figures 1(a), 1(b), 1(c), and 1(d) depict equivalent circuits states of the transformer normal condition,
short circuit fault in primary phase, turn to turn fault in primary phase and primary phase turn to secondary
phase turn fault, respectively.

On the other hand, in turn to turn faults, the winding is divided to three —N1, N2 and N3- parts.
Finally in two winding faults, each winding is divided to two parts. All the mentioned faults shall be
considered for 3 phases. Also, the simultaneity probability of the faults is possible. Now, the most important
problem is evaluating and obtaining the relationships of transformer in these conditions (internal faults) while
considering transformer characteristics such as leakage and mutual inductances and their mutual impacts,
nonlinear B-H curve, change in load and change of source impedance.

During network reconfiguration, the power flow analysis should be performed. For each proposed
configuration, the power flow analysis should be implemented to evaluate the nodal voltage, power loss of
system and current of each branch. Due to several advantages of the forward/backward sweep technique such
as. Needing low memory, high computational performance, simple structure, high convergence capability,
and applicability to utilization in unbalanced systems, this power flow method has been selected in
this study [10].

3. POWER TRANSFORMER MODELING BASED ON FINITE ELEMENT METHOD
3.1. General Principles

Finite element method is a numerical technique to obtain approximate solutions in boundary value
problems and because of its high ability in analysis of so-complicated geometric and composite problems,
this method is an important tool in solving electromagnetic problems. General principles in three-dimensional
finite element analysis for transient assessment of the power transformer behavior with coupled electrical and
electromagnetic field are based on Maxwell’s equations (1-2).
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N these equations, o represents electrical conductivity of the related domain, p is magnetic
permeability, A, magnetic potential vector, Js, current source density and V is the electrical scalar potential
whose gradient value in each surface could be evaluated if the injected electrical voltage to that surface has
been determined. The third relation states mth electrical branch equations. In these matric terms, om is
magnetic flux between windings, N is number of turns, E, and iy, are applied voltage and electrical current in
mth branch, respectively. Ry, and L, matrices indicate branch resistance and branch leakage inductances,
respectively [21-22].
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Figure 1. Model of Transformer Circuit Area Under Internal Short Circuit Fault. (A) No Fault Condition, (B)
Single Phase to Ground Short Circuit Condition, (C) Turn to Turn Short Circuit Condition, (D) The Turns
Connection of Phase a to Phase B

With taking the above mentioned equations into account, the information related to the geometrical
structure of transformer, boundary conditions, core and windings characteristic (including non-linear
characteristic of the core), and supply conditions and loading are considered as problem inputs and some
different quantities such as windings electrical current and internal field quantities distribution of transformer
are supposed as the outputs of the model. These equations describe the transformer electromagnetic equation
as a second order differential equation and on the condition that the divergence of magnetic potential vector
(coulomb gauge) is equal to zero, guarantee the unique solution of magnetic potential vector in
problem nodes.

Figure 2. Mesh of the Studied Transformer
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Each set of the electrical and magnetic equations of transformer in the above equations makes its
own corresponding matric equation and with coupling these equations and solving them by discretion the
space of problem into a few components known as mesh (Figure 2) and calculating the potential vector in
each node, the problem would be solved and all the electrical and magnetic quantities could be described
based on these parameters.

Considering this fact that the above mentioned equations are Maxwell equations and valid in all
electromagnetic systems regardless of their conditions and structures, in the fault occurrence condition, these
equations could clarify the electrical and magnetic behavior of transformer [20].

3.2. Modeling and Simulation of Transformer
3.1.1. Modeling Magnet

In order to validate the proposed approach, it is implemented on a real transformer. The transformer
characteristics are shown in Table. 1. The studied transformer is depicted in Figure 3. The finite element
modelling of transformer contains three general steps: 1- magnetic core modelling, windings modelling, the
insulation space between them with proper geometry, and assigning appropriate values to the constitutive
parameters of elements such as conductivity, permeability coefficient, and passing coefficient for each
element. 2-triggering the model in order to adjust initial condition and 3- performing proper boundary
conditions to the problem. In order to reduce the amount of calculations, symmetry in Comsol Multiphysics
5.1 software is used. In Figure 4, the air is modelled around the transformer and using symmetry also caused
reduction in calculations. In the length of z, y axis, using symmetry is feasible and as shown in Figure 4, the
space of problem has been diminished.

1|

0
‘ G0
y 0
Figure 3. Physical View of the Studied Transformer Figure 4. Finite Element Model of the Studied

Transformer

Table 1. Charactristics of the Studied Transformer

rated power 10 kVA
ratio 200/200
HV turns number 266
LV turns number 266
connection group Yy0
core's diameter 120 mm
coil's diameter 2.1 mm

3.3. Faults Modeling
3.3.1. Magnetic Model

Figure 5 illustrates finite element model of transformer when turn to turn fault is accrued in the
primary side. In this modelling, because the cross-sections of conductors are considered less than conductor
skin depth, the eddy losses could be neglected. The basis of this model is similar to one that presented in [12]
in which the divided windings method is used in short circuit fault condition in order to investigate
transformer behavior. Therefore, with variation in considered short circuit resistance in a specific time and
noticing the exact definition of connection mesh numbers, the short circuit conditions could be performed to
transformer. In other words, the transformer can be modeled with electrical-magnetic coupling and divided
windings and in a specific time and the variations related to the fault resistance are performed. It should be
noted that in the previous finite element-based models, the electrical current density was used as
problem input [19].
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¥ Dividing the primary core in to three part

g >

Figure 5. Finite Element Model of the Studied Transformer. (A) Core, (B) Primary Coil, (C) Healthy Part of
Faulty Coil and Short Circuit Part of The Faulty Coil (D)

It means in short circuit fault condition, the faulty winding has current density and the others
become open circuit. With knowing the value of density current, electromagnetic equations have been solved.
But because the following electrical current density in the connection meshes is a function of total winding
density current and fault condition (location and number of containing turns), also current and total magnetic
motivation force (MMF) of winding are dependent on the fault condition, so these models could
not be practical.

Also, it should be noted that in this paper, with utilizing finite element approach, different field
parameters and terminal behavior of transformer in the winding short circuit condition are calculated through
COMSOL Multiphysics software [23]. In addition to having an ability of calculation and investigation of
magnetic characteristics of the studied model, this software can simulate the terminal quantities behavior of
the model. Thus, using ancillary software to connect electrical circuits (including supply and loading) and
magnetic circuits used in previous studies of finite element method is not required. When the dimensions and
characteristics of core is defined, the nonlinear characteristics of core, which are dependent on its material,
are added to the model. With the definition of the core model and its material, windings and boundary
conditions, as well as interesting electrical circuit, the desired model is provided.

4.  SIMULATION RESULTS

Firstly, the normal working condition of transformer is simulated. Figure 6 shows the normal
working current of transformer and Figure 7 depicts transformer magnetizing inrush at the starting time. It is
obvious that magnetizing inrush at starting time is created due to non-linear nature of the core and after
passing a short time, magnetizing inrush becomes attenuated and reaches to a steady state.
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Figure 6. Current Value in the Transformer Normal Working Condition
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Figure 7. Magnetizing Inrush

In this paper, three types of simulation including 1- primary to secondary phase winding fault, turn
to turn fault and simultaneous turn to turn fault in two phase and three phase, are studied. Because the supply
is an ideal sinusoidal, the value of initial voltage is same as the supply value. Because the secondary side is
an open circuit, the value of the secondary side current is equal to zero. Therefore, only the secondary side
currents are illustrated. The short circuit fault occurrence time in all types of simulation is considered as 1 sec
and the short circuit resistance is 0.3 ohm which describes switch resistance and contactor blades resistance.

When a an internal short circuit fault occurs in secondary winding of transformer, both in turn to
earth short circuit fault and turn to turn fault, the former would increase and a huge eddy current in
connection meshes would flow. Figure 8 shows turn to turn short circuit in phase a when the 98th turn is
connected to 182th of primary side. Due to low frequency study of internal fault, the transient conditions are
not depicted in simulations. Figure 9 illustrates simultaneously turn to turn short circuit in phase A and B
when the 98th turn is connected to 182th of primary side in phase A and the 98th turn is connected to 182th
of primary side in phase B.
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Different fault conditions in transformer have been considered. The simulation results and tests on
the practical type transformer are shown in Table. 2. In table 2 and at the first column, P means primary side
and the numbers which are next to the P depict connection turns to each other and A, B, and C illustrate the
corresponding faulty phases. The obtained simulation results reveal when an internal fault occurs in the
transformer, because supply voltage is constant and the less number of turns should provide the same
magnetic motivation force (MMF), therefore the value of current variation is high and incremental. Also the
eddy current passing the connection meshes causes a MMF in the mesh which is the opposite of its creator
based on Lenz rule and tries to weaken the main MMF. This concept is also another reason about the increase
of the current value during the internal short circuit.
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Figure 9. Current Value in the Fault Condition
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Table 2.The Comparison of Fault Results

FAULT Iphase A Iphase B Iphase Cc FAULT Iphase A Iphase B Iphase Cc
, TEST 07916 05256 03982 , TEST 3.2067 17643 15925
2 g P | —
P266-252(A) SIMULATION 0.8001 0.5263 0.3991 Po8-56(A) SIMULATION 3.1564 1.8121 1.6458
P252.238(4) TEST 06957 04517 03702 py e TEST 3.8545 21310 1.889
SIMULATION ~ 0.6992 04523 03747 SIMULATION  3.8111 21002 19785
$238.224(4) TEST 08093 05024 03922 poo TEST 3.8216 22858 22376
SMULATION 08055 05111  0.3888 SIMULATION ~ 3.1546 23154 22001
P24210(A) TEST 08685 0.5469 04325 b oo TEST 6.2299 32924 3.1055
SMULATION ~ 0.8564 05399 04233 SIMULATION  6.1546 33121 3.0987
2210-196(A) TEST 08341 05233 04194 o oo TEST 5.6613 32878 28375
SMULATION 08215 05123 04211 SIMULATION 574561 33145 29125
2 L 9
P196.182(A) TEST 09279 05778 04861 e TEST 75117 3924 3.6987
SMULATION 09398 05698 04911 SIMULATION ~ 7.8456 38889  3.6015
TEST 0.8541 0.552 0.4367 P266- TEST 0.7634 04745 03968
252(B)
PIS-I68(A)  qnrmamon 08479 05436 04299 P266.  SMULATION 07548 04569 04021
252(A)
TEST 0.8824 0.553 0.546 266- TEST 0.5032 05552 04347
. 252(B)
PIGS-ISHA)  qipmamon 08546 05412 05399 2224- SIMULATION  0.8954 05123 04125
210(4)
TEST 05 05639 04851 P154- TEST 0.7792 05052 04671
i 140(B)
PIS4140(A)  qnrnamon 08989 05566 04789 2224- SIMULATION  0.7859 05121 04556
210(4)
TEST 07881 05057 03867 P154- TEST 0.7920 04961 04841
-12
PIS-I26(A)  chramon 07979 05121 03911 P;jgﬁ A  SMULATON 05012 05012 04752
TEST 07358 04669 03379 11’41033' [resT 6.6312 3.7485  3.5887
P126-112(A) - 6[6]3)
SIMULATION 07215 04545 03321 loany  SMULATON 66123 37695  3.5021
2
TEST 08642 05444 04064 P182- TEST 3.6691 23295 19249
a
PI298(A)  chrnamon 08569 05332 03999 P};_gﬁi) SIMULATION  3.5656 22999 1.9562
TEST 0.8844 05632 04779 P266- TEST 3.1349 1.8799 1.8547
P98-84(A) 224(B)
SIMULATION 08749 05544 04899 P266- SIMULATION 32154 19102 1.8021
224(4)
PB4-70(4) TEST 05108 05794 04579 P266- TEST 12413 72009  6.6896
SIMULATION 09045 05564 04418  P266(A-B)  SIMULATION 128556  7.1556  6.6052
TEST 0925 05855 0434 fﬁzfé) TEST 01032 01572 02032
) -
P70-56(A) f.‘ff:
SIMULATION 08154 05748 04216 ;1EES) SIMULATION  0.1121 0.1611 0.2121
252(4)
TEST 0.884 0.5725 0.4096 ﬁzozﬁi) TEST 0.7768 0.4394 0.4329
P56-42(A) P84_70(B)
SIMULATION ~ 0.8798 05621 04011 P1s4- SIMULATION  0.7895 04459 04123
140(c)
TEST 0.8656  0.5585 04119 1’28‘5&) TEST 6.8032 3.7195 3.6703
P42-28(A) 11254'
SIMULATION 08369 05365 04215 Pﬁs(sB) SIMULATION  6.7456 3.7215 3.6021
252(c)
TEST 08047 05459 06403 }31305&) TEST 42506 17988 27315
P28-14(4) Plzo 84
SIMULATION 08145 05124 06321 84B)  suramon 43201 18012 2.8024
P14-70(C)
TEST 32717 1.8501 1.6653 gﬂgigﬁ? TEST 116251  4.1281 8.1978
P266-224(A) Pﬁ'éé( )
SIMULATION 33656 18052 16122 14~0(A') SIMULATION  11.6025 42211 82012
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All the numerical results in the table are based on domain. The comparison between simulation
results shows that most of the time, the transformer modeling in the internal short circuit condition using 3D
structural finite element method presents high accuracy of transformer behavior. So, the performance of
power transformer in protection studies and especially internal faults with high reliability is provided by
using 3D structural finite element method which is proposed and investigated in this contribution.

5. CONCLUSION

In this paper, an approach-based on study of internal winding short circuit faults of three phase
transformer with using 3D finite element method is investigated. Based on practical information of
transformer, the finite element model for internal short circuit fault condition is carried out by using
COMSOL Multiphysics software. Based on this model, by determining the dimensions, the material of
producer elements and electrical connections between transformer components and with numerical solution
in magnetic area and obtaining the flow flux, the values of current and voltages in transformer are calculated.
Also, for determining the faults in transformer, after entering the characteristics and dividing the faulty coil
into some parts, the existing faults are applied in the transformer and with the mentioned numerical approach,
the problem has been solved.

Also in order to have more studies about the efficiency of proposed approach and showing its
robustness, different conditions of internal faults are simulated and various practical tests are performed on a
typical transformer in the laboratory. With entering the transformer characteristics into the program and
making the transformer model, the current and voltage values are assessed. The comparison between
simulation results and obtained experimental results reveals that the modeling of transformer by using 3D
finite element method presents an accurate approximation of terminal values of transformer in the normal
condition, magnetizing inrush and internal faults. This model can be used in different algorithms which are
needed for utilizing protection of power transformers.
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