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Abstract

Inter-turn short-circuit faults in power transformers generate enormous short-circuit cur-
rents within the affected turns, making full-scale experimental investigations impractical.
To address this issue, this study proposes an experimental method utilizing a third external
short-circuit winding to simulate inter-turn faults through structural improvements in
winding configuration and conductor current-carrying capacity. A simulation calcula-
tion model for transformer inter-turn short circuits was first established to investigate
the equivalence between the proposed equivalent fault model and actual fault conditions
under varying short-circuit positions and proportions. Simulation results demonstrate that
both models exhibit consistent primary/secondary winding currents, short-circuit turn
currents, and spatial radial leakage magnetic field distributions post-fault, with average
errors less than 5%. Subsequently, an experimental platform for inter-turn short-circuit
fault simulation was constructed. Current and leakage magnetic field measurements under
different fault positions and proportions were validated against simulation data, confirm-
ing the proposed method’s equivalence. This approach provides an effective pathway for
investigating fault characteristics and monitoring methodologies of transformer inter-turn
short circuits.

Keywords: inter-turn short-circuit experiment; short-circuit current; leakage magnetic field
distribution; power transformers; model simulation

1. Introduction

Power transformers are one of the critical electrical devices in power systems, under-
taking the tasks of voltage conversion and energy transmission. Their safe and reliable
operation is a key factor in ensuring power supply reliability [1-3]. The windings, serv-
ing as the primary conductive components of a transformer’s electrical circuit, play an
indispensable role in its structural integrity. Any winding failure may directly compromise
the transformer’s operational safety, potentially leading to catastrophic incidents such as
explosions or fires, thereby incurring significant economic losses [4-6]. Statistical analyses
indicate that interturn short-circuit faults account for 60-70% of all internal transformer fail-
ures [7-9]. These faults primarily arise from the cumulative effects of thermal and electrical
stresses during long-term transformer operation, which degrade inter-turn insulation. Con-
sequently, most inter-turn short-circuit faults occur under normal operating conditions [10].
During such faults, the minimal short-circuit impedance within the affected turns induces
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extremely high short-circuit currents. This phenomenon consequently generates substantial
electrodynamic forces and thermal stresses due to Joule heating [11].

Studies [12-14] established simulation models of interturn short-circuit faults based
on magnetic field-circuit coupling theory to investigate the variation characteristics of
short-circuit currents in power transformers. Reference [15] developed a finite element sim-
ulation model in ANSYS to analyze the leakage flux distribution patterns during interturn
short-circuit faults. Research [16,17] constructed a three-dimensional simulation model of
a three-phase sectionalized winding transformer, systematically examining leakage flux
distribution properties under various winding deformation and interturn short-circuit
conditions. In works [18,19], a three-dimensional model of a 110 kV three-phase trans-
former was implemented to study leakage flux profiles during normal operation, different
faulty winding configurations, and diverse interturn short-circuit locations. Reference [20]
developed a computational model of a three-phase three-limb transformer to characterize
the thermal evolution patterns and temperature distribution characteristics on both internal
components and tank surfaces under normal and interturn fault conditions.

Reference [21] conducted interturn short-circuit fault simulation experiments on a
three-phase transformer. To prevent transformer damage from excessive short-circuit
currents while maintaining experimental controllability, the short-circuit current was con-
strained below the coil’s thermal limit during testing. In study [22], a dynamic simula-
tion experimental system for interturn faults was constructed using a three-phase two-
winding transformer. To mitigate transformer damage, a current-limiting resistor was
series-connected within the short-circuit path, restricting the fault current to approximately
300 A. Research [23] established a three-phase experimental platform using three single-
phase transformers. Similarly, the short-circuit current was regulated below three times the
rated current to protect the transformer windings during experiments.

In summary, current research on transformer inter-turn short-circuits still exhibits
notable limitations, primarily manifested in the following aspects:

1  Existing studies on transformer inter-turn short-circuits have been predominantly
conducted through multi-physics coupling simulations using electromagnetic sim-
ulation software. During these simulations, the models are often established under
idealized conditions, incorporating equivalent simplifications of actual transformer
configurations. This inevitably introduces discrepancies between simulation results
and practical scenarios.

2 Incurrent full-scale prototype experiments, the substantial short-circuit currents circu-
lating within the fault loops may cause irreversible damage to experimental transform-
ers. Consequently, safety protocols typically require series-connected current-limiting
resistors in short-circuit windings or voltage reduction to control fault current mag-
nitudes. However, these modifications significantly deviate from actual inter-turn
short-circuit operating conditions, thereby compromising the accurate characteriza-
tion of transformer behaviors under such faults.

Therefore, developing a rationally equivalent experimental methodology for inter-turn
short-circuit simulation holds critical significance for investigating fault mechanisms and
characteristic signatures, and ultimately advancing effective monitoring techniques.

Addressing these challenges, this paper proposes a novel method simulating sud-
den inter-turn short-circuit faults under normal operating conditions through structural
improvements in winding configurations and conductor load capacity, utilizing a periph-
eral third short-circuit winding. Based on a 0.4/0.4 kV-7 kVA single-phase dual-winding
transformer, a transformer inter-turn short-circuit fault simulation model and a dynamic
simulation experimental platform are established. The rationality of the inter-turn short-
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circuit equivalence method is investigated under the influence of factors such as the number
and positions of short-circuited turns.

2. Simulation Method and Theoretical Derivation of Inter-Turn
Short Circuit

2.1. Equivalent Method for Inter-Turn Short Circuit

Current experimental methods for interturn short-circuit faults primarily involve
creating faults at different positions and proportions by tapping leads from various points
on normal transformer windings. Although this method ensures the structural consistency
between the experimental model and an actual inter-turn short-circuit fault, the short-
circuited coil, as part of the original winding, cannot withstand the short-circuit current
generated during the short-circuit fault. Therefore, current-limiting resistors must be
connected in series at the tap points to restrict short-circuit currents within tolerable
ranges. However, this significantly distorts the variation patterns and characteristics of key
parameters during interturn faults. Moreover, repeated short-circuit experiments generate
substantial heat that markedly accelerates insulation degradation in adjacent windings,
causing irreversible damage to the test transformer. The difficulty in replacing or repairing
post-fault windings further hinders repetitive experimental validation.

To address the aforementioned issues, this paper proposes an experimental method
utilizing a third short-circuit winding to simulate interturn faults, as detailed in Figure 1.

Transformer core

Transformer
—

The third short-circuit
= U
windings

winding

Figure 1. Equivalent method for inter-turn short-circuit fault.

In this method, improvements to the current-carrying capacity, thermal manage-
ment conditions, and control strategies of the short-circuit winding effectively address
the challenges of heat accumulation and insulation degradation. By implementing exter-
nally wound short-circuit turns around the transformer windings, conductors with higher
current-carrying capacity can be selected while incorporating dedicated cooling measures.
The external short-circuit turns also enable flexible adjustment of fault positions and propor-
tions during simulation of interturn short-circuit conditions. Degraded insulation can be
promptly replaced without compromising experimental continuity, significantly enhancing
operational safety and test repeatability. Crucially, this approach eliminates insulation
damage to the transformer’s primary windings.

2.2. Theoretical Calculation of Circuit Models

Taking a single-phase two-winding transformer as an example, when an interturn
short-circuit fault occurs in the transformer windings, the structural configuration of the
windings is altered, leading to corresponding changes in the resistance and inductance
parameters of the transformer circuit. For interturn short-circuit faults in the primary
winding, mutual coupling exists among the non-faulted portion of the primary winding,
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the short-circuited portion of the primary winding, and the secondary winding. The
equivalent circuit diagram is illustrated in Figure 2.

I R R: [,

ZL[] U:

Figure 2. Equivalent circuit diagram of inter-turn short circuit.

In Figure 2, Uy and U, denote the primary-side voltage and secondary-side voltage,
respectively; Z, represents the load impedance on the secondary side; I3, I, and I3 corre-
spond to the current in the non-shorted portion of the primary winding, the secondary-side
current, and the current in the shorted portion of the primary winding, respectively; L,
Ly, and L3 are the self-inductances of the non-shorted portion of the primary winding, the
secondary winding, and the shorted portion of the primary winding, respectively; M2,
M3, and Mj3 represent the mutual inductances between the non-shorted portion of the
primary winding and the secondary winding, between the non-shorted portion and the
shorted portion of the primary winding, and between the shorted portion of the primary
winding and the secondary winding, respectively; Rq, Ry, and Rj are the internal resistances
of the non-shorted portion of the primary winding, the secondary winding, and the shorted
portion of the primary winding, respectively.

Assuming the proportion of shorted turns to the total turns in the primary winding is
x, the turns ratio between each portion is expressed as:

k12 = (1_1\23)]\]&

1
ki3 = ?x 1)
kos = 2

In Equation (1), N, and Ny, represent the number of primary winding turns and sec-
ondary winding turns under normal operating conditions of the transformer, respectively;
k12, k13, and kp3 denote the turns ratios between the non-shorted portion of the primary
winding and the secondary winding, between the non-shorted portion and the shorted
portion of the primary winding, and between the shorted portion of the primary winding
and the secondary winding, respectively.

According to the definition of resistance, the winding resistance in a transformer
can be approximated as linearly proportional to the winding length. Consequently, the
resistances of each winding portion after an interturn short-circuit fault are expressed as:

Ri=(1—-x)R,4
Ry =Ry 2)
R3 = xR,

In Equation (2), R, and Ry, represent the primary winding resistance and secondary
winding resistance of the transformer under normal operating conditions, respectively;
R1, Ry, and Rj3 denote the resistance of the non-shorted portion of the primary winding,
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the secondary winding resistance, and the resistance of the shorted portion of the primary
winding after the interturn short-circuit fault, respectively.

According to the equivalent principle, L, = Lj + L3 + 2Mj3, where L, is the self-
inductance of the primary winding under normal operating conditions of the transformer.
Additionally, the self-inductance of the transformer windings can be approximated as
proportional to the square of the number of turns. Therefore, it follows that:

Ly  ,1-x7?
E_( < ) (©)

The magnetic leakage coefficient of the transformer under normal working conditions is:

4)

Based on transformer theory, the self-inductances L, and Ly, of the primary and secondary
windings, as well as the mutual inductance My}, can be determined from the data obtained
through transformer short-circuit and no-load tests, thus yielding the leakage magnetic coeffi-
cient under normal operation. When an interturn short-circuit fault occurs in the transformer,
both its structural configuration and the distribution of leakage magnetic fields are altered,
and the magnitude of leakage flux exhibits a certain relationship with the fault current magni-
tude. According to the structural characteristics of a single-phase two-winding transformer, the
leakage magnetic coefficient under normal conditions can be adjusted as follows:

013 = [x(1— x)Pogp 6)
Joint vertical 3-5 can be obtained:

x)’L

_ (1
b=z VL T 1T
_ x a
L3— 2x(1 (x)(\/)l Tia—1)+1 (6)
1—x)/1—095L,
M3 = Zi (Vo 1)1

After an interturn short-circuit fault occurs in the transformer, both the shorted turns
and the non-shorted turns are located on different core limbs from the secondary winding.
Therefore, the mutual inductances My (between the non-shorted portion of the primary
winding and the secondary winding) and My3 (between the shorted portion of the primary
winding and the secondary winding) can be calculated using the approximate formula for
mutual inductance, as shown in the following equation.

Mz = Nﬁgb 7)
Maz = Nt

In the equation: Ry, is the magnetic reluctance of the transformer core’s magnetic circuit.

After determining the circuit parameters of each portion following the interturn short-
circuit fault through known parameters, the loop voltage equations can be established for
each portion [24], yielding:

Uy = Ry + Ly gfiIt + M5 b M13 il
0= Ryl + My ,,,1 + L4 'y Mzs + ZLh 8)
0=R3l3+ M13 dt + M23d12 + L3
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After listing the loop voltage equations for each portion following the interturn short-
circuit fault, and utilizing the transformer parameter referral law to refer all parameters to
the non-shorted portion of the primary side, it can be clearly observed through comparison
that the two-winding transformer with an interturn short-circuit fault is equivalently
represented as a three-winding transformer with an independent shorted winding. The
equivalent circuit diagram is shown in Figure 3.

L R: R: A
M2

13
U Mxs (L v
2

Iil

R

Figure 3. Circuit diagram of an equivalent three-winding transformer.

The meaning of each physical quantity in Figure 3 is the same as that of the physical
quantity in Figure 1.

3. Winding Equivalence Simulation Model Verification
3.1. Simulation Model Establishment

This paper establishes a 1:1 inter-turn short-circuit simulation model for transformers
based on a 0.4/0.4 kV-7 kVA single-phase dual-winding transformer, utilizing the electro-
magnetic simulation software MagNet developed by INFOLYTICA. By varying different
factors influencing the spatial leakage magnetic field distribution after inter-turn short-
circuit occurrences in transformers, the equivalence of simulating transformer short-circuit
faults through an external third short-circuit winding is investigated. Within this software,
unstructured tetrahedral meshes are employed for discretizing the simulation model. The
electrical and physical parameters of the transformer are presented in Table 1.

Table 1. Basic parameters of test transformer.

Transformer Parameters Numeric Value

Rated frequency/Hz 50
Power rating/VA 7000

Number of turns of the primary winding 200
Number of turns of the secondary winding 200
Core radius D/mm 160

Inner diameter of the primary winding a/mm 165
Outer diameter of the primary winding b/mm 190
Height of the primary winding above ground #/mm 120
Height of the primary winding H/mm 240

To validate the inter-turn short-circuit equivalence method proposed in this paper, an
actual inter-turn short-circuit fault model and a third short-circuit winding-based equivalent
model were established. Both models adopted identical parameters except for the inter-turn
short-circuit fault implementation methods. Detailed modeling was applied to the faulty
winding, with each 1% segment decomposed into a single turn and uniformly wound from
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top to bottom. The transformer core was constructed by stacking multiple layers of 0.35
mm thick silicon steel sheets. Based on literature references and laboratory measurements,
the short-circuit resistance at the fault point was set to 2.5 m().

The following simplifications were implemented during modeling:

1. The current in transformer windings was assumed to be uniformly distributed, with
each 1% axial segment equivalently represented as identical turns.

2. Winding manufacturing irregularities and coil arrangement variations were neglected,
assuming uniform coil distribution throughout the winding.

3. External non-electromagnetic components such as transformer bases and clamps were
excluded to reduce computational complexity while maintaining accuracy.

4.  Insubsequent simulation and experimental processes, the transient process of inter-
turn short circuits in the transformer is ignored, and only the steady-state process
formed after the inter-turn short circuit is considered.

3.2. Study on Equivalence-Influencing Factors

During normal transformer operation, the external third short-circuit winding remains
disconnected from the main circuit, ensuring complete equivalence between both models.
When inter-turn short-circuit faults occur, the number of shorted turns and fault location
alter the leakage magnetic field distribution within the transformer, potentially affecting
the equivalence of third-winding-based fault simulation. Consequently, simulation models
were employed to investigate the impacts of these two factors on the equivalence of the
proposed method.

3.2.1. Influence of Short-Circuit Position on Equivalence

Variations in inter-turn short-circuit positions differentially modify circuit config-
urations and parameters while directly determining post-fault leakage magnetic field
patterns. A 1.5% inter-turn short-circuit ratio was simulated to evaluate positional effects
on equivalence between third-winding simulation and actual faults. All parameters except
fault location remained constant. Considering actual insulation thickness and winding
encapsulation, an 8 mm gap was maintained between the third short-circuit winding and
transformer windings, as shown in Figure 4. Short-circuit faults were subsequently induced
at 15%, 50%, and 85% relative winding heights.

Transformer
=
core

Winding intervals
Smm T

The third short-
circuit winding

Transformer
windings

Figure 4. The interval between the third short-circuit winding and the transformer winding.

Variations in short-circuit positions affect the circuit configurations and parameters of
transformers. The currents in the primary winding, secondary winding, and shorted turns
of both the actual inter-turn short-circuit model and the third-winding-based simulated
inter-turn short-circuit model under different short-circuit positions are listed in Table 2.
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Table 2. Winding current under the influence of short circuit height.

. . . Primary Secondary Side Short-Circuit Turn
Simulate Working Conditions Current/A Current/A Current/A
Actual inter-turn short-circuit at 15% height 27.5 12.3 1010
Actual inter-turn short-circuit at 50% height 27.8 124 1040
Actual inter-turn short-circuit at 85% height 27.5 12.3 1010
Equivalent inter-turn short-circuit at 15% height 27.3 124 994
Equivalent inter-turn short-circuit at 50% height 27.5 124 1021
Equivalent inter-turn short-circuit at 85% height 27.3 12.4 994

As can be observed from Table 2, the short-circuit fault currents at symmetrically
central positions of the winding are identical, demonstrating a certain degree of symmetry.
Meanwhile, as the short-circuit position approaches the mid-height of the winding, the
short-circuit current slightly increases. This phenomenon is primarily attributed to the
higher magnetic flux density within the core at the winding center, which induces a larger
electromotive force in the short-circuit loop under identical conditions, thereby generating a
greater short-circuit current. Across different inter-turn short-circuit positions, the currents
in both the actual inter-turn short-circuit model and the equivalent inter-turn short-circuit
model remain fundamentally consistent. The maximum deviation in primary winding
current is 1.1%, while those for the secondary winding and shorted turns are 0.81% and
1.8%, respectively. Consequently, in terms of electrical effects, variations in inter-turn
short-circuit positions exhibit negligible influence on the equivalence of the inter-turn
short-circuit simulation method.

The simulated radial leakage magnetic field distributions of the actual inter-turn short-
circuit model and the third-winding-based simulated inter-turn short-circuit model under
different short-circuit positions are shown in Figure 5.

1.0 1 1 1 1 1 1 1 1 0.8 1 1 1 L L L L L
: I Short-Circuit in the Lower Section i [—=— Physical Short-Circuit in the Lower Section
the Lower Section —u— Equivalent Short-Circuit in the Lower Section
0.8 e Middle Section - {—e— Physical Short-Circuit in the Middle Section
|—®— Equivalent S uit in the Middle Section 0.6 4 |—®— Equivalent Short-Circuit in the Middle Section[~
{—a— Physical Short-Circuit in the Upper Section f—4— Physical Short-Circuit in the Upper Section
0.6+ {—4— Equivalent Short-Circuit in the Upper Section [~/ {—A4— Equivalent Short-Circuit in the Upper Section
= 2 04 r
] = 0
o 044 r >
k=l k=1
2 2 02
= 024 H g 0.
&n &n
: g
e e N N P r o 0.0 +
& &
£ £
E -0.24 r s
3 5027 r
0.4 +
0.4 F
-0.6 o r
0.8 T T T T T T T T -0.6 T T T T T T T T
50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 450
height/mm height/mm

Figure 5. Distribution of radial leakage field under the influence of short circuit position. (a) At
225 mm from the transformer winding; (b) At 250 mm from the transformer winding.

As can be observed from Figure 5, similar to the current, when an inter-turn short-
circuit fault occurs symmetrically about the winding height, the fault-induced magnetic
field also exhibits a certain degree of symmetry relative to the winding height. Additionally,
since the leakage magnetic field caused by an inter-turn short-circuit at the winding center
is symmetrically distributed about the mid-height, the overall leakage magnetic field retains
symmetry during mid-height inter-turn short-circuit faults. When inter-turn short-circuit
faults occur at different positions along the winding, the variation trends and general
characteristics of the radial leakage magnetic field in both the actual inter-turn short-
circuit model and the third-winding-based simulated inter-turn short-circuit model remain
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fundamentally consistent after fault initiation. Slight differences in magnetic field intensity
at identical positions are observed, with analysis revealing an average discrepancy of
less than 5% between the two models. Consequently, the location of the inter-turn short-
circuit exerts negligible influence on the equivalence of the simulation method in terms
of magnetic effects. Therefore, the inter-turn short-circuit simulation method proposed in
this paper demonstrates equivalence to actual inter-turn short-circuit faults with respect to
fault position.

3.2.2. Impact of Short-Circuit Proportion on Equivalence

The proportion of inter-turn short-circuit directly affects the magnitude of the elec-
tromotive force induced in the short-circuit loop, thereby significantly influencing the
short-circuit current and the magnitude/distribution of the fault-induced leakage magnetic
field. To investigate the impact of short-circuit proportion on the equivalence between the
third-winding-based simulation method and actual inter-turn short-circuit faults, this study
employs a case where an inter-turn short-circuit occurs at 15% relative winding height
in simulations. While maintaining identical parameters except for the short-circuit turn
ratio, and accounting for insulation thickness, the separation between the third short-circuit
winding and the transformer winding is set to 8 mm. Short-circuit proportions of 1.5%,
3%, and 5% are simulated. The currents in the primary winding, secondary winding,
and shorted turns of both the actual inter-turn short-circuit model and the third-winding-
based simulated inter-turn short-circuit model under different short-circuit proportions are
summarized in Table 3.

Table 3. Winding current under the influence of short-circuit ratio.

. . . Primary Secondary Side Short-Circuit Turn
Simulate Working Conditions Current/A Current/A Current/A

Actual inter-turn short-circuit proportion 1.5% 27.5 12.3 1010
Actual inter-turn short-circuit proportion 3% 53.8 12 1390
Actual inter-turn short-circuit proportion 5% 71.6 11.6 1230
Equivalent inter-turn short-circuit proportion 1.5% 27.3 12.4 994
Equivalent inter-turn short-circuit proportion 3% 52.9 11.7 1354
Equivalent inter-turn short-circuit proportion 5% 69.8 114 1206

As shown in Table 3, with the increase in short-circuit turn proportion, the primary
winding current rapidly rises to balance the additional magnetomotive force generated
by the short-circuited turns. Concurrently, core saturation exacerbates the growth of the
primary winding current. However, the short-circuited turn current initially increases
and then slightly decreases because the induced electromotive force within the turns no
longer increases linearly due to core saturation under elevated excitation currents, while
the impedance of the short-circuited turns maintains a linear relationship with the short-
circuit proportion. Furthermore, under different inter-turn short-circuit proportions, the
currents in both the actual inter-turn short-circuit model and the equivalent inter-turn
short-circuit model remain fundamentally consistent. The maximum discrepancies are
2.51% for the primary winding current, 2.5% for the secondary winding current, and 2.59%
for the short-circuited turn current. Therefore, variations in the short-circuit proportion
have negligible impact on the equivalence of the inter-turn short-circuit simulation method
in terms of electrical effects.

Under different short-circuit proportions, the simulated radial leakage magnetic field
distributions of the actual inter-turn short-circuit model and the third-winding-based
simulated inter-turn short-circuit model are illustrated in Figure 6 below.
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Figure 6. Radial leakage magnetic field distribution under varying short-circuit proportions. (a) At

225 mm from the transformer winding; (b) At 250 mm from the transformer winding.

As can be observed from Figure 5, the intensity of the leakage magnetic field in
the space rapidly increases with the rise in short-circuit proportion. When the inter-
turn short-circuit proportion differs, the variation trends and overall characteristics of
the radial leakage magnetic field in both the actual inter-turn short-circuit model and
the third-winding-based simulated inter-turn short-circuit model remain identical after
fault initiation. Analytical calculations reveal an average discrepancy of less than 5%
between the two models. Consequently, the short-circuit proportion exerts negligible
influence on the equivalence of the inter-turn short-circuit simulation method in terms of
magnetic effects. Therefore, the inter-turn short-circuit simulation method proposed in
this paper demonstrates equivalence to actual inter-turn short-circuit faults with respect to
fault proportion.

In summary, simulation model analyses verify that critical factors such as magnetic
coupling degree, inter-turn short-circuit position, and proportion have no impact on the
equivalence of the third-short-circuit-winding-based simulation method for inter-turn short-
circuit faults. The proposed simulation method achieves equivalence to actual inter-turn
short-circuit faults in both electrical and magnetic effects.

4. Experimental Validation of Winding Equivalence

To further validate the equivalence of the third-short-circuit-winding-based simulation
method for inter-turn short-circuit faults and the accuracy of the simulation model and
results, a single-phase transformer inter-turn short-circuit fault simulation platform was
constructed. Under existing experimental conditions, the effects of inter-turn short-circuit
position and proportion on short-circuited turn currents and radial leakage magnetic fields
were investigated, and the equivalence of simulation data and the simulation method
was verified.

4.1. Experimental Platform Configuration

Based on a 0.4/0.4 kV-7 kVA single-phase dual-winding transformer, this study con-
structed an inter-turn short-circuit simulation experimental platform utilizing a third
short-circuit winding. The transformer parameters are listed in Table 1. The primary side
of the transformer was connected to an adjustable AC power supply, while the secondary
side was loaded with its rated capacity. The inter-turn short-circuit fault was implemented
through an external short-circuit winding method, employing two electromagnetic re-
lays to control the on/off status of the transformer’s main circuit and the integration of
the short-circuit winding into the transformer loop. A relay driver circuit was designed
to control the electromagnetic relays’ operation, achieving electrical isolation to further
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ensure experimental safety. The relay contacts were fabricated from silver-copper alloy,
with measured contact resistance of approximately 5 mQ). The schematic diagram of the
experimental simulation platform is illustrated in Figure 7.

d
'
|
q
' X
l 2

RDC

PW: Primary side winding; SW: Secondary side winding;
FT: Faulty turn; K: Electromagnetic relays;
RDC: Relay drive circuit

Figure 7. Circuit diagram of the inter-turn short-circuit simulation platform.

Concurrently, a multi-physical-quantity synchronized measurement platform was
established based on the experimental setup, comprising flux leakage sensors, signal
amplifiers, current sensors, and a synchronized acquisition system to simultaneously
capture radial flux leakage signals and current signatures during transformer inter-turn
short-circuit faults. For experimental safety considerations, the flux leakage sensors were
positioned at locations remote from the transformer windings, measuring radial flux
leakage signals along the axial direction of the windings. The distance d between the sensor
measurement path and the winding center was maintained at 225 mm. The flux leakage
measurement paths and the equipment layout of the experimental platform are depicted

in Figure 8.
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Figure 8. Inter-turn Short Circuit Test Platform. (a) leakage flux measurement path; (b) Laboratory
equipment layout.

4.2. Experimental Validation

In this experiment, multiple inter-turn short-circuit operating conditions were config-
ured based on simulation parameters. For fault settings, inter-turn short-circuit faults with
proportions of 1.5%, 3%, and 5% were implemented at two positions relative to the trans-
former winding height: 15% and 50%. The short-circuit current within the short-circuited
turns and the radial leakage magnetic field distribution outside the transformer windings
were acquired via the multi-physical-quantity synchronous acquisition system.
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4.2.1. Validation of Inter-Turn Short-Circuit Current

As shown in Figure 9, the short-circuit current measured in the inter-turn short-circuit
fault simulation platform corresponds to a 3% short-circuit proportion at 15% relative
winding height. When the simulated short-circuit winding was disconnected from the
transformer circuit, the current in the short-circuited turns remained zero. After the control
relay connected the short-circuited turns to the circuit, a short-circuit current exceeding
thousands of amperes (approximately fifty times the rated current) was induced in the
short-circuited turns. Simultaneously, a high-frequency oscillation lasting approximately 5
ms occurred during the switching-to-conduction transient. This phenomenon is attributed
to minor mechanical vibrations during relay closure and arcing at the relay contacts.

1500 1 1 1 1 1 1 1 1 1 1

—— Short-circuit turn currem‘

1000 =

500 -

Short-circuit turn current/A

-500 L

-1000 -

T T T T T T
-0.02 0.00 0.02 0.04 0.06 0.08

time/s

Figure 9. Inter-turn short-circuit current signal.

The short-circuited turn currents under different inter-turn short-circuit positions at a
short-circuit proportion of 1.5% are listed in Table 4.

Table 4. Short-circuit currents at different inter-turn short-circuit positions.

Short-Circuit Condition Short-Circuited Turn Current/A
Simulated 15% height 994

Experimental 15% height 998
Simulated 50% height 1021

Experimental 50% height 1024

The short-circuited turn currents under different inter-turn short-circuit proportions
when the short-circuit position is at 15% of the relative winding height are shown in Table 5.

Table 5. Short-circuit currents under different inter-turn short-circuit proportions.

Short-Circuit Condition Short-Circuited Turn Current/A
Simulated 1.5% short-circuit proportion 994
Experimental 1.5% short-circuit proportion 998
Simulated 1.5% short-circuit proportion 1354
Experimental 1.5% short-circuit proportion 1347
Simulated 1.5% short-circuit proportion 1206

Experimental 1.5% short-circuit proportion 1109
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Due to the symmetry of currents and leakage magnetic field distribution in inter-
turn short-circuit faults at symmetrical positions of relative winding height, only two
short-circuit heights of 15% and 50% were tested in the experiment. The data in the table
show that the errors between simulated and experimental current data are below 1%,
experimentally verifying the accuracy of the simulated current data and the electrical effect
equivalence between the inter-turn short-circuit simulation method and actual inter-turn
short-circuit faults.

4.2.2. Validation of Radial Leakage Magnetic Field in Inter-Turn Short Circuits

As shown in Figure 10, the radial leakage magnetic field signal measured at the 50%
axial height of the relative winding is presented for a 1.5% inter-turn short-circuit fault
occurring at 15% relative winding height in the short-circuit fault simulation platform. The
figure demonstrates that when the simulated short-circuit winding is not connected to
the transformer circuit, the radial leakage magnetic field of the transformer corresponds
to normal operating conditions with smaller amplitudes. However, after connecting the
simulated short-circuit winding to the transformer circuit, the large short-circuit current in
the short-circuited turns generates significant leakage magnetic fields nearby, causing both
phase and amplitude changes in the transformer’s leakage magnetic field. Simultaneously,
due to transient high-frequency oscillations in the short-circuit current caused by various
factors during the relay switch closing instant, correlated high-frequency oscillations are
observed in the transformer’s radial leakage magnetic field.

1 1 1 !

1 1
0.007 4 Magnetic leakage signal]

0.006 4 r
0.005 4 r
0.004 4 r

0.003 4 r

Magnetic leakage signal/mT
g
S
!
T

0.001 4 r

0.000 4 -

T T T T T T
-0.02 0.00 0.02 0.04 0.06 0.08

time/s
Figure 10. Radial leakage magnetic signals of inter-turn short circuits.
The radial leakage magnetic fields under different inter-turn short-circuit proportions

when the short-circuit position is at 15% of the relative winding height are shown in
Figure 11.

T T
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Figure 11. Radial leakage magnetic distribution under different short-circuit proportions.
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The radial leakage magnetic fields under different inter-turn short-circuit positions
when the short-circuit proportion is 5% are shown in Figure 12.
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Figure 12. Radial leakage magnetic distribution under different short-circuit positions.

As can be seen from Figures 11 and 12, the simulated radial leakage magnetic data
and experimental radial leakage magnetic data under different inter-turn short-circuit
proportions and positions are nearly identical, with an average waveform error below
5%. The full-scale experiments validate the accuracy of the simulated radial leakage
magnetic data and demonstrate the equivalence in magnetic effects between the inter-turn
short-circuit simulation method and actual inter-turn short-circuit faults.

In summary, by constructing a single-phase transformer inter-turn short-circuit exper-
imental platform and conducting full-scale experiments under varying inter-turn short-
circuit proportions and positions, the accuracy of the transformer inter-turn short-circuit
simulation model is verified. Furthermore, this work confirms the equivalence in both
electrical and magnetic effects between the proposed inter-turn short-circuit simulation
method and actual inter-turn short-circuit faults.

5. Conclusions

To address the challenges of conducting full-scale experiments due to the enormous
short-circuit currents in inter-turn short-circuit faults, this study accomplishes the following:

1.  An experimental method utilizing an external third short-circuit winding to simulate
inter-turn short-circuit faults is proposed. This method improves the current-carrying
capacity, thermal dissipation conditions, and control strategies of the short-circuit
winding, enabling it to withstand short-circuit currents up to tens of times the rated
current without damaging the transformer’s normal winding structure, ensuring
safety and repeatability.

2. A simulation model for inter-turn short-circuit faults in a single-phase dual-winding
transformer is developed. The study investigates the primary/secondary winding
currents, short-circuit winding currents, and spatial leakage magnetic field distributions
under the influence of magnetic coupling degree, short-circuit positions, and proportions.
This validates the equivalence in electrical and magnetic effects between the third short-
circuit winding simulation method and actual inter-turn short-circuit faults.

3. Asingle-phase dual-winding transformer inter-turn short-circuit simulation platform
is constructed. The accuracy of the simulation model is verified, further confirming
the equivalence of the proposed inter-turn short-circuit fault simulation method.
Additionally, the short-circuit current in the third short-circuit winding and the radial
leakage magnetic field distribution after transformer inter-turn short-circuit faults
are analyzed.
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This research achievement provides a novel approach for prototype testing of trans-
former inter-turn short-circuits, but due to specific constraints, only the equivalence on
single-phase dual-winding transformers has been validated. Therefore, validation under
other complex operational conditions is still required. Subsequent studies will further
investigate the equivalence and safety of this inter-turn short-circuit simulation method
in higher-voltage three-phase transformers, aiming to enhance the generalizability of this
equivalent methodology.
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