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Abstract—Core loss is determined by flux density distribution.
Since main flux density is uniform and leakage flux density is
concentrated in surface ribbons of nanocrystalline core in high-
frequency transformer (HFT), practical flux density in nanocrys-
talline core under load condition may be nonuniform. This article
proposes an efficient flux density distribution calculation method
for nanocrystalline core of HFT under load condition, namely
operating condition decomposition-based method (OCDEM). The
load condition is decomposed into open-circuit and short-circuit
conditions. The practical flux density is proposed to be calculated
by summation of main flux density under open-circuit excitation
and leakage flux density under short-circuit excitation. Compared
with time-domain FE and frequency-domain decomposition FE
methods, the proposed OCDEM reduces computation time and
achieves high calculation accuracy. Furthermore, flux density dis-
tribution characteristics in nanocrystalline core are studied. Cal-
culation results show that flux density amplitude in surface ribbons
is higher than interior ribbons and that in winding end is higher
than other positions. Flux density amplitude in surface ribbons
increases with permeability and that in interior ribbons decrease
with permeability. Finally, infrared and calorimetric measurement
results show the nonuniform flux density distribution increases core
temperature and loss. The obtained characteristics can guide the
HFT design.

Index Terms—Flux density distribution, high-frequency
transformer, load condition, nanocrystalline core, operating
condition decomposition.

I. INTRODUCTION

H IGH-FREQUENCY transformer (HFT) is a vital compo-
nent in power electronic transformers [1], [2], [3], [4], [5],

[6], providing galvanic isolation and power transmission among
ac–dc ports [7], [8], [9]. Taking advantages of high saturated
flux density and low loss density, nanocrystalline core is usually
preferred in high-voltage and high-power HFT [10].

Accurate estimation of core loss is significant for accurate
temperature prediction and reliable thermal design of HFT [9],
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[11], [12], [13]. Since core loss density is dependent on magnetic
flux density waveform and amplitude, the overall core loss
of HFT will depend on magnetic flux density distribution in
the core. In [14] and [15], a film resistor is connected to the
secondary winding of HFT to conduct load experiment. It is
revealed that flux densities in the core decrease with load current
due to the increase of voltage drops across the windings. How-
ever, the core material studied in these articles are ferrite instead
of nanocrystalline. In addition, flux density distribution charac-
teristics under DAB load condition have not been investigated.

Ferrite core shows isotropic permeability and conductivity.
Therefore, leakage flux can penetrate into interior core and be
uniformly distributed in the core section. However, nanocrys-
talline core, which is made by rolling of nanocrystalline rib-
bons, shows anisotropic permeability and conductivity due to its
laminated structure [16], [17], [18]. In open-circuit conditions,
when nanocrystalline core is nongapped, due to the difference in
magnetic reluctance, flux density in the inner layers of nanocrys-
talline ribbons is slightly higher than the outer layers. When
nanocrystalline core is gapped, due to fringing flux around the
air gap, the equivalent reluctance of surface ribbons is lower than
interior ribbons. Thus, flux density in the inner and outer surface
ribbons may be higher than interior ribbons [19]. In short-circuit
conditions, since permeability of epoxy resin is low, the equiva-
lent permeability of nanocrystalline core in laminated direction
is much lower than rolling direction and thickness direction.
Therefore, leakage flux density is mainly concentrated in the
surface ribbons [20], [21], [22], [23]. However, characteristics
of flux density distribution in nanocrystalline core of HFT under
load condition have not been well understood yet.

The practical flux in nanocrystalline core of HFT under load
condition is the summation of main flux and leakage flux, as
shown in Fig. 1. Since main flux is relatively uniform over the
core cross-section and leakage flux is mainly concentrated in
the surface of the core, practical flux density distribution in
nanocrystalline core can be nonuniform. The nonuniform flux
density distribution characteristics will be investigated in this
article. In addition, the words “inner layer,” “outer layer,” and
“interior” are explained in Fig. 1, which are used in this article.

Finite element (FE) simulation provides an approach for
calculating flux density distribution in magnetic core. Since
nanocrystalline ribbon is very thin, fine-meshing of each layer of
ribbon in the nanocrystalline core can generate a large number
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Fig. 1. Schematic diagram of flux distribution in nanocrystalline core of HFT
under load condition.

of meshes. To reduce the mesh numbers in FE model, homog-
enization approaches are adopted in [16], [17], [18], [19], [20],
[21], and [23]. To accurately calculate the leakage flux density in
surface ribbons, fine-meshing of surface ribbons is still required,
which increases the mesh numbers and computation time. In
addition, J. Wang et al. [16], Y. Wang et al. [17], Calderon-Lopez
et al. [18], Sun et al. [19], Beddingfield et al. [20], Chen et al.
[21], and Liu et al. [23] only calculate the flux density under
sinusoidal excitation by frequency-domain simulation. Calcula-
tion of flux density distribution under nonsinusoidal excitation of
load condition by time-domain simulation will further increase
the computation time. An accurate and efficient calculation
method of flux density distribution in nanocrystalline core of
HFT under load condition is demanding.

To address the aforementioned problems, this article proposes
an accurate and efficient calculation method of flux density
distribution in nanocrystalline core under load condition and
investigates the flux density distribution characteristics. The
main contributions of this article are summarized as follows.

1) An efficient flux density distribution calculation method
for nanocrystalline core of HFT under load condition
is proposed, namely operating condition decomposition-
based method (OCDEM). The practical load condition is
decomposed into open-circuit condition and short-circuit
condition. Based on flux superposition principle, the prac-
tical flux density in nanocrystalline core is proposed to
be calculated by summation of main flux density under
open-circuit excitation and leakage flux density under
short-circuit excitation. Compared with time-domain FE
and frequency-domain decomposition FE methods, the
proposed OCDEM improves the computation efficiency
and achieves high calculation accuracy.

2) The flux variation rate dφ(t)/dt through surface ribbons
of nanocrystalline core is discovered to be four-level stair
wave instead of square wave for load condition of DAB
converter with single-phase-shift (SPS) modulation. Flux
density concentration in surface ribbons of nanocrystalline
core is discovered and the nonuniform flux density distri-
bution characteristics are investigated.

3) The impact of nonuniform flux density distribution or
surface flux density concentration on nanocrystalline core
loss is discussed. Infrared measurement results show that
the nonuniform flux density distribution increases core

temperature. Calorimetric measurement results show that
the nonuniform flux density distribution increases core
loss by 10%–30% and 40%–60% for nanocrystalline core
HFT with concentric windings and separated windings,
respectively.

It should be noted that the surface ribbons of nanocrystalline
core may saturate under load condition due to the concentration
of leakage flux density. The surface ribbons saturation will
change the practical flux density distribution and core loss. How-
ever, flux density distribution calculation considering surface
ribbons saturation is very difficult due to the nonlinear B-H rela-
tionship. In this article, the proposed OCDEM aims to calculate
the flux density distribution under unsaturated condition. The
saturation effect and nonlinear B-H relationship are not consid-
ered, and thus, flux superposition principle can be applied. In our
another paper [24], the impact of surface ribbons saturation on
core loss is analyzed in detail and accurate calculation methods
of leakage flux induced power loss considering surface ribbons
saturation are proposed. The proposed calculation methods are
based on accurate flux density distribution calculation. Our
previous paper [24] mainly focuses on leakage flux induced
power loss calculation methods and only briefly explains the flux
density calculation procedure. This article gives detailed formula
derivations, effective experimental validations, and thorough
flux density distribution characteristic analysis, thus enabling
a better understanding of the practical flux density distribution
to guide the power loss calculation and optimal design of HFT.

The rest of this article is organized as follows. In Section II,
the principle and calculation procedure of the proposed OCDEM
are introduced. A DAB converter with SPS modulation is taken
as a case of load condition to illustrate the proposed method in
detail. In Section III, a DAB converter with SPS modulation is
built. The waveforms of flux variation rate dφ(t)/dt are analyzed.
The accuracy of proposed OCDEM is verified by experiments.
The accuracy and efficiency of proposed OCDEM are compared
with time-domain FE and frequency-domain decomposition FE
methods. In Section IV, the practical flux density distribution
characteristics are investigated. In Section V, the impact of
nonuniform flux density distribution on core loss is discussed.
Finally, Section VI concludes this article.

II. CALCULATION METHOD OF PRACTICAL FLUX DENSITY

DISTRIBUTION

Since magnetic flux density cannot be measured directly, an
equivalent magnetization voltage (EMV) um(S, t) is proposed in
this article, leveraging Faraday’s electromagnetic induction law,
to characterize the average flux density through a core section
S. The um(S, t) can be expressed as

um(S, t) =
dφ(S, t)

dt
=

d

dt

∫
B(t)dS = S

dBave(S, t)

dt
(1)

where um(S,t) is EMV of core section S, φ(S,t) is magnetic
flux through core section S, B(t) is flux density, and Bave(S,t) is
average flux density of core section S. The EMV um(S,t) of a core
section S can be measured on a single-turn open-circuited coil
tightly wound around this core section. The schematic diagram
of time-domain waveforms um(S,t) and B(t) is shown in Fig. 2.
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Fig. 2. Schematic diagram of time-domain waveforms um(S,t) and B(t).

Time-domain FE simulation of practical flux density distri-
bution in nanocrystalline core by homogenization FE model
[16], [17], [18] is very time-consuming. In this section, an ac-
curate and efficient flux density distribution calculation method
for nanocrystalline core of HFT under load condition, namely
OCDEM, is proposed.

A. Principle of Proposed Method

When magnetic core is not saturated, permeability μ is con-
stant. According to the superposition principle of linear system,
the practical load condition can be decomposed into open-circuit
condition and short-circuit condition. Therefore, the practical
flux through a core section S under load condition φload (S,t)
can be calculated by summation of main flux φmain (S,t) and
leakage flux φleakage (S,t)

φload(S, t) = φmain(S, t) + φleakage(S, t). (2)

The main flux φmain (S,t) comes from open-circuit voltage
excitation and leakage flux φleakage (S,t) comes from short-
circuit voltage excitation. Using (1), the practical EMV of a core
section S under load condition um,load (S,t) can be calculated
by summation of main flux induced EMV under open-circuit
condition um,open (S,t) and leakage flux induced EMV under
short-circuit condition um,short (S,t)

um,load(S, t) =um,open(S, t) + um,short(S, t). (3)

Taking DAB converter with SPS modulation as an example,
the decomposition and superposition procedure is illustrated
in Fig. 3. The primary voltage uAB(t) and secondary voltage
uCD(t) of HFT are square wave. According to electric circuit
superposition principle, the practical voltage excitation of HFT
with uAB(t) and uCD(t) can be decomposed into open-circuit
excitation with uCD(t) and uCD(t) and short-circuit excitation
with uAB(t)-uCD(t) and 0. The main flux comes from the open-
circuit excitation where both primary and secondary voltages are
uCD(t), and leakage flux comes from the short-circuit excitation
where primary voltage is uAB(t)-uCD(t) and secondary voltage
is zero. The practical flux under load condition is summation of
main flux and leakage flux. According to (3), the EMV under
load condition is the summation of main flux induced EMV
under open-circuit condition and leakage flux induced EMV
under short-circuit condition.

The EMVs under open-circuit and short-circuit excitations
can be calculated as

um,open(S, t) = k1(S)uopen(t) (4)

um,short(S, t) = k2(S)ushort(t) (5)

Fig. 3. Schematic diagram of practical EMV and flux density calculation under
load condition of DAB converter with SPS modulation.

where uopen(t) and ushort(t) are open-circuit excitation voltage
and short-circuit excitation voltage, k1(S) and k2(S) are coeffi-
cients related to the main flux and leakage flux distributions in
the core section S under open-circuit and short-circuit sinusoidal
excitations.

Combining (3)–(5), the practical EMV of a core section S
under load condition can be expressed as

um,load(S, t) = k1(S)uopen(t) + k2(S)ushort(t). (6)

For the load condition of DAB converter as shown in Fig. 3,
the practical EMV of the core section S can be expressed as

um,DAB(S, t) = k1,DAB(S)uCD(t)

+ k2,DAB(S)(uAB(t)− uCD(t)) (7)

By integral operation or inverse operation of (1), average flux
density through the core section S can be expressed as

Bave(S, t) =
1

S

∫
um,load(S, t)dt

=
1

S

∫
(k1(S)uopen(t) + k2(S)ushort(t))dt. (8)

When the section area S approaches zero, (8) becomes

B(x, y, z, t) = lim
S→0

1

S

∫
(k1(S)uopen(t) + k2(S)ushort(t))dt

= lim
S→0

1

S

∫
(k1(S)uopen(t)dt+ k2(S)ushort(t)dt)

= lim
S→0

1

S
(k1(S)ψmain(t) + k2(S)ψleak(t))

= k11(x, y, z)ψmain(t) + k22(x, y, z)ψleak(t) (9)

where B(x,y,z,t) is flux density waveform at coordinate (x,y,z),
ψmain(t), and ψleak(t) are main flux linkage under open-circuit
voltage condition and leakage flux linkage under short-circuit



3684 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 3, MARCH 2026

Fig. 4. Schematic diagram of proposed calculation method of practical flux
density distribution.

voltage condition, k11(x,y,z) and k22(x,y,z) are coefficients re-
lated to main flux density and leakage flux density distribu-
tions under open-circuit and short-circuit sinusoidal voltage
excitations

ψmain(t) =

∫
uopen(t) · dt (10)

ψleak(t) =

∫
ushort(t) · dt (11)

k11(x, y, z) = lim
S→0

k1(S)

S
(12)

k22(x, y, z) = lim
S→0

k2(S)

S
. (13)

The simplified schematic diagram of the proposed method is
illustrated in Fig. 4.

The coefficients k1(S), k2(S), k11(x,y,z), and k22(x,y,z) un-
der open-circuit and short-circuit nonsinusoidal excitations can
be assumed equal to that under open-circuit and short-circuit
sinusoidal excitations with the same frequencies. The coeffi-
cients k1(S), k2(S), k11(x,y,z), and k22(x,y,z) under open-circuit
or short-circuit sinusoidal excitations can be calculated by FE
simulations. First, flux density distributions in nanocrystalline
core of HFT under open-circuit and short-circuit excitations are
calculated by frequency-domain FE simulations. In open-circuit
FE simulation, the secondary winding of HFT is open-circuited
and the primary winding is excited with sinusoidal voltage of
1 V peak value. In short-circuit FE simulation, the secondary
winding of HFT is short-circuited and the primary winding is
excited with sinusoidal voltage of 1 V peak value. Then, the
EMV amplitude Um(S) of a core section S can be calculated by

Um(S) = ωφm(S) = ω
∫
Bm(x, y, z) · dS

= 2πf
∫
Bm(x, y, z) · dS (14)

where f is frequency, φm(S) is amplitude of flux through the
core section S, Bm(x,y,z) is flux density amplitude at coordinate
(x,y,z).

Finally, k1(S), k2(S), k11(x,y,z), and k22(x,y,z) can be calcu-
lated by

k1(S) = Um,open(S)/Usin,open (15)

TABLE I
PARAMETERS IN THE HOMOGENIZATION FE MODEL

k2(S) = Um,short(S)/Usin ,short (16)

k11(x, y, z) = lim
S→0

Um,open(S)/S

Usin,open
=
Bm,open(x, y, z)

ψmain,m
(17)

k22(x, y, z) = lim
S→0

Um,short(S)/S

Usin,short
=
Bm,short(x, y, z)

ψleak,m

(18)

where Um,open(S) and Um,short(S) are EMV amplitudes under
open-circuit and short-circuit conditions of the core section
S calculated by FE models, Bm,open(x,y,z) and Bm,short(x,y,z)
are flux density amplitude distributions under open-circuit and
short-circuit conditions calculated by FE models, Usin,open and
Usin,short are open-circuit and short-circuit excitation voltage
amplitudes,ψmain,m andψleak,m are main flux linkage and leak-
age flux linkage amplitudes under open-circuit and short-circuit
excitations. According to (10) and (11), by phasor method

ψmain,m = Usin,open/2πf (19)

ψleak,m = Usin,short/2πf. (20)

Since the conductivity and permeability of nanocrystalline
core are anisotropy, homogenization FE model [16], [17],
[18] is adopted to calculate the flux density distributions. The
nanocrystalline core is modeled with a solid continuum of
anisotropic conductivity and permeability instead of a fine lam-
inated structure. The nanocrystalline alloy used in this article
is Fe-based nanocrystalline alloy from Advanced Technology
and Materials Co., Ltd., in China. The specific composition
is Fe73.5Cu1Nb3Si15.5B7. The thickness of the ribbon is about
18 μm and the filling factor F is about 0.8. The parameters of the
homogenized nanocrystalline core model at 20 kHz are listed
in Table I, where μr, μd, and μn are equivalent permeability
in rolling direction, thick direction and normal direction of
the core, σr, σd, and σn are equivalent conductivity in rolling
direction, thick direction, and normal direction of the core, μm

is permeability of the ribbon, σm is conductivity of the ribbon.

B. Calculation Procedure With Proposed Method

The flux density distribution calculation procedure with the
proposed OCDEM is shown in Fig. 5 and described as follows.

Step 1: Decompose the load condition into open-circuit condi-
tion and short-circuit condition with the decomposition method
introduced in Section II-A and shown in Fig. 3.

Step 2: Calculate main flux linkage amplitude under open-
circuit voltage excitation by (19) and leakage flux linkage am-
plitude under short-circuit voltage excitation by (20).

Step 3: Establish a FE model for HFT, in which the nanocrys-
talline core is modeled by homogenization FE approach.

Step 4: Implement frequency-domain FE simulations under
open-circuit and short-circuit excitations to calculate the flux
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Fig. 5. Flux density distribution calculation procedure with proposed
OCDEM.

Fig. 6. Dimensions of the UU-shape core selected in this article.

density distributions in nanocrystalline core. Calculate the co-
efficients k11(x,y,z) and k22(x,y,z) by (17) and (18) with the
calculated flux density distributions.

Step 5: Calculate the practical flux density distribution in
nanocrystalline core by (9).

C. Discussion

The DAB converter with SPS modulation is merely taken as
a case of load condition to explain the proposed method. Flux
density distribution in nanocrystalline core of HFT operated in
other topology circuits or under other load conditions can also
be calculated with the proposed method.

As shown in (9)–(11) and Fig. 5, the flux density distribution
is calculated with k11(x,y,z), k22(x,y,z), uopen(t), and ushort(t).
The k11(x,y,z) and k22(x,y,z) are determined by HFT structure
and calculated by FE method. The uopen(t) and ushort(t) are
derived from primary and secondary voltage waveforms of HFT,
which are determined by the circuit topology and modulation
strategy. Therefore, to calculate the flux density distribution in
nanocrystalline core HFT under other topologies such as LLC or
PSFB, the first step is determination of primary and secondary
voltage waveforms of HFT uAB(t) and uCD(t) based on the
circuit topology. The second step is calculation of k11(x,y,z) and
k22(x,y,z) with the proposed FE method. After deriving uAB(t)
and uCD(t) and calculating k11(x,y,z) and k22(x,y,z), the flux
density distribution can be calculated by (9)–(11).

Fig. 7. Customized nanocrystalline core. (a) Overall schematic diagram.
(b) Dimensions of embedded wires.

Fig. 8. (a) HFT prototype with separated winding. (b) Customized nanocrys-
talline core with embedded measurement coils.

III. EXPERIMENTAL VERIFICATION

Since flux density cannot be measured directly, EMVs of core
sections will be measured to verify the accuracy of the proposed
method. In this section, a nanocrystalline core with embedded
enameled wires is customized. The EMVs of core cross sections
can be measured on the single-turn open-circuited coils tightly
wound around these cross sections. A SPS DAB experimental
platform is established to verify the accuracy of proposed flux
density calculation method.

A. Experimental Setup

A UU-shape nanocrystalline core is selected in this article.
The dimensions of the UU core is shown in Fig. 6. To measure
the EMV and investigate the practical flux density distribution,
several fine enameled wires are embedded inside the core in
production phase. Fig. 7(a) shows the overall schematic di-
agram of the customized nanocrystalline core. Coils 1–8 only
surround a thin surface layer of nanocrystalline ribbons and thus
measures the EMV of surface ribbons. Coils 9–11 surround the
whole cross-section of nanocrystalline core and thus measures
the EMV of the whole core cross-section. Fig. 7(b) shows the
detailed dimensions of the embedded wires. These 11 coils are
located at different positions of the core. The thickness of the
measured surface ribbon layer is 2.2 mm.

The HFT prototype tested in this article is shown in Fig. 8. The
windings are made by Litz wires. The primary and secondary
windings are parallel and wound on the left core leg with coils
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Fig. 9. DAB experimental platform for measurement of practical flux distri-
bution in HFT.

1/2 and 5–7. The turn ratio of primary and secondary winding
is 10:10. The leakage inductance is 19.4 μH measured by an
impedance analyzer.

A SPS DAB experimental platform is established as shown
in Fig. 9. The DAB converter is composed of a dc power
supply, two H-bridge modules, a DSP controller, and a HFT.
The dc power supply can output maximum voltage and current of
1000 V and 2 A. The MOSFETs used in the H-bridge modules are
IPW60R018CFD7 from Infineon. The switching frequency is
20 kHz. The DSP controller is TMS320F28335. Two differential
voltage probes are used to measure the primary and secondary
voltages of HFT. A current probe is used to measure the current
of HFT. A passive voltage probe is used to measure the voltage
of measurement coils.

B. Experimental Results

The waveforms of primary and secondary voltages, secondary
current and EMVs of the HFT with separated windings are
shown in Fig. 10. The primary and secondary voltages are square
wave and the amplitude of the square wave voltage is 100 V.
The phase shift angle between primary and secondary voltage
is 25°. This test condition is referred to as condition I in this
article. The peak current of secondary winding is about 20 A.
The waveforms of coils voltage or EMV are four-level stair
wave instead of square wave. In the nonphase-offset stage (stage
1) when the instantaneous values of primary and secondary
voltages are identical, the voltages of coils 1–8 are similar and
the voltages of coils 9–11 are similar. In addition, according to
Faraday’s electromagnetic induction law, u(t) = Ndφ(t)/dt,
the dφ(t)/dt in this stage is close to that under open-circuit
condition with the same square voltage excitation. In the phase-
offset stage (stage 2) when the instantaneous values of primary
and secondary voltages are opposite, the absolute values of
voltages of coils 1–9 are higher than that in stage 1, while the
absolute values of voltages of coils 10 and 11 are lower than
that in stage 1. It is revealed that flux or average flux density
varies at different positions of the core and the practical flux
density distribution is nonuniform. This flux density distribution
difference can be attributed to concentration of leakage flux on
the surface ribbons of nanocrystalline core.

Fig. 10. Waveforms of primary voltage Vpri, secondary voltage Vsec, sec-
ondary current Isec, and equivalent magnetization voltage or coil voltage Vcoil-i

of the HFT with separated windings for Condition I (Vpri =Vsec = 100 V, phase
shift angle ϕ = 25°).

C. Validation of Proposed Calculation Method

A small air gap exists in the split point of two U-shape
cores. Length of air gap can affect the main flux and leakage
flux distribution. To estimate the air gap length, magnetizing
inductance of the HFT is measured by an impedance analyzer.
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Fig. 11. (a) Main flux density distribution and (b) main flux density along
line a-b in nanocrystalline core for the HFT with separated windings under
open-circuit sinusoidal excitation with voltage amplitude of 100 V.

Fig. 12. (a) Leakage flux density distribution and (b) leakage flux density
along line a-b in nanocrystalline core for the HFT with separated windings
under short-circuit sinusoidal excitation with voltage amplitude of 1 V.

With (21) and (22), the length of air gap is about 0.07 mm

μ = μ0μr = Lm
l

N2d1d2
(21)

lnano

μnanoFd1d2
+

lair

μ0(d1 + lair)(d2 + lair)
=

l

μrd1d2
(22)

where N is number of turns, l is magnetic circuit length of
nanocrystalline core, d1 and d2 are length and width of core
section, lnano and lair are the magnetic circuit length of nanocrys-
talline ribbons and air gap, μnano is permeability of nanocrys-
talline ribbon.

Figs. 11 and 12 show the main flux density and leakage flux
density distribution in nanocrystalline core with 0.07 mm air
gap. Due to the fringing flux around the air gap, main flux
density in the surface ribbons is higher than interior ribbons.
Since equivalent permeability in laminated direction of the core
is low, leakage flux is mainly concentrated in surface ribbons.
The main flux density in the surface ribbon is about 2.3 times
of interior ribbons, while the leakage flux density in surface
ribbons is about 66 times of interior ribbons. Since the proportion
of leakage flux density in surface ribbons to interior ribbons is
much higher than main flux density, k2 is much higher than k1 in
(6) for the surface ribbons, which results in the four-level stair
waveforms for EMV of surface ribbons, as shown in Fig. 8 and
nonuniform flux density distribution in the core.

The comparisons of calculated and measured EMVs for con-
dition I (Vpri = Vsec = 100 V, phase shift angle ϕ = 25°) are

Fig. 13. Measured and calculated EMVs in HFT with separated windings of
(a) coil 1, (b) coil 2, (c) coil 4, (d) coil 6, (e) coil 7, (f) coil 8, (g) coil 10, and
(h) coil 11 for condition I (Vpri = Vsec = 100 V, phase shift angle ϕ = 25°).

shown in Fig. 13. The calculation results of EMV waveforms
coincide with measurement results.

Two error indicators are proposed to evaluate the accuracy
of proposed method. The first error indicator is flux density
amplitude calculation error (FDACE), which is defined as the
error between calculated and measured flux density amplitudes
and can be expressed as

eFDACE =
Bm,cal −Bm,mea

Bm,mea
(23)

where Bm,cal and Bm,mea are amplitudes of calculated and
measured flux density. Bm can be calculated as

Bm =
ϕm

Ssurface
=

1

4Ssurface

∫ T

0

|um(t)| dt (24)

where Ssurface is the cross-section area, T is the cycle, and um(t)
is the equivalent magnetization voltage.

The second error indicator is flux density waveform calcu-
lation error (FDWCE), which is defined as the error of areas
between calculated and measured flux density waveforms and
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Fig. 14. Schematic diagram of proposed two error indicators.

TABLE II
FLUX DENSITY CALCULATION ERRORS FOR THE HFT WITH SEPARATED

WINDINGS FOR CONDITION I (Vpri = Vsec = 100 V, ϕ = 25°)

can be expressed as

eFDWCE =
BScal −BSmea

BSmea
(25)

where BScal and BSmea are areas enclosed by calculated and
measured flux density waveforms and t-axis. BS can be calcu-
lated as

BS =
1

2

∫ T

0

|B(t)|dt (26)

where B(t) is flux density waveform.
The schematic diagram of proposed two error indicators is

shown in Fig. 14.
The FDACEs and FDWCEs for the HFT with separated

windings (Vpri = Vsec = 100 V, phase shift angle ϕ = 25°)
are listed in Table II. The errors are all below 10% and most of
the errors are below 5%.

To further validate the proposed methodology, two other
operation conditions are tested. In the first condition (Condition
II), the primary and secondary voltage waveforms are square
wave. The amplitudes of square voltage are 100 V and the phase
shift angle is 10°. In the second condition (Condition III), a
5 μH inductor is connected in series with the primary winding
of HFT. The primary voltage waveform of HFT is four-level stair
wave and the secondary voltage waveform is square wave. The
amplitudes of primary and secondary voltages are 100 V and
the phase shift angle is 25°. The waveforms of primary voltage,
secondary voltage, secondary current, and coil-1 voltage are
shown in Fig. 15. The comparisons of calculated and measured
EMVs are shown in Fig. 16. The FDACEs and FDWCEs for the
two test conditions are listed in Tables III and IV. The calculation
results of EMV waveforms coincide with measurement results.
The errors are all below 10% and most of the errors are below
5%. Therefore, the proposed method can accurately calculate
the practical flux density distribution.

Fig. 15. Waveforms of primary voltage Vpri, secondary voltage Vsec, sec-
ondary current Isec, and coil-1 voltage Vcoil-1 of the HFT with separated
windings. (a) Condition II: Vpri = Vsec = 100 V, ϕ = 10°. (b) Condition
III: Series inductance Ls = 5 μH, Vpri = Vsec = 100 V, ϕ = 25°.

Fig. 16. Measured and calculated EMVs of (a) coil 2, (b) coil 6, (c) coil 11
for condition II (Vpri = Vsec = 100 V, ϕ = 10°) and (d) coil 2, (e) coil 6,
(f) coil 11 for condition III (Series inductance Ls = 5 μH, Vpri = Vsec = 100 V,
ϕ = 25°).

TABLE III
FLUX DENSITY CALCULATION ERRORS FOR THE HFT WITH SEPARATED

WINDINGS FOR CONDITION II (Vpri = Vsec = 100 V, ϕ = 10°)
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TABLE IV
FLUX DENSITY CALCULATION ERRORS FOR THE HFT WITH SEPARATED

WINDINGS FOR CONDITION III (Ls = 5 μH, Vpri = Vsec = 100 V, ϕ = 25°)

Since surface ribbons saturation effect or nonlinear B-H char-
acteristic is not considered in the proposed method, the accuracy
of the proposed method may decrease for nanocrystalline core
HFT with high leakage inductance or large leakage flux. Future
research needs to focus on improved method for flux density
distribution calculation considering surface ribbons saturation
effect.

D. Comparison With Other Method

The most direct method for calculating flux density distri-
bution in nanocrystalline core of HFT under load condition is
time-domain FE simulation method (TD-FEM). The nanocrys-
talline core is modeled by homogenization method. The HFT
is excited by practical excitation voltages. The flux density
waveform in nanocrystalline core is calculated by time-domain
FE simulation. However, due to the fine meshes and high dV/dt
in rising/falling edges of square voltages, time-domain FE sim-
ulation requires long computation time, and high computation
cost.

Another method for calculating flux density distribution is
frequency-domain decomposition-based FE simulation method
(FDDE-FEM). The primary voltage up(t) is decomposed into
high-frequency harmonics up1(t), up3(t), … upn(t) and sec-
ondary voltage us(t) is decomposed into high-frequency har-
monics us1(t), us3(t), … usn(t), where up1(t), up3(t), … upn(t)
are the first, third and nth harmonics of primary voltage and
us1(t), us3(t), … usn(t) are the first, third and nth harmonics
of secondary voltage. Frequency-domain FE simulations are
conducted to calculate the flux density distributions under high-
frequency harmonic excitations up1(t) and us1(t), up3(t) and
us3(t), … upn(t) and usn(t). The practical flux density distribu-
tion can be calculated by summation of flux density distributions
under all high-frequency harmonic excitations.

These FE models are solved on a server computer (CPU:
Intel Xeon E5-2696 v4 at 2.20 GHz; Number of cores: 44;
RAM: 1 TB). The model contains 91 451 meshes and 257 412
elements. For TD-FEM, the total solution time is 50 μs and the
time step is 0.1 μs. For FDDE-FEM, flux densities under the
first 20 harmonic excitations are calculated by parameterized
scanning and summarized to obtain the practical flux density. For
the proposed method, two frequency-domain FE simulations are
conducted, one with open-circuit excitation and the other with

Fig. 17. Measured and calculated EMVs of (a) coil 1, (b) coil 4, (c) coil 6,
(d) coil 10 for condition I (Vpri = Vsec = 100 V, ϕ = 25°).

TABLE V
COMPARISON OF TD-FEM, FDDE-FEM AND PROPOSED OCDEM

short-circuit excitation. The practical flux density is calculated
by the method proposed in this article.

The comparisons of calculated and measured EMV wave-
forms are shown in Fig. 17. The calculated EMV waveforms
with all the TD-FEM, FDDE-FEM and proposed OCDEM
coincide with the measured waveforms. A further comparison
of TD-FEM, FDDE-FEM and the proposed OCDEM is shown
in Table V. The calculation errors of all these methods are
within 8%. However, with TD-FEM, the computation time is
3 h 5 min 9 s and the size of solved model file is 20.4 GB. With
FDDE-FEM, the computation time is 3 h 12 min 48 s and the size
of solved model file is 2.48 GB. With the proposed OCDEM,
the computation time is only 9 min 39 s + 9 min 24 s and the
size of solved model file is 454 MB. Both the computation
time and size of solved model file with the proposed method
are greatly reduced compared with TD-FEM and FDDE-FEM.
In addition, with TD-FEM and FDDE-FEM, the model should
be recalculated when load condition is changed. However, with
the proposed method, only two FE simulations, one with open-
circuit excitation and the other with short-circuit excitation, are
demanded for flux density calculation under all load conditions.
The flux density distribution coefficients are calculated by these
two FE simulations and flux density calculation under any load
condition can be calculated with the proposed method.
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Fig. 18. Flux density amplitude distribution in nanocrystalline core of HFT
with separated windings in DAB converter under condition I (Vpri = Vsec =
100 V, ϕ = 25°).

IV. CHARACTERIZATION OF PRACTICAL FLUX DENSITY

DISTRIBUTION

The practical flux density distribution in nanocrystalline core
of HFT is nonuniform. In this section, taking DAB converter with
SPS modulation as an example, the characteristics of flux density
distribution in nanocrystalline core of HFT are investigated.

A. Flux Density Distribution At Different Positions

For DAB converter with SPS modulation, applying (7), the
flux density amplitude in different position of the core can be
expressed as

Bm(x, y, z)

=
1

4

∫ T

0

∣∣∣∣dB(x, y, z, t)

dt

∣∣∣∣ · dt

=
1

4

∫ T

0

∣∣∣∣k11(x, y, z)dψopen(t)

dt
+ k22(x, y, z)

dψshort(t)

dt

∣∣∣∣ · dt

=
1

4

[|k11(x, y, z)Uopen ± k22(x, y, z)Ushort|DT
+ |k11(x, y, z)Uopen| (1−D)T

]
(27)

where D is the phase shift ratio, T is the period, Uopen is
open-circuit voltage amplitude, i.e., amplitude of uAB (t), Ushort

is short-circuit voltage amplitude, i.e., amplitude of uAB (t)-uCD

(t), uAB (t), and uCD (t) are waveforms of primary and secondary
voltages of HFT, the addition or subtraction “±” depends on
the directions of main flux and leakage flux. Applying (27),
flux density amplitude distribution in nanocrystalline core is
shown in Fig. 18. The flux density is concentrated in surface
ribbons of nanocrystalline core near winding ends. The maxi-
mum surface flux density amplitude is about 1.8 T, exceeding
the saturation flux density of nanocrystalline ribbon, which is
typically 1.25 T for Fe-based nanocrystalline alloy composed
of Fe73.5Cu1Nb3Si15.5B7. The surface ribbon saturation is not
considered in this methodology due to its nonlinear charac-
teristic and complex computation. Taking position 1 shown
in Fig. 7(b), as an example, the EMV waveforms of the nth
0.02 mm-thickness ribbons in inner surface of the core are shown
in Fig. 19(a). The voltage amplitudes of surface ribbons in the
phase-offset stage (stage 2) is higher than interior ribbons. In
addition, the voltage amplitude in the phase-offset stage (stage 2)
is higher for the ribbon closer to the surface.

As shown in Fig. 19(b), average flux density amplitude de-
creases with the number of surface ribbon layer. The highest flux

Fig. 19. (a) EMV waveforms of the nth 0.02 mm thick ribbons in the inner
surface of the core and (b) variation of average flux density amplitude with the
number of surface layer.

Fig. 20. Dimensions of 5 positions and path OAO’ in upper part of the core.

Fig. 21. (a) EMV waveforms at 5 different positions in the inner surface of
the core. (b) Variation of average flux density amplitude along the path OAO’.

density amplitude is 0.86 T in the first layer of surface ribbon.
In addition, average flux density amplitude in the surface 1 mm-
thickness ribbons (about 50 layers) is 0.29 T. However, average
flux density amplitude in the interior ribbon is about 0.12 T.
The surface flux density will be significantly underestimated
without considering the nonuniform distribution characteristics
of practical flux density.

Taking 0.2 mm-thickness cross-sections in inner surface of
the core, as an example, Fig. 21(a) shows the EMV waveforms
at 5 different positions, as shown in Fig. 20. Since the physical
structure of the HFT prototype is symmetrical, only upper part of
the core is analyzed. EMV amplitude of P1’ is the highest and
EMV amplitude of P5’ is the lowest in the phase-offset stage
(stage 2). Fig. 21(b) shows the variation of average flux density
amplitude along path OAO’. Average flux density amplitude
first increases and then decreases along OAO’. In addition,
average flux density amplitude near winding end is the highest.
Since average flux density amplitude in the interior ribbon is
0.12 T, surface flux density will be significantly underestimated
without considering the nonuniform distribution characteristics
of practical flux density.
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Fig. 22. Variation of average flux density amplitude with. (a) Number of
surface ribbon layer. (b) Permeability.

Fig. 23. Photograph of (a) HFT prototype with concentric windings and (b)
HFT prototype with interleaved windings.

B. Impact of Permeability on Flux Density Distribution

Temperature and frequency can significantly change the per-
meability of nanocrystalline ribbon, thereby change the practical
flux density distribution in the core. Taking position 1 shown in
Fig. 7(b), as an example, Fig. 22(a) and (b) shows the variation
of average flux density amplitude with the number of surface
ribbon layer and permeability. As shown in Fig. 22(a), average
flux density amplitude decreases with the number of surface
ribbon layer. As shown in Fig. 22(b), average flux density
amplitude in the first and fifth surface ribbon layers increases
with permeability and average flux density amplitude in the 15th,
25th, and 50th surface ribbon layers decreases with permeability.
When permeability increases from 10 000 to 40 000, average flux
density amplitude in the first surface ribbon layer is increased
by 0.73 times. The reason is that the leakage flux penetrating
internal ribbons decreases with permeability. Surface leakage
flux density increases with permeability and interior leakage
flux density decreases with permeability.

C. Comparison of Flux Density Distribution Between
Different Winding Structures

Since leakage flux density distribution in surface ribbons of
nanocrystalline core is sensitive to winding and core structures,
practical flux density distribution in nanocrystalline core is also
dependent on transformer structures. Two other HFTs with dif-
ferent winding structures are prototyped, as shown in Fig. 23(a)
and (b). The first HFT prototype shown in Fig. 23(a) is made with
concentric windings. The turns of both primary and secondary
windings are 9. The leakage inductance is 5.9 μH measured

Fig. 24. Flux density amplitude distribution in (a) nanocrystalline core of HFT
with concentric windings in DAB converter (Vpri = Vsec = 100 V, ϕ = 10°)
and (b) nanocrystalline core of HFT with interleaved windings in DAB converter
(Vpri = Vsec = 100 V, Ls = 10 μH, ϕ = 10°).

Fig. 25. Comparison of average flux density amplitudes along path OAO’ for
the three HFT prototypes.

by an impedance analyzer. The second HFT prototype shown
in Fig. 23(b) is made with interleaved windings. The turns of
both primary and secondary windings are also 9. The leakage
inductance is 0.9 μH measured by an impedance analyzer.

Applying the proposed flux density distribution calcula-
tion method and (27), flux density amplitude distributions in
nanocrystalline core of HFT with concentric windings and in-
terleaved windings are shown in Fig. 24(a) and (b), respectively.
For both HFT prototypes, the flux densities are concentrated in
surface ribbons of the core surrounded by the windings. The
flux density amplitudes in interior ribbons are about 0.14 T. For
the HFT with concentric windings, the maximum flux density
amplitude in surface ribbons is about 0.75 T. For the HFT with
interleaved windings, the maximum flux density amplitude in
surface ribbons is about 0.3 T. Taking the 0.2 mm-thickness
cross-sections in the inner surface of the core, as shown in
Fig. 20, as an example, the comparison of average flux density
amplitudes along path OAO’ for the three HFT prototypes is
shown in Fig. 25. The average flux density amplitude in surface
ribbons for the HFT with separated windings is the highest,
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TABLE VI
THERMAL TEST CONDITIONS FOR THE HFTS WITH SEPARATED WINDINGS

while that for the HFT with interleaved windings is the lowest.
The reason is that the HFT with separated windings has the
highest leakage flux or leakage inductance, while the HFT with
interleaved windings has the lowest leakage flux or leakage
inductance. Since the leakage flux density in surface ribbons
of the core is determined by the leakage flux of HFT, the HFT
with separated windings has the highest surface leakage flux
density, while the HFT with interleaved windings has the lowest
surface leakage flux density.

V. DISCUSSION

The practical nonuniform flux density distribution in
nanocrystalline core can have significant impact on core loss.
First, since leakage flux is mainly concentrated in the surface of
the core, by magnetic flux superposition principle, the practical
flux density amplitude in surface ribbons is higher than interior
ribbons. Thus, the magnetic loss in surface ribbons is higher than
internal ribbons. Second, normal leakage flux in the surface of
the core can induce eddy currents in surface ribbons, bringing
significant leakage flux eddy current loss. Therefore, the power
loss of surface ribbons can be significantly higher than interior
ribbons, increasing the total power loss of nanocrystalline core
under load condition. Traditional core loss calculation methods
for open-circuit excitations will underestimate the core loss. To
illustrate the differences in core losses between open-circuit
condition and practical load condition, temperature tests by
infrared camera and calorimetric measurements of nanocrys-
talline core losses are conducted in this section. The infrared
thermal tests can provide overall temperature distributions in
the core, which is correlated to core loss density distributions,
and the calorimetric measurements can provide precise values
and comparisons of core losses under open-circuit and load
conditions.

A. HFT Temperature Tests By Infrared Camera

Two thermal test conditions for the HFT prototypes with
separated windings are selected in this article, including open-
circuit conditions and load conditions, as listed in Table VI. The
selected load condition is a DAB converter with SPS modulation.
The cooling conditions are natural cooling. For comparison, a
ferrite core HFT with the same core and winding structures
is also made and tested. The surfaces of the HFTs are coated
with a high-emissivity coating with an emissivity of 0.94. An
infrared camera is used to measure the steady-state temperature
distributions of HFTs.

As shown in Fig. 26(a) and (b), for the nanocrystalline core
HFT, temperature difference between inner and outer sides of
the core is −3 °C to −2 °C under open-circuit condition and
5 °C to 10 °C under load condition. In addition, core temperature

Fig. 26. Temperature distributions of (a) nanocrystalline core HFT under
open-circuit condition, (b) nanocrystalline core HFT under load condition,
(c) ferrite core HFT under open-circuit condition, and (d) ferrite core HFT under
load condition.

under load condition is more than 10 °C higher than open-circuit
condition. As shown in Fig. 26(c) and (d), for the ferrite core
HFT, temperature differences between inner and outer sides of
the core are below 2 °C under open-circuit and load conditions.

There are two aspects to prove that the observed tempera-
ture differences between open-circuit and load conditions for
nanocrystalline core HFT are a consequence of additional core
loss caused by nonuniform leakage flux density distribution
instead of winding loss. First, the winding loss is small com-
pared with core loss. As measured by calorimetric method to
be discussed in Section V-B, for the nanocrystalline core HFT,
the open-circuit core loss, loaded core loss and winding loss
are estimated to be 4.77 W, 13.66 W, and 3.09 W, respectively.
The core loss caused by nonuniform flux density distribution
is about 8.89 W. The winding losses are small and the thermal
resistances between core and windings are large. Therefore, the
impact of winding loss on core temperature is small. Second,
as shown in Fig. 26(c) and (d), for ferrite core HFT, the tem-
perature differences of the ferrite cores between inner and outer
sides and between open-circuit and load conditions are small.
The comparison of temperature distributions between nanocrys-
talline core and ferrite core HFTs indicates that the winding loss
under load condition will not result in significant temperature
nonuniformity between inner and outer sides of the core and
significant temperature rise under load condition. Therefore,
the nonuniform temperature distribution and temperature rise
in nanocrystalline core should be attributed to the additional
core loss under load condition.

B. Calorimetric Measurement of Core Loss

Since HFT power loss under load condition cannot be ac-
curately measured by electrical method, calorimetric method
is adopted for HFT power loss measurement. For loaded core
loss measurement, the primary and secondary windings of HFT
are excited by square voltages with a phase shift angle. The
HFT total power loss Pt is measured with calorimetric method
and winding loss Pw is calculated by summation of winding
losses under all harmonic current excitations with superposition
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Fig. 27. (a) Schematic diagram. (b) Experimental setup of calorimeter.

TABLE VII
CORE LOSS MEASUREMENT RESULTS FOR THE HFT WITH SEPARATED

WINDINGS

method. Core loss Pc can be calculated by (28). For open-circuit
core loss measurement, the secondary winding of HFT is open-
circuited and primary winding is excited by square voltage. The
total HFT power loss Pt and primary winding loss Pw can
also be measured with calorimetric method and calculated by
superposition method. Core loss Pc can also be calculated by

Pc = Pt − Pw. (28)

A calorimeter, as shown in Fig. 27, is designed for HFT power
loss measurement. The working principle of the calorimeter,
measurement procedures of HFT total power loss Pt with calori-
metric method, and calculation method of winding loss Pw are
described in detail in our previous paper [24].

After calculating the loaded core loss by (28), the leakage flux
induced power loss Pleak can be calculated by

Pleak = Pload − Pmain (29)

where Pload is core loss under load condition and Pmain is main
flux induced core loss under open-circuit condition.

The measured Pload, Pmain, and Pleak for the two HFT
prototypes at different square voltage amplitudes Um or main
flux density amplitudes Bm, phase shift angles ϕ, and primary
side series inductance Ls are listed in Tables VII and VIII. The
operating frequencies of HFTs in the experimental tests are
20 kHz. For the HFT with separated windings, the proportions
of Pleak in Pload can reach 50%–65%, while for the HFT with
concentric windings, the proportions of Pleak in Pload can reach
10%–25%. The leakage flux induced power loss is a significant
component in the total core loss of nanocrystalline core HFT
under load condition. In addition, leakage flux induced power
loss for the HFT with separated windings is higher than the

TABLE VIII
CORE LOSS MEASUREMENT RESULTS FOR THE HFT WITH CONCENTRIC

WINDINGS

HFT with concentric windings. The reason is that the HFT with
separated windings has higher leakage flux than the HFT with
concentric windings.

VI. CONCLUSION

This article proposes an accurate and efficient calculation
method of practical flux density distribution in nanocrystalline
core of HFT under load condition and further investigates the
flux density distribution characteristics. The main conclusions
are listed as follows.

1) An efficient flux density distribution calculation method
for nanocrystalline core of HFT under load condition is
proposed. The flux density calculation errors with the pro-
posed OCDEM are all within 10%, and most of the errors
are within 5%. Compared with TD-FEM and FDDE-FEM,
the proposed OCDEM greatly reduces the computation
time and achieves high calculation accuracy.

2) In DAB converter with SPS modulation, flux variation
rate dφ(t)/dt of surface ribbons in nanocrystalline core are
four-level stair wave instead of square wave. The practical
flux density distribution in nanocrystalline core of HFT
under load condition is nonuniform and different from
open-circuit condition.

3) The practical flux density distribution in nanocrystalline
core varies with positions, permeability, and transformer
structure. Flux density amplitudes in surface ribbons are
higher than interior ribbons and flux density amplitude in
surface ribbons around winding end is higher than other
positions. In addition, flux density amplitude in surface
ribbons increases with permeability and that in interior
ribbons decreases with permeability. Furthermore, flux
density amplitudes for the HFT with separated windings
are higher than the HFT with concentric windings.

4) Compared with open-circuit condition, the nonuniform
flux density distribution in nanocrystalline core of HFT
under load condition increases core loss and temperature.
The nonuniform flux density distribution should be taken
into considerations for accurate core loss estimation.

The practical nonuniform flux density distribution can in-
crease nanocrystalline core loss [24]. An accurate understanding
of the nonuniform flux density distribution is the foundation
of accurate core loss estimation. The proposed OCDEM and
flux density distribution characteristics can guide the power
loss optimization and thermal design of nanocrystalline core
HFT.
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