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Abstract—The normal leakage flux induces strong eddy cur-
rents on the surface of nanocrystalline core, producing significant
leakage flux eddy current loss (LFECL). Since LFECL is propor-
tional to the square of current, LFECL resistance (LFECLR) is
proposed in this article to characterize the LFECL. A deduction
measurement method for LFECLR in nanocrystalline core is pro-
posed. The LFECLR can be obtained by deduction of winding ac
resistance and core loss resistance from total ac resistance under
short-circuit conditions. The winding ac resistance can be measured
on a ferrite core HFT with identical core and winding sizes, and
the core loss resistance can be calculated by finite element (FE)
simulation. A homogenization FE model considering air gap and
frequency-dependent permeability is proposed for accurate calcu-
lation of LFECLR. The mean errors of the proposed model for
two HFT prototypes are reduced from 55.9% and 12.5% to 2.56%
and 7.2%. In addition, the impacts of air gap length, permeability,
and frequency on LFECLR are investigated. Simulation results
show that LFECLR decreases with permeability and increases with
frequency. For the HFT with concentric windings, LFECLR first
increases and then decreases with air gap length. For the HFT with
separated windings, LFECLR decreases with air gap length.

Index Terms—Deduction measurement method, eddy current
loss, high-frequency transformer (HFT), homogenization finite
element (FE) model, leakage flux, nanocrystalline core.

I. INTRODUCTION

A S A key component in isolated dc–dc converters, high-
frequency transformer (HFT) obtains wide applications in

electric vehicle charging station [1], [2], railway transportation
[3], [4], dc distribution grid [5], [6], energy storage station [1],
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Fig. 1. Schematic of leakage flux eddy currents in nanocrystalline core.

[5], etc. Taking advantage of high saturated flux density and low
power loss density, nanocrystalline core is preferred in high-
frequency (10–50 kHz) and high-power (>20 kW) occasions [7].

Accurate estimation of core loss is nontrivial and has attracted
a lot of attention. Empirical equations [8], [9], [10], [11], [12],
[13], [14] and loss separation formulas [15], [16], [17], [18],
[19], [20] have been proposed to predict the core loss under non-
sinusoidal excitations. The empirical equations are applied to the
core loss calculation in the optimal design of HFT prototypes
in [21], [22], [23]. However, these approaches only consider the
core loss caused by the main flux density. Finite element (FE)
model and equivalent circuit model [24], [25] are developed to
calculate eddy current loss in steel laminations with edge burrs.
However, these models only calculate the eddy current loss in
the lamination section. In nanocrystalline core, as illustrated in
Fig. 1, the normal leakage flux can produce large eddy currents in
the ribbon plane, increasing the total core loss. In high-leakage-
inductance or magnetic-integrated HFTs, the leakage magnetic
field in the core window is large and the leakage flux eddy
current loss (LFECL) becomes more significant. In addition,
the leakage flux eddy currents are concentrated on the surface of
nanocrystalline core [26], [27], [28], resulting in local hotspots
and insulation risks. Therefore, accurate estimation of LFECL
is crucial.

The thermal image approach provides an initial observation
of LFECL under short-circuit conditions through local hotspots
caused by local eddy currents [26], [27], [28]. However, the
value of LFECL cannot be measured. Impedance analyzer can
be used to measure the ac resistance of transformer under
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short-circuit condition. The measured ac resistance includes
both core loss equivalent resistance and winding resistance. A
method is proposed to separate core loss equivalent resistance
and winding resistance in [29]. However, the LFECL resistance
(LFECLR) cannot be separated from total core loss equivalent
resistance for nanocrystalline core. Homogenization FE model
for nanocrystalline core is established to calculate the leakage
flux density and eddy current density distributions. The LFECL
is calculated by the volume integration of eddy current loss
density over the core region [30], [31], [32], [33]. However,
these simulations are implemented under sinusoidal excitations
of fundamental frequency. LFECL at higher frequencies has not
been investigated. In addition, the air gap is not considered in
the FE simulations and the impact of air gap length on the eddy
current loss has not been fully understood.

To address the aforementioned issues, this article proposes
a deduction measurement method and high-accuracy calcula-
tion model for the LFECLR in nanocrystalline core. The main
contributions of this article are as follows.

1) A deduction measurement method for the LFECLR under
sinusoidal excitation is proposed.

2) A high-accuracy calculation model for the LFECLR in
nanocrystalline core is proposed, in which air gap and
frequency-dependent permeability are identified as sig-
nificant parameters and should be considered.

3) The impacts of air gap length, permeability, and frequency
on the LFECLR are analyzed. A magnetic circuit model
is established to explain the variations of LFECLR with
air gap length and permeability. FE simulations are imple-
mented to analyze the parameter sensitivity.

The rest of this article is organized as follows. In Section II,
the homogenization FE model is introduced and the leakage flux
eddy current distributions in nanocrystalline core for two HFT
prototypes are analyzed. In Section III, the principle and results
of the proposed deduction measurement method are presented.
In Section IV, the proposed high-accuracy calculation model for
LFECLR is introduced. The calculation results with and without
considering air gap and frequency-dependent permeability are
compared with experimental results. In Section V, the impacts
of air gap length and frequency-dependent permeability on
LFECLR are studied. Theoretical analysis based on magnetic
circuit theory and sensitivity analysis based on FE simulation
are provided. Finally, Section VI concludes this article.

II. ANALYSIS OF LEAKAGE FLUX EDDY CURRENT BY

HOMOGENIZATION FE MODEL

In nanocrystalline core, the normal leakage flux induces eddy
currents in surface ribbons, which is referred to as leakage flux
eddy current in this article. Two nanocrystalline UU-core HFTs
with concentric windings and separated windings in a single core
leg, as shown in Fig. 2, are taken as cases for investigation in this
article. The dimensions of nanocrystalline core and windings of
the two HFT prototypes are shown in Fig. 3. The turn ratios of
these two HFTs are 9:9 and 10:10, respectively. The respective
leakage inductances of these two HFTs at 20 kHz are 5.74 μH
and 19.4 μH. Homogenization FE model is adopted to calculate

Fig. 2. Nanocrystalline UU-core HFTs with (a) concentric windings and
(b) separated windings in one core leg.

Fig. 3. Dimensions of (a) nanocrystalline core, (b) windings of concentric
winding HFT, and (c) windings of separated winding HFT in this paper.

the leakage flux eddy current distributions in the nanocrystalline
core.

A. Homogenization FE Model

The nanocrystalline core is produced by the rolling of ribbons
with epoxy resin filled in the interlayers to insulate the eddy
currents. Since nanocrystalline ribbon is very thin and fine
meshing of individual ribbons is not feasible, homogenization
approach with anisotropic conductivity and permeability [34],
[35], [36], [37] is adopted to model the nanocrystalline core
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Fig. 4. Homogenization model of nanocrystalline core.

TABLE I
PARAMETERS IN THE HOMOGENIZATION FE MODEL

as illustrated in Fig. 4. The selected U-shape nanocrystalline
core in this article is made by Fe-based nanocrystalline alloy
from Advanced Technology & Materials Co., Ltd in China.
The specific composition is Fe73.5Cu1Nb3Si15.5B7. The width
of the nanocrystalline core is 30 mm. The thickness of the
nanocrystalline ribbon is 20 μm and the filling factor is about
0.78. At a frequency of 20 kHz and temperature of 25 °C, the
parameters in the homogenization FE model are listed in Table I,
where μr, μd, and μn are the equivalent permeabilities in the
rolling direction, thick direction, and normal direction, σr, σd,
and σn are the equivalent conductivities in the rolling direction,
thick direction, and normal direction, F is filling factor, μ0 is the
vacuum permeability, μm is the permeability of the ribbons, σm

is the conductivity of the ribbons.
Since a rectangular nanocrystalline core is formed by putting

together two U-cores, a small air gap in the split joint is produced.
To calculate the average length of air gap, the magnetizing
inductance of the transformer is measured by an impedance
analyzer, being Lm = 405 μH. According to (1), the equivalent
relative permeability of nanocrystalline core is μr = 1607. By
magnetic reluctance (2), the length of air gap is 0.1 mm

μ = μ0μr = Lm
l

N2Ae
(1)

lnano

μnanoFS
+

lair

μ0S
=

l

μrS
(2)

where N is the number of turns, l is the length of magnetic circuit,
Ae is the area of cross-section, lnano and lair are the magnetic
circuit length of nanocrystalline and air gap, and μnano is the
permeability of nanocrystalline ribbon.

B. Simulation Results

The frequency-domain solver in COMSOL Multiphysics soft-
ware is used to calculate the leakage flux density and leakage flux
eddy current density distributions in the core. Figs. 5(a) and 6(a)
show the nonuniform leakage flux density amplitude distribu-
tions in the nanocrystalline core. Due to the low permeability
in the normal direction to the ribbons and the demagnetization
effect of leakage flux eddy current in the ribbon planes, most

Fig. 5. (a) Flux density amplitude and (b) leakage flux eddy current density
amplitude distributions in nanocrystalline core HFT with concentric windings
(f = 20 kHz, Ip = 1 A).

Fig. 6. (a) Flux density amplitude and (b) leakage flux eddy current density
amplitude distributions in nanocrystalline core HFT with separated windings (f
= 20 kHz, Ip = 1 A).

of the magnetic flux is concentrated in a very thin layer on the
surface of the core near the winding endings. The flux density
inside the core is very small.

Figs. 5(b) and 6(b) show the leakage flux eddy current density
amplitude distributions in the nanocrystalline core. Due to the
normal leakage flux on the core surface and the high conductivity
in the ribbon plane, significant circulating eddy currents are
localized in a thin layer on the core surface near the winding
endings. These eddy currents contribute to the total nanocrys-
talline core loss.

A comparison of Figs. 5 and 6 shows that the leakage flux
density and leakage flux eddy current density in the HFT with
separated windings are larger than the HFT with concentric
windings. The reason is that the leakage magnetic field and
leakage inductance in the HFT with separated windings is higher.
Therefore, the LFECL in the HFT with separated windings will
be larger.

Fig. 7 shows the local leakage flux eddy current density
amplitude distributions of the HFT with concentric winding. As
shown in Fig. 7(a), the thickness of surface eddy current layer in
the gapped core is greater than the nongapped core. As shown
in Fig. 7(b), the thickness of surface eddy current layer in the
gapped core decreases with permeability. Thus, the LFECL will
differ with air gap and permeability.
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Fig. 7. Comparison of leakage flux eddy current density amplitude distri-
butions (a) with and without air gap and (b) with different permeability in
nanocrystalline core HFT with concentric windings (f = 20 kHz, Ip = 1 A).

Fig. 8. Comparison of leakage flux eddy current density amplitude distri-
butions (a) with and without air gap and (b) with different permeability in
nanocrystalline core HFT with separated windings (f = 20 kHz, Ip = 1 A).

Fig. 8 shows the local leakage flux eddy current density
amplitude distributions of the HFT with separated winding. As
shown in Fig. 8(a), the air gap will cut off the leakage flux eddy
current path, reducing the leakage flux eddy current density. As
shown in Fig. 8(b), the thickness of surface eddy current layer in
the gapped core decreases with permeability. Thus, the LFECL
will differ with air gap and permeability.

III. DEDUCTION METHOD FOR LFECLR MEASUREMENT

When secondary winding of a transformer is short-circuited
and primary winding is excited, according to Ampere’s loop law,
the magnetic field intensity H is proportional to the current of
primary winding I

H ∝ I. (3)

From the electromagnetic field constitutive equation, in the
linear magnetization region, magnetic flux density B is propor-
tional to magnetic field intensity H

B = μH. (4)

Adopting Faraday’s electromagnetic induction law, the in-
duced electromotive force is proportional to dB/dt. Therefore,
the induced eddy current is proportional to dB/dt, and LFECL
Pleakage is proportional to the square of dB/dt

Pleakage ∝ (dB/dt)2. (5)

Fig. 9. Equivalent circuits of (a) nanocrystalline core HFT and (b) ferrite core
HFT under short-circuit condition.

Combining (3)–(5), LFECL is proportional to the square of
current. Therefore, LFECLR is defined in this article to charac-
terize the LFECL. The LFECLR Rleakage can be expressed as

Rleakage = Pleakage
/
I2. (6)

Direct measurement of LFECL is nontrivial since it is ac-
companied by winding loss and magnetic loss. In this section, a
deduction method is proposed for LFECLR measurement.

A. Principle of the Deduction Method

The total ac resistance of a nanocrystalline core HFT under
short-circuit condition Rnano includes the winding ac resistance
Rw,nano, core loss equivalent resistance Rc,nano, and LFECLR
Rleakage [29], as shown in Fig. 9(a). Therefore, Rleakage can be
expressed as

Rleakage = Rnano −Rw,nano −Rc,nano. (7)

The total ac resistance of an HFT under short-circuit condi-
tions can be measured by an impedance analyzer.

Affected by the skin effect and proximity effect of wind-
ing currents, accurate calculation of winding ac resistance at
high frequency is not feasible. To obtain the precise value of
winding ac resistance, an equivalent measurement method is
proposed. A ferrite core HFT with identical core and winding
sizes is made. The winding ac resistance of nanocrystalline
core HFT is regarded as equal to the ac resistance of ferrite
core HFT. The winding ac resistance equality is proved in the
following.

Due to the low conductivity of ferrite core, the ac resistance of
a ferrite core HFT under short-circuit condition Rferrite includes
only winding ac resistance Rw,ferrite and core loss equivalent
resistance Rc,ferrite [29], as shown in Fig. 9(b). Since the per-
meability and conductivity of the ferrite core are isotropy, the
leakage flux density distribution in the ferrite core is uniform.
The ferrite core loss is small and negligible compared with the
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Fig. 10. Size of magnetic cores. (a) Nanocrystalline core. (b) Ferrite core.

winding ac loss. Therefore, Rferrite is approximately equal to
Rw,ferrite

Rferrite = Rw,ferrite +Rc,ferrite ≈ Rw,ferrite. (8)

A standard ferrite core with a similar size to the nanocrys-
talline core utilized in Fig. 2 is selected. The ferrite core material
is 3C90 from FERROXCUBE. The dc resistivity of the ferrite
core at 25 °C is 5 Ωm. Slight differences in size exist between
the two cores as shown in Fig. 10. Since the core sizes of the
two transformers are similar, the leakage magnetic field distri-
butions in the core window as well as the winding ac resistances
will be similar. To avoid the measurement error caused by the
differences in windings between two transformers, the same
winding is recommended in the ac resistance measurements.
In addition, litz wire is preferred for its low ac resistance at high
frequency. The conduction resistance is dominant in the total ac
resistance of litz wire at low frequency, which is equal for the two
transformers. The induction resistance is dominant in the total ac
resistance of litz wire at high frequency, which is proportional to
the integration of the square of the magnetic field strength H in
the winding region [38]. A FE simulation model is established,
where the windings are modeled by rectangular sections with
uniform current density, to investigate the leakage magnetic field
distribution in the winding region. The leakage magnetic field
simulation results of the two HFT prototypes are demonstrated
in Fig. 11. The integration of the square of H over the winding re-
gion V is defined as Int_H2 in this article, which can be expressed
as

Int_H2 =

∫
V

H2dV . (9)

The deviations of calculated Int_H2 between ferrite core HFT
and nanocrystalline core HFT are shown in Fig. 12. Within
10–300 kHz, the maximum deviations of Int_H2 between ferrite
core HFT and nanocrystalline core HFT are within 3.5% for the
two HFT prototypes. Therefore, the differences in winding ac
resistances between ferrite core HFT and nanocrystalline core
HFT for the two HFT prototypes are within 3.5%. Rw,nano is
approximately equal to Rw,ferrite

Rw,nano ≈ Rw,ferrite. (10)

Fig. 11. Leakage magnetic field simulation results of ferrite and nanocrys-
talline core transformers with (a) concentric windings and (b) separated wind-
ings.

Fig. 12. Deviations of Int_H2 between ferrite core HFT and nanocrystalline
core HFT.

The leakage flux density distributions in nanocrystalline core
calculated by the homogenization FE model are quite nonuni-
form as shown in Figs. 5(a) and 6(a). The leakage flux core loss
density is estimated by the Steinmetz equation (SE) [8], [39] and
the total leakage flux core loss is calculated by the integration
of core loss density over the core region. The leakage flux core
loss equivalent resistance is estimated by

Rc =
1

I2

∫
V

kfαBβ
m · dV (11)

where k, α, and β are Steinmetz coefficients. Since β is close
to 2, Rc varies slightly with Bm. To accurately calculate Rc and
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Fig. 13. Flowchart of the proposed deduction measurement method of leakage
flux eddy current loss.

Fig. 14. AC resistance test platform of HFT by impedance analyzer.
(a) Schematic diagram. (b) Experimental platform.

Rleakage, the excitation condition in FE simulation is set to be
identical to the measurement condition of impedance analyzer.
In this way, the flux density in FE simulation will be identical
to the measurement condition, and the calculated Rc will be the
same as Rc in measured ac resistance.

The flowchart of the proposed deduction measurement
method is shown in Fig. 13. Combining (7)–(8) and (10)–(11),
the LFECLR can be expressed as

Rleakage = Rnano −Rferrite −Rc,nano. (12)

B. Measurement Results

The ac resistance test setup for HFT under short-circuit con-
ditions is shown in Fig. 14. The impedance analyzer is IM3536
from HIOKI E.E. CORPORATION. The test frequency ranges
from 10 to 300 kHz. Fig. 15 shows the measurement results,
where Rferrite and Rnano represent the total ac resistance of
ferrite core HFT and nanocrystalline core HFT measured by an

Fig. 15. AC resistances and LFECLR of (a) HFTs with concentric windings
and (b) HFTs with separated windings.

impedance analyzer. Due to the significant LFECL and core loss
caused by the leakage flux, the ac resistance of nanocrystalline
core transformer is higher than the ferrite core transformer.
Since Rferrite is approximately equal to Rw,ferrite, Rnano-Rferrite

includes the core loss equivalent resistance Rc,nano and LFE-
CLR Rleakage of nanocrystalline core HFT. After calculating
Rc,nano, Rleakage can be obtained by subtraction of Rc,nano from
Rnano–Rferrite. The ratio of LFECLR to the winding ac resistance
are 12.3% and 56.4% respectively at 20 kHz and 100 kHz for
the transformer with concentric winding, and are 110.5% and
390.2% respectively at 20 kHz and 100 kHz for the transformer
with separated winding. The nanocrystalline core loss caused
by the leakage flux is significant and non-negligible, especially
at high frequencies. The ratio of leakage flux core loss to the
winding ac resistance are 1.4% and 13.5% respectively at 20 kHz
and 100 kHz for the transformer with concentric winding, and
are 25% and 138.6% respectively at 20 kHz and 100 kHz for
the transformer with separated winding. In addition, the core
loss and LFECL in the transformer with separated windings are
greater than the transformer with concentric windings.
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Fig. 16. Relative permeability of nanocrystalline core with frequency and
temperature.

IV. CALCULATION MODEL OF LFECLR CONSIDERING AIR

GAP AND FREQUENCY-DEPENDENT PERMEABILITY

As demonstrated in Figs. 7 and 8, air gap and permeability can
significantly change the leakage flux eddy current distribution in
nanocrystalline core. Thus, to accurately calculate the LFECLR,
air gap, and frequency-dependent permeability should be taken
into consideration. A homogenization FE model considering air
gap and frequency-dependent permeability is proposed in this
section for accurate calculation of LFECLR.

A. Calculation Model

At high frequencies, the skin effect of eddy current becomes
significant and the homogenization method cannot accurately
calculate the eddy current density distribution in the core section.
Therefore, the conductivity of the nanocrystalline ribbon in
the normal direction is set to zero. The eddy current in the
core section is canceled and frequency-dependent permeability
is utilized to characterize the demagnetization effect of eddy
currents in the core section. A small toroidal core with a winding
of 20 turns is utilized to measure the magnetizing inductance
and the relative permeability is calculated in (1). The selected
toroidal core is also made by Fe-based nanocrystalline alloy
from Advanced Technology & Materials Co., Ltd in China.
The specific composition is also Fe73.5Cu1Nb3Si15.5B7. The
inner and outer diameters of the core are 40 mm and 25 mm
respectively. The width of the core is 20 mm. The thickness
of the nanocrystalline ribbon is 20 μm and the filling fac-
tor is about 0.78. As illustrated in Fig. 16, the permeabil-
ity of nanocrystalline core is both frequency-dependent and
temperature-dependent. From 1 to 100 kHz, the relative per-
meability decreases with frequency and temperature. From 100
to 500 kHz, the relative permeability of nanocrystalline core
decreases with frequency and remains almost constant with
temperature.

The eddy current density in the nanocrystalline core is calcu-
lated by FE simulation. The LFECL in the nanocrystalline core
is calculated by the integration of eddy current loss density in

Fig. 17. (a) Comparison of calculated and measured LFECLR Rleakage versus
frequency and (b) errors of calculated Rleakage versus frequency for transformer
with concentric windings.

the core region as

Pleakage =

∫
V

J2

σ
·dV (13)

where J is the eddy current density and σ is the conductivity.
Then, the LFECLR of the nanocrystalline core is calculated in
(6).

B. Calculation Results

Fig. 17(a) shows the measured and calculated LFECLR
Rleakage for the transformer with concentric windings. The FE
model considering air gap and frequency-dependent permeabil-
ity can accurately calculate the LFECLR. However, the FE
model without considering the air gap will greatly underestimate
the eddy current loss, and FE model without considering the
frequency-dependent permeability will slightly underestimate
the eddy current loss at high frequency. Fig. 17(b) shows the
errors of calculated Rleakage. The maximum error and mean error
of the FE model considering air gap and frequency-dependent
permeability are 7.25% and 2.56%, respectively. The maximum
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Fig. 18. (a) Comparison of calculated and measured LFECLR Rleakage versus
frequency and (b) errors of calculated Rleakage versus frequency for HFT with
separated windings.

errors and mean errors of the FE model with lg = 0 mm
and constant u, lg = 0 mm and frequency-dependent u and
lg = 0.1 mm and constant u are 67.1% and 55.9%, 70.1% and
12.6%, and 45.2% and 7.3%, respectively. The impact of the
air gap on the LFECLR is greater than the frequency-dependent
permeability.

Fig. 18(a) shows the measured and calculated LFECLR
Rleakage for the transformer with separated windings. The FE
model considering air gap and frequency-dependent permeabil-
ity can accurately calculate the LFECLR. However, the FE
model without considering the air gap will greatly overestimate
the eddy current loss, and the FE model without considering the
frequency-dependent permeability will slightly underestimate
the eddy current loss at high frequency. Fig. 18(b) shows the
errors of calculated Rleakage. The maximum error and mean error
of the FE model considering air gap and frequency-dependent
permeability are 10.8% and 7.2% respectively. The maximum
errors and mean errors of the FE model with lg = 0 mm and
constant u, lg = 0 mm and frequency-dependent u and lg =
0.1 mm and constant u are 31.0% and 12.5%, 38.5% and 27.4%,

Fig. 19. Equivalent magnetic circuit of a single ribbon.

and 34.1% and 20.6%, respectively. Both the impact of the air
gap and frequency-dependent permeability on the LFECLR are
significant.

V. IMPACT OF AIR GAP LENGTH AND FREQUENCY-DEPENDENT

PERMEABILITY ON LFECLR

The leakage flux and leakage flux eddy current distributions
in a nanocrystalline core are affected by the air gap length and
permeability. Theoretic analysis and simulation calculation are
conducted in this section to investigate the impact of air gap
length and frequency-dependent permeability on the LFECLR.

A. Theoretic Analysis

The uneven leakage flux distribution in the nanocrystalline
core is mainly caused by two factors. The first factor is the
anisotropic permeability. Since the permeability of epoxy resin
between nanocrystalline ribbons is low, the equivalent perme-
ability of nanocrystalline core in the normal direction to the
ribbon plane is extremely low. Therefore, the leakage flux is
difficult to penetrate the core. The second factor is the demag-
netization effect of the leakage flux eddy current. A reverse
magnetic field is induced by the leakage flux eddy current,
preventing the leakage flux from penetrating internal ribbons.
Therefore, most of the leakage flux is concentrated on the surface
of the core. The air gap and frequency-dependent permeability
will change the equivalent permeability of the nanocrystalline
core, and then change the leakage flux distribution and LFECL.
The magnetic circuit theory can be applied to analyze the impact
of air gap length and frequency-dependent permeability on the
leakage flux distribution and LFECL.

The equivalent magnetic circuit of a single nanocrystalline
ribbon is shown in Fig. 19, where F is the MMF, Rm,nano is the
reluctance of nanocrystalline ribbon, Find is the reverse MMF
induced by the eddy currents in the ribbon section, φ is the
magnetic flux. Magnetic flux φ can be calculated by φ = (F-
Find)/Rnano. With the increase of frequency, Find increases and
φdecreases. Therefore, the effective permeability decreases with
frequency. The frequency-dependent permeability measured on
the toroidal core as shown in Fig. 16 can account for the effect
of induced reverse magnetic flux. Hence, the reverse MMF
source can be removed from the magnetic circuit by applying
frequency-dependent permeability.

For HFT with concentric windings, taking several ribbons as
illustrated in Fig. 20(a) as an example, an equivalent magnetic
circuit is established as illustrated in Fig. 20(b), where F is
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Fig. 20. Schematic diagram of leakage flux paths in the HFT with concentric
windings. (a) An example of leakage flux paths in the nanocrystalline core
composed of several ribbons. (b) Equivalent magnetic circuit model.

the magnetomotive force, φ is the magnetic flux, Rw-air is the
reluctance of air in the core window, Repoxy-1 and Repoxy-2 are
the reluctance of the first and second layers of epoxy resin,
respectively, Rnano-1, Rnano-2, and Rnano-3 are the reluctance
of the first, second, and third layers of nanocrystalline ribbons,
respectively, Rair-1, Rair-2, and Rair-3 are the reluctance of air
gap in the first, second, and third layers of nanocrystalline
ribbons, respectively. The reverse MMF sources, which model
the reverse magnetic flux induced by the eddy currents in ribbon
sections, are not connected in series with Rnano,i in Fig. 20(b).
Instead, frequency-dependent permeability is adopted to account
for the demagnetization effect of induced eddy currents in ribbon
sections. Due to the low permeability of air and large air length
in the core window, Rw-air is far greater than the reluctances
of ribbon, epoxy resin, and air gap. Assuming Rair-1 = Rair-2

= Rair-3 = Rair, Rnano-1 = Rnano-2 = Rnano-3 = Rnano, and
Repoxy-1 = Repoxy-2 = Repoxy, the magnetic flux in the third
ribbon can be expressed as

φ3

=
F/Rw−air[

(
Repoxy

R )
2
+ 4

Repoxy

R + 3
]
+
[
(
Repoxy

R )
2
+ 3

Repoxy

R + 1
]

R
Rw−air

(14)

where R = Rnano+Rair.

When the length of air gap is small, Rw-air is far greater than
the reluctances of ribbon, epoxy resin, and air gap, R/Rw-air can
be ignored and φ3 is simplified as

φ3 =
F/Rw−air

(
Repoxy

R )
2
+ 4

Repoxy

R + 3
. (15)

With the increase of the air gap length lg, Rair increases and
φ3 increases. Thus, the leakage magnetic flux penetrating the
internal ribbon increases, leading to the increases of leakage
flux eddy current in the internal ribbons and the total LFECL.

When the length of air gap is large, Rair is large, R/Rw-air

cannot be ignored and Repoxy/R can be ignored. Thus, φ3 is
simplified as

φ3 =
F/Rw−air

3 + R
Rw−air

. (16)

With the increase of the air gap length lg, Rair increases and
φ3 decreases. Thus, the leakage magnetic flux penetrating the
internal ribbon decreases, leading to the decrease of leakage
flux eddy current in the internal ribbons and the total LFECL.
Therefore, the leakage flux eddy current first increases and then
decreases with the length of air gap.

In addition, with the decrease in the permeability of nanocrys-
talline ribbons, Rnano increases and φ3 increases. Thus, the
leakage magnetic flux penetrating the internal ribbon increases,
leading to the increases of leakage flux eddy current in the
internal ribbons and the total LFECL. Therefore, the air gap and
frequency-dependent permeability should be considered for the
accurate estimation of LFECL

lg ↑⇒ Rair ↑⇒ leakage flux in the nth ribbon first

↑ and then ↓
⇒ lossfirst ↑ andthen ↓ (17)

μnano ↓⇒ Rnano ↑⇒ leakage flux in the nth ribbon ↑⇒ loss ↑.
(18)

For HFT with separated windings, taking several ribbons as
illustrated in Fig. 21(a) as an example, an equivalent magnetic
circuit is established as illustrated in Fig. 21(b). The reverse
MMF sources, which model the reverse magnetic flux induced
by the eddy currents in ribbon sections, are not connected in
series with Rnano,i in Fig. 21(b). Instead, frequency-dependent
permeability is adopted to account for the demagnetization effect
of induced eddy currents in ribbon sections. Due to the symmetry
of the transformer structure and magnetic circuit, the magnetic
flux will not flow through the air gap. In Fig. 21(b), the flux
through Rair is zero and the upper and lower parts of the magnetic
circuit can be decoupled. When the length of the air gap increases
from zero to nonzero, the leakage flux eddy current path is
cut off and the LFECL decreases. When the primary current
is constant, with the increase of air gap length, the magnetizing
inductance of the transformer decreases and then the secondary
current decreases. Thus, the leakage magnetic flux produced by
the secondary winding decreases and the LFECL decreases. In
addition, with the decrease of permeability of nanocrystalline
ribbons, Rnano,n increases and φ3 increases. Thus, the leakage
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Fig. 21. Schematic diagram of leakage flux paths in the HFT with separated
windings. (a) Example of leakage flux paths in the nanocrystalline core com-
posed of several ribbons. (b) Equivalent magnetic circuit model.

magnetic flux penetrating the internal ribbon increases, leading
to the increases of leakage flux eddy current in the internal
ribbons and the total LFECL

lg : zero → nonzero ⇒ leakage flux eddy current ↓⇒ loss ↓
lg ↑⇒ magnetizing inductance ↓⇒ secondary current

↓⇒ loss ↓ (19)

μnano ↓⇒ Rnano ↑⇒ leakage flux in the nth ribbon

↑⇒ loss ↑ . (20)

B. Simulation Results

The sensitivities of LFECLR Rleakage to the air gap length,
permeability, and frequency are investigated by FE simulations.
Fig. 22 shows the sensitivity of LFECLR for the HFT with
concentric windings. As demonstrated in Fig. 22(a), from 0 to
1 mm, Rleakage increases with the length of the air gap. The
reason is that with the increase of air gap length, the reluctance of
air gap increases, and the magnetic flux penetrating the internal

Fig. 22. Sensitivities of LFECLR Rleakage to (a) the length of air gap,
(b) permeability of nanocrystalline ribbon, and (c) frequency for the transformer
with concentric windings.

ribbons increases. From 1 to 5 mm, Rleakage decreases with
the length of air gap. The reason is that when the length of air
gap is large, the total reluctance of the magnetic path increases
and the leakage flux decreases. Fig. 22(b) shows that Rleakage

decreases with permeability since the magnetic flux penetrating
the internal ribbons decreases with permeability. The impact
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Fig. 23. Sensitivities of LFECLR Rleakage to (a) the length of air gap,
(b) permeability of nanocrystalline ribbon, and (c) frequency for the transformer
with separated windings.

of permeability on the LFECLR is not significant when the
permeability is large. Fig. 22(c) shows that Rleakage increases
exponentially with the frequency. In addition, the exponential
coefficient decreases with the length of air gap.

Fig. 23 shows the sensitivities of LFECLR for the HFT with
separated windings. As illustrated in Fig. 23(a), when the length

of air gap increases from zero to nonzero, the LFECLR drops
sharply since the eddy current near the air gap is cut OFF. With
the increase in air gap length, the LFECLR decreases slightly.
The reason is that the magnetizing inductance of the transformer
decreases with frequency and the current and leakage magnetic
flux in the secondary winding decreases. Fig. 23(b) shows that
Rleakage decreases with permeability since the magnetic flux
penetrating the internal ribbons decreases with permeability. The
sensitivity of Rleakage to permeability for the HFT with separated
windings is higher than the HFT with concentric windings.
Fig. 23(c) shows that Rleakage increases exponentially with the
frequency. In addition, the exponential coefficients are almost
independent of the length of air gap.

VI. CONCLUSION

This article proposes a deduction measurement method
and high-accuracy calculation model for the LFECLR in the
nanocrystalline core. The main conclusions are listed as follows.

1) The LFECLR can be obtained by deduction of winding ac
resistance and core loss resistance from total ac resistance.
The winding ac resistance can be measured on a ferrite
core HFT with identical core and winding sizes.

2) The air gap and permeability can change the leakage
flux eddy current distribution in the nanocrystalline core.
The proposed homogenization FE model considering air
gap and frequency-dependent permeability can accurately
calculate the LFECLR. The mean errors of the proposed
model for the two HFT prototypes are reduced from 55.9%
and 12.5% to 2.56% and 7.2%.

3) The LFECLR decreases with permeability and increases
with frequency. For the HFT with concentric windings,
LFECLR first increases sharply and then decreases slowly
with air gap length. For the HFT with separated wind-
ings, LFECLR decreases slowly with air gap length. The
LFECLR for the nongapped core is much higher than the
gapped core.

This article only studied the calculation model of LFECLR
under small-signal sinusoidal excitation and short-circuit con-
dition. However, the practical operation condition of HFT is
large-signal nonsinusoidal excitation and load condition. In the
future, the calculation method of LFECLR under nonsinusoidal
excitation and load condition will be investigated.
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