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The integration of soft magnetic tapes enables the miniaturization, high-efficiency, and high-frequency operation
of high-frequency transformers (HFTs), thereby meeting the demands of modern electrical applications.
However, the core cutting process can cause localized damage to the tape along the cross-sectional area,
resulting in a decrease in magnetic permeability and an increase in core losses near the edges. Consequently, the
presence of core cutting introduces numerous unavoidable uncertainties, such as parameter variations, that can
affect the performance of HFTs. In response to these challenges, this paper presents a robust optimization
design method for HFTs. This method incorporates the manufacturing errors introduced during the core
cutting process into the transformer design optimization. This approach accurately predicts the optimization
objective uncertainty due to edge degradation, thereby enhancing the reliability of HFTs.
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1. Introduction

Solid-state transformers (SSTs) play a pivotal role in
grid regulation, enhancement of power quality, and
integration of renewable energy sources. Compared to
conventional low-frequency transformers (LFTs), HFTs
offer the potential for miniaturization and increased
efficiency due to their lighter weight, more compact size,
and higher power density [1-3].

Optimized design of HFTs is a necessary step in order
to obtain the best performance. Elements typically
involved in the optimal design of HFTs are factors such
as efficiency, power density, leakage inductance, and
temperature, among others. These objectives often exhibit
interdependencies and trade-offs, necessitating a holistic
approach that accounts for their collective impact [4, 5].
In order to achieve the optimization of HFTs, a novel
matrix core structure without increasing the volume is
proposed in [2] to improve the thermal performance of
the transformer, and efficiency, power density and leakage
inductance deviation are used as optimization targets to
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fabricate a 50 kVA/20 kHz transformer, which now
achieves an efficiency of up to 99.76% and a power
density of 24 kW/L. In [6], a 166 kW/20 kHz water-
cooled nanocrystalline transformer prototype was designed
with the goal of maximizing power density and efficiency
by introducing a gap to improve losses and thermal
behaviour while meeting material constraints and external
size limitations, achieving 99.4% efficiency and 44 kW/L
power density. An optimal design method based on flux
density optimization, aiming to minimize total losses and
meet design constraints, was proposed in [7] to design
and fabricate a 35 kW/1 kHz silicon steel core medium-
frequency transformer (MFT) prototype. However, the
above multi-objective design method for transformers is a
deterministic optimization method that does not take into
account the uncertainty of manufacturing.

During the manufacturing process of transformer cores,
cutting operations introduce plastic deformation and
residual stresses, which degrade the magnetic properties
of the material near the cut edges and increase losses near
the cut surfaces. By establishing a continuous material
model, the relationship between local permeability and
the distance from the cut edge can be described [8, 9].
Assuming that the mechanical stresses caused by the
stamping process decay exponentially from the stamped
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edge, the impact of degradation on the B-H characteristics
is evaluated from the perspective of mechanical stress.
Based on this, the influence of local magnetic field
degradation is considered in topological optimization
[10]. It is evident that when cores enter mass production,
edge degradation caused by cutting can lead to a decline
in transformer performances. In [11], the cutting degradation
of electrical steel plates is simulated by recalculating the
quadrature weights and coordinates, and is applied in
actual transformers. Attention has been drawn to how to
design and optimize transformers to resist the uncertainty
of degraded areas.

To account for the uncertain effects of material and
manufacturing errors, robust optimization design methods
can be employed to enhance the reliability of machine
designs. This method optimizes the machine performance
with both the mean and standard deviation of the
machine's performance as the design objective, which
improves the level of reliability and quality [12, 13]. In
[14], an uncertainty characterization method is proposed
based on Kriging model, but the uncertainty characteri-
zation results are based on a small number of prototypes,
which increases the complexity of optimization. In [15],
an improved Kriging model with managed uncertainty is
proposed to obtain optimal solutions that satisfy different
design constraints.

However, in the current core edge degradation research
process, the comprehensive consideration of loss, leakage
inductance, and other properties is lacking, and the
uncertainty caused by cutting is not applied to the
optimization design process of the transformer. For this
reason, this paper proposes a robust optimization method
for HFTs that considers core cutting. To better elaborate
on the optimization method, the U-core shell-type
transformer is used as an example for the optimization
design. In Section 2, the electromagnetic field of HFT is
analyzed and the effect of edge degradation on parameters
such as loss and leakage inductance is investigated. In
Section 3, a detailed robust optimization design strategy
is given, which describes in detail how to consider the
uncertainty and the robust optimization process. The
determination of design variables and optimization
objectives, the construction of surrogate models, and the
performance evaluation of the optimization results are
then presented to demonstrate the effectiveness and
accuracy of robust optimization. In Section 4, the HFT
prototype is manufactured based on the optimization
results for no-load experiments, AC resistance and leakage
inductance measurements, and temperature rise mea-
surements to further validate the proposed strategy.
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2. Core Cutting Edge Degradation Effect
on Electromagnetic Characteristics

Considering the effect of edge degradation caused by
core cutting on the electromagnetic characteristics of
HFTs plays an important role in improving the performance
and reliability of transformers. By studying the effect of
edge degradation in depth, a scientific basis for the design
and optimization of HFTs can be provided. Consequently,
this paper incorporates edge degradation analysis into the
design framework and systematically analyzes core loss,
AC copper loss and leakage inductance.

2.1. Core Loss Analysis

Core loss is an important part of the total loss of a HFT,
and the center cut of the core leads to edge degradation,
which affects the core loss. Cut cores exhibit higher core
losses compared to uncut cores [16]. The schematic
diagram of core loss density as affected by cutting is
shown in Fig. 1.

When the input is a non-sinusoidal waveform, the
estimation of the iron loss density is usually performed
using the modified generalised Steinmetz equation IGSE
[17] in order to improve the computational accuracy.
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where K, a, and f are the Steinmetz coefficients, AB is
the peak-to-peak value of the flux density waveform
during one magnetization cycle, and dB(t)/dz is the rate of
change of flux density.

In order to reduce the extra cost due to the complex
integration function, a square wave with variable duty
cycle for HFTs is proposed in [5], and the IGSE can be
simplified as:

Degraded area
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Loss Density

U-shape core Post-cutting

Fig. 1. (Color online) Schematic diagram of core loss density.
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Fig. 2. (Color online) Measurement platform for magnetic ring
loss data.

Table 1. Empirical coefficients for IGSE.
o B K

Magnetic core 1.2759 1.6707 1.5536x10°
Cutting magnetic core  1.3185 1.6477 1.0879x1073
—na+h B - 3
P =27k f*BSD"“ ®)

where f'is the frequency,
D is the duty cycle.

In this paper, a measurement platform for the loss data
of magnetic rings is constructed, and measurements are
made for both cutting and non-cutting magnetic rings, as
shown in Fig. 2. The empirical coefficients of the IGSE
are fitted to the loss data of the two types of rings under
sinusoidal excitation as shown in Table 1, which shows
that the edge degradation and air gap generated by the
cutting of the rings lead to the change of the fitted value
of the empirical equations. The loss data of the amorphous
ring at different frequencies are shown in Fig. 3(a), and
the hysteresis line at the magnetization frequency and
peak flux density B,, of 10 kHz and 0.4 T, respectively,
are shown in Fig. 3(b), and the loss density of the
amorphous alloy core is changed from 43.51 W/kg to
46.38 W/kg. Cutting magnetic ring increases the loss
density by 6.60% compared to the magnetic ring.

B, is the peak flux density, and
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Fig. 3. (Color online) Magnetic ring loss data. (a) Loss data
for amorphous magnetic rings at different frequencies; (b)
Hysteresis curve.
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Therefore, the consideration of the edge degradation of
the HFT is of great importance in the optimization of the
design.

2.2. AC Copper Loss Analysis

Accurate calculation of AC copper losses is crucial for
the design and performance optimization of HFTs. The
calculation of AC copper losses is based on Dowell's one-
dimensional electromagnetic field theory [18], which
takes into account the skin effect and proximity effect of
alternating current in the conductor to rapidly and accurately
calculate the AC copper losses under high-frequency
conditions.

Under non-sinusoidal excitation, the high-frequency AC
copper losses can be expressed as [19]:
N
=2F, R I 4)

wmdm;, dc” rms,n

where F,, denotes the AC resistance coefficient of the
winding, 1,,, represents the root mean square (RMS)
value of the n-th harmonic current, and R, is the direct
current (DC) resistance of the winding.

HFTs often employ round Litz wire windings to reduce
AC copper losses. The equivalent calculation process of
the Litz wire winding, through step-by-step area equivalence,
is illustrated in the Fig. 4. To ensure that the conductor
generates an equivalent magnetic field strength before and
after the equivalence, a porosity factor is introduced to
correct the electrical conductivity of the conductor [20,
21]. The correction factor is given by the equation:

c,=0,1
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where N is the number of individual fine wires contained
in each Litz wire bundle, D; is the outer diameter of the
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Fig. 4. (Color online) The equivalent process of Litz wire
winding.
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Litz wire bundle, d is the diameter of the individual fine
wire, d; is the distance between Litz wire bundles, 4, is
the height of the equivalent copper foil winding, and 4. is
the height of the core window.

The AC resistance coefficient of the winding is:

F =& + 2N, =D& ©)

where m represents the number of winding layers, A is the
winding penetration factor, &;?&, are the skin effect
correction factor and proximity effect correction factor of
the winding, respectively.
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where 0, is the skin depth and the expression:
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Equations (4) to (9) accurately characterize the skin
effect and proximity effect of the Litz wire, and are
applicable for calculating the AC copper losses of HFTs
with a layered winding structure using circular Litz wire
as the conductor. In actual selection, to effectively control
high-frequency losses, d./d,, needs to be controlled within
a reasonable range. To investigate the effect of skin depth
on AC copper losses, the F, was calculated under different
d,/o,, conditions, with the m varying from 1 to 3. The
curve of F, versus d,/d, is shown in Fig. 5. As can be
seen from Fig. 5, the higher the number of layers, the
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Fig. 5. (Color online) F, variation relationship with d/d,.
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more significant the high-frequency effect of the winding.
As dj/o,, increases, the skin effect and proximity effect in
the winding become increasingly significant, resulting in
an increasingly larger F,. value.

When the core is cutting from the center resulting in
edge degradation, the symmetry of its magnetic circuit
structure will be destroyed, which leads to significant
changes in the leakage field and current density and
affects the AC copper losses. To verify the effect of
cutting on AC copper losses, an air gap of 25 um is set
along the symmetrical region in the middle of the cut
core, and degradation regions with a degradation depth of
0.1 mm are set along both sides of the air gap in the
middle. Taking the transformer structure in Fig. 6(a) as an
example, the computed AC resistance coefficients are
shown in Fig. 6(b). The F, of amorphous cutting core and
amorphous core roughly increase with increasing fre-
quency. At 200 kHz, the F, of the amorphous cutting core
is 1.11 times that of the amorphous core, demonstrating
the pronounced impact of edge degradation.

To further verify the effect of cutting on the core AC
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Fig. 6. (Color online) Transformer structure and AC resistance
coefficient. (a) Transformer 2D structure; (b) AC resistance
coefficients.
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Fig. 7. (Color online) Cloud plot of leakage field strength.
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copper losses, Fig. 7 gives the electromagnetic field
characteristics inside the window of an HFT core with
edge degradation effect under a 1A current excitation at
10 kHz and shows that the magnetic field near the cutting
edge is significantly distorted due to permeability de-
gradation. Simulation studies show that cutting the air gap
and the degraded region leads to a significant increase in
the local magnetic field strength, and the inhomogeneous
distribution of the leakage field generates high-frequency
eddy currents in the windings, which in turn cause addi-
tional losses.

2.3. Leakage inductance

In HFTs, due to the incomplete coupling of the primary
and secondary winding fluxes, there will be some leakage
flux present, which leads to the formation of leakage
inductance [22]. For the calculation of leakage inductance,
the effect of core material on leakage inductance is
considered by magnetic-image method in [23, 24], and
the leakage inductance is obtained by finite element
electromagnetic field analysis for a given transformer
geometry in [25]. The leakage inductance of the trans-
former can be calculated by combining the relationship
between leakage energy and leakage inductance, as shown
in equation (10).

b ] 2
W o=—L1 _EijHdV (10)

o =5 Folms
where H is the magnetic field strength in the desired
range, u is the magnetic permeability in the desired range,
and V is the volume of the desired range.

Taking the transformer structure shown in Fig. 6(a) as
an example, different degradation depths ranging from 0
mm to 1 mm are applied at various frequencies. The
leakage inductance is calculated using finite element
analysis (FEA), and the results are presented in Fig. 8. It
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Fig. 8. (Color online) Variation of leakage inductance for
different frequencies and degradation depths.
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can be observed that the leakage inductance decreases
with increasing degradation depth. For example, when the
frequency is 10 kHz and the degradation depth is 1mm,
the leakage inductance decreases by 3.0%, so it is
necessary to consider the influence of edge degradation
on the optimal design of HFT.

3. Optimizing Strategy Considering Edge
Degradation Effect

U-core cut cross section shown in Fig. 9, along the core
cut cross section will cause edge degradation, assuming
that the degradation region of the U-core shell-type
transformer is divided into four parts as shown in Fig.
10(a), the depth of the four regions, D; (i = 1, 2, 3 and 4)
follow a normal distribution shown in equation (11), and
Fig. 10(b) shows the relationship between the sigma
grade and the normal distribution. According to the three-
sigma principle, the edge degradation of the transformer
rate will fall within an acceptable rang with within £3
standard deviations of the mean value.

D ~ N(O.l,(;—o)zj (i=1,2,3,4) (11

According to probability theory, the probability density
function of the deterioration region of the HFT can be
expressed by the following equation.
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Fig. 10. (Color online) HFT considering edge degradation. (a)
The four parts of edge degradation; (b) Relationship between
sigma grade and standard normal distribution.
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where 1 and o are the mathematical expectation and
standard deviation.

To consider the uncertainty of the core cutting process
during optimization, Fig. 11 shows the flowchart of the
robust optimization design strategy. Firstly, a sensitivity
analysis is performed according to the basic performance
index of the transformer to determine the key parameters
affecting its performance and determine the range of
values for these parameters for the design of experiments
(DOE). Next, the Optimized Latin Hypercube Method
(OLHS) is used to sample different sizes of the trans-
former experimentally. To account for uncertainty introduced
by the machining process, a normal distribution is
introduced to simulate edge degradation of the core.
Various edge degradation situations that may occur during
production are simulated for a specific combination of
structural parameters. The Kriging model is developed by
FEA simulation of the HFTs model for calculating the
mean and standard deviation of transformer losses,
relative error of leakage inductance and volume size. This
model is then used to construct the robust optimization
objective. The response surface model (RSM) is constructed
based on the experimental data and is used to predict
transformer performances under different parameter
combinations. Then, the Pareto front is obtained using the
Non-dominated Sorting Genetic Algorithm-IT (NSGA-II).

Determine the design requirements for HFT

v

Optimization Variables: Aes Wen Niv Nav dis dips digo
Optimization Objectives : W(Pps)~ 6 (Pps)~ V
W( | LeLeonst/ Leons))~ (| LeLeonst | /Leonst)

Optimized
Preprocessing

Determine the range of design variables for DOE

— R

DOE samples based on the OLHS
v
Edge degradation simulation of specific structural parameters
based on HF T with normal distribution
Robust #
multi-objective The degraded Kriging model was modeled based on FEA and
the mean, standard deviation, and volume were calculated

v

Establishment of the RSM

v

Optimization calculations using NSGA-II

——— R—

Obtaining optimization results for transformer prototyping
Optimized ¢
postprocessing

optimization

HET prototype testing and validation compared to FEA
results

Fig. 11. (Color online) Optimization flowchart of HFT.
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Fig. 12. (Color online) Parameter model of the HFT. (a) Front
view of the HFT; (b) Side view of the HFT.

Table 2. HFT design requirements.

Parameter Symbol Value
Power P 10 kVA
Operation frequency f 10 kHz
Voltage Vs 400/400 V
Ratio n 1

Finally, a transformer prototype is manufactured based on
the optimization results, which are verified by simulation
analysis and experimental tests.

During the optimization process of the HFT design, the
structural dimensions of the transformer are parameterised
based on the preliminary calculation parameters outlined
in Table 2. The established structural design scheme for
the HFT is presented in Fig. 12.

Due to the large number of design parameters, this can
increase computational costs and reduce computational
efficiency. Therefore, this paper employs sensitivity
analysis to identify decision variables that significantly
impact the design outcome. This approach allows for a
comprehensive assessment of the impact of each variable
on the optimization objectives, selecting structural factors
with higher sensitivity as optimization variables. This
paper ultimately selects the following design variables:
the core cross section side length A4.; the width W, of the
core tape; the number of turns per layer in the primary
winding N, (equal to that in the secondary winding N,);
the primary winding wire diameter d;; (equal to the
secondary winding wire diameter dj); and the insulation
spacing d;;, between the primary and secondary windings.

After obtaining the initial design requirements, it is
necessary to further determine the objective functions and
constraints to construct a surrogate model. In the design
process of HFTs, reducing losses and volume are key
objectives, while leakage inductance must also meet the
operational requirements of HFTs. Therefore the optimi-
zation objective selected in this paper is set as:
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min P/o.vx = [zore + Rvindings
) . Ly = Lo
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In Dual Active Bridge (DAB) converter, the leakage
inductance is used to realize energy transfer and soft
switching the leakage inductance needs to meet the power
transfer demand, in this paper, the HFT leakage inductance
setting value is L.,y At the same time, to ensure that the
DAB converter can achieve zero-voltage switching, the
leakage inductance should be greater than the minimum
leakage inductance value L,-,,;, required for isolation. To
avoid core saturation, the maximum magnetic flux density
B,, should be less than the saturation magnetic flux
density By, of the material. Additionally, in this paper,
certain safety margins are introduced to avoid the risk of
damage due to magnetic saturation and to cope with the
effects of temperature variations. Thus, the inequality
constraints selected for this paper are set as follows:

X Sx<Xx,
stoyL =L . (14)
Bmg(l_k )*BS(ZI

saf

where x; is the lower limit of the decision variable, x, is
the upper limit of the decision variable, ki, is the safety
margin, and the safety margin of 25% is selected in this
paper.

To ensure that the voltage ratio is strictly 1:1 and to
avoid voltage deviation or magnetic flux imbalance
caused by differences in the number of turns, the number
of turns in the primary and secondary windings is equal.
In addition, electromagnetic symmetry is improved by
making the outer diameters of the primary and secondary
windings equal. Therefore, the equation constraints in this
paper are as follows:

N =N
sﬁ{p ) (15)
d, =d,

In order to consider the uncertainty factors in the core
cutting process, the traditional deterministic optimization
model is transformed into a robust optimization model,
assuming that the deterioration depth caused by core
cutting all obey normal distribution, so the optimization
objectives and constraints of the robust optimization
model are as follows:
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The reduction of the computational burden can be
achieved through the construction of a surrogate model.
Initially, the sampling of different sizes of the structure of
the HFT was accomplished through OLHS, and then the
distribution of the edge degradation was simulated based
on the normal distribution, and the computation of the
transformer optimization objective function was accom-
plished through the Kriging model. Then the RSM is built
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Fig. 13. (Color online) Validation results of RSM. (a) 1(Pyss);
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Fig. 14. (Color online) Distribution of the five optimization variables. (a) Plot of mean distribution; (b) Plot of standard deviation

distribution; (c) Plot of loss mean and volume.

based on the inputs and outputs of the sample points.
Finally, to assess the accuracy of the RSM, the actual and
predicted values of the model are compared to verify the
accuracy and reasonableness of the model as shown in
Fig. 13.

The NSGA-II algorithm is extensively utilized in the
realm of multi-objective optimization. It incorporates a
fast non-dominated sorting mechanism, which effectively
guides the search process and provides stable optimization
outcomes even when confronted with uncertainties.
Within the NSGA-II algorithm, the mean x, the standard
deviation o, and volume are established as optimization
objectives. Each individual within the population is
required to compute the corresponding values. Through
the application of selection, crossover, and mutation
operators, the algorithm ultimately yields the Pareto front
optimal design set. To further illustrate the performance
distribution of the HFT, Fig. 14 shows the distribution of
the five optimization objectives, respectively.

NSGA-II does not preset target weights, comprehensively
revealing the complex trade-off between loss characteristics,
relative error of leakage inductance, and volume. In the
Pareto optimal solution set, we selected the final solution
based on a trade-off analysis according to the core design
constraints: under the constraints, our goal was to
minimize the standard deviation of loss and the standard
deviation of leakage inductance relative error, thereby

Table 3. Comparison of optimization results.

Optimization objectives ~ Initial ~ Determinism  Robustness

1 (Pross) (W) 64.37 57.99 58.47

6 (Pioss) 0.191 0.123 0.086

W(LoLeons/ Leonsy) (100%) 1413 2.01 225
(1L oLeonsth Leonsy) 0.00409  0.00352 0.00214

Power density (k"W/L)  19.01 20.16 19.49

reducing the uncertainty of edge degradation caused by
HFT core cutting and improving system robustness. Table
3 provides a comparison of the optimization results for
the initial design, deterministic optimization, and robust
optimization of the HFT.

To further verify the effectiveness of robust optimization,
a detailed comparison of the performances of HFTs
before and after optimization was conducted. The Fig. 15
shows the normal distribution of losses and relative errors
of leakage inductance under three conditions when the
same disturbance is applied. Taking losses as an example,
as shown in Fig. 15(a), the losses of the HFT are con-
centrated at 64.37W, 57.99W, and 58.47W, with standard
deviations of the normal distribution being 0.191, 0.123,
and 0.086, respectively. It can be seen that, compared to
the original design, the losses have decreased by 9.91%
and 9.17% for deterministic optimization and robust
optimization, respectively. However, the standard deviation
for robust optimization is smaller than that for deter-
ministic optimization, indicating stronger robustness in
losses.

Since the optimization of HFTs also needs to consider
the effect of volume, the power density of the three cases

5 Initial 200¢ Initial
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is further analyzed and compared. The power density of
the initial design is 19.01 kW/L, and different optimizations
are carried out for the initial design, and the result of
deterministic optimization is 20.16 kW/L, and the result
of robust optimization is 19.49 kW/L. The deterministic
optimization improves the power density by 6.05% while
the robust optimization improves the power density by
2.55%. Although the power density enhancement of
deterministic optimization is more significant, its robust-
ness is weaker. Therefore, the application of the HFT
structure designed using robust optimization to manu-
facturing helps to improve its overall performance and
reliability.

4. Experimental Verification

In order to minimize the relative error of leakage
inductance while achieving efficiency and size, a design
scheme such as the one selected in Fig. 14 is chosen, and
the key parameters of the selected design are shown in
Table 4.

The HFT prototype utilizing the optimal design solution
is fabricated with the 3D structure shown in Fig. 16(a)
and the HFT prototype shown in Fig. 16(b). For the
manufactured HFT prototype, the core is made of
amorphous material. To facilitate assembly, the two
amorphous magnetic cores are cut into a U-shape using a
diamond wire cutting process. However, since the cross-
section of the U-core is rough after cutting, there will be a
slight air gap during assembly. The winding structure

Table 4. Electrical parameters.

Prameter Symbol Value
Core cross section side length A, 21.8 mm
Core tape width W. 20 mm
Primary winding m XNy 2x15
Secondary winding my<N, 2x15
Primary/Secondary winding diameter dn/ dp 4.3 mm
Insulation spacing diso 2 mm

Secondary e
winding

Primary
winding

(2)

-303 -

consists of two layers, each layer of 15 turns, round Litz
wire strand wire diameter of 0.1 mm, a turn of Litz wire
including 1000 strands, a single turn of the Litz wire
diameter of 4.3 mm. The outer layer of the core and the
interlayer of the winding are wrapped with polyimide
film to provide insulation. The skeleton is made of
polyamide fiber, which has excellent temperature insulation
performance.

During the experiment, the cores were strictly aligned
using fixtures to ensure that the air gap size was stably
controlled at the process minimum. In the simulation
modeling, the air gap value was set to 25 um. To quantify
the independent and coupled effects of the air gap and
core degradation, this paper compares the performance of
two models at frequencies from 8 kHz to 12 kHz: Model
I, which considers the combined effects of the air gap and
core degradation, and Model II, which only considers the
air gap. The comparison between the two models and the
experimental results is shown in the Fig. 17. As shown in
Fig. 17(a), the average relative errors of the core loss
between Model I and Model II and the measured values
are 6.92% and 10.93%, respectively. As shown in Fig.
17(b), the average relative errors of the AC resistance
coefficient between Model I and Model II and the measured
values are 5.20% and 7.18%, respectively. Therefore, the
presence of the air gap affects the performance of the
transformer, and the impact of degradation cannot be

—=— Measured value

w
D

[ = Measured value y
50} = Model 1 12 —— Model 1
—— Model 2 é —s— Model 2
451 &=
z 2|
—S 0 § ) /‘/"’k—k—‘
g 35F g //'_‘_—‘
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30+ 8 1.0
Q
25 <
0.9
8 9 10 11 12 9 10 11 12
Frequency(kHz) Frequency(kHz)
(@) (b)

Fig. 17. (Color online) Model comparison. (a) Core loss; (b)
AC resistance coefficient.
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(b)
Fig. 16. (Color online) HFT 3D structure and prototype. (a) Three-dimensional structure; (b) Prototype.
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Fig. 18. (Color online) AC resistance and leakage inductance measurement platform. (a) Measurement platform; (b) Measurement

results.

ignored. The model that simultaneously considers both
the air gap and edge degradation is closer to the actual
values.

To measure the leakage inductance and AC resistance
values of the HFT prototype, a measurement platform
was built as shown in Fig. 18(a). The leakage inductance
and AC resistance of the HFT prototype were measured
by KEYSIGHT E4990A impedance analyzer. To ensure
the accuracy of the measurements, the secondary winding
of the HFT prototype was short-circuited. The measurements
of AC resistance and leakage inductance of the HFT are
shown in Fig. 18(b). The measured result shows that the
leakage inductance is 20.42 pH, and the finite element
calculation result is 19.25 pH. The error between the
simulated result and the measured value is 5.72%, which
is within the reasonable range. The measured AC

Computer!
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nﬁ—» Oscillograph

DC power
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Inverter
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Fig. 19. (Color online) Designed HFT testing. (a) Measurement
platform; (b) Measured voltage and current waveforms; (c)
Hysteresis curve.

resistance of the winding of the HFT is 34.67 mQ, and
the calculation result is 31.40 mQ. The error between the
simulated result and measured value is at 9.43%. In the
actual production process, the skeleton size and insulation
distance of the HFT have some differences compared
with the design value, in addition, the simulation software
can not be completely based on the actual simulation of
the Litz wire winding, the magnetic field intensity
distribution will be different from the actual situation,
resulting in the leakage inductance and winding loss
measurements can not be completely consistent with the
design value.

A no-load test platform is constructed as shown in Fig.
19(a), and the transformer with a square wave voltage of
amplitude 400 V and a frequency of 10 kHz, while the
secondary winding is kept open circuit. Measure the
primary current and secondary voltage as shown in Fig.
19(b), and obtain the hysteresis curve of the core as
shown in Fig. 19(c). The experimental measurement of
transformer core loss is 42.18 W, the finite element
simulation value is 39.27 W, with an error of 6.90%, and
the result calculated by using IGSE is 46.31 W, which is
9.79% higher than the experimentally measured value,
and the results are all within a reasonable limit.

To further verify the thermal characteristics of the HFT
during stable operation, the simulation is carried out using
Icepak simulation software, and the simulation results are
shown in Fig. 20(a), with the highest temperature
concentrated in the core at 107.7°C. Under the condition
of ambient temperature of 25°C, after the transformer
runs for 2h, the steady state temperature distribution of
the transformer is photographed by FLUKE Ti32 infrared
thermal imager, as shown in Fig. 20(b), and the maximum
temperature reaches 116.3°C, which is roughly the same
as the simulation result and meets the design requirements.

In addition, to verify the robust performance before and
after considering the cutting effect, three different amorphous
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Fig. 20. (Color online) Temperature rise distribution of the
transformer. (a) Simulation results; (b) Experimental measure-
ments.
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Fig. 21. (Color online) Core and prototype (a) Three sets of
amorphous cores; (b) Transformer structure.

cores were used, as shown in Fig. 21(a). Core | is a
complete core, while Cores II and III are cores with the
same structure as Core I but cut along the central
symmetry line using a diamond wire. Cores II and III,
which are produced by the same manufacturer, may
exhibit certain differences in material properties and air
gap processes due to fluctuations in the manufacturing
process, resulting in varying degrees of performance
deviation. Therefore, this paper compares two cutting
cores with a complete core. By comparing cutting cores
with the complete core, the influence of cutting as a
source of uncertainty was introduced, and the variability
in performance caused by the cutting process was quantified.

According to the experimental platform shown in Fig.
18(a), leakage inductance and AC resistance measurements
were conducted under identical conditions. All three sets
of cores employed the same winding structure, as
illustrated in Fig. 21(b). Both the primary and secondary
windings were wound with 7 turns using Litz wire with
an outer diameter of 9.90 mm, specification 0.1x5000,
with a strand diameter of 0.1 mm and 5000 strands per
turn of Litz wire. Since the prototype designed in this
paper, as shown in Fig. 16, operates at a frequency of 10
kHz, the center frequency is set to 10 kHz here, with a
variation range of +2%. Fig. 22 shows the normal

—-305-
— Corel o =2.71 — Core I
601 Corell u=1024 4 6=0.0225 — Corell
- u=9.45 =00076 1 Core I1I
— Core III o=00095\ 7" 5 — Core
45 1=9.23 V u=297
= 7=0.0104 210 ¥ 6=0.0310
2 ~ g
530 é
A a
15 5
0 0
920 9.25 9.40 9.45 10.25 26 27 28 29 30 3.1

Leakage inductance(uH) AC resistance coefficient

@ (b)

Fig. 22. (Color online) Normal distribution. (a) Leakage
inductance; (b) AC resistance coefficient.

distribution of leakage inductance and AC resistance
coefficients for the complete core and cutting core under
the same conditions. As shown in the Fig. 22(a), taking
the leakage inductance distribution as an example, com-
pared to Core I, the mean leakage inductance of Cores II
and III decreased by 9.86% and 7.71%, respectively, but
the standard deviation increased by 36.84% and 25.05%,
respectively. The complete core has inherently high
consistency and low fluctuation in performance. However,
when considering the effects of degradation, the cutting
process itself has a high degree of uncertainty, signifi-
cantly reducing the robustness of HFTs.

Furthermore, to compare the effect of cutting on trans-
former core loss, using the experimental platform shown
in Fig. 19(a), the same winding was wound on the three
cores shown in Fig. 21(a), and a prototype transformer
was constructed as shown in Fig. 23(a). The loss
amplitude was measured at 10 kHz with a magnetic flux
density of 0.4T and a fluctuation of +0.01T, as shown in
Fig. 23(b). Core I fluctuated between 14.21 W and 18.20
W, with a mean and standard deviation of 16.21 W and
0.4986, respectively. Core II fluctuated between 25.08 W
and 30.61 W, with a mean and standard deviation of
27.85 W and 0.6915, respectively. Core III fluctuates
between 23.97 W and 28.77 W, with a mean and standard

— Core 1

0.8
#=2637  — Core Il
6=0.6009\ — Core III
0.6 R 14 =27.85
2 1=1621 5=0.6915
504 o =0.4986 &
A o
0.2f
0.0

14 16 1824 26 28 30
Core loss(W)
(@) (b)

Fig. 23. (Color online) Transformer prototype and normal dis-
tribution diagram. (a) Transformer prototype; (b) Normal dis-
tribution diagram of core loss.
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deviation distribution of 26.37 W and 0.6009, respectively.
Therefore, compared to the uncut core, cutting cores
exhibit lower robustness and a wider fluctuation range.
However, cutting facilitates assembly. Additionally, by
studying the impact of edge degradation effects and their
uncertainties on performance errors, this research provides
direct guidance for optimizing cutting processes and
designing transformers.

5. Conclusion

In this paper, a robust HFT optimization strategy
considering edge degradation uncertainty is proposed to
consider the effects of core cutting on the HFT electro-
magnetic field distribution and key parameters. The
introduction of a normal distribution can reduce the
effects of uncertainty on the electromagnetic performance
of the HFT compared with traditional deterministic
optimization, thus improving the robustness, stability, and
reliability of the optimization process. To verify the
proposed optimization strategy, a 10 kVA, 10 kHz HFT is
designed and manufactured, and the HFT electromagnetic
performance is compared with that of the initial design
and the deterministic optimization scheme. The efficiency
of the HFTs fabricated according to the robust optimization
design scheme is as high as 99.36%, with no thermal
operation problems, which meets the design requirements.
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