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Abstract: The inter-turn fault is a common fault of oil-immersed transformers. Due to the deteriora-
tion of inter-turn insulation, its resistance decreases, which leads to an increase in the winding coil
current and loss, causing the winding temperature to rise. Therefore, analyzing the electrothermal
characteristics of inter-turn short circuit faults in oil-immersed transformers can provide a theoretical
basis for the diagnosis of inter-turn faults in transformers. This paper studies the equivalent circuit
under inter-turn faults and establishes a field–circuit coupling model to calculate the current charac-
teristics under different inter-turn short circuit faults of transformers. The distribution of coil losses
under faults is calculated as thermal source excitations, and a thermal–fluid-coupled calculation
model for oil-immersed transformers is established. After the experimental verification, it is found
that both the errors between the winding and tank surface temperatures do not exceed the acceptable
limits, validating the effectiveness of this model. Using this model to calculate the temperature
distribution for various inter-turn short circuit faults in transformers reveals their hot-spot charac-
teristics. The results indicate that under inter-turn fault conditions, the temperature at faulty turns
will gradually increase towards a limit, eventually leading to coil damage. This research provides
theoretical support for enhancing transformer detection and diagnostic capabilities.

Keywords: oil-immersed transformer; inter-turn fault of winding; thermal–fluid coupling

1. Introduction

The oil-immersed power transformer is crucial for ensuring the reliable and stable
operation of the power system, characterized by its wide distribution and large number [1].
The service life of a transformer depends on the degree of the aging of oil–paper insulation,
with thermal aging being the main factor leading to oil–paper insulation aging. The increase
in the internal temperature of the transformer will accelerate the rate of thermal aging,
resulting in a decreased insulation performance and easily causing equipment damage.

Statistics show that in the actual operation of transformers, a turn-to-turn short circuit
is one of the most common types of initial faults. Approximately 30% of transformer
failures are caused by internal winding short circuits [2,3]. Winding faults usually begin
with insulation degradation between two adjacent windings and quickly extend to a large
number of windings [4]. In the early stage of transformer winding faults, it usually mani-
fests as a local discharge or overheating in the winding. The heat generated at this stage is
naturally convected by the oil to other low-temperature areas, thus avoiding arc generation.
As the insulation material further deteriorates between turns, the inter-turn insulation
resistance decreases, causing an increase in the leakage current and fault coil current within
the windings, leading to localized overheating within the coils. This prevents effective heat
dissipation by the transformer oil at the fault points, eventually leading to arcing discharge
failures that completely break down the inter-turn insulation formation into turn-to-turn

Electronics 2024, 13, 2869. https://doi.org/10.3390/electronics13142869 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics13142869
https://doi.org/10.3390/electronics13142869
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-9297-693X
https://doi.org/10.3390/electronics13142869
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13142869?type=check_update&version=2


Electronics 2024, 13, 2869 2 of 17

short-circuit failures [5,6]. Therefore, studying the electrothermal characteristics when
winding-to-winding faults occur and preventing their development into serious failures
that cause losses is significant to guarantee the secure and steady functioning of power
networks [7,8].

The complexity of internal magnetic field distribution within transformers becomes
apparent when faults occur, leading to changes in the distribution of leakage magnetic
fields. This distribution’s spatial arrangement is intricately linked to both winding currents
and the position of the faults, showing consistent patterns. Even in cases where the short-
circuit ratio is minimal, there remains a notable alteration in the leakage magnetic field.
Currently, investigations into the transient behavior analysis of the inter-turn short-circuit
faults in transformers primarily emphasize electromagnetic characteristics [7,9], as well
as the analysis of faulty winding electromotive force [10,11], etc. Ref. [12] proposed an
approach to detect the inter-turn short-circuit faults of distribution transformers utilizing
loss fluctuations, enabling real-time monitoring of inter-turn short-circuit faults in windings
and alerting to insulation degradation. In addition, Ref. [13] studied the electromagnetic
and mechanical characteristics during transformer faults and simulated the transformer’s
model characteristics. Fault currents, electromagnetic properties, and additional operational
parameters were obtained through simulation to study the magnetic field and coil force
characteristics during turn-to-turn faults. Ref. [14] conducted a numerical study on turn-to-
turn short-circuit (TTSC) faults in rectifier transformers by directly coupling internal finite
element (FE) models with external circuit models.

When an internal winding short-circuit fault occurs in a transformer, due to the current
amplification of several times to tens of times in the shorted turn, the shorted coil will
generate significant heat, causing a significant increase in the local temperature of the
winding, which in turn will cause a rise in the oil temperature and the temperature of the
tank enclosure [15]. Therefore, obtaining the thermal-flow distribution under inter-turn
short-circuit malfunction is highly significant for fault diagnosis. Although the direct
measurement method is the most accurate temperature distribution monitoring method, it
is difficult to obtain a complete internal distribution due to the high voltage and strong elec-
tromagnetic interference inside of the oil-immersed transformers, the harsh environment
with full oil immersion, and the existing measuring points that only consider the top-level
and bottom-level oil temperatures. Therefore, it is necessary to use a multi-physics field
simulation approach to obtain a thermal flow field distribution inside of the operating
transformers. In Ref. [16], a two-dimensional model of the winding was created for analyz-
ing the winding temperature and transformer electrical characteristics under faults and
combined with electro-thermal characteristics for fault identification. Ref. [8] proposed an
inversion calculation method based on forward modeling for inter-turn short-circuit faults
by transforming the problem into an optimization problem for the optimal parameters of
the internal heat source in transformers. This method can effectively perform an online
inversion location calculation for inter-turn short-circuit malfunctions in oil-immersed
transformers. Ref. [7] used a finite-element electromagnetic–thermal–fluid method to study
early insulation degradation impacts on the internal temperatures of transformers and
proposed a decision prediction fault diagnosis method based on online sensors according
to the observed results.

This article aims to address the issue of electric–thermal characteristic distribution
under winding failure in oil-immersed transformers. By using a coupled field–circuit
model to compute the electromagnetic distribution characteristics during winding faults
in transformers and obtain the distribution of winding losses, based on this, a thermal–
fluid-coupled model is used to analyze the changes in winding temperature distribution
after a short-circuit fault occurs between turns. Through the simulation analysis of a
110 kV transformer case, the accuracy of the transformer’s electromagnetic–thermal–fluid
multiphysics field coupling model has been verified, and, on this basis, we have analyzed
its electrical and thermal characteristics under inter-coil short-circuit malfunction.
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2. Simulation Model of “Field–Circuit” Coupling for Inter-Turn Faults in Windings, and
Calculation of Loss Distribution
2.1. Transformer Three-Dimensional Geometric Model

The oil-immersed transformer model used in this calculation is SFZ-40000 kVA/
110 kV(Guizhou Power Grid Co., Ltd., Guiyang, China), which is a three-phase double-
winding power transformer with a YNd11 connection group. The winding coils are com-
posed of materials such as conductors, spacers, bracing bars, and insulating paper using
a spiral and twisted continuous structure. For the winding radial directions, there is a
low-voltage winding, high-voltage winding, and tap-changer winding. When calculating
the transformer electromagnetic field, the iron-core stacking structure exerts minimal influ-
ence on the magnetic field distribution of the transformer and can be regarded as a whole.
Structures like the spacers, bracing bars, and insulating paper have no impact on the elec-
tromagnetic field distribution and can be ignored. The installation structure of the winding
conductors has a small influence on the overall leakage magnetic field distribution of the
windings; it can be replaced by a cylindrical copper material structure as a whole. Structural
components such as the oil tanks and clamps have little influence on the magnetic field
distribution of the iron core or windings; their impact can be disregarded. Consequently,
we set up an ideal calculation domain that enveloped the iron core and windings with
rectangular prisms where its border met the magnetic insulation requirements according to
the design parameters provided by the transformer manufacturer, as shown in Table 1. The
electromagnetic field calculation model of the transformer is shown in Figure 1.

Table 1. Transformer technical parameters and model dimensions.

Parameters Value Parameters Value

Rated capacity 40,000 kVA Maximum width/thickness of the
iron core 590 mm/552 mm

Rated voltage 110 kV ± 8 × 1.25%/10 kV Height of iron core window 1405 mm
Rated current 209.95 A/2199.43 A Center distance of iron core 1220 mm

Connection group YNd11 Length, width, and height of oil tank 4014 mm × 1344 mm × 2745 mm
Number of turns in

high-voltage winding 635 turns Height of high-voltage winding 1220 mm

Number of turns in
low-voltage winding 105 turns Height of low-voltage winding 1220 mm
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2.2. Inter-Turn Short-Circuit Field–Route Coupling Model

Based on Maxwell’s equations, the differential equations of the electromagnetic field
can be:

∇ × ∇ × A = µ0µr(J + (∂D/∂t)), (1)
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where µ0 denotes the vacuum permeability; µr signifies the relative permeability; J rep-
resents the conduction current density; D represents the electric displacement vector; A
denotes the magnetic vector potential. The initial and subsequent expressions on the
right side of Equation (1) signify the conduction current density and displacement current
density, correspondingly.

As a consequence of operational conditions and diverse influences, the electrical char-
acteristics of the dielectric materials in power transformers can undergo notable alterations
over each transformer’s operational lifespan. The decline and aging of transformer insula-
tion are usually caused by the strong electric fields encountered by the transformer, and
internal winding faults are caused by the degradation of inter-coil insulation [17]. The
electrical properties of the inter-coil insulation material in transformers can be effectively
described through a parallel circuit as shown in Figure 2. The insulation thickness between
two layers or turns in the windings is very thin, resulting in a very small capacitance value
Ceq in the equivalent circuit. When the insulation is satisfactory, the resistance Req is high,
and the current IR is minimal. However, as the inter-coil insulation ages and deteriorates,
the equivalent resistance gradually diminishes, leading to an equivalent capacitance change.
Therefore, there will be a significant increase in the current flowing through the resistor;
when an insulation breakdown occurs completely, this resistance will be almost zero.
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Figure 2. Equivalent winding’s turn-to-turn short-circuit model.

The winding coil in the magnetic field is set to be excited by the current, and the
circuit elements are introduced according to the short-circuit equivalent circuit of Figure 2,
thereby achieving the field–circuit integration of transformer winding short-circuits. This
article uses Simulink to build a coupling model of the transformer circuit-magnetic field.
The transformer adopts the Y–∆ connection method, as shown in Figure 3. UHA, UHB,
and UHC are the three-phase voltages on the high-voltage side; LHAO, LHB, LHC, LLA, LLB,
and LLC are the self-inductances of the three-phase windings on the high-voltage side
and low-voltage side; RHAO, RHB, RHC, RLA, RLB, and RLC are the DC resistance values
of each phase winding on the high-voltage side and low-voltage side; iHA, iHB, iHC, iLA,
iLB, and iLC are, respectively, the line current values of each phase winding on the high-
voltage side and low-voltage side; iLAB, iLBC, and iLCA are, respectively, the phase current
values of each phase winding on the low-voltage side; LHAS, iHAS, and RHAS represent,
respectively, the self-inductance value, direct current resistance value, and current for the
A-side short-circuited part winding at the low-voltage end; Req is the equivalent short-
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circuit resistance value; ZA, ZB, and ZC represent, respectively, the load impedance per
phase at the low-voltage end; MASa, MASAO, MAoa, MBb, and MCc represent, respectively,
the mutual inductance between windings.
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2.3. Transformer Loss Calculation Method

During the operation of oil-immersed transformers, temperature rise mainly comes
from losses generated by windings and iron cores, while stray losses produced by structural
components such as clamps are difficult to measure and are generally ignored [18].

According to the IEC 60076-1 standard [19], winding losses are related to the winding
current. For faulty windings, winding losses include three parts: non-faulty coil losses,
faulty coil losses, and faulty resistance losses. The total load loss under the transformer
inter-turn short-circuit malfunction operation may be calculated as follows:

Pcoil = I2
nRn + I2

sRs + Pse, (2)

where Pcoil is the total load loss of the coil, W; In and Is represent the current of non-faulty
turns and faulty turns, A; Rn and Rs represent the DC resistance of non-faulty turns and
faulty turns, Ω; Pse is the stray loss of structural components, W. Due to its relatively small
proportion, stray losses are generally ignored.

The winding’s resistance value correlates linearly with the resistivity of the copper,
and there is a linear relationship between the resistivity of the copper and temperature.
Consequently, as the temperature rises, the resistivity also increases.

ρcu = ρcu0(1 + a(Tcu − Tref)), (3)

where the reference resistivity ρcu0 is 1.6679 × 10−8 (Ω·m), the resistivity temperature
coefficient a is 3.9 × 10−3 1/K, and the reference temperature Tref is 293.15 K.

The main loss is the excitation loss generated by the iron core, which can be expressed
as follows:

Ptotal(f) = Ph + Pc + Pe = KhfBβ
m + Kcf2B2

m + Kef1.5B1.5
m , (4)

where Ptotal represents the iron loss, W/kg; Ph represents the hysteresis loss; Pc represents
the eddy current loss; Pe represents the additional loss; f represents the frequency, Hz; kh,
kc, ke, and β are undetermined coefficients, obtained through fitting with the loss-curve
data. For a given type of silicon steel sheet, kh, kc, ke, and β remain constant and are
independent of frequency.

The iron core inside the transformer is made of 30SQG105 silicon steel sheets (Shougang
Group, Beijing, China), assembled in a lamination manner with a stacking factor of 0.963.
The iron-core loss model coefficient is determined utilizing the BH coefficients furnished
by the manufacturer. The calculated loss coefficients are Kh = 37.299, Kc = 0.681, and
Ke = 1.374.
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3. Transformer Thermal–Fluid Coupling Simulation Model
3.1. Thermal–Fluid Coupling Model

The transformer contains solid components such as iron core, windings, and trans-
former oil fluid. The main heat transfer methods are solid–solid heat conduction and
solid–liquid heat convection, involving the integration principle of temperature field and
flow field. The heat generated by the oil-immersed power transformers will eventually be
transferred to the surrounding air. The cooling process mainly includes three stages:

1. Heat is conducted from the internal of the iron core and coil to the outer surface;
2. The oil surrounding the iron core and coils is warmed and circulates upward while

the cold oil flows downward, forming natural oil convection. When the heated oil
reaches the tank wall and cooling fins, heat is transferred to them;

3. Heat from the tank wall and cooling fins is transferred to the ambient air via natural
air convection and thermal radiation.

The solution to fluid problems mainly relies on the development of computational
fluid dynamics models. The flow dynamics and distribution traits of the oil inside of the
transformers follow the fundamental principles of mass preservation, momentum preser-
vation, and energy preservation [20]. The transformer oil behaves as an incompressible
Newtonian fluid, and its density does not change over time. The differential form of this
fluid can be referenced from [21] as follows:

∇ · V = 0
∂(ρV)

∂t +∇ · (ρV × V) = ρF −∇p + µ∇2V
∂(ρe)

∂t +∇ · (ρeV) = ρq +∇(k∇T)− p∇V + S
, (5)

where σ represents the Nabla operator, m−1; V denotes the fluid velocity vector, m/s; ρ
represents the fluid density, kg/m3; F represents the unit mass force of the fluid, m/s2; p
represents the fluid pressure, Pa; µ represents the dynamic viscosity of the fluid, Pa·s; e
denotes the internal energy of the fluid, J; q stands for the mass heat source of the fluid,
W/kg; k symbolizes the thermal conductivity of the fluid, W/(m·K); S represents the
portion of the mechanical energy of the fluid converted into thermal energy due to the
combined effect of the oil viscosity and internal heat source of the fluid, J; T indicates the
temperature of the transformer oil, K.

3.2. Boundary Conditions

The boundary conditions for the transformer model for the flow field calculation
can mainly be divided into three categories. The first category is the flow–solid coupling
surface of the iron core, winding, oil tank, and oil. By using the natural circulation of the
transformer oil to cool the temperature of the iron core and windings and transferring heat
to the surface of the tank body, it can be directly solved through coupling in the ANSYS
2023 R1 FLUENT software system.

The heat conduction process of windings and iron core follows Fourier’s principle of
heat conduction [22].

qn = −λ
∂T
∂n

, n = x, y, z (6)

where qn represents the heat flux; T stands for temperature; λ denotes the thermal conduc-
tivity of the windings or iron core.

At the interface between fluid and solid, it is assumed that the fluid adjacent to the wall
“film” stagnates in relation to the wall, meaning the relative velocity of the oil flow near the
wall is zero. Thus, a no-slip boundary condition is imposed for momentum boundary.

The second type is the contact surface between the transformer box body and its
surrounding environment. This boundary includes the top and side surfaces of the box
body, mainly through air convection heat dissipation and thermal radiation. In this paper,
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the surface of the box body is simplified as a smooth plane, and the surface heat transfer
coefficient is derived through solving an empirical equation:

hcon =
NuLλ

L
, (7)

NuL = CRan
L, (8)

GrL =
gβ f luid(Tsur − Tamb)L3

γ f luid
2 , (9)

RaL = GrLPr =
gβ f luid(Tsur − Tamb)L3

αtγ f luid
, (10)

where hcon is the convective coefficient of thermal convection; NuL represents the Nusselt
number; GrL signifies the Grashof number; Pr stands for the Prandtl number; βfluid de-
notes the volume expansion coefficient of the fluid; γfluid indicates the dynamic viscosity
of the fluid in Pa·s; αt is the thermal diffusivity; RaL is the Rayleigh number; Tsur is
the surface temperature; Tamb is the temperature of the ambient. For the laminar flow
conditions (104 ≤ RaL ≤ 109), C = 0.59 and n = 1/4. Under a mixture of laminar and
turbulent flow conditions (109 ≤ RaL ≤ 1013), C = 0.10 and n = 1/3.

The indoor transformer is in an environment without solar radiation, so only the radiation
of the transformer oil tank to the external environment needs to be taken into account.
According to Stefan–Boltzmann law [23], the radiation heat transfer coefficient hr is:

hr ≡ εσ(Ta + Tsur)
(

T2
a + T2

sur

)
(11)

where ε represents the emissivity of the object; σ denotes the Stefan–Boltzmann constant,
5.67 × 10−8 W/(m2·K4); Ta indicates the temperature of the object, K.

The third type is the bottom structure. The bottom of the transformer is a grid structure
that directly contacts the ground, with a good heat dissipation effect, so it can be set as a
temperature boundary condition based on the relationship between the directly measured
inlet oil temperature, ambient air temperature, and oil outlet temperature. The transformer
radiator usually provides sufficient cooling for the transformer oil, achieving a temperature
reduction of about 5–25 K [24]. The outlet is configured with outflow boundary conditions,
while the inlet is designated as a velocity inlet.

On top of the electromagnetic field model, add the transformer oil tank structure,
ignore the radiator structural components, and retain only the inlet and outlet structures.
Additionally, since the transformer structure is basically axially symmetrically distributed,
take 1/4 part to form a model for calculating the thermal flow field. The fluid field uses the
ANSYS 2023 R1 FLUENT software’s mosaic mesh division method and employs the SST
k-w model for calculation. This model is not sensitive to the Y+ values of the boundary
layers and can appropriately refine the heat transfer solid coupling interface boundary
layers; total single mesh count amounts to 511,166 grids.

3.3. Material Parameters

The fuel reservoir is crafted from steel, the coil from copper, and the internal iron core
from 30QG105 silicon steel sheets. Typically, alterations in the density, specific heat capacity,
and thermal conductivity of solid substances with temperature shifts are minute and can
be assumed constant. These material attributes are detailed in Table 2.
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Table 2. Thermal parameters of solid materials.

Properties Copper 30SQG105

Density (kg/m3) 8900 7650
Specific heat (J/(kg·k)) 385 446

Thermal conductivity (W/(m·k)) 400 5.22

The transformer winding wires are wrapped layer by layer with an oil-immersed
insulation paper, and oil passages are set in the middle of the coil. It is evident from
the arrangement of the transformer coil that the fine modeling of the winding wires and
oil-immersed insulation paper is very complex, and mesh division is difficult. This article
simplifies the structure of the transformer windings based on the thermal parameter
equivalence [25]. Using the low-voltage coil as an example to elucidate the winding coil
structure and equivalent simplification method, axial consideration includes winding
copper wire, insulation paper, and oil passages; radial consideration includes winding
copper wire and insulation paper. The thermal conductivity of the materials at 313.15 K is
selected for the equivalent calculation: copper has a thermal conductivity of 400, insulation
paper has 0.19, and oil has 0.129.

The winding consists of numerous wire loops. Both the axial and radial thermal con-
ductivities (λz,λr) of the winding are determined using the equation, owing to substantial
variations in thermal conductivity between the copper and insulating paper within the
winding [26].

λz =
χz1 + χz2 + χz3

χz1
λcopper

+ χz2
λpaper

+ χz3
λoil

, (12)

λr =
ln

rn+1

r1
n
∑

i=1

(
1

λn
ln

rn+1

rn

) , (13)

where χz1 is the total height of the metal conductor layer in the axial direction of the trans-
former winding; χz2 is the total height of the oil-immersed insulation paper in the axial
direction of the transformer; χz3 is the total height of the oil ducts in the axial direction of the
transformer; r1, . . ., rn−1, and rn are, respectively, the radial radii of each layer in winding; λn
is the thermal conductivity of the materials in the radial layers of the winding coils.

The calculation of the equivalent thermal conductivity in each direction of each wind-
ing coil is shown as follows in Table 3. The high-voltage winding adopts a twisted continu-
ous coil, while the low-voltage winding adopts a single spiral coil, which is the reason for
their different equivalent thermal conductivity.

Table 3. Coil equivalent thermal conductivity.

Thermal Conductivity/(W/(m·K)) Low Voltage High Voltage Tap Changing

Axial 0.315 0.494 0.403
Radial 1.4607 0.2266 1.011

Direction of wire winding 400 400 400

Due to the fact that transformer oil serves as the main cooling agent for oil-immersed
transformers, its thermodynamic parameters have a significant influence on the thermal
distribution within the transformer framework [27]. The thermal–physical parameters of
the oil will change with the temperature. In order to ensure fitting accuracy, this paper uses
function fitting to describe the variation process of the temperature-dependent thermal–
physical properties of the transformer oil [28], as shown in Table 4.
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Table 4. Transformer oil physical parameter fitting input formula.

Properties Fitting Formula

Density
(
kg/m3) ρoil(T) = −0.6 × T + 1057.8

Thermal conductivity (W/(m · K)) koil(T) = −7.101 × 10−5 × T + 0.1509
Constant-pressure specific heat (J/(kg · K)) cp,oil(T) = 0.01T2 − 3.3463T + 1732.809

Dynamic viscosity (Pa · s) µoil = 0.03 ×
(

T
293.15

)−16.7797

3.4. Model Validation

This article uses a 40,000 kVA/110 kV three-phase double-winding oil-immersed
power transformer for the simulation analysis. Figure 4 shows the overall structure and
internal winding structure of the transformer.
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To gauge the temperature of the internal coils and the oil temperature within the
transformer, 14 optical fibers are used. The fibers are fixed, respectively, in the structural
components and inserted into the winding oil passages. To ensure the accuracy of the
measurement results, this paper uses the optical fibers produced by the optoelectronics
that can operate stably influenced by electromagnetic interference (EMI), radio frequency
(RF), and magnetic resonance imaging (MRI) [29]. The fiber-optic temperature sensor has
a measurement error of less than 1 K within a temperature range of 233.15 K to 533.15 K,
with a diameter smaller than 3 mm, thus it can be securely installed at the position of the
winding support bars.

According to the IEC 60076-2:2011 [30], under the condition of an ambient temperature
of 299.03 K, a rated load current experiment was conducted on the transformer body. The
same ambient temperature and load were used to set the boundary conditions for the
simulation model integrating the electromagnetic, thermal, and fluid flow fields of the
transformer, and simulation calculations were performed.

Compare the simulated winding temperature, top oil temperature, and oil tank surface
temperature with the experimental results to validate the efficiency of the simulation
framework. At a temperature of 348.15 K, the high-voltage winding loss is 60648.72 W/m3,
and the loss in the low-voltage coil amounts to 68674.66 W/m3.

During the experiment, the temperature measurement system collected data on the
winding every 5 min. The experimental measurement and simulation calculation values
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of the winding temperature are compared in Table 5 below. Observably, the maximum
deviation between the simulated winding temperature and the experimental measurement
is 3.89 K.

Table 5. Comparison of temperature calculation errors.

Measurement Point Experimental Measurement Value Simulated Calculation Value Error

Low-voltage winding 90% temperature 362.01 K 365.38 K 3.37 K
Low-voltage winding 80% temperature 356.12 K 353.24 K 2.88 K
Low-voltage winding 30% temperature 345.99 K 349.45 K 3.46 K
High-voltage winding 90% temperature 355.20 K 351.31 K 3.88 K
High-voltage winding 80% temperature 347.32 K 349.61 K 2.29 K
High-voltage winding 30% temperature 337.26 K 341.15 K 3.89 K

The distribution of the winding temperatures obtained by the simulation calculation
is shown in Figure 5. With an increase in the winding height, the winding temperature
gradually rises, but there is a slight decrease at the top. Around the high-voltage windings,
the oil decreases in density and rises after being heated. During this rising process, the oil’s
temperature continues to rise, thus further reducing its heat absorption capacity. When
the oil flows to the top of the windings, it enters a radiator for cooling through an outlet.
Subsequently, some of the cooled oil returns to bottom of high-voltage windings while
another part directly sinks and intersects with the rising hot oil. The flow characteristics of
the rising hot oil and sinking cool oil create better heat dissipation conditions at the lower
parts of the windings; relatively speaking, the heat dissipation conditions at the upper
parts are poorer. This results in a temperature gradient distributed along with the height of
the windings. Due to the better heat dissipation conditions, there is a slight decrease in the
temperature at the top portion of the windings.
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operation: (a) low-voltage winding temperature distribution; (b) thermal profile of high-voltage coil.

The temperature distribution across the enclosure surface is illustrated in Figure 6.
The differential in the temperature between the top and bottom surfaces of the enclosure
is attributed to the thermal convection from the transformer oil flow and the radiator’s
circulation effect.
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4. Analysis of the Thermal Characteristics of the Winding under Inter-Turn Faults in
High-Voltage Windings

This section uses a transformer thermal–fluid coupling simulation model to conduct
inter-turn fault simulation and analyze the steady-state results of inter-turn faults. The
focus is on analyzing the changes in the winding, current, and other electrothermal char-
acteristic parameters before and after the inter-turn faults. During the operation of the
transformer, these electrothermal characteristic parameters can be obtained through the
current transformers, thermocouples, or online monitoring of the thermocouples. Studying
the changes in these electrothermal characteristic parameters can provide new insights for
identifying early physical faults in transformers.

4.1. Analysis of the Thermal Characteristics under the Condition of Complete Turn-to-Turn
Short-Circuit Faults in Transformers

Supposing the ambient temperature registers at 299.03 K, the low-voltage coil of the
transformer bears its rated resistive load, and a turn-to-turn malfunction manifests in the
37th loop within the midpoint of the high-voltage winding, accounting for 1.42% of the
total coil turns. The fault turn current changes with the resistance value of the short-circuit
fault as shown in Figure 7. This assumes that the inter-turn insulation changes from “good”
to 1 Ω at 50 ms, from 1 Ω to 0.1 Ω at 70 ms, from 0.1 Ω to 0.01 Ω at 90 ms, from 0.01 Ω to
0.001 Ω at 110 ms, and from 0.001 Ω to 0.0001 Ω at 130 ms, and a complete short circuit
occurs at 150 ms. Based on this, the short-circuit turn current changes with inter-turn
insulation and time as shown in Figure 7.

The transformer configuration chosen for this study is Ynd11. When a high-voltage
turn-to-turn short circuit emerges during low-load situations, the fault phase current
on the high-voltage side undergoes a slight uptick, while the remaining phases exhibit
marginal alterations, as depicted in Figure 8. Both the phase current and line current
on the low-voltage side witness minimal impact, suggesting that upon detecting a
minor turn-to-turn short circuit fault, transformer currents experience negligible shifts,
rendering detection arduous and possibly resulting in prolonged operation with faults,
thereby jeopardizing the integrity of the transformer equipment, potentially leading to
its deterioration or even destruction.
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As the time constant of the winding and the temperature rise of the transformer
oil far exceed the transformer’s period, significant current fluctuations arise within the
first two cycles following a turn-to-turn short circuit event. Approximately ten cycles
later, the current gradually stabilizes. Consequently, this study opts to utilize the effective
current value 2 s post the occurrence of a turn-to-turn short circuit to compute near-steady
electromagnetic fields. The effective current values are presented in Table 6.

Table 6. The effective value of current after a malfunction occurs.

Low-Voltage Current (A) High-Voltage Current (A)

Phase A 1261.50 237.50
Phase B 1265.96 209.31
Phase C 1266.42 209.38

Short-circuit turn current / 6576.48

When a turn-to-turn short-circuit fault arises at the midpoint of the high-voltage
winding, the temperature alteration in the faulty coil within that layer is particularly
pronounced. Figure 9 illustrates the temperature distribution cloud map of the high-
voltage winding subsequent to the fault occurrence. As depicted in the diagram, following
a turn-to-turn short-circuit fault in the high-voltage winding, the maximum temperature
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reaches 394.9 K within 3 s, surpassing the insulation limit of 378.15 K for transformers,
which could lead to structural damage to the transformer winding. Furthermore, it attains
the temperature limit in 1.7 s, suggesting that a complete winding fault short circuit can
cause severe damage to the transformer within an exceedingly brief timeframe. Hence, it is
imperative to endeavor to minimize the occurrence of complete winding fault short circuits
whenever possible.
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4.2. Analysis of the Thermal Characteristics of Inter-Turn Short-Circuit Faults in Transformers
under Different Fault Turn Numbers

The quantity of defective coil turns also significantly impacts the electrical heating
attributes. Considering the quantities of defective turns as 9, 18, and 27, respectively, which
correspond to 1.42%, 2.83%, and 4.25% of the total turns, the computed currents are detailed
in Table 7. The temperature distribution of both low-voltage and high-voltage windings
following a fault event is illustrated in Figure 10. As depicted in Figure 10, a greater number
of faulty turns results in a more pronounced temperature escalation.
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Table 7. The effective value of current after a malfunction occurs.

Low-Voltage Current (A) High-Voltage Current (A)
1.42% 2.83% 4.25% 1.42% 2.83% 4.25%

Phase A 1261.51 1261.51 1261.51 221.06 256.37 310.04
Phase B 1265.96 1265.96 1265.96 209.31 209.31 209.31
Phase C 1266.42 1266.42 1266.41 209.38 209.38 209.38

Short-circuit turn current / 664.15 1463.62 2166.68
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Figure 10. Temperature distribution of windings under different number of faults. (a) Temperature
distribution of low-voltage winding when the short-circuit turns ratio is 1.42%. (b) Temperature
distribution of high-voltage winding when the short-circuit turns ratio is 1.42%. (c) Temperature
distribution of low-voltage winding when the short-circuit turns ratio is 2.83%. (d) Temperature
distribution of high-voltage winding when the short-circuit turns ratio is 2.83%. (e) Temperature
distribution of low-voltage winding when the short-circuit turns ratio is 4.25%. (f) Temperature
distribution of high-voltage winding when the short-circuit turns ratio is 4.25%.
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4.3. Analysis of the Thermal Characteristics of Inter-Turn Short-Circuit Faults Occurring in
Different Turn-to-Turn Fault Positions of Transformer

Inter-turn faults appearing at various locations within the transformer windings will
also have an impact on the temperature distribution of the windings. Inter-turn faults are
set to occur at 25%, 50%, and 75% of the high-voltage winding, with a fault resistance set to
1 Ω. The fault location minimally impacts the winding current, as shown in the temperature
distribution calculation results in Figure 11.
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Figure 11. Temperature distribution of windings under different fault locations. (a) Low-voltage
winding temperature distribution results when a fault occurs at 25% height of the high-voltage winding.
(b) High-voltage winding temperature distribution results when a fault occurs at 25% height of the
high-voltage winding. (c) Low-voltage winding temperature distribution results when a fault occurs
at 50% height of the high-voltage winding. (d) High-voltage winding temperature distribution results
when a fault occurs at 50% height of the high-voltage winding. (e) Low-voltage winding temperature
distribution results when a fault occurs at 75% height of the high-voltage winding. (f) High-voltage
winding temperature distribution results when a fault occurs at 75% height of the high-voltage.
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5. Conclusions

(1) A model for inter-turn faults in oil-immersed transformers was developed, integrating
electromagnetic, thermal, and fluid dynamics. This model enables the analysis of the
initial electrical and thermal traits of the inter-turn faults. Subsequently, a simulation
model for the transformer’s thermal–fluid field was constructed. The findings reveal
a temperature error of less than 5 K in the simulated winding, validating the efficiency
of the established thermal–fluid coupling simulation model for the transformers.

(2) In the case of a complete turn-to-turn fault, due to the star-delta connection method
used in the transformers, there is little change in the phase current of the low-voltage
windings while the phase current of the high-voltage windings with faults increases
significantly, and there is a notable increase in the line current for faulty coils. With a
1.4% complete turn-to-turn fault, the amplitude of the low-voltage winding currents
increased by more than 30 times. The fault location has an impact on the temperature
distribution of the faulty windings but does not significantly affect the winding
currents or maximum temperatures.

(3) The method in this article can analyze the electrical and thermal characteristics of
transformer winding faults, providing a simulation dataset for diagnosing inter-turn
faults in transformers. Due to the slow thermal time constant inside the transformer,
when a minor inter-turn fault occurs in the transformer, it may operate with the fault
for a long time until it causes serious damage to the transformer.
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