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Abstract: Recently, power conversion systems (PCSs) have exhibited high efficiencies and miniaturisation, and this trend is
expected to grow in the future. An important component of the PCS, which accounts for a significant portion of its volume, is the
transformer (TR). However, it is difficult to achieve a significant increase in the efficiency and reduction in the volume of a PCS
using a conventional TR, as the conventional TRs do not offer much scope for further optimisation. To overcome this limitation
imposed by the conventional TRs, a novel and practical high-frequency coaxial TR, named the shell-type coaxial TR (SCTR), is
proposed in this work. A useful and strategic analysis and design method, which covers the overall development process from
the design stage to the experimental validation stage of the proposed high-frequency SCTR, is also proposed. The usefulness
of the proposed SCTR and the analysis and design method are verified by designing an SCTR for a 50 W DC/DC converter and
conducting experiments on it. It is found that the use of the proposed technique can cause a significant increase in the efficiency

and power density of the PCS

1 Introduction

Recently, electric power systems have exhibited a trend of high
efficiency and high power density. This has led the way to research
on the reduction of power losses and increase of efficiency of
electric power conversion systems (PCSs) of the electric power
systems [1-3]. Among the many components of PCSs, magnetic
devices such as transformers (TRs) account for a considerable
portion of the cost, size, and efficiency. For example, DC/DC
switching converters are one of the major categories of PCSs. The
TR is a significant component of the converter, which determines
its size and efficiency [4-6].

By increasing the magnetic flux density and reducing the
leakage inductance of the TR, efficiency improvement and volume
reduction can be achieved. However, the conventional TR has been
optimised almost fully [7-12]. Hence, it will be difficult to
improve the efficiency or reduce the volume of a conventional TR,
significantly, which in turn makes it difficult to optimise a
converter using the conventional TR. Therefore, an innovative and
novel TR is necessary to improve the efficiency and power density
of TRs and PCSs.

To address these problems, a novel and practical coaxial TR,
termed the shell-type coaxial TR (SCTR), is proposed in this work.
In the proposed SCTR, the primary winding (PW) and secondary
winding (SW) are coaxial, unlike the conventional TR, which can
help reduce the leakage flux and improve efficiency. As the PW
and SW share an axis, the magnetic coupling is significantly high,
with a high coupling coefficient, similar to that of an ideal TR.
Moreover, the shell-type core of the SCTR improves practicality
and compatibility. By applying the proposed novel and practical
SCTR in a converter, the efficiency and power density of the
converter can be increased dramatically [13—18].

While there have been many reports on the characteristic
analysis and design methods for conventional TRs [4, 19-22], an
analysis and design method for the SCTR has not been proposed
yet. This paper presents a rapid and accurate analysis method and a
strategic design technique for SCTRs.

IET Electr. Power Appl., 2019, Vol. 13 Iss. 12, pp. 2027-2034
© The Institution of Engineering and Technology 2019

Specifically, we propose a useful characteristic analysis method
that uses an equivalent circuit model, an analytic method, a finite
element method (FEM), and an experiment, for SCTR. Moreover, a
strategic and specific design method, which covers the entire
development process of the SCTR, from design to experiment, is
also proposed. The usefulness of the proposed SCTR, characteristic
analysis method, and design method are confirmed via the design,
manufacturing, and experimental analysis of an SCTR applied to a
50 W step-down flyback converter. The flyback converter is
chosen, as it is one of the most preferred DC/DC converters for this
range of power, owing to its simple structure and reliable
insulation.

2 Structure and working principle of SCTR

The value of the coupling coefficient reflects the leakage between
the PW and SW. The coupling coefficient value is mainly
determined by the distance between the PW and SW. Therefore, to
mitigate the leakage between the PW and SW, diverse approaches
such as sandwich winding have been used.

However, the winding methods for conventional TRs have
limitations in reducing the distance between the PW and SW.
Hence, the coupling coefficient cannot be increased significantly,
when using a conventional TR. To increase the value of the
coupling coefficient dramatically, an SCTR in which the axes of
the PW and SW are in a line is proposed in this paper. The
proposed SCTR is advantageous in terms of manufacturing and
commercialisation, as it uses a standardised shell-type core, as
shown in Fig. 1. The inner winding is composed of conductors
connected in series and is considered to be the PW. The outer
winding is a tube-shaped conductor covering the inner winding and
is considered to be the SW. The inner and outer windings are
wound around the shell-type core.

Owing to the geometric uniqueness of the windings of the
SCTR, the magnetic flux leakage between the PW and SW is less.
Hence, the efficiency of both the TR and PCS can be improved
significantly by applying the SCTR.

2027



Shell-Type
Core

|
= B
Outer Winding
= -
= -
= =
- -
= =
)
-
B3
-
- E

%_-_-_i Magnification
@ b

Fig. 1 Proposed SCTR

(a) 2D cross-sectional view, (b) 3D view
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Fig. 2 Proposed design flow chart for SCTR

3 Proposed analysis and design method for
SCTR

In this section, the important design variables and the characteristic
analysis method for SCTR are discussed. A strategic design
method based on the proposed flow chart demonstrated in Fig. 2 is
also explained.

3.1 Proposed design method of the SCTR by using analytic
method

3.1.1 Determination of design specifications: In the high-
frequency operation of the TR, the inductance effect is dominant.
Similarly, the effect of the leakage inductance is increased as the
operating frequency is increased. The non-desirable effects of the
leakage inductance include: increase in the magnetic loss, voltage
drop, switching voltage, etc. Hence, the leakage inductance has
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Table 1 Design constrains of SCTR based on the
specifications of a flyback converter

Symbol Parameter Spec.
Vin input voltage of the converter 100 Vyc
Vout output voltage of converter 50 Vq4c
Pout output power of the converter 50 W
fs switching frequency 30 kHz
N SCTR turns ratio 1:2

significant effects on the efficiency and power density of the high-
frequency TR. In other words, the reduction of the leakage
inductance can improve the efficiency and power density of the
TR.

In this paper, an SCTR with significantly low leakage
inductance is proposed, which will be useful for high-frequency
operations. The efficiency and power density of the PCS used in
high-frequency applications such as in power converters can be
increased dramatically via the application of the SCTR.

For verifying the usefulness of the proposed SCTR in high-
frequency applications, it is applied in a flyback power converter
operating at 50 W. The design constraints of the SCTR, based on
the specifications of the flyback converter, are tabulated in Table 1.

3.1.2 Design of core: The iron loss of the TR is composed of the
eddy-current loss and hysteresis loss. The eddy current loss and
hysteresis loss are increased as the operation frequency is raised
depending on magnetic material characteristics [23, 24]. Hence, the
iron loss is an important factor to be considered in the design of
high-frequency SCTR.

The application of SCTR in this research is 30 kHz, the high-
operating frequency. Hence, the iron loss of SCTR can be huge and
the design of SCTR to reduce the iron loss is important.

The mitigation of iron loss is possible by the proper choice of
material, size, and shape of core in the design stage.

Determination of the core material: In the design of core,
performance, cost, commercialisation, and others must be
considered in a comprehensive manner. Therefore, Mn-Zn ferrite
material core is selected for high frequency operating SCTR in this
study. Mn-Zn ferrite material core is standardised with low cost
and can operate from 1 kHz—1 MHz [25-27]. Moreover, because of
the high permeability of Mn-Zn ferrite, it is possible to design a TR
with a low number of coil turns for high output power. A low
number of coil turns can minimise the copper loss of coil due to
joule effect, which explains that it can reduce the heat generation
that causes copper loss.

Design of core size: After the core material of the TR is
determined, the size of the core must be designed considering the
operating frequency and output power. By determining the core
size properly, the flux saturation and loss can be reduced.

The total size of the core can be determined from the area ratio
Ap, which is the product of the cross-sectional area 4. of the core
and the cross-sectional area W, of the winding, as derived in (1),
where Py is the output power, K is a constant related to the
switching frequency, and f is the switching operating frequency.
/\B is the difference between the maximum magnetic flux density
and the available maximum magnetic flux density. The effective
permeability decreases due to the switching and temperature rise of
the DC/DC converter. Therefore, the difference caused by this
reduction is defined as /\B. Considering the specifications of the
TR and the material properties of Manganese-Zinc Ferrites used in
this paper, the effective permeability reduction rate is about 1.67%.
Thus, when the maximum magnetic flux density is 0.3 T, AB is
derived as 0.0049 T [28]. Applying the material properties and
output power into (1), the area ratio 4, for the 50 W SCTR is

calculated as 9.45 cm?.

(M

P 4/3
Ay = WA = ( ° )
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Design geometrical shape of core: In Step 1-2.1, Mn-Zn ferrite
was selected as a suitable core material for high-frequency
applications, considering its efficiency and cost.

In this research, commercially available ferrite core was used,
considering compatibility and cost. There are several types of
commercially available ferrite cores manufactured according to the
IEC standard. Considering the application, size, cost, etc., the
PQ40/40 ferrite core (TDK Co.) equipped with a bobbin is chosen
as the core of the SCTR applied in the step-down flyback
converter.

3.1.3 Design of winding: When a coaxial cable is connected to a
high-frequency SCTR, a current with the frequency higher than
that of the current flowing through a typical cable flows through
the SCTR. A high-frequency current flows in both the inner and
outer coil windings of the high-frequency SCTR. Moreover, the
distance between the inner and outer coils is too small. Hence, the
skin effect and proximity effect must be considered in the design
stage.

As the PW and SW are extremely close, unlike in conventional
TRs, the parasitic capacitance of the proposed SCTR cannot be
ignored and should be checked in the winding design stage.

The number of turns N, can be designed using (2), where N, is
the number of turns of the PW, ¥, is the input voltage of the SCTR,
K¢ is a form factor for square-wave excitation, B, is the maximum
magnetic flux density, 4, is the cross-sectional area of the core, and
fis the operating frequency.

The number of turns for the PW and SW are 14 and 28,
respectively, according to the turns ratio.

Vp X 10*
Np = Kth X f XA 2)
Design of the inner coil: To mitigate the skin effect arising from
the high-frequency current flowing in the inner and outer coils of
the SCTR, and the proximity effect arising from the inner and outer
coils being extremely close, a Litz-type wire is adopted for the
inner-coil winding (PW), of the SCTR, in this research.

The skin effect refers to the phenomenon which the AC current
density decreases as it gets closer to the centre of the conductor. In
order to reduce the skin effect, Litz Wire can be effectively used to
transmit and control the amount of the current. A Litz-type wire
coil is a braided shape formed by bundling a plurality of coils with
small cross-sections into one bundle, as shown in Fig. 1. An
enamel copper wire with a cross-sectional area of 2 mm? is used
for the inner strand, in this research [29, 30].

Design of the outer coil: The commonly used enamelled copper
cannot be used in the outer coil because the outer coil must be of a
tubular shape, to surround the inner coil. Therefore, a disordering
wire with >95% copper is used for the outer coil, taking into
consideration the factors such as conduction, cost, mass
production, etc.

For the optimal design of the TR, the cooper loss should be
taken into consideration for designing the winding. The diameter of
the winding that can optimise the cooper loss is determined Bessel
function.

Based on the Maxwell equations, the analytical expression to
evaluate the AC resistance factor (Fg) of multilayer winding was

derived by Dowell by (3).

Fr= Rs(A) = 2m

Bl -2t

— +1|R

N 3 p(A) 3)
Where /\ is the normalised foil thickness with respect to the skin
depth J, m is the number of winding layers for a winding portion
and 7 is the porosity factor. In the equation, Rg(\) and Rp(A) are
specifically defined as below equations by (4), (5).
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Here, ber and bei are Kelvin functions, where each respectively
represents the real and imaginary parts of Bessel functions of the
first kind. The cross-sectional area of the outer coil can be
calculated using the Bessel differential function as 3.36 mm? [31,
32]. The cross-sectional area of the outer coil is confirmed by
checking the leakage inductance, in Step 2.1.

3.1.4 Design of airgap: When the SCTR is operated at high
frequencies, the inductance component becomes dominant, in
accordance with (6), and the reactance of magnetisation inductance
becomes large. Hence, the SCTR operating at a high frequency
requires much current and energy for magnetisation. The SCTR
stores energy in the form of a magnetic field in the core. Hence, the
airgap is used by the SCTR to store large amounts of energy [33].

Z=R+ joL (6)

The length of the air gap Yajrgap for SCTR is generally 0 mm <
Xairgap < 1 mm, and it can be calculated using (7), where Ry is the
magnetoresistance of the iron core, 4, is the relative permeability of
the iron core, g is the permeability of air, and 4 is the cross-
sectional area of the core. The air gap of SCTR is determined from
(7) as 0.5 mm, in this research.

N'upol(A = N*IRy)

Rl =) M

X =

3.2 Proposed analysis method of the SCTR using Magnetic
Equivalent Circuit (MEC) and FEM

3.2.1 Design of SCTR using FEM: In this step, the initial design
result is revised and verified through FEM. The usefulness of the
proposed SCTR can also be confirmed in the design stage using
FEM [34-38].

The characteristics of the electric equipment are closely related
to the magnetic field distribution in the equipment. In order to
calculate the self-equivalent circuit constants of the high-frequency
coaxial TR that required in the paper, the magnetic field
distribution analysis of the TR is essential. The distribution of the
magnetic field depends on the structure of the TR and the magnetic
properties of the material and the Maxwell equation is used as the
governing equation to analyse it

VA= —uj 3

A=0 ©)]

In the above equation, A is the vector potential, u is the iron core

permeability, and J is the current density. As a result of the

calculation using the Maxwell equation, the magnetic flux density
B can be expressed as (10) using the vector potential A.

B=VxA (10)

The flux(®) in the iron core is expressed by (11) and the

inductance L by (12). In this equation, S is the cross-sectional area

in the core and N is the number of turns.

®=[B-ds (11)
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L="+ (12)

In this study, a commercial tool Ansys is used for FEM. Owing to
the geometry of SCTR, which does not vary in terms of depth, two-
dimensional (2D) FEM is used in this study.

The detailed design and design modifications are conducted in
this step through the FEM of the characteristics such as magnetic
flux density, voltage ratio, iron loss, copper loss, etc.

To check and modify the initial design results of the shape, size,
and material of the SCTR, the magnetic saturation level must be
checked in this step. Fig. 3 shows the magnetic flux density
distribution of the SCTR, at the full-load condition of 50 VA, to
check the degree of magnetic saturation. From Fig. 3, it is
confirmed that design of the core is appropriate, in terms of the size
and material.

Moreover, the main performances such as conversion ratio and
efficiency of the SCTR are checked in this step. From the data
shown in Fig. 4, it is confirmed that the primary voltage (PV) and
secondary voltage are converted in the ratio 2:1 and the efficiency
is 98.65%, which satisfies the design requirements.

The detailed design results of the SCTR derived through the
proposed design method and FEM via Step 1.1-1.4 are tabulated in
Table 2.

The obtained specifications of the SCTR are used for the
calculation of parameters for creating the MEC of the SCTR, in the
next step.

Analysis of coupling characteristics of SCTR: The proposed
SCTR can be modified for various power levels or types.
Therefore, the following coupling-characteristic analysis method is
proposed to estimate and check the coupling coefficients of the
various types of SCTRs.

The leakage of magnetic flux in the SCTR is very small because
the SW structurally covers the PW. Hence, the SCTR has a high
coupling coefficient, almost similar to that of an ideal TR. The
coupling between the PW and SW can be expressed by the MEC,
in diverse forms, as shown in Fig. 5, and the coupling coefficient
can be calculated using (13), where kj, is the coupling coefficient
between the PW and SW, L, is the primary magnetic inductance, Lg
is the secondary magnetic inductance, Ly, is the mutual inductance
between the PW and SW, L, is the inductance of the PW and SW
connected in series as shown in Fig. 5b, and Ly, is the inductance
of the PW and SW connected in parallel as shown in Fig. 5¢

L Lser - ar
k= - _ —Lp (13)

LL ~ 4L

The measured coupling-coefficient value shown in Table 3
confirms that the proposed and designed SCTR satisfies the high
coupling-coefficient requirement.

Calculation of parameters for MEC of SCTR using FEM: A TR
can be expressed by a MEC composed of two or more electrical

B [teslal
5591E-001
. 4552E-001
3512E-001
2473E-001
1433E-001
0394E-001
3546E-002
3152E-002
2758E-002
2364E-002
1970E-002
1576E-002
S 3. 1182E-202
2.0788E-002
1.0394E-002
5.3719E-007

E N O N D W R e e

Fig. 3 Magnetic flux density distribution of the SCTR in the full-load
condition
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circuits and a magnetically coupled magnetic circuit [39-43]. The
MEC of an SCTR can be expressed as in Fig. 6, where R, is the
PW resistance, Ly is the PW leakage inductance, L, is the
magnetising inductance, C,, is the parasitic capacitance between
the PW and SW, R is the SW resistance, and Ly, is the SW
leakage inductance.

—Induced voltage at PW [V]
----Induced voltage at SW [V]
125 T .

EFE ™\ 7\

= 50 1/t /1.\ / ..

& 25 ! \ / \.\ /

) s
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Fig. 4 FEM results of SCTR

(a) Induced voltages of PW and SW in the no-load condition, (5) Currents in the PW
and SW in no-load condition, (¢) Induced voltages of PW and SW in full-load
condition, (d) Currents in the PW and SW in full-load condition
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Table 2 Detailed design results of SCTR derived using the
proposed design method and FEM via Steps 1.1-1.4

Table 3 Data of inductances and coupling factors of SCTR
obtained via experiments and analysis

Design variable Unit Value Symbol Parameter Spec.
core material — Mn-Zn ferrite Lp PW magnetic inductance 147 puH
length x width x height mm 40 x 40 x 40 Ls SW magnetic inductance 630 uH
window area mm? 210 Lser inductance of PW and SW connected in series 1400 pH
coil cross-section primary coil  mm2 2 Lpal inductance of PW and SW connected in parallel 17 pH
secondary coil 3.36 K12 coupling coefficient between PW and SW 99.99%
resistance primary coil Q 0.05
secondary coll 0.025
airgap length mm 05 Table 4 Magnetic inductance obtained through FEM
Parameter L4 Ly
M values calculated by FEM 197.15 yH 98.46 uH

Fig. 5 MECs for PW and SW of SCTR expressed by

(a) Magnetic inductances Lp and Lg and mutual inductance Ly, (b) Inductances

connected in series, (¢) Inductances connected in parallel

R, Lya 1:N Lk R;

Fig. 6 MEC of SCTR

Lrl \/L—l : \/L—Z LrZ

Fig. 7 MEC for SCTR expressed by the obtainable parameters through
FEM and (6)—(8)

The parameters of the MEC shown in Fig. 6 are useful for
analysing the characteristics of the TR, such as the efficiency,
leakage, etc., and can be obtained through the open-circuit and
short-circuit tests as shown in Section B.

Another expression of the MEC for SCTR is shown in Fig. 7,
where L, is the magnetic inductance of the PW, L, is the magnetic
inductance of the SW, and L, is the mutual inductance. All
parameters in Fig. 7 can be calculated by FEM and by using (14)-
(16). The magnetic inductances of the PW L and SW L, obtained
using FEM are shown in Table 4. The coupling coefficient % is
calculated from (13) as 0.9999. Finally, the parameters in Fig. 7
calculated using FEM and (14)—(16) are shown in Table 5.

L,=(1- k)Ll (14)
Ly = kL, (15)
L, = kL, (16)

3.3 Test of SCTR and lIts complementary design via
experiment

3.3.1 Prototype of SCTR and experiment on frequency
response: The prototype of the SCTR designed by the proposed
analysis and design method is shown in Fig. 8. An useful way to
measure MEC parameters experimentally is by measuring the
impedance of the PW over a wide frequency range when the SW is
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Table 5 Calculated parameters of Fig. 8 for SCTR
Parameter Lp L Lo

197.06 0.10 0.023

calculated results, pH

Fig. 8 Prototype of SCTR designed by the proposed analysis and design
method

Measured when SW is open circuit

----------- Measured when SW is short circuit

100k

—
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Frequency [Hz]

Fig. 9 Measured impedance at the PW when SW is open and short
circuited

in the open- and short-circuit modes, as shown in Fig. 9 in which
the notations with arrows indicate the dominant parameters in the
frequency range marked by the arrow [44—47].

In this paper, we used the HP4149 frequency response analyser
with the frequency response range from 100 Hz—40 MHz.

The resistances R, and R shown in Fig. 9 are the DC resistance
components of SCTR. Therefore, as shown in Fig. 9, the
resistances R, and R can be obtained at low frequencies using a
digital multimeter. The measured values of the resistances R, and
Ry are 0.05 and 0.025 Q, respectively. The remaining parameters of
Fig. 9, the magnetising inductance L, and the leakage inductance

2031



i,=0
No Current
VOC
l:l Ignorable Parameter
a
Ry
-
iy
Vl Lm
b
Fig. 10 When the SW is open-circuited
(@) MEC of SCTR, (b) Simplified MEC
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Fig. 11 Measured value of primary impedance when the SW is open-
circuited
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D Ignorable Parameter
a
Ly Ry
Rp Ly, N2 N2
iy
Vi
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Fig. 12 When the SW is short-circuited
(a) MEC of SCTR, (b) Simplified MEC and the parameters of SW are reflected into
the PW

Ly are obtained through the SW open-circuit and short-circuit
states, respectively, in Steps 3.2 and Step 3.3.

Since the inductance shows a non-linear characteristic
depending on the frequency, it is necessary to limit the frequency
range of interest based on the range of the resonance frequency and
the phase of the impedance. The frequency range in which the
phase of the PW impedance is decreasing is the interval in which
the material characteristics and the temperature change with
increasing frequency. Therefore, the range of the frequency should
be limited to a phase close to 90 degrees. Otherwise, the
capacitance is less non-linear with frequency variation.

3.3.2 Characteristic analysis of SCTR via the SW open-

circuit test and MEC: As shown in Fig. 10a, Ly, and Rg can be
ignored because current does not flow in the SW part when the SW
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circuit is open. Moreover, the leakage inductance Ly and parasitic
capacitance Cy, can be neglected as well because they are only
~1% of the resistance R, Therefore, Fig. 10a can be simplified to
Fig. 106 and (17) where the resistance R, and the magnetising
inductance L, are unknown parameters.

The value of the resistance R, in Step 3.1 measured by the PW
open-circuit test, 0.05Q, can be applied in (17). As shown in
Fig. 11, the inductance term is dominant between 100 Hz and the
first resonance point at 624.30 Hz. Hence, 29.17 and 317.17 kHz
are arbitrarily selected and their respective impedance values
387.96 and 26.81 Q are substituted into (17) to obtain the
inductance L, of 195.05 uH.

|Zopen| = VRIZ: + (277:fLm)2 (17

By substituting the obtained values of the resonance frequency f,;
is 624.30 kHz and the magnetising inductance L, is 195.05 pH into
(18), the parasitic capacitance C,, between the windings can be
calculated and its value is found to be 0.33 nF.

1

e =m (18)

The primary leakage inductance Ly is 0.11 pH can be obtained by
substituting the value of the second resonance frequency f, of
25.48 MHz and the parasitic capacitance Cy, calculated by (18) into

(19).
1

fo= m (19)

3.3.3 Characteristic analysis of SCTR via the SW short-
circuit test and MEC: As illustrated in Fig. 12a, the parasitic
capacitance C;, and magnetising inductance L, can be ignored
because their values are relatively larger than the values of the
winding resistance R, and leakage inductance Lj.

When the secondary-side parameters are reflected the primary
side, Fig. 12b and (20) can be derived.

R\’ Lio\Y
Zonorl = (Rp+ﬁ) +(2nf(L1k1 ) (20)

Among the parameters shown in Fig. 125 and (20), the resistance
R, resistance Rg, and magnetising inductance Ly are obtained in
the previous steps. Since the TR turns ratio is 2:1, N, can be 0.25.
Finally, the unknown parameter of (20) is the leakage inductance
Ly

By randomly selecting two frequency points 360.83 kHz and
12.53 MHz in the inductance-dominated frequency range, which is
between 100 kHz and the resonance frequency, and applying their
respective impedance values of 303.85 mQ and 9.12 Q into (20),
the leakage inductance Lp, can be calculated as 0.025 pH
(Fig. 13).

In this step, the MEC and its parameter values, which can
effectively demonstrate the characteristics of SCTR, are proposed
by using the experimental method and analytic method.

The parasitic capacitance values that are not normally included
in the characteristic estimation are considered in this research to
obtain more accurate values.

3.3.4 Final check of SCTR via data obtained from experiment
and FEM: In this step, to verify the usefulness of the proposed
analysis method, design method, and SCTR, the calculated values
and experimental data are checked.

Specifically, the measured important characteristics of the
SCTR, such as the magnetising inductance, leakage inductance,
etc., are compared with the calculated data, design criteria, and
design constraints. An example is shown in Table 6.
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Fig. 13 Measured value of primary impedance when the SW is short
circuited

Table 6 Comparison of parameter values of MEC obtained
through FEM and experiment
Parameter Lm Cnm Lik1 Liko

FEM results 197.06 pH — 0.10 yH 0.023 pH
experimental results 195.05uH 0.33nF 0.11puH 0.025pH
error 1.01% — 10.0% 8.7%

As tabulated in Table 6, the error of the magnetising inductance
L, between the calculated data, which was obtained via the
proposed analysis method, and experimental data is ~1%.
However, the difference in the leakage inductance Lj; between the
calculated data and the experimental result is ~10% because the
skin and proximity effects were ignored in the calculations. The
method for determining the value of inductance with non-linear
characteristics according to frequency should be further discussed
and researched. The above method only finds an approximate
value. However, the overall errors are satisfactory, and it is
confirmed that the proposed analysis method is correct.

In addition, the SCTR fabricated through the proposed analysis
and design method meets the design requirements. Specifically, the
magnetisation inductance is high with a high coupling coefficient
0f 0.9999. The leakage inductances are <0.01% of the magnetising
inductance value. The efficiency is high at 98.65%.

From the above data at this step, it is checked whether the
designed SCTR finally passes the design criteria within the design
constraints. The usefulness of the proposed analysis method,
design method, and SCTR are confirmed.

4 Conclusion

The industrial demands on PCS and TR have recently been focused
on high efficiency and power density. However, it is difficult to
achieve advancements in the efficiency and power density of PCS
and TR by improving conventional technology. Hence, the
significant implication of this paper is that innovative improvement
of the efficiency and high power density of TR and PCS is possible
by using the proposed novel and practical SCTR.

As the research on the characteristic analysis and design method
of SCTR was insufficient, a useful and strategic analysis and
design method, which covered the whole development process of
SCTR, from design to experiment, was proposed in this paper.

The proposed analysis and design method can also be useful for
studying analysis and design methods for numerous types of
electrical machines.

Remarkably, the proposed SCTR can not only be
commercialised and applied in TRs of different power levels but
also can contribute to the advancement of related technologies and
diverse types of electrical machines.
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