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Abstract—Accurate thermal field prediction is the cornerstone of
thermal design of high-frequency transformer (HFT). The leakage
flux induced power loss (LFPL), which includes leakage flux eddy
current loss (LFECL) and leakage flux core loss (LFCL), can
increase the hotspot temperature of nanocrystalline core HFT.
This article proposes a coupled thermal field prediction method
for nanocrystalline core HFT considering LFPL and analyzes the
thermal field characteristics. First, the LFPL density distributions
in nanocrystalline core are analyzed with finite element method,
demonstrating high LFPL density on surface ribbons. Then, a
coupled thermal field prediction method for nanocrystalline core
HFT considering LFPL is proposed. The total thermal field is
calculated by summation of thermal fields with LFECL, LFCL,
and main flux core loss and winding loss. The thermal fields with
LFPL are calculated with unidirectional magnetic-thermal coupled
method, in which LFPL densities are calculated by proposed equiv-
alent frequency domain simulation method and coupled to heat
transfer module. The temperature dependences of power losses
are considered for high-accuracy thermal field prediction. With the
proposed method, the temperature calculation errors are reduced
to below 3 °C. Finally, the thermal field characteristics are analyzed.
Finite element simulation results show that hotspot temperatures
will be greatly increased by LFPL. The proposed method can help
improve the thermal design of nanocrystalline core HFT.

Index Terms—High-frequency transformer (HFT), leakage flux
induced power loss (LFPL), nanocrystalline core, thermal field
prediction.

I. INTRODUCTION

THE rapid development of renewable energy [1], [2], [3],
data center [1], [4], railway transportation [1], and en-

ergy storage station [1], [5] has promoted the application of
the solid-state transformer (SST). High-frequency transformer
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(HFT) [6], [7], [8] is an important component in SST. Due to
high power loss density and low heat transfer efficiency, the
hotspot temperature of HFT is usually high. The overheating
of HFT can lead to insulation degradation and device failure.
Hence, accurate prediction of the thermal field in HFT is the
cornerstone of thermal design to avoid overheating and enable
reliable operation.

The thermal field prediction methods of HFT mainly include
lumped parameter thermal model (LPTM) [9], [10], [11], [12],
[13], [14] and finite element model (FEM) [15], [16], [17], [18],
[19], [20], [21]. The LPTM can be adopted for temperature
estimation with low computation cost. In [9], [10], and [11], the
LPTM is used for fast thermal modeling of HFT in the design
stage. In [12] and [13], analytical models for thermal resistance
of solid wire or litz wire are proposed to improve winding
temperature estimation accuracy. In [14], three-dimensional
geometry and frequency-dependent effect are considered for
accurate thermal field prediction of planar HFT. Despite the low
computation cost, LPTM cannot accurately predict the temper-
ature distribution or hotspot temperature in HFT. The FEM can
be applied for high-accuracy thermal field prediction. In [15]
and [16], homogenization FEM is used for accurate thermal
modeling of windings in electric machines and magnetic com-
ponents. In [17], [18], and [19], FEM and computational fluid
dynamics simulation are implemented to predict the thermal
field of HFT. In [20], a multiphysics coupled model considering
electrothermal interactions is developed for precise thermal
field prediction. In [21], a multilevel boundary-coupled method
coupling 2-D and 3-D FEMs with consideration of temperature-
dependent power losses is proposed for efficient thermal field
prediction.

The thermal field of HFT is determined by power loss as well
as its distribution characteristics. A local high power loss density
can significantly increase the local hotspot temperature. Despite
the improved thermal field prediction accuracy with LPTM or
FEM, the power loss distribution characteristics are not fully
considered in [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], and [21]. For a gapped nanocrystalline core,
the fringing flux around the air gap can introduce additional
gap loss [22], which is mainly concentrated around the air gap
and contributes to a temperature rise around it. In [23] and
[24], LPTMs are proposed to deal with the nonuniform loss
distribution issue and predict the hotspot temperature around the
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air gap for the gapped nanocrystalline core inductor. However,
the LPTM cannot precisely estimate the hotspot temperature
around the air gap. Thermal FEM results are also presented in
[23] to demonstrate the precise temperature distribution in the
core.

Leakage flux induced power loss (LFPL) [25], [26], [27],
which is defined as the summation of leakage flux core loss
(LFCL) and leakage flux eddy current loss (LFECL), is signifi-
cant for medium-voltage high-power nanocrystalline core HFT.
The LFECL comes from the eddy current in surface ribbons
of nanocrystalline core induced by normal leakage flux and the
LFCL comes from the high flux density in surface ribbons of the
core caused by concentration of leakage efflux density. In [25],
the LFECL resistance measurement and calculation methods
are proposed. In [26], the practical nonuniform flux density dis-
tribution calculation method is introduced and the nonuniform
flux density distribution characteristics are analyzed. In [27],
the LFPL mechanism is analyzed and a high-accuracy LFPL
calculation method considering surface ribbons saturation is pro-
posed for the first time. It proves that the LFPL is non-negligible
compared with main flux induced core loss, especially for high-
voltage, high-power, and magnetic-integrated nanocrystalline
core HFT. In addition to its large value, the distribution of LFPL
is very nonuniform. The LFPL is concentrated in surface ribbons
of nanocrystalline core, resulting in local high LFPL densities
and increased temperature. However, the impact of LFPL on
HFT temperature rise is unclear yet. The LFPL is usually over-
looked in thermal field prediction of nanocrystalline core HFT,
resulting in an underestimation of hotspot temperature.

The high-accuracy thermal field prediction of HFT caused by
LFPL faces three main challenges. First, the LFPL distribution is
very nonuniform and shows strong dependences on HFT dimen-
sions and structures. Therefore, it is difficult to characterize the
nonuniform structure-dependent loss distribution and predict the
thermal field accurately by LPTM. Second, since the excitation
voltage and current waveforms are nonsinusoidal, predicting the
thermal field caused by LFPL by the summation of thermal
fields under all harmonic excitations is very time-consuming.
Third, the concentration of leakage flux in surface ribbons of
nanocrystalline core may result in surface ribbons saturation.
The surface ribbons saturation will change the electromagnetic
field distribution as well as the LFPL. It is difficult to take the
surface ribbons saturation effect into account in either LPTM or
thermal FE simulation.

To address the aforementioned challenges, this article pro-
poses an improved magnetic-thermal coupled method for high-
accuracy thermal field prediction of nanocrystalline core HFT
and carries out thermal field characteristics analysis. The main
contributions of this article are as follows.

1) The LFECL density and LFCL density distributions in
nanocrystalline core of HFT are calculated with the FE
method. Simulation results show the concentration of
LFPL and high LFPL density in surface ribbons.

2) An improved magnetic-thermal coupled method for ther-
mal field prediction of nanocrystalline core HFT con-
sidering LFPL is proposed. The total thermal field is
calculated by the summation of thermal fields caused
by LFECL, LFCL, main flux core loss, and winding

loss. A fundamental-frequency sinusoidal current is pro-
posed to equivalently calculate the LFECL density under
nonsinusoidal current considering surface ribbons satu-
ration. An analytical equation and an attenuation factor
are used to calculate the LFCL density. In the proposed
method, the LFECL density and LFCL density are calcu-
lated by a single frequency-domain FE simulation each
and then coupled to the heat transfer module to calcu-
late the thermal field. The temperature dependences of
power losses are considered for high-accuracy thermal
field prediction. Compared with the traditional approach
without considering LFPL, the proposed method reduces
the thermal field prediction errors from over 20 °C to below
3 °C.

3) The thermal field characteristics of nanocrystalline core
HFT are analyzed. Simulation results show that the tem-
perature hotspot is located in surface ribbons of the core,
which is surrounded by the windings. The high LFPL
density in surface ribbons can increase the HFT hotspot
temperature by more than 20 °C. Therefore, the LFPL
should be taken into considerations for high-accuracy
thermal field prediction. Enhanced cooling strategies, such
as using high-thermal-conductivity insulation materials
or embedding heat pipes or water cooling plate may be
necessary for efficient cooling of temperature hotspot.

The rest of this article is organized as follows. In Section II,
the LFECL density and LFCL density distributions in nanocrys-
talline core are analyzed by FEM. In Section III, the principles of
the proposed thermal field prediction method and other compar-
ison methods are introduced. In Section IV, two nanocrystalline
core HFT prototypes are made. Experimental validations of the
proposed thermal field prediction method are provided. Ther-
mal field characteristics of the two nanocrystalline core HFT
prototypes are analyzed. Section V concludes this article.

II. ANALYSIS OF CORE LOSS DENSITY DISTRIBUTION

Since the nanocrystalline core is made by rolling of ribbons,
the permeability and conductivity of nanocrystalline core are
anisotropic, resulting in a concentration of leakage flux in
surface ribbons and introducing significant LFCL and LFECL
[25], [26]. The LFCL and LFECL are non-negligible compared
with the main flux induced core loss. In addition, the LFCL
and LFECL are concentrated in surface ribbons of the core
with a small volume. Therefore, the LFCL density and LFECL
density in core surface can be high, resulting in local temperature
hotspots in the core surface area.

In this article, FE models for two nanocrystalline core HFT
prototypes are established to calculate the LFCL density and
LFECL density and compare them with main flux induced
core loss density in the core. The nanocrystalline cores used in
this article are made by Fe-based nanocrystalline alloy ribbons
from Changzhou Chuangming Magnetic Material Technology
Co., Ltd in China. The specific composition of the alloy is
Fe73.5Cu1Nb3Si15.5B7. The first HFT prototype is made with a
cut rectangular core and separated windings. The windings are
made with litz wire (1000 strands and AWG38). The number of
layers of primary and secondary windings are both two. The turn
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(a)

(b)

Fig. 1. Structures and sizes of (a) HFT prototype with rectangular core and
separated windings and (b) HFT prototype with dual-rectangular (EE) core and
concentric windings.

(a) (b)

Fig. 2. (a) LFECL density distribution in the core under fundamental fre-
quency current excitation without considering surface ribbons saturation.
(b) LFCL density distribution in the core without considering surface ribbons
saturation for the first HFT prototype.

ratio is 11:11. The leakage inductance at a 20 kHz sinusoidal
signal is 26.4 μH. The second HFT prototype is made with
cut dual-rectangular (EE) core and concentric windings. The
windings are made with litz wire (1000 strands and AWG38).
The number of layers of primary and secondary windings are
both one. The turn ratio is 14:14. The leakage inductance at 20
kHz sinusoidal signal is 16.6 μH. The structures and sizes of
these two HFT prototypes are shown in Fig. 1.

Taking the DAB converter with single-phase-shift (SPS) mod-
ulation as an example of load condition, when the first HFT
prototype works under primary and secondary voltages of 200
V and a phase shift angle of 25°, the main flux density amplitude
Bm in the core is 0.32 T and the winding current amplitude
is 25.8 A. The LFECL density distribution in the core under
fundamental-frequency current excitation without considering
surface ribbons saturation is shown in Fig. 2(a). The LFCL
density distribution in the core without considering surface
ribbons saturation is shown in Fig. 2(b). While the main flux

(a)

(b)

Fig. 3. (a) LFECL density distribution in the core under fundamental fre-
quency current excitation without considering surface ribbons saturation.
(b) LFCL density distribution in the core for the second HFT prototype.

induced core loss density is about 23 kW/m3 under Bm = 0.32 T,
the maximum LFECL density and maximum LFCL density in
core surface areas are about 13 000 and 700 times of the main
flux induced core loss density respectively. Despite the very high
LFECL density and LFCL density, the LFECL, LFCL, and main
flux induced core loss are 11.1, 1.8, and 7.9 W, respectively.

When the second HFT prototype works under primary and
secondary voltages of 200 V and phase shift angle of 25°, the
main flux density amplitude in the core is 0.25 T and the winding
current amplitude is 42.4 A. The LFECL density distribution in
the core under fundamental-frequency current excitation without
considering surface ribbons saturation is shown in Fig. 3(a).
The LFCL density distribution in the core without considering
surface ribbons saturation is shown in Fig. 3(b). While the main
flux induced core loss density is about 14 kW/m3 under Bm

= 0.25 T, the maximum LFECL density and maximum LFCL
density in core surface areas are about 4000 and 350 times of
the main flux induced core loss density respectively. Despite
the very high LFECL density and LFCL density, the LFECL,
LFCL, and main flux induced core loss are 8.2, 0.03, and 5.0 W,
respectively.

It should be noted that the surface ribbons of nanocrystalline
core HFT may saturate under load condition due to the concen-
tration of leakage flux [27]. The surface ribbons saturation can
slightly change the LFECL and LFCL. However, the surface rib-
bons saturation effect is not considered in the simulation results
of Figs. 2 and 3. The reason for not considering surface rib-
bons saturation is that calculating the practical electromagnetic
fields in the core considering surface ribbons saturation requires
time-domain FE model with nonlinear B-H curve, homogenized
FE method, and fine meshes of core surface area. This complex
FE model is very time-consuming and of poor convergence. In
addition, the FE simulation results in Figs. 2 and 3 are intended
to demonstrate the very high LFPL density in core surface areas
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Fig. 4. Core loss test platform for nanocrystalline core.

compared with main flux core loss density and neglecting the
surface ribbons saturation will not result in a change in the
conclusion.

In our previous paper [27], the significance of LFPL in total
power loss of nanocrystalline core HFT is demonstrated and
a high-accuracy LFPL calculation method is proposed for the
first time. In this section, the LFPL density distribution in the
core is further illustrated. These research results demonstrate
that the LFPL not only accounts for a high proportion of HFT
power loss, but also has high densities in core surface areas. The
high LFECL density and LFCL density in core surface areas can
result in local temperature hotspot, especially for high-voltage,
high-power, and magnetic-integrated HFT. The research results
in this section serve as foundations for the subsequent sections
of this article, which will present a high-accuracy prediction
method and characteristics of thermal field in nanocrystalline
core HFT.

III. THERMAL FIELD PREDICTION METHOD CONSIDERING

LFPL

A. Temperature Dependence Analysis of HFT Power Losses

Temperature can change the permeability and conductivity
of nanocrystalline ribbons as well as the conductivity of cop-
per. Therefore, the main flux induced core loss, LFPL, and
winding loss are all temperature-dependent. The temperature
dependences of power losses will impact the HFT temperatures
and will be analyzed in this section.

1) Temperature Dependence of Main Flux Induced Core
Loss: A core loss test platform as shown in Fig. 4 is built to mea-
sure the nanocrystalline core losses under different temperatures.
The toroidal nanocrystalline core under test is placed inside the
heating oven to adjust the core temperature. The two-winding
method is used to measure the core loss. The primary winding is
excited by a power amplifier and the secondary winding is open-
circuited. The secondary voltage and primary current waveforms
are measured by an oscilloscope and used to calculate the core
loss.

The measured nanocrystalline core losses under different
temperatures are shown in Fig. 5. The nanocrystalline core loss

Fig. 5. Measured nanocrystalline core losses under different temperatures.

(a) (b)

Fig. 6. Variations of winding AC resistance with frequency under different
temperatures for (a) the first HFT prototype and (b) the second HFT prototype.

(a) (b)

Fig. 7. Variations of winding loss with temperature for (a) the first HFT
prototype under load condition (Bm = 0.32T, ϕ = 25°, natural cooling) and
(b) the second HFT prototype under load condition (Bm = 0.25T, ϕ = 25°,
natural cooling).

decreases with the increase of temperature. When the tempera-
ture increases from 30 °C to 130 °C, the variation of core loss is
within 8% .

2) Temperature Dependence of Winding Loss: The conduc-
tivity of copper decreases with the increase of temperature. With
the decrease of copper conductivity, the dc resistance of copper
wire increases while the ac resistance of copper wire decreases.
Taking the two nanocrystalline core HFT prototypes as exam-
ples, the variations of winding ac resistances with frequency
under different temperatures are shown in Fig. 6(a) and (b).
At low frequencies, the dc resistance dominates the total ac
resistance, so the ac resistance increases with the increase of
temperature. At higher frequencies, the skin depth increases with
the increase of temperature. The skin effect and proximity effect
dominate the total ac resistance, so the ac resistance decreases
with the increase of temperature at higher frequencies.

The variations of winding loss with temperature for the two
HFT prototypes are shown in Fig. 7(a) and (b). They show that
the winding loss increases with the increase of temperature.
For the first HFT prototype, when the temperature increases
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(a) (b)

Fig. 8. Variations of (a) permeability with frequency under different temper-
atures and (b) conductivity with temperature for nanocrystalline ribbon.

(a) (b)

Fig. 9. Variations of LFPL with temperature caused by varied permeability
and conductivity for (a) the first HFT prototype under load condition (Bm =
0.32T, ϕ = 25°, natural cooling) and (b) the second HFT prototype under load
condition (Bm = 0.25T, ϕ = 25°, natural cooling).

from 25 °C to 75 °C and from 25 to 125 °C, the winding loss
increases by 9.7% and 20.7% respectively. For the second HFT
prototype, when the temperature increases from 25 °C to 75
°C and from 25 to 125 °C, the winding loss increases by 15.1%
and 30.8% respectively. Since temperature significantly changes
the winding loss, the temperature dependence of winding loss
should be considered in thermal field prediction.

3) Temperature Dependence of LFPL: Temperature changes
the permeability and conductivity of nanocrystalline ribbons,
thus changing the leakage flux density and leakage flux eddy
current density distributions in the core and varying the LFPL.
The variation of permeability with frequency under different
temperatures is shown in Fig. 8(a). It shows that the permeability
decreases with the increase in frequency. At low frequency
(<100 kHz), the permeability decreases with the increase of
temperature. At higher frequency (>100 kHz), the variation of
permeability with temperature is small. The variation of con-
ductivity of nanocrystalline ribbon with temperature is shown in
Fig. 8(b). It shows that the ribbon conductivity decreases with the
increase of temperature. When the temperature increases from
25 °C to 120 °C, the conductivity decreases by about 30% .

The variations of LFPL with temperature caused by varied
permeability and conductivity for the two HFT prototypes are
shown in Fig. 9(a) and (b). It shows that the LFPL decreases with
the increase of temperature. When the temperature increases
from 25 °C to 120 °C, the LFPL decreases by 15.0% and 6.1%
respectively for the two HFT prototypes. Therefore, the temper-
ature dependence of LFPL should be considered in thermal field
prediction.

Fig. 10. Flowchart of the proposed thermal field prediction method.

B. Principle of the Proposed Method

The LFECL density and LFCL density distributions in
nanocrystalline core are very nonuniform, which are determined
by core structure and sizes, winding structure and sizes, and
excitation conditions. It is difficult to predict the LFECL and
LFCL loss density distributions and assign these power losses
to the corresponding elements of magnetic core in thermal field
calculation. In this article, a coupled thermal field prediction
method for nanocrystalline core HFT considering LFPL is pro-
posed. The temperature dependences of LFECL, LFCL, main
flux core loss, and winding loss are taken into consideration for
high-accuracy thermal field prediction.

The flowchart of the proposed method is shown in Fig. 10. The
thermal field of nanocrystalline core HFT can be calculated by
the summation of thermal fields caused by LFECL, LFCL, and
main flux induced core loss and winding loss. A unidirectional
magnetic-thermal coupled method is adopted to calculate the
thermal fields in HFT caused by LFECL and LFCL. The LFECL
density and LFCL density distributions in the core are calculated
by magnetic field module with equivalent frequency domain
simulation in FE software and then coupled to the heat transfer
module to calculate thermal fields. The thermal field caused
by main flux core loss and winding loss is calculated by the
heat transfer module with uniform power loss densities. Two
rounds of calculations are conducted to calculate the thermal
field incorporating temperature effects. In the first round of
calculation, the temperature dependences of power losses are
neglected and the power losses under room temperature are
adopted. After the initial calculation, the power losses are cor-
rected with real temperatures and the thermal field is recalculated
with the temperature-dependent power losses to achieve high
precision. The details of the principle of the proposed thermal
field prediction method are described as follows.
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(a) (b)

Fig. 11. (a) Zone-divided model. (b) Mesh of the homogenized nanocrystalline
core.

Fig. 12. Three other thermal field prediction methods for comparisons.

A FE model of nanocrystalline core HFT should be
established for electromagnetic field and thermal field
calculations. The homogenization method [25] is used
for modelling of the nanocrystalline core. The anisotropic
conductivity and permeability parameters are used to
characterize the homogenized core. A zone-divided approach,
as shown in Fig. 11(a), is used for meshing of the core. Zone
1 is modeled in the cylindrical coordinate system and Zone 2
is modeled in the Cartesian coordinate system. Mapping and
sweeping methods are applied to generate a mesh in the core
region. In addition, to accurately calculate the flux density and
eddy current density distributions in surface ribbons of the core,
the mesh of core surface is refined. The thickness of surface
mesh should be smaller than the thickness of the surface flux
density and eddy current density layers. The complete mesh of
the nanocrystalline core is shown in Fig. 11(b). The windings
are modelled as homogenized multiturn conductors to simplify
the computation. The free tetrahedral mesh is used to mesh the
windings, epoxy resin, and the remaining air domain.

The first step is prediction of thermal field in HFT caused by
LFECL. The LFECL resistances RLFECL at different harmonic
frequencies are calculated by the homogenized FE method pro-
posed in [25]. The air gap and frequency-dependent permeability
should be taken into considerations for accurate calculation of
RLFECL. The LFECL under nonsinusoidal current excitation
is calculated by summation of LFECLs under all harmonic
current excitations. Since leakage flux is concentrated in surface
ribbons of nanocrystalline core, the surface ribbons may saturate
under load condition [26], [27]. The LFECL considering surface
ribbons saturation is calculated by the method proposed in [27].
The LFECL calculation equation is shown in the following

equation:

PLFECL = kLFECL

N∑
n=1

I2nRLFECL,n (1)

where PLFECL is LFECL under load condition considering
surface ribbons saturation, In is RMS of nth-order current,
RLFECL,n is LFECL resistance at nth-order harmonic frequency,
kLFECL is LFECL multiplication factor considering surface
ribbons saturation.

Though the excitation frequency and surface ribbons satura-
tion can change the leakage flux eddy current density distribution
in the core, the changes are small and their impacts on thermal
field can be neglected. Calculation of LFECL density distribu-
tion under nonsinusoidal current excitation considering surface
ribbons saturation requires fine meshes, nonlinear B-H relation-
ship, and time domain computation. Therefore, calculating the
actual LFECL density distribution and then coupling it to the
heat transfer module to calculate thermal field are very difficult
and time-consuming. In this article, an equivalent sinusoidal
current amplitude Ie-LFECL is proposed to make the LFECL
under this sinusoidal current excitation without considering
surface ribbons saturation the same as the actual LFECL. The
Ie-LFECL can be calculated by

Ie−LFECL =

√
2× PLFECL

RLFECL,fund
(2)

where RLFECL,fund is the LFECL resistance under fundamental-
frequency sinusoidal current excitation.

After obtaining Ie-LFECL, a frequency domain FE simula-
tion under short-circuit excitation is conducted. The secondary
winding of HFT is short-circuited and the primary winding is
excited with sinusoidal current with an amplitude of Ie-LFECL.
The calculated leakage flux eddy current density distribution can
be assumed similar to the actual distribution, and the calculated
LFECL is the same as the actual LFECL. Then, the calculated
LFECL density is coupled to the heat transfer module to cal-
culate the thermal field in HFT. The boundary conditions, such
as natural convection cooling or forced air cooling, should be
set up properly. The anisotropic thermal conductivities of the
homogenized nanocrystalline core and surface-to-environment
radiation of HFT external surface should be considered. The
windings are homogenized and equivalent anisotropic thermal
conductivities of the homogenized windings are adopted.

The second step is prediction of thermal field in HFT caused
by LFCL. The LFCL is calculated by subtraction of main flux
induced core loss from practical flux induced core loss. Both the
main flux induced core loss and practical flux induced core loss
can be calculated by improved generalized Steinmetz equation
(IGSE) [28]. Since the surface ribbons saturation of nanocrys-
talline core can slightly reduce the LFCL, an LFCL attenuation
factor kLFCL is proposed in [27] to correct the LFCL. The LFCL
density considering surface ribbons saturation PLFCL˙sat can be
calculated by

PLFCL_sat(x, y, z) = kLFCL × PLFCL_unsat(x, y, z)
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= kLFCL ×
[
Pc_unsat(x, y, z, Bprac)− Pc_unsat(x, y, z, Bmain)

]
(3)

where PLFCL˙unsat is LFCL without considering surface ribbons
saturation, Pc˙unsat is core loss without considering surface
ribbons saturation, Bprac and Bmain are practical flux density
and main flux density at position (x,y,z).

The LFECL multiplication factor kLFECL and LFCL attenu-
ation factor kLFCL can be calculated by the method proposed
in [27]. First, frequency-domain FE model with practical μ-B
curve is used to calculate the leakage flux eddy current density
and leakage flux density distributions as well as LFECL Ple,sat

and LFCL Plc,sat considering surface ribbons saturation. Then,
frequency-domain FE model with constant μ value is used to
calculate the leakage flux eddy current density and leakage
flux density distributions as well as LFECL Ple,unsat and LFCL
Plc,unsat without considering surface ribbons saturation. Finally,
the kLFECL can be calculated by the ratio of Ple,sat and Ple,unsat,
and the kLFCL can be calculated by the ratio of Plc,sat and
Plc,unsat.

Frequency-domain FE simulation under short-circuit excita-
tion is conducted to calculate the leakage flux density distribu-
tion in the core. The secondary winding of HFT is short-circuited
and the primary winding is excited with sinusoidal excitation.
The equation (3) is used to calculate the LFCL density distribu-
tion. Then, the calculated LFCL density is coupled to the heat
transfer module to calculate the thermal field in HFT. The setups
of boundary condition and thermal parameters in this step are
the same as the setups in the first step. It should be noted that the
LFCL density cannot be calculated directly in the magnetic field
module in FE software. Therefore, the LFCL density expression
in magnetic field module should be modified using (3).

The third step is prediction of thermal field in HFT caused
by main flux induced core loss and winding loss. The main flux
induced core loss Pc is estimated by the IGSE [28]

Pc =
1

T

∫ T

0

ki

∣∣∣∣dB(t)

dt

∣∣∣∣
α

(ΔB)β−αdt (4)

where k, α, and β are Steinmetz coefficients, T is the period, B(t)
is the flux density waveform, and �B is the peak-to-peak value
of B(t)

ki =
k

2β+1πα−1(0.2761 + 1.7061
α+1.354 )

. (5)

The winding loss Pw is calculated by summation of winding
losses under all harmonic current excitation

Pw =
N∑

n=1

I2nRAC,n (6)

where In is rms of the nth-order harmonic current, RAC,n is
the winding ac resistance at the nth-order harmonic frequency.
The winding ac resistance RAC,n is calculated by summation
of skin effect resistance and proximity effect resistance with
the method proposed in [29] as shown in (7). The skin effect
resistance is calculated by the first term in (7). The proximity
effect resistance is calculated by the second term in (7) with
macroscopic complex permeability, with which the litz wire can

be modelled with homogenized model and calculated through
magnetostatic field analysis

RAC = FskinRDC +

∫
Ωc

jωμ̇|H|2
I2

dV (7)

Fskin =
ds

2
√
2δ

ber(γ)bei′(γ)− bei(γ)ber′(γ)
ber′2(γ) + bei′2(γ)

(8)

RDC =
l

Nsπrs2σ
(9)

〈μ̇〉 = μ0(1 +
2η(μ̇r − 1)

2 + (1− η)(μ̇r − 1)
) (10)

μ̇r = μr
J1(z)

zJ0(z)− J1(z)
(11)

where Fskin is the skin effect coefficient, RDC is winding dc
resistance, ω is the angular frequency, f is the frequency, I is
the winding current, δ =

√
1/(πfμ0σ), γ = ds/

√
2δ, ds is the

diameter of strand, rs is the radius of strand, Ns is the number
of strand, l is the length of a litz wire, σ is the conductivity
of copper, η is the filling factor, ber(·) and bei(·) are real part
and imaginary part of Bessel function, respectively, Jn is the
nth-order Bessel function, μr is the relative permeability, and
H is the magnetic field in winding area. The magnetic field H
can be calculated by analytical model or FE model with image
method.

After calculating the main flux induced core loss and winding
loss, they are uniformly distributed to the core and windings.
The heat transfer module in FE software is used to calculate the
thermal field caused by main flux induced core loss and winding
loss. The setups of boundary condition and thermal parameters
in this step are the same as the setups in the first step.

The fourth step is summation of thermal fields caused by
LFECL, LFCL, and main flux induced core loss and winding
loss to obtain a preliminary prediction result of thermal field
in nanocrystalline core HFT. The temperatures of core and
windings can be extracted from the preliminary prediction result
for further high-accuracy power loss estimations.

The final step is recalculating the thermal field through Steps
I–IV with temperature-dependent LFECL, LFCL, core loss, and
winding loss to achieve high-accuracy thermal field prediction.
The permeability and conductivity of nanocrystalline ribbons,
main flux core loss, and copper conductivity are corrected
with the preliminary calculated temperatures for high-accuracy
power losses and thermal field estimation. Though the pre-
liminary calculated temperatures may differ from the practical
temperatures, the deviations are very small and the resulting
errors can be neglected.

C. Methods for Comparison

Three other thermal field prediction methods as shown in
Fig. 12 are implemented for comparisons to illustrate the ne-
cessity and accuracy of the proposed method.

The first comparison method is separating thin layers on the
surface of nanocrystalline core and assuming the LFECL and
LFCL to be uniformly distributed in the surface thin layers.
The concentration of LFPL on core surface areas is considered
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in this method. However, the precise nonuniform distribution
characteristic of LFPL is not considered. The LFPL density in
leakage flux concentration region may be underestimated and
the hotspot temperature in HFT may be underestimated.

The second comparison method is based on the assumption
that the LFPL are uniformly distributed in the core. Therefore,
the total core loss is calculated by summation of main flux
induced core loss, LFECL, and LFCL and then uniformly dis-
tributed to the core. The value of LFPL is taken into account in
this method. However, the nonuniform distribution of LFPL is
completely not considered and the hotspot temperature of HFT
may be also underestimated.

The third comparison method is thermal field prediction with-
out considering LFPL, with only main flux induced core loss
and winding loss considered. Since the LFPL has not received
enough attention before, this method is commonly adopted in
the optimization and thermal field prediction of nanocrystalline
core HFT.

The significance of LFPL in core loss of nanocrystalline core
HFT is demonstrated for the first time in our previous article
[27]. In addition, a high-accuracy LFPL calculation method
is proposed in [27] for the first time. At present, a precise
thermal field prediction method for nanocrystalline core HFT
considering the LFPL is lacking. The third comparison method
is a common industry practice in thermal field prediction, with
consideration of only main flux core loss and winding loss.
The first two comparison methods are two simple methods,
which can consider the LFPL, but cannot consider the precise
LFPL distribution. The third comparison method is used to
demonstrate the need of considering the LFPL component, while
the first two comparison methods are used to demonstrate the
necessity of considering the precise LFPL distribution in core
surface areas.

The frequency domain superposition method, in which the
thermal field caused by LFPL is calculated by the summation of
thermal fields under all harmonic excitations, is time-consuming
since the thermal field under each harmonic excitation should
be calculated with the magnetic-thermal coupled method sepa-
rately. In addition, the Fourier decomposition method will fail
when surface ribbons of nanocrystalline core saturate and the
core shows a nonlinear characteristic. Therefore, the frequency
domain superposition method can lead to both long computation
time and low calculation accuracy and is thus not compared in
this article.

IV. EXPERIMENTAL VERIFICATION AND THERMAL FIELD

ANALYSIS

A. Experimental Platform

Two nanocrystalline core HFT prototypes are made to validate
the proposed thermal field prediction method and investigate the
thermal field characteristics. The structures and dimensions of
the two HFT prototypes are shown in Fig. 1. The HFTs are fully
potted by epoxy resin with high thermal conductivity. The pic-
tures of the two HFT prototypes are shown in Fig. 13. To measure
the HFT temperature, several K-type thermocouples are buried
inside the HFTs before potting. The temperature measurement

Fig. 13. Pictures of two HFT prototypes. (a) Rectangular core with separated
windings. (b) EE core with concentric windings.

(a) (b)

Fig. 14. Positions of K-type thermocouples inside the two HFT prototypes.
(a) First HFT prototype. (b) Second HFT prototype.

Fig. 15. HFT temperature test platform.

error of the K-type thermocouple is within ±1.5 °C. The positions
of the K-type thermocouples are shown in Fig. 14. The spatial
position errors of the attached thermocouples are within ±0.5
mm.

An HFT temperature test platform is established as shown in
Fig. 15. A DAB converter is used to provide load excitations to
the HFT prototypes. A dc power supply is used to provide dc
power to the DAB converter. The temperatures of HFT proto-
types under natural cooling condition are measured by K-type
thermocouples with a multichannel temperature tester. When
the HFT prototypes work under thermal equilibrium states, the
steady-state temperatures of HFTs will be recorded.

B. Validation of the Proposed Method

The temperature calculation results and errors of the first
HFT prototype at different flux density amplitudes Bm, phase



9382 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

shift angles ϕ, and natural cooling condition are shown in
Fig. 16(a)–(c). With the comparison method III, the tempera-
tures of the HFT prototype will be greatly underestimated. The
hotspot temperature can be underestimated by 30–60 °C. The
comparison method I and method II will slightly overestimate
the temperatures at positions 3, 4, 5, and 6 while greatly under-
estimate the temperatures at positions 1, 2, 7, and 8. The hotspot
temperature underestimations can be over 20 °C. The reasons
for the temperature estimation errors are that the power loss
densities at positions 3, 4, 5, and 6 are overestimated and the
power loss densities at positions 1, 2, and 7 are underestimated.
With the proposed method, the temperature prediction errors are
below 3 °C and most of the errors are below 2 °C.

The temperature calculation results and errors of the second
HFT prototype at different flux density amplitudes Bm, phase
shift angles ϕ, and natural cooling condition are shown in
Fig. 17(a)–(c). With the comparison method III, the hotspot
temperatures of the HFT prototype can be underestimated by
over 15 °C. Though the temperature prediction accuracy can
be improved with the comparison methods I and II, the hotspot
temperatures can still be underestimated by 5–10 °C. With the
proposed method, the HFT temperature prediction errors will be
reduced to below 3 °C and most of the errors are below 1.5 °C.

The surface temperatures of the two HFT prototypes are mea-
sured by an infrared camera and compared with the calculation
results to further validate the proposed method. When the first
HFT prototype works under load condition (Bm = 0.32T, ϕ
= 25°, natural cooling), the calculated and measured surface
temperatures are shown in Fig. 18. The deviations between the
calculated and measured surface temperatures are below 2 °C.
When the second HFT prototype works under load condition
(Bm = 0.25T, ϕ = 25°, natural cooling), the calculated and
measured surface temperatures are shown in Fig. 19. The devia-
tions between the calculated and measured surface temperatures
are below 4 °C. The measurement error of the infrared camera
is within ±2 °C. In addition, the surface emissivity of epoxy
resin and environment conditions will also affect the measure-
ment results. Therefore, the temperature prediction accuracy as
demonstrated in Figs. 18 and 19 with the proposed method is
satisfactory.

The impacts of temperature dependences of power losses on
HFT temperatures are analyzed with the proposed method. The
thermal field calculation results and deviations for the first HFT
prototype with temperature-independent power losses under
load condition (Bm= 0.32T,ϕ= 25°, natural cooling) are shown
in Fig. 20. With temperature-independent core loss, the temper-
atures are overestimated and the temperature calculation devi-
ations are below 1 °C. With temperature-independent winding
loss, the temperatures are underestimated and the temperature
calculation deviations are below 2 °C. Therefore, the impacts of
temperature dependences of core loss and winding loss on HFT
temperatures are weak. However, with temperature-independent
LFPL, the temperatures are overestimated and the maximum
temperature calculation deviation exceeds 6 °C. Therefore, the
impact of temperature dependence of LFPL on HFT tempera-
tures are significant and should not be neglected.

(a)

(b)

(c)

Fig. 16. Temperature calculation results and errors of the first HFT prototype
with rectangular core and separated windings. (a) Bm = 0.24T, ϕ= 30°, natural
cooling. (b) Bm = 0.24T, ϕ = 35°, natural cooling. (c) Bm = 0.32T, ϕ = 25°,
natural cooling.
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(a)

(b)

(c)

Fig. 17. Temperature calculation results and errors of the second HFT pro-
totype with dual-rectangular core and concentric windings. (a) Bm = 0.14T,
ϕ = 45°, natural cooling. (b) Bm = 0.18T, ϕ = 35°, natural cooling.
(c) Bm = 0.25T, ϕ = 25°, natural cooling.

(a) (b)

Fig. 18. (a) Calculated and (b) measured surface temperatures of the first HFT
prototypes under load condition (Bm = 0.32T, ϕ = 25°, natural cooling).

(a) (b)

Fig. 19. (a) Calculated and (b) measured surface temperatures of the second
HFT prototypes under load condition (Bm = 0.25T, ϕ = 25°, natural cooling).

(a)

(b)

Fig. 20. Thermal field calculation (a) results and (b) deviations for the first
HFT prototype under load condition (Bm = 0.32T, ϕ = 25°, natural cooling).

The thermal field calculation results and deviations for the
second HFT prototype with temperature-independent power
losses under load condition (Bm = 0.25T, ϕ= 25°, natural cool-
ing) are shown in Fig. 21. With temperature-independent core
loss, the temperatures are overestimated and the temperature
calculation deviations are below 1 °C. With temperature-
independent LFPL, the temperatures are overestimated and the
temperature calculation deviations ar also below 1 °C. Therefore,
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(a)

(b)

Fig. 21. Thermal field calculation (a) results and (b) deviations for the second
HFT prototype under load condition (Bm = 0.25T, ϕ = 25°, natural cooling).

the impacts of temperature dependences of core loss and LFPL
on HFT temperatures are weak. However, with temperature-
independent winding loss, the HFT temperatures are underes-
timated and the maximum temperature calculation deviation
exceeds 7 °C. Therefore, the impact of temperature dependence
of winding loss on HFT temperatures are significant and should
not be neglected.

The thermal conductivity of epoxy resin can change the
thermal field of HFT. The thermal conductivity of epoxy resin
used in these two HFT prototypes is about 0.9 W/(m·K). The
variations of HFT temperatures with thermal conductivity of
epoxy resin are calculated with the proposed method and shown
in Fig. 22. It shows that the HFT temperatures decrease with
the increase of kepoxy. When the kepoxy increases from 0.4 to
1.3 W/(m·K), the HFT temperatures drop by 15–30 °C and
20–35 °C, respectively, for the two HFT prototypes. In addition,
with the increase of kepoxy, the HFT temperature decreasing
rate decreases. Furthermore, when the kepoxy increases from 0.8
to 0.9 W/(m·K) and from 0.9 to 1.0 W/(m·K), the temperature
variations are within 2.5 and 3 °C, respectively, for the two HFT
prototypes. Therefore, a small deviation in kepoxy will not result
in large prediction errors in thermal field of HFT.

The spatial coordinates of temperature calculation points in
the FE models are changed in the range of ±0.5 mm to com-
pare the temperature deviations and investigate the temperature
measurement errors caused by thermocouple position errors.
For the first HFT prototype, the temperature measurement er-
rors caused by the spatial position errors of thermocouples are
within ±0.5 °C. For the second HFT prototype, the temperature
measurement errors caused by the spatial position errors of ther-
mocouples are within ±0.2 °C. Since the temperature measure-
ment error of thermocouple is within ±1.5 °C, the temperature

(a)

(b)

Fig. 22. Variations of HFT temperatures with thermal conductivity of epoxy
resin kepoxy for (a) the first HFT prototype under load condition (Bm = 0.32T,
ϕ= 25°, natural cooling) and (b) the second HFT prototype under load condition
(Bm = 0.25T, ϕ = 25°, natural cooling).

measurement error caused by both thermocouple measurement
error and spatial position error is within ±2 °C.

In summary, the thermal field prediction errors with the
proposed method are acceptable. The thermal field prediction
errors may come from several aspects. First, it may come from
the simplification of the FE model. Since the practical leakage
flux and leakage flux eddy current distributions in the core
considering surface ribbons saturation are difficult to calculate,
equivalent frequency domain simulations are implemented to
calculate them. The deviations between the calculated and actual
leakage flux and leakage flux eddy current distributions may
result in small temperature prediction errors. Second, the errors
may come from the thermal conductivity of epoxy resin in the
FE model. A recommended thermal conductivity value is used in
the FE model, which may have slight deviations from the actual
value. Third, as discussed above, the thermal field prediction
errors may come from the spatial position error and measurement
error of thermocouples.

C. Thermal Field Analysis

Adopting the proposed thermal field prediction method, the
thermal fields of the two HFT prototypes are analyzed with FE
method.

Taking the DAB converter with SPS modulation as an example
of load condition, when the first HFT prototype works under load
condition (Bm = 0.32T, ϕ = 25°, natural cooling), the thermal
field calculated by FE method with only main flux core loss and
winding loss is shown in Fig. 23(a). It shows that the temperature
hotspot of HFT is located at core limb, which is surrounded by
the windings, whose temperature reaches as high as 55 °C. The
thermal field calculated by FE method with only LFECL and
LFCL is shown in Fig. 23(b). The temperature distribution in
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(a) (b)

Fig. 23. Thermal field simulation results of the first HFT prototype with
(a) only main flux core loss and winding loss and (b) only LFECL and LFCL.

(a)

(b)

Fig. 24. Thermal field simulation results of the second HFT prototype with
(a) only main flux core loss and winding loss and (b) only LFECL and LFCL.

the core limb surrounded by the windings is very nonuniform.
The temperature hotspot is located at surface ribbons near the
air gap of the core limb surrounded by the windings, reaching
as high as 90 °C. This high hotspot temperature is caused
by the concentration of LFPL in core surface areas. However,
the temperatures of internal ribbons and windings remain low.
Therefore, the practical temperature hotspot of HFT under load
condition will be located at the surface ribbons near the air gap.
The hotspot temperature of HFT will be greatly underestimated
without considering the LFPL.

When the second HFT prototype works under load condition
(Bm = 0.25T, ϕ = 25°, and natural cooling), the thermal field
calculated by FE method with only main flux core loss and
winding loss is shown in Fig. 24(a). It shows that the temperature
hotspot of HFT is located at core middle limb, whose temper-
ature reaches as high as 95 °C. The thermal field calculated
by the FE method with only LFECL and LFCL is shown in
Fig. 24(b). Due to the concentration of LFPL in surface ribbons
of core middle limb and high thermal resistance between the
surface ribbons and environment, the temperature hotspot is

TABLE I
HOTSPOT TEMPERATURE RISES OF THE FIRST HFT PROTOTYPE

TABLE II
HOTSPOT TEMPERATURE RISES OF THE SECOND HFT PROTOTYPE

also located at core middle limb, whose temperature reaches
as high as 42 °C. Therefore, the practical temperature hotspot of
HFT under load condition will be located at core middle limb.
The hotspot temperature of HFT will be greatly underestimated
without considering the LFPL.

The hotspot temperature rises of the two HFT prototypes
are further investigated. As shown in Table I, for the first HFT
prototype, the hotspot temperature rises with only main flux core
loss and winding loss �Tm are between 20 and 30 °C, while the
hotspot temperature rises with only LFECL and LFCL �Tl can
reach over twice that of �Tm. As shown in Table II, for the
second HFT prototype, the hotspot temperature rises with only
main flux core loss and winding loss �Tm are between 40 and
70 °C, while the hotspot temperature rises with only LFECL
and LFCL �Tl are between 10 °C to 15 °C. It is necessary to
take the LFECL and LFCL into considerations in thermal field
prediction and design of nanocrystalline core HFT.

Since LFPL significantly increases the hotspot temperature
of nanocrystalline core HFT, enhanced cooling strategies may
be necessary to avoid high temperature. For example, novel
insulation materials with high thermal conductivity such as AlN
ceramics or silicone gel can be used for efficient cooling. In
addition, heat pipes or water cooling plate can be embedded
inside the cast epoxy resin and near the hotspot to remove the
internal heat more efficiently. Furthermore, the LFPL suppres-
sion methods could be investigated and adopted to reduce the
power loss and hotspot temperature.

The proposed thermal field prediction method and charac-
teristics can be extended to HFTs with other magnetic cores
with rolling structure, such as amorphous cores. In addition, the
development of nanocrystalline core HFT towards high-voltage,
high-power, and magnetic-integrated will increase the leakage
magnetic field and LFPL. The hotspot temperature of HFT
will be greatly underestimated without consideration of LFPL.
Therefore, the proposed method is especially helpful and neces-
sary for high-accuracy thermal field prediction of high-voltage,
high-power, and magnetic-integrated nanocrystalline core HFT.
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V. CONCLUSION

This article investigates the LFPL density distribution, pro-
poses a high-accuracy thermal field prediction method with
consideration of LFPL, and analyzes the thermal field charac-
teristics for nanocrystalline core HFT. The main conclusions of
this article are summarized as follows.

1) The LFPL is concentrated in surface ribbons of nanocrys-
talline core HFT. The LFPL density in core surface area
is very high compared with main flux induced core loss
density. The extremely high LFPL density in core surface
area can result in additional temperature rise and local
increased hotspot temperature.

2) A high-accuracy thermal field prediction method for
nanocrystalline core HFT with consideration of LFPL is
proposed. The temperature dependences of power losses
should be considered for high-accuracy thermal field pre-
diction. The thermal fields caused by the LFPL are calcu-
lated by the magnetic-thermal coupled method, in which
LFPL densities are calculated by equivalent frequency
domain FE simulation and coupled to the heat transfer
module to calculate the thermal field. Compared with other
methods, the proposed method can reduce the temperature
calculation errors from over 20 °C to below 3 °C.

3) The LFPL can increase the hotspot temperature of
nanocrystalline core HFT by more than 40 °C and over
10 °C for the two HFT prototypes respectively. Therefore,
the LFPL should be taken into consideration for high-
accuracy thermal field prediction of nanocrystalline core
HFT. Enhanced cooling strategies such as using high-
thermal-conductivity insulation materials or embedded
heat pipes or water cooling plate may be necessary for
efficient cooling of hotspots.
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