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Abstract—An important aspect to investigate when designing 

transformer protection schemes is the protection against internal 
faults. Although the accurate modeling and simulation of internal 
faults can be an important tool for protection engineers, there is 
presently no transformer model in ATP with this capability. This 
paper investigates on the development of transformer winding- 
fault models based on two different sources of information: 1) 
test-report data and 2) design information. Simulation results 
will be compared to lab measurements and conclusions regarding 
their accuracy shall be given.  
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I.  INTRODUCTION 
OWER transformers are frequently subject to a variety of 
electromagnetic transients during their operating lifespan. 

These impose stresses in windings and other components that 
may lead to immediate or long-term failure. Internal faults 
develop as a consequence of these overstresses and if left 
undetected, can result in high repair and replacement costs for 
a utility. Transformer protection relays are thus required to 
operate for internal faults and the accurate simulation of these 
can become an important tool for the development of adequate 
protection schemes. 
 

Relevant work in this area has focused on building internal 
fault models for EMTP based on rules of consistency, leakage 
and proportionality applied to the faulted winding sections [1]. 
The method has the drawback of resorting to empirical 
correction factors that decrease the accuracy of the model 
whenever winding sections of irregular geometry are 
encountered or when small sections that do not reach full 
window height must be studied (which is usually the case). 
This problem can be avoided through the development of 
transformer models based on the Finite Element Method [2]. 
This may be the most accurate approach for this purpose but it 
requires the knowledge of detailed design information that in 
most cases is not readily available. A model built from only 
factory test-report information can be a practical alternative 
but its accuracy is unknown. This paper describes some 
practical methods for modeling internal faults according to the 
type of problem and amount of information available with the 
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objective of creating a suitable model for ATP in any case. 
This approach works with leakage parameters directly through 
an admittance formulation since under load conditions the 
voltage and current distribution in the windings is determined 
by the leakage flux. The excitation characteristics were added 
externally through a topologically-correct duality-derived core 
model that includes zero-sequence inductance, making the 
complete transformer model suitable for transient simulations 
in EMTP/ATP. 
 

In order to determine if a model based on only test-report 
data (which is the type of information usually available) can 
give acceptable results, an internal fault model was developed 
for a 500-kVA 11430Y/235Y V layer-layer concentric 
winding core-form distribution transformer using two different 
sources of information: 1) test-report data and 2) design 
information (for comparison). The main challenge here was to 
determine the short-circuit reactance between faulted sections 
using each source of information. Both modeling approaches 
shall be described and have been implemented in the 
Alternative Transients Program (ATP). Their accuracy was 
determined by comparing the simulated line and fault current 
waveforms for turn-to-ground and turn-to-turn fault conditions 
against laboratory measurements. Conclusions and 
recommendations are also given at the end of the paper. 

II.  INTERNAL FAULT MODEL 

A.  General Approach 
The general approach for the development of the proposed 

models was to create a new “expanded” higher-order leakage 
inductance model for the transformer. The number of sections 
in which the windings needed to be split into depended on the 
type of fault to be simulated. For turn-to-ground faults, the 
faulted coil had to be split into two sections as seen in Fig. 1a). 
For turn-to-turn faults, three sections were necessary as in Fig. 
1b). This allowed access to new terminals that corresponded to 
the position in the winding where the fault occurred and the 
desired connections could be made to ground or to another 
section of the winding. 
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Fig. 1.  Internal fault winding sections for Phase-1 of the HV-winding. 

P 



Besides the simulation of the internal fault current, the 
model reproduced the original short-circuit behavior when the 
appropriate coils were connected in series.  

B.  Leakage Representation 
Once the leakage reactances were calculated, the leakage 

part of the internal-fault model was represented by a winding 
resistance matrix ሾܴሿ and an inverse inductance matrix ሾܣሿ. 
The matrices were created following the procedure described 
in [3] for the representation of single-phase ܰ-coil 
transformers through an admittance formulation. This gave the 
well-known representation of transformers for short-circuit 
and power flow studies 
 

ሾܫሿ ൌ ሾܻሿሾܸሿ (1) 
 

As recommended for transient studies, the resistive and 
inductive parts were separated by building ሾܻሿ from the 
reactive part of the short-circuit data. The winding resistances 
then formed a diagonal matrix ሾܴሿ, and 
 

ሾܣሿ ൌ ሾܮሿିଵ ൌ ݆߱ሾܻሿ (2) 
 
The extension to three-phase was made by including the 

zero-sequence inductance externally in the core model and by 
making the appropriate connections between the winding 
terminals. This procedure was implemented in the same 
manner regardless of a turn-to-ground or a turn-to-turn model. 
The only difference was the number of coils that needed to be 
represented. 

III.  CALCULATION OF LEAKAGE REACTANCE BETWEEN 
FAULTED SECTIONS 

A.  From Test-Report Data 
Since the typical information available in a test report or 

transformer nameplate for this purpose is the standard short-
circuit impedance, the leakage reactance between sections was 
calculated using only this parameter. The per-phase 
formulation described next is based on the splitting of the HV-
winding ܪ into ܰ sections, denominated as windings 
ܽ, ܾ, … , ܰ. The LV-winding ܮ was kept as is but it can be split 
in a similar manner. 

Consider the original transformer with an equivalent short-
circuit impedance ܼ௦௖ (referred to the HV-side in this case) 
between windings ܪ and ܮ. An individual impedance was 
assigned to each winding assuming that the equivalent 
impedance divides equally between both in per-unit. In ohms, 
this gave 

ܼு ൌ ܼ௦௖/2   (3) 
 

ܼ௅ ൌ ܼு/ݐଶ (4) 
 

where ݐ is the turns ratio ݐ ൌ  ுܰ/ ௅ܰ ൎ ுܸ/ ௅ܸ (per phase). 
Since the winding ܪ had to be split into ܰ sections, ܼு was 
divided proportionally according to 

 
݊௔ ൌ ௔ܰ/ ுܰ   (5) 

݊௕ ൌ ௕ܰ/ ுܰ 
 (6) ڭ

݊ே ൌ ேܰ/ ுܰ (7) 
 
where ௔ܰ , ௕ܰ, … , ேܰ  are the number of turns of each new 

section and are a fraction of the total number of turns ுܰ. 
 

௔ܰ ൅ ௕ܰ ൅ ڮ ൅ ேܰ ൌ ுܰ (8) 
 

݊௔ ൅ ݊௕ ൅ ڮ ൅ ݊ே ൌ 1 (9) 
 

Calculating the individual impedance of each section, 
 

ܼ௔ ൌ ݊௔ܼு (10) 
 

ܼ௕ ൌ ݊௕ܼு (11) 
  ڭ

ܼே ൌ ݊ேܼு (12) 
 

The voltage for each section can also be defined: 
 

௔ܸ ൌ ݊௔ ுܸ (13) 
 

௕ܸ ൌ ݊௕ ுܸ 
ڭ (14) 

ேܸ ൌ ݊ே ுܸ (15) 
 

For winding ܮ, ܼ௅ and ௅ܸ stay the same. The equivalent 
binary reactance between any two sections ܽ and ܾ was 
calculated with (16) from the imaginary parts of the respective 
impedances ܼ௔ and ܼ௕ using the corresponding turn-ratios. 
The real parts of (10)-(12) gave the resistance of the new 
windings. 

ܺ௔ି௕ ൌ ܺ௔൅ ൬ ௔ܸ

௕ܸ
൰

ଶ

ܺ௕ (16) 

The binary reactances were then converted to per-unit 
values using a common VA base and the corresponding base 
voltage of the section being referred to. From here, the method 
of Section II.  B.   was implemented to represent the terminal 
characteristics of the transformer for each phase. 

B.  From Design Information 
When design information was available, the binary 

reactance between sections could be calculated in different 
ways depending on the shape and size of the new windings. 
    1)  Rectangular Geometry, Full Window Height 

When there is a uniform distribution of ampere turns 
between each pair of windings, the leakage flux due to the 
short-circuit current is predominantly axial, except at the 
winding ends, where there is a fringing effect due to a shorter 
return path for the leakage flux through the core limbs and 
yoke. The leakage reactance between sections could then be 
calculated using the common formulas for transformers with 
concentric windings and ݊ flux tubes [4]: 

 

ܺ௔ି௕ ൌ ݂ߨ2
ଶܰߨ଴ߤ

௘௤ܪ
෍ ܦܶܣ

௡

௞ୀଵ

 (17) 



෍ ܦܶܣ ൌ
1
3 ௔ܶܦ௔ ൅ ௚ܶܦ௚ ൅

1
3 ௕ܶܦ௕ (18) 

 
௘௤ܪ ൌ  ோ (19)ܭ/௪ܪ

 

ோܭ ൌ 1 െ
1 െ ݁

ିగுೢ
்ೌ ା ೒்ା்್

௪ܪߨ
௔ܶ ൅ ௚ܶ ൅ ௕ܶ

 (20) 

 
where ܦܶܣ is the area of the Ampere-Turn Diagram, ܭோ is 

the Rogowski factor (ܭோ ൏ 1ሻ, ߤ଴ is the magnetic 
permeability of free-space, ܪ௪ is the winding height, ܰ is the 
rated number of turns of the reference side, ܦ௔, ܦ௚ and  ܦ௕ are 
the mean diameters and ௔ܶ, ௚ܶ and ௕ܶ are the radial depths of 
the first ሺܽሻ, gap ሺ݃ሻ, and second ሺܾሻ winding, respectively. 
Fig. 2 shows the leakage field distribution between sections ܽ 
and ܾ when the HV-winding was split in two sections of equal 
height and uniformly distributed ampere-turns. 
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Fig. 2.  Leakage magnetic field distribution between sections a and b. 
 
    2)  Rectangular Geometry, Unequal Heights 

When it was desired to calculate the reactance between 
sections of unequal ampere-turn per height distribution (e. g., 
when one of the sections was too small to reach full window 
height), the conventional formulas for concentric windings did 
not yield accurate results since the leakage flux was no longer 
predominantly axial, but had now an additional cross-flux 
component in the radial direction with a magnitude dependent 
on the degree of axial asymmetry between the sections. In this 
case, the reactance calculation was resolved into two separate 
components: one related only to the axial flux and the other 
depending on the radial flux component. For the first, 
conventional formulas for concentric windings could be used 
and for the second, conventional formulas for “pancake” or 
interleaved windings were used. The total reactance was the 
sum of the two reactances [4]-[6]. Referring to Fig. 3, the 
assymetrical winding ܾ is replaced with windings ܿ and ݀. 
Winding ܿ is of equal ampere-turn per height distribution as 
winding ܽ, and winding ݀ has an ampere-turn per height 
distribution such that the addition of ampere-turns along the 
window height of ܿ and ݀ gives the same ampere-turns as 
winding ܾ.  
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Fig. 3.  Resolution of leakage magnetic field distribution for axially 
assymetrical windings. 
 
    3)  Irregular Geometry 

For cases of irregular or non-standard winding 
configurations, the leakage reactance could not be easily 
handled by classical analytical methods. The Finite Element 
Method (FEM) was the most suitable technique for calculating 
the flux distribution under these conditions. The problem 
could be solved through a magnetostatic study starting with 
Maxwell’s equations for steady-current cases, 
 

xH׏ ൌ J (21) 
 

׏ · B ൌ 0 (22) 
 

where H is the magnetic field intensity, J is the current 
density at a point and B is the magnetic flux density. Defining 
the vector H for isotropic media, 
 

H ൌ B/µ (23) 
 

where µ is the magnetic permeability of the material, then 
 

xB׏ ൌ µJ (24) 
 

Due to (22), it should be possible to express B as 
 

B ൌ  xA (25)׏
 

where A is the magnetic vector potential. Making  
 

׏ · A ൌ 0 (26) 
 

A is completely defined. Taking the curl of (25), we have 
 

ଶA׏ ൌ െµJ (27) 
 
which is Poisson’s equation for the vector potential and is 

the general form of the equation solved by commercial FEM 
software. Once a solution for the vector potential was 
obtained, the instantaneous energy ௜ܹ stored in winding ݅ 
could be calculated by evaluating (28) only over the volume of 
the winding 

௜ܹ ൌ
1
2 න ௜ܬ · ݒ݀ܣ

௩௢௟
 (28) 



The total magnetic energy ்ܹ was given by the sum of the 
energy stored in each winding. Alternatively, the total 
magnetic energy stored in the steady field over the volume of 
the core window could be calculated by 
 

்ܹ ൌ
1
2 න ܤ · ݒ݀ܪ

௩௢௟
 (29) 

 
The total magnetic energy then defined the total leakage 

inductance referred to any one specific winding 
 

ܮ ൌ 2 ௜ܫ/்ܹ
ଶ (30) 

 
where ܫ௜ is the nominal current of winding ݅. 

IV.  ADDING THE CORE MODEL 
The core representation generated by the Hybrid 

Transformer Model [8] was implemented in ATPDraw using 
open-circuit test data at different excitation levels as an input 
to an XFMR model for the 500-kVA transformer. The core-
loss resistance, current, and flux linked values were acquired 
from the .lis file of the XFMR circuit and were input into 
resistive, linear, and nonlinear inductive elements as shown in 
Fig. 4. ܼ௟ and ܼ௬ represent the nonlinear limbs and yokes 
respectively, and ܮସ represents the zero-sequence path through 
the tank. 

 
Fig. 4.  Core attached to N+1th winding. 

 
The attachment of the core to the leakage model was made 

through ideal transformers of unity-turns ratio representing the 
,ߙ ,ߚ  terminals of an infinitely-thin ܰ+1th “coil” at the ߛ
surface of the core leg ܥ. The reactance between the core and 
the primary and secondary coils was estimated as in [8], [9]. 
For the case of a two-winding transformer with concentric 
windings, 
 

ܺ௅஼ ൎ 0.5ܺு௅ (31) 
 

ܺு஼ ൎ 2ܺு௅ (32) 
 
Since the primary or secondary windings had to be split 

into sub-coils to simulate internal faults, the procedure of 
Section III.  A.   was applied to the values of (31) and (32) to 
calculate the reactance between sections and the core winding. 

V.  INTERNAL-FAULT STUDY 
Internal-fault laboratory tests were made to benchmark the 

simulations using the available taps on the HV-winding. Fig. 5 
is a schematic of the HV-coil which consisted of 81/2 layers 
and ±2x2.5% taps (shaded regions). Sections ܽ and ܾ for the 
turn-to-ground fault study are also shown. The HV-winding 
was energized with a reduced 3-phase voltage for cases where 
the LV-winding was both open- and short-circuited. With the 
appropriate connections, turn-to-ground faults were applied on 
one phase at a time, where the bottom 5% of the coil was 
shorted. Turn-to-turn faults were applied in a similar manner, 
where the point corresponding to 5% of the coil was shorted to 
another corresponding to 2.5%. 

1

2

4

7
1 2 3 4 5 6 7 8 8 1

2

3

6

5

1

2

4

a

b

Fig. 5.  HV-winding tap and layer arrangement, 500-kVA transformer. 
 

A.  Modeling Approach 
Since the geometry of the faulted sections was of irregular 

shape, a 2D-FEM model was created using COMSOL for the 
outer leg of the transformer in order to calculate the leakage 
reactance between sections. A model that uses only test-report 
data as an input was also created for comparison. The 
influence of the core was included in the FEM simulations 
with a core model that represented the total core reluctance 
seen from the outer leg [10]. Since it was an axisymmetric 
model, the yoke height varied along the radial direction to give 
a constant yoke area. The core-to-coil reactances were 
calculated using (31) and (32). After all the reactances were 
calculated, the procedure of Section II.  B.   was followed to 
create a leakage description for ATP where the [A] and [R] 
matrices were input through a user-specified library 
component. The connection between the fictitious winding 
and duality-derived core model was made by referencing the 
,ߙ ,ߚ  nodes of the ideal transformers of Fig. 4 in [A]. Fig. 6 ߛ
shows the complete model implemented in ATPDraw with a 
turn-to-ground fault being simulated on Phase-A of the HV-
winding while the LV-winding was short-circuited. 

 
Fig. 6.  Internal–fault model implemented in ATPDraw. 
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VI.  RESULTS 

A.  Short-Circuit Reactance 
Table I shows the measured and calculated per-phase 

reactance values between sections ܽ, ܾ (95 and 5% of the HV-
coil, respectively), and the LV-coil ܮ given by the two models. 
The results show that the approach where the Finite Element 
Method is used along with (30) yields much closer results to 
the measurements than by using (16). The typical short-circuit 
reactance given in a test report or nameplate is measured 
under balanced, steady-state conditions. Although the values 
calculated using the test-report approach represent an exact 
higher-order equivalent circuit of the windings, the actual 
leakage flux path under fault conditions is not being 
adequately represented.  

 
TABLE  I 

CALCULATED REACTANCE VALUES BETWEEN COIL SECTIONS FROM TEST-
REPORT AND DESIGN DATA MODELS (Ω REFERRED TO TEST WINDING). 

Reactance Measured Test-Report 
Model 

%eT-REP  FEM 
Model 

%eFEM 

X_a-L 8.86 9.617 8.54 8.71 -1.69 
X_a-b 58.56 98.63 68.42 56.48 -3.55 
X_b-L 0.187 0.2725 45.72 0.1774 -5.13 

 
Comparing the calculated values using the FEM model and 

(30) with previous measurements, the maximum percent error 
magnitude encountered was of 5.13%. The differences in 
values can be due to the fact that in the FEM model the 
complete winding cross-section was considered as a solid 
current-carrying conductor but in reality there is insulation 
between turns that decreases the conducting area, which in 
turn increases the current density of each winding, resulting in 
a larger magnetic energy that would yield a higher leakage 
inductance. Additional sources of error can be due to the 
omission of the winding lead that connects to the HV-bushing, 
manufacturing tolerances, and small measurement errors. 

B.  Simulation of Internal Faults-FEM Model 
Fig. 7 shows a plot of the line and fault currents of Phase-A 

when the bottom 5% of the HV-winding was shorted to 
ground. There is a slight phase-error of 4.5° due to the 
difference between measured and modeled impedances but 
overall the simulation shows good agreement with the 
measurements. Table II shows more simulation results for 5% 
turn-to-ground and 5-2.5% turn-to-turn faults (LV-coils open 
and short-circuited). 

 
Fig. 7.  Internal fault 5%-to-ground, LV open-circuited, 500-kVA transformer. 

TABLE II 
BENCHMARKING OF LINE AND INTERNAL FAULT CURRENTS (PEAK A) 

Test IA Meas IA Sim %e IA Isc Meas Isc Sim %e Isc 
T-G_oc 0.96 0.98 2.08 18.89 19.42 2.8 
T-G_sc 14.65 14.74 0.61 19.62 20.93 6.67 
T-T_oc 0.51 .55 7.84 18.99 19.94 5.0 
T-T_sc 6.54 6.67 1.98 20.19 21.19 4.95 

 
Fig. 8 shows the magnetic flux density in the window area 

during a 5% turn-to-ground internal fault. Fig. 9 shows the 
magnetic vector potential contour during a 5-2.5% turn-to-turn 
fault where a large radial component can be observed. In both 
plots the LV-winding is open-circuited. 
 

  
Fig. 8.  Magnetic flux density, 5% turn-to-ground fault, LV open-circuited. 
 

 
Fig. 9.  Vector potential, 5-2.5% turn-to-turn fault, LV open-circuited. 

VII.  CONCLUSIONS 
In this work, internal fault models built from factory test-

report and design information were developed and their 
accuracy was compared. It was determined that the calculation 
of leakage reactance between faulted winding sections was 
more accurate when a FEM model was constructed using 
design information. A maximum error magnitude of 5.13% 
was obtained with this approach, giving internal fault 
simulations with a maximum error magnitude of 7.84% in the 0.01 0.015 0.02 0.025 0.03 0.035 0.04
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currents. This error considerably grew when using only the 2-
winding short circuit impedance to create a higher-order 
leakage model for the transformer under study. This last 
model did not accurately represent the internal short-circuit 
behavior of the transformer since the leakage reactance 
between faulted sections (determining the line and fault 
currents) depends not only on the number of short-circuited 
turns, but also on their geometry and position in the winding. 
Since this needs to be taken into account, design information 
is thus necessary for its accurate calculation. 

VIII.  FUTURE WORK 
An investigation of internal faults on additional 

transformers of different size and configuration shall be made 
in order to better evaluate the test-report data model.  

Since design information defining winding dimensions is 
already a source of information for the Hybrid Transformer 
Model in ATPDraw, the methods described in Sections III.  B.      
1)   and III.  B.      2)   could be implemented in the XFMR to 
simulate internal faults when the resulting sections are of 
rectangular geometry.  

For irregular winding geometries, a 3-D FEM model can be 
investigated in order to improve accuracy. An analytical 
formulation could also be implemented as an alternative to a 
FEM model but with some simplifications in order to facilitate 
the analysis of the problem [12]-[14]. Some of these are the 
assumption of infinite permeability of the core, negligible 
effects of ducts and insulation in windings, and that the sum of 
ampere-turns between windings is always zero. A comparison 
with FEM calculations could be made to investigate its 
accuracy.   
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