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Modeling and Optimization of Axial Winding
Segmented Coreless Transformers

Li Lai , Bo Zhang , Fellow, IEEE, and Jingyang Lin

Abstract—This article presents the modeling and optimization
of axial winding segmented coreless transformers (CLTs). By de-
signing the axial segmentation of the winding, the inductance of
CLTs is finely achieved, and the optimal electrical, structural, and
thermal parameters are obtained accordingly. First, an optimal de-
sign methodology of the electrical parameters of the self-sustained
CLT is introduced, with the aim of minimizing self-inductance and
reducing wire consumption. Second, the inductance model of the
proposed CLT is simplified by utilizing the same parameters of the
modular segmented unit, and a parameters scanning algorithm
with the inductance as the target and the structural parameters as
the free degrees is given. Furthermore, a correction factor associ-
ated with the radial layers is considered in the ac resistance model
of multilayer multisegment CLTs. Combining the loss-thermal it-
eration model and the system loss model, the structural parameters
are optimized, and the output voltage loss is compensated. Finally, a
1.5 kW uniformly sized prototype with a volumetric power density
of 13.06 W/cm3 and a gravimetric power density of 8.57 W/g is
fabricated. The prototype achieves a peak efficiency of 96.20% and
the maximum temperature and conversion efficiency at maximum
output power are 96.8 °C and 93.68%, respectively.

Index Terms—Aerospace power, axial section, coreless
transformer (CLT), dc transformer, modeling, optimization.

I. INTRODUCTION

TRANSFORMERS are indispensable devices in electrical
energy conversion, which utilize the induction between

electricity and magnetism to achieve voltage conversion and
electrical isolation [1], [2]. With the development of semi-
conductors and magnetic materials, magnetic-core transformers
(MCTs), represented by ferrite cores, have replaced coreless
transformers (CLTs), which utilize air as the magnetic medium,
in most applications [3], [4]. Compared with air, soft magnetic
materials have a greater magnetic permeability. However, the
performance of the MCT is easily affected by factors, such
as magnetic saturation, magnetic loss, and temperature. These
drastically reduce the reliability of MCTs for applications in
harsh environments such as aerospace and deep sea [5], [6]. It
means that CLTs with linear magnetization curves still have a
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great place. In addition, thanks to the application of resonant
soft-switching technology, the leakage inductance of loosely
coupled CLTs is reused as a resonant inductance, which can
significantly reduce the size and number of passive devices and
have an advantage in power density [7].

CLTs are widely validated in two typical applications, su-
perconducting transformers [8], [9], [10] and planar coreless
transformers [11], [12], [13]. The former does not require much
attention to heat dissipation and has almost no conduction loss
under ultra-high-current conditions [8]. The latter obtains a
very small physical size via MHz frequency, whereas the very
low current makes it difficult to increase power [12]. In recent
studies [14], [15], [16], CLTs with tens of amperes of currents
were validated in terms of electromagnetic, heat dissipation,
structural, etc. Compared with MCTs, CLTs can achieve a higher
gravimetric power density and similar conversion efficiency.
More critically, it can be wound using only conventional Litz
wires.

For implementing the two functions of voltage conversion and
regulation, two popular design methods were derived for high-
frequency MCTs. One method is based on the product of the
circuit area and magnetic circuit area [17], and the other is based
on the geometrical parameters of the core dimensions [18]. Both
methods involve looking up the empirical table to select the core
type, and then it is verified by temperature rise. Nevertheless,
the influence of multiphysics fields, such as electric, magnetic,
and thermal fields, leads to large design deviations. Moreover,
relying on experience, optimization is difficult. To overcome
these problems, the comprehensive design of transformers for
multiobjective optimization [19], [20] and multiphysics analysis
[21], [22] have been investigated. These methods can be classi-
fied into two types, respectively, finite element simulation (FEA)
[21], [22], [23] and analytical model [19], [20], [24]. Although
the former is more accurate, it is time-consuming. The latter
saves a lot of computational resources and is more compatible
with global optimization, so it is more suitable for prevalidation
designs.

It is worth pointing out that, the design method of MCTs can-
not be referenced by CLTs, and there are significant differences
between them in the electromagnetic model, loss model, and
thermal model.

1) Electromagnetic model. The relative permeability of Mn–
Zn ferrite MCTs ranges from 1000 to 10 000, and its induc-
tance is proportional to the square of turns and inversely
proportional to the magnetic resistance. By designing the
turns and air gap, the target inductance can be easily
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obtained [17], [18]. However, CLTs with unit relative per-
meability do not satisfy this simple law, which makes the
fine design of the self-inductance and coupling coefficients
extremely difficult. Therefore, in [25], the radial offset
design of planar transformers is proposed to achieve the
target inductance, but it does not apply to wire-wound
CLTs. In [26], the axial offset design of wire-wound CLTs
is proposed to achieve the target coupling coefficient, and
the maximum coupling coefficient is low. Furthermore,
due to the low self-inductance and low coupling, a low
magnetizing inductance would cause a larger conduction
current and turn-off current on the primary side. Overall,
the fine parametric electrical design of CLTs with low
self-inductance and high coupling is a prerequisite for
reducing cost and loss.

2) Loss model. The loss of MCTs includes magnetic loss
and copper loss, which can be calculated by the Stein-
metz formula [27] and Dowell formula [28], respectively.
Differently, the CLT contains only copper loss, and be-
cause of the different magnetic field distribution, the
one-dimensional Dowell formula does not apply to it.
The ac resistance of CLTs includes conduction resis-
tance and induction resistance. The former is related to
dc resistance and skin resistance, and the latter is at-
tributed to proximity resistance [29]. Skin resistance is
negligible when the strand diameter of the Litz wire is
much smaller than the skin depth. In wire-wound CLTs,
not only is the proximity effect between the same side
winding significant, but also that between the primary
and secondary winding, i.e., mutual resistance effect [30].
Papers [29], [30], [31], [32] present several methods for
calculating the induction resistance, which is proportional
to the square magnetic field of the wire cross-section. The
magnetic field can be calculated by the Biot–Savart law
[31] or Maxwell equations [32]. However, the accuracy of
such methods is much lower in multilayer structures with
more inhomogeneous magnetic fields than in single-layer
structures [33]. Most importantly, both resistivity and skin
depth are temperature-dependent, so loss and temperature
affect each other. Besides, the system loss would cause
output voltage loss and instability. Hence, a precise loss
model of CLTs considering temperature is necessary.

3) Thermal model. The insulation class determines the limit
of temperature rise. For example, the Litz wire with tem-
perature level V155 has a maximum operating temperature
of 130 °C. However, the average temperature of the core is
required to be below 100 °C [14], which limits the ultimate
temperature rise of MCTs. Intriguingly, the CLT is not
restricted by this limitation, as its winding can be directly
cooled and customized. Moreover, the insulation between
the winding and core does not need to be considered. In
[34], the thermal resistance model of Litz wire provides a
more precise prediction of the hotspot, but the difficulty of
measuring the thermal resistance between turns and gaps
limits its wide application. Thermal empirical formulas are
widely used in [35], [36]. Its heat transfer coefficient can be
calculated from the surface area and empirical coefficients

Fig. 1. Associations among analytical models.

to quickly predict the average temperature rise. It indicates
that the surface area and dimensions of CLTs are also a
critical part of the design.

In general, it is necessary to consider multiphysics models
in the modeling and optimization of CLTs. In [26], the self-
sustained CLLC CLT utilizing bifurcation is proposed to achieve
the same load-independent voltage and current conversion ratios
as the ideal transformer, and its efficiency is higher compared
with the conventional leakage inductance resonance type CLT
[12]. In this article, the modeling and optimization for axial
winding segmented CLTs is proposed for the self-sustained
transformer. A classic representative of the primary and sec-
ondary voltage ratio of 1:1 is employed and it is suitable for
dc bus-tie applications [14]. The multimodel correlations are
shown in Fig. 1, and the main contributions of this article are as
follows.

1) An optimization method for the electrical parameters of
self-sustained CLTs is presented with the target of min-
imizing the self-inductance. The half-load condition is
designed at the bifurcation point, from which the analytical
equation for the self-inductance is derived. By solving
the derivative of the self-inductance with respect to the
inductance ratio, then the minimum consumption of Litz
wire is achieved.

2) The axial winding segmented design method of coaxial
CLT is proposed to achieve the target inductance and
optimize the dimensions. Inductance model is simplified
by utilizing the consistency parameters of the modular
segmented unit. Then, a parameters scanning algorithm
with the inductance as the target and internal diameter,
number of segments, axial layers, and radial layers as the
free degrees is given.

3) A modified ac resistance model and a loss-thermal iterative
model for multilayer multisegment CLTs are proposed,
and an optimized selection of structural parameters is
given. The effect of temperature on resistivity and skin
depth is considered and the correction factor is introduced
to reduce resistance errors caused by inhomogeneous
magnetic fields. Combining the empirical formula of the
heat transfer coefficient, a loss-thermal iterative algorithm
is established. Then, according to efficiency, tempera-
ture rise, power density, cost, and height-outside diam-
eter ratio, the optimal structure parameters are selected.
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Fig. 2. Circuit topology of the CLLC CLT.

Fig. 3. Lumped circuit of the self-sustained CLLC resonant tank at N = 1.

Moreover, the output voltage loss from system losses is
compensated.

The rest of this article is organized as follows. Section II
introduces the optimal design for the electrical parameters of
self-sustained CLTs. Section III establishes the fine design for
the inductance of the axial multisegment CLT. In Section IV,
the loss and thermal are modeled, then parameter selection and
output voltage compensation methods are presented. Section V
combs the design process in this article. The validation of the
prototype is described in Section VI. In Sections VII and VIII,
the comparison and extension of this research and the conclusion
of this article are given, respectively.

II. ELECTRICAL PARAMETERS OPTIMIZATION

OF SELF-SUSTAINED CLTS

A. Topology Specifications

Fig. 2 shows the circuit topology of the full-bridge CLLC
CLT. The full-bridge inverter consisting of MOSFETs S1–S4 on
the primary side converts the dc voltage Vdc to ac voltage vab,
and the full-bridge rectifier consisting of diodes D1–D4 on the
secondary side converts the ac voltage vcd to dc voltage Vo. One
difference from conventional converters is that the transformer
T is loosely coupled and coreless. More importantly, the inverter
adopts self-sustained control, and vab is in phase with iLp [12].

For the lumped circuit shown in Fig. 3, the CLLC resonant tank
is composed of leakage inductance Lr1 and Lr2, magnetizing
inductance Lm, and resonance capacitors Cr1 and Cr2. Besides,
the inductance ratio is k = Lm/Lr1, Ro is the load resistance,
and Co is the electrolytic capacitor. It should be emphasized
that the conversion ratio N is strictly defined as N = (Ls/Lp)1/2

in CLTs, where the primary and secondary self-inductance are
Lp = Lr1 + Lm and Ls = Lr1 + N2Lm, respectively.

In this article, the design of self-sustained CLLC CLTs with
a classical 1:1 voltage conversion is investigated, and its speci-
fication parameters are as follows.

1) Maximum output power Pr = 1500 W.
2) Input and output voltage Vdc = Vo = 110 V.
3) Maximum operating frequency fmax = 200 kHz.

Fig. 4. Working frequency curve. (a) k versus Li under different fr. (b) Q
versus ωn1 at k = 1 + 20.5.

B. Optimization of Electrical Parameters

In the lumped circuit, the ac resistance of CLTs is considered,
and the stray capacitor is neglected [30]. Rw1 and Rw2 are the ac
resistances of the primary and secondary winding, respectively;
RT1 and RT2 are derived from thermal effects; Rm is the mutual
resistance; and the load equivalent resistance is Req = 8Ro/π2.
Define Rp = Rw1 + RT1, Rs = Rw2 + RT2, and the equivalent
resistance of the source Rn = –vab/iLp. Thus, the impedance
matrix Z of the resonant tank can be expressed as follows:

Z =

[
Zr1 + Zm −Rn −Zm

Zm −Zr2 − Zm −Req

]
(1)

where the primary impedance Zr1 = 1/(jωCr1) + jωLr1 + Rp,
the secondary impedance Zr2= 1/(jωCr2)+ jωLr2+Rs, and the
magnetizing impedance Zm = Rm + jωLm. Define the resonant
frequency as ωr = (Lr1Cr1)−1/2 = (Lr2Cr2)−1/2. Hence, the
quality factors of the primary and secondary winding are Qp =
ωrLr1/(Rn–Rp) and Qs = ωrLr2/(Req + Rs), respectively.

Neglecting Rm and solving |Z|= 0, the normalized bifurcation
frequency ωn1,n2 and the quality factor Qbp at the bifurcation
point are, respectively⎧⎨

⎩ωn1,n2 =

(
2Q2(k+1)−1±

√
4k2Q4−4kQ2+1−4Q2

2Q2(2k+1)

)0.5

Qbp = (1 +
√
1 + 2k)/(2k) < Q

(2)

where Q = Qp = Qs, i.e., Rn–Rp = Req + Rs. Because Rn

is self-sustained and Req>>Rs, it means that the influence of
Rp and Rs on the frequency is small and can be ignored. The
operating frequency is limited to ωn1 to avoid frequency jitter.

The highest conversion efficiency is achieved at the bifurca-
tion point [26], so the half-load condition is designed at Qbp to
achieve high efficiency over a wide load range. Letting Q = Qbp

and according to (2), Li=p,s can be expressed as follows:

Li =
16(1 + k)V 2

dcQbp

π2ωrPr
=

8(1 + k)(1 +
√
1 + 2k)V 2

dc

π2kωrPr
. (3)

Combining (3) and the specification parameters, the curve of
k versus Li is plotted as shown in Fig. 4(a). As k increases, the
curve is a parabola with an upward opening. The derivative of
Li with respect to k is solved as follows:

dLi

dk
=

8V 2
dc

π2ωrPr

k2 −√
2k + 1− k − 1

k2
√
2k + 1

(4)
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Fig. 5. Axial m-segment layout and MMF distribution. (a) m = 1. (b) m = 2. (c) m = 3. (d) m = Ny.

TABLE I
DEVICE SPECIFICATIONS

when dLi/dk = 0, k = 1 + 20.5 and Qbp = 0.707 are calculated.
Consequently, the minimum Li can be obtained, which means
less wire consumption. Fig. 4(b) shows that the slope and range
of ωn1 are smaller at k = 1 + 20.5. Because Li decreases as
fr increases, let fr = fmax. From (2), the maximum switching
frequency is fs_max = 189 kHz < fr.

Because the winding can be cooled directly, the current den-
sity Jc is preset to not exceed 9 A/mm2. The root mean square
(RMS) of the winding current is Ii = 1.11Pr/(ηVin), where η
is the system design efficiency. Combining the above analysis,
the specifications of the prototype are shown in Table I. A pair
of common cathode diodes are connected in parallel to reduce
conduction losses.

III. PROPOSED AXIAL MULTISEGMENT CLTS

The segmentation of the core and winding is employed to
design leakage inductance and reduce leakage magnetic losses
in MCTs [38]. In this article, the axial winding segmented design
is utilized to finely design the self-inductance and inductance
ratio and to optimize the dimensions of CLTs. To achieve a
homogeneously magnetic field, only segmented designs with
symmetrical layouts are considered.

A. Multisegment Structure

Fig. 5 shows the m-segment winding structure and its mag-
netic motive potential (MMF) distribution. The primary and
secondary winding is divided into m-segments, each of which
is a unit with the same turns and self-inductance. The radial
and axial layers of the unit are Nx and Nym, respectively, and
the total axial layers of the CLT are Ny = mNym. Each unit is
connected by a wire and has the same MMF increasing from zero
to the maximum value NymNxI. As m increases, the ampere-turns
mNyI of the unit gradually decreases, and so does the leakage

Fig. 6. Equivalent circuit of axial m-segment layout CLTs. (a) Mutual induc-
tance model. (b) Connection of coupled relationships.

magnetic flux, leading to an increase in the coupling coefficient.
When m = Ny, i.e., Nym = 1, the minimum MMF NxI is realized
in Fig. 5(d). When m = Ny = 1, the CLT is a planar spiral
structure. The advantage of winding segmented structure in
CLT applications is that it reduces the maximum MMF, thereby
increasing magnetic coupling.

Fig. 6(a) shows the equivalent circuit of the proposed CLT.
The self-inductance of each unit is Lij, connected in series as Li,
and the mutual inductance between the primary and secondary
sides is Mps. Fig. 6(b) presents the coupled relationships of the
units, where the mutual inductance between the same-side units
is Mijj′ and that between the different side units is Mjj′ .

From Fig. 6, according to the circuit superposition theory, the
expression of Li can be written as follows:

Li =
m∑
j=1

Lij +
m∑
j=1

m∑
j′=1

M ′
ijj , j �= j ′. (5)

Similarly, Mps can be obtained as follows:

Mps =

m∑
j=1

m∑
j′=1

M ′
jj . (6)

B. Inductance Model

Fig. 7 shows the cross sections of Ls1 and Lpj. Here, the inner
radius, outer radius, and height of the unit are rint, rext = rint +
drNx, and hij = drNym, respectively, and the Litz wire diameter
is dr. Then, the total height of the CLT is h = 2mhij, and the total
turns of Li is Ni = mNxNym. It is assumed that the winding is
uniformly and tightly wound, and the gap and spiral of the wire
are neglected.
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Fig. 7. Cross section of two units.

1) Self-Inductance Calculation of Units: The self-
inductance L1 of a single-turn coil consists of the inductance
Lair from air magnetic flux and the inductance Lcu from
conductor magnetic flux. Their formulas are, respectively, [37]

Lair =
μ0

√
2rs(2rs − dr)

γa

[(
1− γ2

a

2

)
K(γa)− F (γa)

]
,

Lcu =
μ0rs
4

L1 = Lair + Lcu = μ0rs

(
ln
16rs
dr

− 1.75

)
, 2rs >> dr

(7)

where γa = 1–dr2/(4rs–dr)2. Lij can be calculated by the accu-
mulation of L1 and turn-to-turn mutual inductance. According
to Newman formula, Lij can be derived as follows:

Lij(Nx, Nym, rint, dr) =

Nx∑
x=1

Nym∑
y=1

{
μ0rs

(
ln
16rs
dr

− 1.75

)

+ μ0

Nx∑
x′=1

Nym∑
y′=1

2
√

r′s
γ

[(
1− γ2

2

)
K(γ)− F (γ)

]}
,

xy �= x′y′. (8)

In (7) and (8), the vacuum permeabilityμ0=4π×10−7μH/m;
the radii of turns (x,y)s1 and (x′, y′)s1 are rs= rint+ dr(2xs1–1)/2
and r′s = rint + dr(2x′

s1 − 1)/2, respectively; γ = (4rsr′s/[(rs +
r′s)2 + dr2(ys1–y′s1)2])0.5; K(γ) and F(γ) are the first and second
complete elliptic integrals, respectively.

2) Mutual-Inductance Calculation of Units: The axial dis-
tance between the same-side units is lijj′ = (2|j–j′|–1)drNym,
and the axial distance between the different side units is ljj′ =
2|j–j′|drNym. Because of the consistency parameter of the modu-
lar segmented unit, the mutual inductance of the units with equal
distances shown in Fig. 6(b) are equal, for example, M13 = M24

and Mp15 = Ms26. Therefore, Mijj′ and Mjj′ can be obtained
only by calculating the mutual inductance between Ls1 and other
units. Substituting Li(2Nym) and Li(Nym) into (5), M11 can be
calculated in (9a). Similarly, the expressions of Mi12, M12, . . .,

Mi1j, and M1j are shown in the following:

M11 = (1/2)[Li(2Nym)− 2Li(Nym)] (9a)

Mi12 = (1/2)[Li(3Nym)− 3Li(Nym)− 4M11] (9b)

M12 = (1/2)[Li(4Nym)− 4Li(Nym)− 6M11 − 4Mi12]
(9c)

. . .

Mi1j = (1/2)[Li((2j − 1)Nym)− (2j − 1)Li(Nym)]

−
j−1∑
j′=1

(2j − 2j ′+2)M1j′

−
j−1∑
j′=2

(2j − 2j ′+1)Mi1j′ (9d)

M1j = (1/2)Li(2jNym)− jLi(Nym)

−
j−1∑
j′=1

(2j − 2j ′ + 1)M1j′

−
j∑

j′=2

(2j − 2j ′+2)Mi1j′ . (9e)

3) Self- and Mutual- Inductance Calculation of CLTs: The
above calculation method reduces the calculation number of
elliptic integration and increases the calculation speed. Substi-
tuting the structural parameters into (8) and (9), Mi1j and M1j

can be obtained. Furthermore, by combining (5) and (6), Li and
Mps can be calculated. Here, there is Lm = Mps.

C. Structural Parameters Sweep

From (5)–(9), it can be seen that rint, m, Nym, and Nx are
the free degrees of the design, where Nym is monotonic for Li.
Therefore, assuming the realization of Li, Lm would increase
monotonically with rint. Accordingly, the structural parameter
scanning algorithm targeting the inductances Li_tar and Lm_tar

is proposed, as shown in Fig. 8. In the dotted box, rint and
Nym under different m and Nx are calculated iteratively to yield
the parameter set Fx,m(rint,Nx,Nym,m). To prevent calculation
overflow, Δr = 0.1 mm, mmax = 4, and Nx_max = 4 are preset.

The distribution of Fx,m is shown in Fig. 9. For a given m and
Nx, there exists a unique solution for the target inductance.

From Fig. 9(a) and (b), it can be seen that as m and Nx increase,
rint decreases significantly. Nevertheless, the height-outside di-
ameter ratio h/rext increases only with the increase of m, and it
is weakly affected by Nx. In other words, winding multisegment
design can optimize h/rext and make CLTs suitable for different
dimensional applications.

Fig. 9(c) and (d) give a comparison between the calculated
and simulated inductance, with the accuracy of Li within 3% and
Lm within 10%. It should be pointed out that, only considering
Nx × Nym turns, the calculated L′

i would be slightly greater than
Li_tar. Therefore, (10) can be employed to correct Ni, and the
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Fig. 8. Structural parameters sweep algorithm.

Fig. 9. Distribution of Fx,m. (a) Inner diameter. (b) Height-outside diameter
ratio. (c) Self-inductance. (d) Magnetizing inductance. (e) Total turns. (f) Wire
length.

corrected N′
i is shown in Fig. 9(e)

N ′
i = �χmNxNym� , χ = (Li_tar/L

′
i)

0.5
. (10)

Likewise, the total wire length l′ on one-side is corrected and
superimposed by each turn as follows:

l′ = χNy

Nx∑
x=1

π [2rint + dr(2x− 1)]. (11)

The curve of l′ versus m and Nx is shown in Fig. 9(f).
1) Compared with Nx = 1, the design with Nx > 1 can

significantly reduce l′ to obtain low cost and lightweight.
2) When Nx � [1, 3], there is an inflection point at m = 2,

i.e., there is a minimum l′.
3) When Nx = 4, l′ monotonically increases with m, and the

minimum l′ is taken at m = 1.

IV. MODELING AND OPTIMIZATION

A. AC Resistance Model

Due to eddy current effects, the ac resistance Ri of CLT is
closely related to temperature, frequency, and winding structure,
which is critical for verifying system reliability. The losses
caused by skin and proximity effects are orthogonal and can
be solved separately. The expression for the winding loss Pun

per unit of length is [32]

Pun = Pcond + Pind_int + Pind_turn︸ ︷︷ ︸
Pind

+Pm (12)

where Pcond is caused by the conduction resistance Run_cond;
Pind is caused by the strand-strand inductive resistance
Run_ind_int and the turn-turn inductive resistance Run_ind_turn on
same-side winding; and Pm is caused by the turn-turn inductive
mutual resistance Run_m at the different side. Corresponding to
Fig. 3, there is Rw + RT = Rcond + Rind_int + Rind_turn.

The ideal Litz wire consists of nlitz strands, and the current
is evenly distributed across each strand. Here, the temperature
rise ΔT = T–To is considered. From ΔT and fs, the skin depth
δ can be expressed as follows:

δ(T ) =

(
ρcu(T )

πμ0μrfs

)0.5

=

(
ρcu(To) [1 + τΔT ]

πμ0μrfs

)0.5

(13)

where the relative permeability of copper is μr = 1; the tem-
perature coefficient is τ = 3.81 × 10−3/°C; the resistivity
is ρcu(To) = 17.24 × 10−9 Ω·m at the normal temperature
To = 20 °C.

The conductor penetration rate ζ is defined as follows:

ζ =
√

πdz/(2δ(T )) (14)

where dz is the diameter of a single strand.
Satisfying ζ ≤ 2, the conduction resistance Run_cond is

Run_cond =
2ζρcu
πnlitzd2z

sinhζ + sinζ
coshζ − cosζ

≈ ρcu
πnlitzd2z

(
4 +

ζ4

30

)
.

(15)
Because dz is small enough, the skin effect is neglected and

Run_cond is equal to the dc resistance.
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Fig. 10. Distribution of the magnetic field. (a) Magnetic field on the cross
section of Litz wire. (b) External magnetic field across Litz wires.

The inductive resistance per unit of length on the same side
winding, Run_ind, can be expressed as follows:

Run_ind =
1

2
nlitzζρcuH

2
ind

sinhζ − sinζ
coshζ + cosζ

≈ nlitzρcuζ
4H2

ind

12
(16)

where H2
ind is the average of the square field on the wire cross

section created by a current with amplitude I = 1 A. It includes
two parts, Hin and Hext, with H2

ind =H2
in +H2

ext. The former is
induced by the strand-strand magnetic field, while the latter is
caused by the turn-turn magnetic field on the same side.

Due to the low frequency, the time-varying magnetic field
can be regarded as a quasi-stationary field. Fig. 10 shows the
distribution of the magnetic field, where rp = rint + dr(2xpj–
1)/2, zj′j = dr(ypj + Nym–ysj′ ) + ljj′ , and zsj′ j′ = dr(ysj′–ysj′ ′).
According to Fig. 10(a), H2

in can be calculated by Ampere Law
as follows:

H2
in =

2

πdr

∫ dr
2

0

(
I

2πr
· 4r

2

d2r

)2

dr =
I2

3π2d2r
. (17)

Substituting (17) into (16) yields Run_ind_int.
As shown in Fig. 10(b), the current in the Litz wire is regarded

as a filamentary current concentrated at the centre of the cross-
section, and its magnetic field Hext is created by the rest of the
turns. Because of the 2ri>>dr and the symmetry of the circular
winding, Hsj′ j′ generated by 1A-turn (x, y)sj′ at turn (x′, y′)sj′

can be calculated by superposing the vector fields in the x- and
y- directions. Here, the currents of the other turns are set to 0.
According to the Biot–Savart Law [31], Hsj′ j′

2 is calculated as
follows:⎧⎪⎪⎪⎨

⎪⎪⎪⎩

Hsj′j′
2 = H2

x_sj′j′ +H2
y_sj′j′

Hx_sj′j′ =
I

4r′s
γ

π
√
α

[
1−α2−β2

4α(1−γ2)γ
2F (γ) +K(γ)

]
Hy_sj′j′ =

I
4r′s

λγ
π
√
α

[
1+α2+β2

4α(1−γ2) γ
2F (γ)−K(γ)

] (18)

where the parameters are defined as α = rs/r′s, β = zsj′ j/r′s, and
λ = zsj′ j′ /rs, respectively. According to the superposition theory
of electromagnetic field, H2

ext on a single turn can be calculated
by accumulating the magnetic fields generated by other turns on
the same side, which is represented as follows:

H2
ext =

⎡
⎣ Nx∑
x′=1

Ny∑
y′=1

(Hx_sjj′)

⎤
⎦
2

+

⎡
⎣ Nx∑
x′=1

Ny∑
y′=1

(Hy_sjj′)

⎤
⎦
2

,

Fig. 11. Distribution of Ri. (a) Ri versus fs and ΔT at Nx = 3 and m = 2.
(b) Calculations are compared with simulations at ΔT = 0 and fs = 200 kHz.

xy �= x′y′. (19)

Substituting (19) into (16) yields the turn-to-turn inductive
resistance Run_ind_turn of turn (x,y)sj′ .

Similarly, the accumulated magnetic field Hm generated by
all turns of the different side winding on turn (x, y)sj′ can be
obtained, and the mutual resistance per unit of length Run_m is

Run_m =
Pm

ILpILs cos θps
=

1

12
nlitzρcuζ

4 |Hext| · |Hm| (20)

where the current phase between the primary and secondary
sides is θps = �[(Zr2 + Zm)/Zm].

According to (11)–(20), the total ac loss PT of the CLT is
derived by accumulating Pun on the primary and secondary
turns, which is expressed as follows:

PT = 2χILpILs

Nx∑
x=1

Ny∑
y=1

π (2rint + dr(2x− 1))

·
[(

ρcu(T )

πnlitzd2z

(
4 +

ζ4

30

)
+

1

12
nlitzρcuζ

4

× (Hin
2+Hext

2+|Hext| · |Hm| cos θps)
]
. (21)

At the maximum power, there is θps = 162°, i.e., cosθps ≈
−1, which indicates that Pm diminishes the loss. It is important
to point out that the neglect of Pm is more conservative for the
system design. Here, Pm is ignored in this article.

Fig. 11(a) illustrates the curve of Ri versus fs and ΔT at Nx =
3 and m = 2.

1) Within 200 kHz, Rind_int can be ignored. Besides, Rcond

and Rind_int are both independent of the winding structure,
which can be reduced by increasing the cross-sectional
area nlitzdz2/4 of the Litz wire.

2) Although Rcond is weakly affected by frequency, it is
positively correlated with temperature. In contrast, since
an increase in temperature leads to an increase in ζ, a
smaller Rind_turn can be realized.

3) because of ωn1 < 1, the self-sustained CLT has smaller
ac resistance, resulting in lower loss and temperature rise
compared with leakage inductance resonant CLTs [17].

Fig. 11(b) depicts the comparison between FEA simulation
and analytical calculation of Ri atΔT= 0 and fs = 200 kHz. The
increase of Nx results in nonideal inhomogeneous distribution of
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Fig. 12. Distribution of S and hf. (a) Effective heat-transfer area. (b) Heat
transfer coefficient.

Fig. 13. Loss-thermal iterative calculation.

magnetic field and current [33], which increases the calculation
error with Error ≈ 0.95–(Nx–1)10%. A convenient way for
compensating the error is to introduce a correction factor [36],
with R′

i = Ri/[0.95–(Nx–1)10%], and the error is only within the
acceptable 3% after compensation. Besides, in three dimensions,
the twisting factor also should be considered.

B. Thermal Model

In fact, the thermal and loss of CLTs not only affect each
other, but are also closely related to the electrical and structural
design. For quick verification, only the average temperature
rise of the CLT is analyzed. As the hotspot near the winding
center is 10–20 °C higher than the surface temperature [24],
the margin is considered. It is designed as ΔTmax = 90 °C,
i.e., the maximum operating temperature is Tmax = 110 °C,
which is lower than the maximum allowable temperature of
130 °C [14]. Compared with natural cooling (1–10 W/(m2·°C)),
the heat transfer coefficient of forced air cooling can reach
10–100 W/(m2·°C), and it is widely used in kW-class power
electronic equipment. As shown in Fig. 17(c), the thermal loss
of the prototype is mainly exchanged by convection between
the surface and air. Because of h > rest–rint, the air cooling
direction is parallel to the axis to increase the heat-transfer area
and reduce turbulence. Neglecting the bottom area, the effective
heat-transfer area S is [35]

S = 2πdrmNym(rint + rext) + π(r2ext − r2int). (22)

TABLE II
SPECIFICATION OF PROTOTYPE

According to engineering experience, the air volume Qf of
the cooling fan needs to satisfy

Qf ≈ (1.5–2)× PT /(CairρairΔTair) (23)

where the air-specific heat capacity is Cair = 1005 J/(kg·°C), the
air density ρair = 1.23 kg/m3, and the temperature difference
between the air outlet and air inlet is ΔTair < 5 °C.

Here, the heat transfer coefficient hf is predicted as [36]

hf = (3.33 + 4.8v0.8)/l0.288c (24)

where v is the velocity of the approaching flow, defined as v =
4 m/s; the characteristic length is lc = 2mhij + drNx. From the
above parameters, the specification of the cooling fan can be
selected as shown in Table II.

According to Newton cooling formula, without considering
radiation, the winding temperature rise ΔT is expressed as
follows:

ΔT = PT /(Shf ). (25)

From (25), S and hf, which are related to the structural param-
eters, directly affect ΔT. Combining the parameters in Fig. 9,
the distributions of S and hf, are plotted as shown in Fig. 12(a)
and (b). As m and Nx increase, both S and hf decrease, indicating
that heat dissipation capacity becomes weaker.

Analyzing (13), (21), and (25), it is clear that ΔT and δ
affect each other, and the temperature-dependent parameters are
accurately predicted by iterative calculations. Fig. 13 shows the
loss-thermal iterative calculation process. With electrical and
structural parameters, and initial temperature rise ΔTinit = 0 as
input, the calculation is completed when the error between the
current value and the previous one is less than 1%, otherwise,
ΔT is returned and the operation continues.

C. Optimization of Structural Parameters

The temperature rise is a given restrictive condition, besides
that, efficiency, cost, height-outside diameter ratio, volumetric
power density (VPD), and gravimetric power density (GPD) are
also key items for evaluating system performance. These items
are shown in Fig. 14, where the twisting factor of the Litz wire
is considered. The detailed analysis is as follows.
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Fig. 14. Evaluation items. (a) Efficiency of CLT. (b) Temperature rise. (c) AC resistance. (d) Volumetric power density.

Fig. 15. Height-Outside diameter ratio for different m when Nx = 3.
(a) m = 1, h/rext = 0.18, and VPD=4.98 W/cm3. (b) m = 2, h/rext = 1.30,
and VPD=13.06 W/cm3. (c) m = 4, h/rext = 3.87, and VPD=14.5 W/cm3.

Fig. 16. Design process based on multianalytical models.

Fig. 17. Prototype and platform setup. (a) 3-D model of CLTs. (b) Segmented
unit. (c) Experimental prototype. (d) Experimental platform.

1) Efficiency, ΔT, and VPD: According to the loss-thermal
iterative algorithm, the efficiency, ΔT, and Ri under different
structural parameters are calculated. Fig. 14(a) shows that the
increases in both m and Nx result in a decrease in efficiency and
an increase inΔT. The fact is that both S and hf decrease, leading
to an increase in Ri. The system efficiency at the maximum
output power is designed to be 93.0%, so the target efficiency of
CLT is set as ηtar = 96.5%. The parameters are filtered utilizing
ΔTmax = 90 °C and ηtar = 96.5% as shown by the circles in
the orange part of Fig. 14(a) and (b).

The volume of the CLT is V = πhrext2 and VPD is shown
in Fig. 14(d). When Nx = 1, it has a smaller VPD but the heat-
transfer area is larger, which satisfies the thermal requirements
even with natural cooling. It is highlighted that when Nx = 4,
it has a larger VPD but lower efficiency. Even more, the more
layers there are, the more significant the temperature gradient
distribution is and the higher the hotspot is. Therefore, the case
of Nx < 4 is considered in the design.

2) Cost and GPD: Ignoring the bobbin, the cost and GPD of
the CLT are proportional to the wire length l. In the electrical
parameter design, the minimum self-inductance is designed to
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obtain a smaller l. From Fig. 9(f), it can be seen that the minimum
l is realized at m = 2.

3) Height-Outside Diameter Ratio: h/rext is determined by
the structural parameters of different dimensional applications,
which affects the heat dissipation capacity. At m = 1 and
m = 4, the dimensions of the CLT are flat and long cylinders,
respectively, as shown in Fig. 15. By designing h/rext in the
range [1], [3], the dimensions are more uniform and similar to
that of MCTs. Moreover, rext should be slightly smaller than the
radius of the cooling fan to improve space utilization.

From m = 2, h/rext�[1,3], Nx<4, ηtar = 96.5%, and
ΔTmax = 90 °C, two sets of Fx,m can be obtained, with Nx =
2 and Nx = 3, respectively. Because of the higher VPD and
smaller l, the design with Nx = 3 is chosen. The detailed
specification parameters of the optimal set Fx,m_opt are shown in
Table II. In fact, multilayer multisegment structures would lead
to difficulties in fabrication, so their number is small enough that
a complex optimization algorithm is not required in this article.

D. Compensation of Output Voltage Loss

The loss of power and output voltage caused by nonideal
factors is inevitable, so it is necessary to analyze the system
loss and compensate for output voltage loss. The system loss is
modeled and its total loss Ptot includes MOSFETs loss Ps, rectifier
diode loss PD, resonant capacitor loss PC, and winding loss PT

(see (21)). Thus, Ptot is

Ptot = Ps + PD + PC + PT . (26)

Ps, PD, and PC are analyzed in detail as in (27)–(29).
1) MOSFETs Loss Ps: Because of zero-voltage turn-ON, the

turn-ON loss is not considered, and Ps contains only the conduc-
tion loss Ps_con and the turn-OFF loss Ps_off, as follows:

Ps = Ps_con + Ps_off

=
VdcILp

VnIn

[
2I2LpRds(Tj , Vn, In) + 4fsEoff(Tj , Vn, In)

]
(27)

where Rds is the ON-resistance; Eoff is the turn-OFF loss; Tj is
the junction temperature; Vn is the test voltage; and In is the test
current. These parameters are given in the datasheet.

2) Rectifier Diode Loss PD: Diodes do not have reverse
recovery and only the conduction loss is calculated as follows:

PD =
VoILs

VnIn

4
√
2

π
ILsVF (Tj , Vn, In) (28)

where VF is the diode forward voltage.
3) Resonant Capacitor Loss PC: The loss tangent of resonant

capacitor is δ, and PC is written as follows:

PC = (I2Lp/Cr1 + I2Ls/Cr2)tanδ/(2πfs). (29)

Compared with conventional leakage inductance resonant
CLTs, self-sustained CLTs achieve the maximum equivalent
magnetizing inductance and ωn<1, resulting in smaller ac re-
sistance, primary RMS current, and MOSFET turn-off current.
Consequently, Ptot is also smaller.

The system efficiency is η = Pr/(Pr + Ptot)×100%. Con-
sidering the effect of nonlinear terms such as dead zones, the
practical voltage gain is Greal < ηN. It follows that the practical
turns ratio Nreal needs to satisfy

Nreal > G/η. (30)

The turns on the secondary side are added to compensate
for the output voltage loss, while a slight increase in mutual
inductance does not affect the stability of the system.

V. DESIGN PROCEDURE

The design parameters include electrical, structural, and ther-
mal parameters that interact with each other. According to the
multi-analytical models of circuit, inductance, ac resistance,
thermal, and system loss, this section combs the process of
the proposed design methodology. Fig. 16 shows the design
procedure in this article.

First, the specification parameters of the system are given,
such as power, voltage, and frequency. Consequently, the elec-
trical parameters are optimized independently to reduce the
coupling of the models (Steps 1–3). The optimal k achieving
the minimum inductance is derived from which the resonance
parameters are calculated. Considering that the winding is di-
rectly air-cooled, Jc of CLTs can be greater than that of MCTs.

Second, with Li and Lm as the target inductance, the structural
parameter set Fx,m(rint,Nx,Nym,m) satisfying the requirements
are scanned, and the loss and ΔT are iteratively calculated
(Steps 4–6). The six items of efficiency, cost, height-outside
diameter ratio, VPD, and GPD are used to evaluate the optimal
Fx,m_opt. Combined with the loss of CLTs, the system efficiency
is calculated to obtain Nreal (Step 7). The dimensions of the
designed CLT are more uniform and similar to that of MCTs.

Finally, the performances of the proposed design, such as
loss, temperature rise, and output voltage stability, are verified
in simulation and experiment. It is worth pointing out that if the
design fails to meet the thermal requirements, it can be avoided
by lowering Jc or enhancing the cooling air.

VI. EXPERIMENTAL PROTOTYPE AND VERIFICATION

A. Prototype Fabrication

As shown in the 3-D model in Fig. 17(a) and the segmented
unit in Fig. 17(b), there is a uniform dimension with h/rext = 1.3.
The proposed CLT can be assembled from four units, and the
unit can be manufactured modular at a lower cost. The prototype
is shown in Fig. 17(c) and its parameters are shown in Tables I
and II.

The bobbin of the CLT is three-dimensional printed using
polyamide-12 with a maximum operating temperature of 175 °C,
avoiding the risk of overheating. Moreover, in order to enhance
the ability of heat dissipation in the inner conductor, the bobbin
is designed in a hollow shape. The prototype shell is not in direct
contact with the heat source, thus acrylic with a maximum work-
ing temperature of 80 °C is employed, which is manufactured by
CNC and slotted to ensure airflow. The radius of the cooling fan
is slightly larger than rext, at 40 mm. Referring to the magnetic
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Fig. 18. Distribution of Magnetic field. (a) External magnetic field. (b) Mag-
netic field in wire cross-section.

TABLE III
CALCULATED, SIMULATED AND MEASURED PARAMETERS

field distribution, its distance from the CLT is 40 mm to avoid
eddy current effects.

The test platform is shown in Fig. 17(d), and the laboratory
equipment includes dc power supply IT6006C, electronic load
Chroma 63204, voltage probe Cybertek P1300, current probe
Cybertek CP305, and oscilloscope Tektronix DPO3014.

Fig. 18(a) shows the external magnetic field distribution of the
CLT. Two turns are added on the secondary side to compensate
for the output voltage loss. There is a minimum magnetic field
between Lp2 and Ls1, and the maximum magnetic field is located
between Lp1 and Ls1. These distributions are consistent with
the analysis in Fig. 5(b). Fig. 18(b) shows the magnetic field
in the wire cross section. The inhomogeneous distribution of
the magnetic field leads to the inhomogeneous distribution of
the current, which is the reason for the calculation error of (21).
The maximum magnetic field is 21.20 mT, and due to the absence
of a magnetic core, there is no magnetic saturation.

B. Impedance Measurement

To verify the calculations in Figs. 9 and 11, the open-
circuit impedance, short-circuit impedance, and common-mode
impedance are measured at T = 26 °C using an impedance
analyzer Wayne Kerr 6500B. Fig. 19(a) illustrates the measured
results of the open-circuit input impedance ZOC and short-circuit
input impedance ZSC. The resonance points are all greater
than 6.85 MHz indicating that the parallel stray capacitance
does not affect the circuit. Fig. 19(b) shows the common-
mode impedance ZCM, where the common-mode capacitance
is 71.3 pF, and it has a strong ability to suppress common-mode
interference.

Fig. 19. Measured impedance. (a) Open-circuit ZOC and short-circuit
impedance ZSC. (b) Common-mode impedance ZCM.

Table III gives the error between the calculated, simulated,
and measured inductance and resistance at fs = 200 kHz and
T = 26 °C. Compared with simulated and measured results,
the calculated inductance error is within 10% and 5%, and the
resistance error is less than 3% and 25%, respectively. In fact,
due to the twisting of the Litz wire, when the calculated value
is multiplied by the twisting factor 1.28 [26], its error with the
measured value is within 5%. This also proves the accuracy
of the proposed model. In addition, a low mutual resistance
demonstrates that it is feasible to ignore it.

C. System-Level Experimental Waveforms

As shown in Figs. 20 and 21, the experimental waveforms
at thermal steady state are tested for Po = 100%Pr and Po =
50%Pr, respectively. The prototype adopts closed-loop self-
sustained phase-shift control [39], and the output voltage is
stabilized at 110 V. A gate drive voltage of+15/–4 V is employed
to improve turn-off speed and noise immunity.

Fig. 20(a) shows the steady-state waveforms of vab, iLp, Vo,
and iLs at Po = 1500 W. The prototype outputs rated power, with
almost zero phase shift angle, and the resonant waveforms are
all sinusoidal. It can be seen that iLp is almost in phase with vab
and differs from iLs by 160°. Fig. 20(b) shows the steady-state
waveforms at Po=750 W. The self-sustained phase-shift control
can simultaneously change the duty cycle and frequency to
regulate the output voltage. From Po = 100%Pr to Po = 50%Pr,
the operating frequency also decreases from 192 to 184 kHz, and
the ac resistance becomes smaller, but the duty cycle increases
leading to an increase in reactive power circulating current.

Fig. 21(a) and (b) give the soft-switching waveforms at Po =
100%Pr and Po = 50%Pr, respectively. The leading phase is
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Fig. 20. Experimental waveforms of the prototype. (a) Po = 100%Pr and fs =
192k Hz. (b) Po = 50%Pr and fs = 184 kHz.

Fig. 21. Soft-switching waveforms of the prototype. (a) Po = 100%Pr.
(b) Po = 50%Pr.

Fig. 22. Experimental dynamic waveforms form Po = 100%Pr to Po =
50%Pr.

Fig. 23. Thermal images of prototype. (a) and (b) are measured and simulated
thermal image at Po = 100%Pr. (c) and (d) are measured and simulated thermal
image at Po = 50%Pr.

pre-set and all MOSFETs achieve the critical ZVS, eliminating the
turn-ON loss. In Fig. 21(a), a near unity power factor is achieved,
greatly reducing the RMS current and turn-OFF current (only
1.5 A) at the primary side. Fig. 21(b) gives the half-load soft-
switching waveforms with leading phase 0.64 μs. The turn-OFF

current of S3 and S4 in the lagging leg is 7.2 A, but that of S1
and S2 in the leading leg is only 1.6 A.

Fig. 22 illustrates the dynamic waveforms of vo, io, vab,
and iLp at the thermal steady state. When the output power is
switched from 100%Pr to 50%Pr, the output voltage is stabilized
at 110 V after 8.4 ms with low overshoot.

D. System-Level Thermal and Efficiency Tests

To verify the thermal reliability of the prototype, the temper-
ature rise test is verified at Po = 100%Pr and Po = 50%Pr, with
an ambient temperature of 26 °C.

Fig. 23(a) and (b) shows the experimental and finite ele-
ment simulated thermal images of the CLT at Po = 100%Pr.
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Fig. 24. Time versus temperature and input power curves. (a) Temperature-
time curve. (b) Time-efficiency curve.

The cooling fan has a power of 4.5 W and an air volume of
0.0215 m3/s. The measured and simulated hotspots of the CLT
are 96.8 and 98.2 °C, respectively, which are both lower than
110 °C. From the simulation, the surface temperature of the
CLT is highest in the middle, which is similar to the practice.
Since the hotspot in the inner layer is difficult to measure, the
surface temperature rise is used as a reference. The simulated
surface temperature, Tsf = 92.5 °C, is similar to the calculated
87.3 °C. The margin of 14 °C allows it to operate at a maximum
ambient temperature of 40 °C. The heat sinks of semiconductors
have a low temperature of 32.2 °C.

Fig. 23(c) and (d) shows the comparison of experimental and
simulated thermal images at Po = 50%Pr. The cooling fan has a
power of 2 W and an air volume of 0.010 m3/s. Due to lower loss,
its measured surface hotspot is only 67.1 °C, which is similar to
the simulated hotspot of Tsf = 58.1 °C.

The temperature–time curve is given in Fig. 24(a). The ther-
mal steady state is established within 10 min at Po=100%Pr and
Po = 50%Pr. Fig. 24(b) shows the time-efficiency curve during
the heat runs. The change of input power with temperature is
not significant, i.e., the efficiency is not significantly affected by
temperature, which is attributed to the increase in skin depth and
the lower average ΔT of the CLT.

According to (21) and (26)–(29), the loss distribution of the
prototype at Po = 100%Pr and Po = 50%Pr can be calculated
as shown in Fig. 25. The loss of resonant capacitors is too
small to be ignored. At Po = 100%Pr, the calculated loss
and conversion efficiency of the prototype are 101.30 W and
93.69%, respectively. Its main losses come from the CLT and
diodes, which account for 49.7% and 25.5%, respectively. This
is consistent with the thermal distribution shown in Fig. 23(a). At
Po = 50%Pr, the calculated efficiency of the prototype reaches
96.0%. The calculated loss of the CLT is only 11.4W, with

Fig. 25. Calculated loss distribution of prototype at Po = 100%Pr and Po =
50%Pr.

Fig. 26. Measured efficiency curve for system level at different output power.

a conversion efficiency of 98.5%. The reason is that the AC
resistance and temperature rise of CLT are smaller at Po =
50%Pr. To improve the efficiency of the prototype, more strands
of Litz wire can be selected.

Fig. 26 gives the system-level measured efficiency curve of
the prototype at different output power, and the data is taken at
the thermal steady state. At Po = 100%Pr and Po = 50%Pr, the
measured efficiencies are 93.68% and 96.04%, respectively. The
calculated errors are all within acceptable limits. The peak effi-
ciency is 96.20% at Po = 550 W. Under light load conditions, the
increase in the duty cycle leads to an increase in reactive power
circulating current, and the conversion efficiency becomes low.
It is worth noting that the proposed CLLC CLT can achieve
conversion efficiency similar to conventional LLC and CLLC
converters.

VII. COMPARISON AND EXPANSION OF TECHNOLOGIES

A. Comparison of Technologies

As shown in Table IV, the proposed CLT is compared with
the magnetic devices of the LLC and CLLC converters designed
using the AP method [17]. The results are as follows.

1) The winding of the CLT is directly air-cooled, so the larger
Jc is designed to produce a VPD similar to that of the
magnetic devices of the LLC and CLLC converters.

2) By multiplexing the leakage inductance and without a
magnetic core, the GPD of the proposed CLT is almost
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TABLE IV
COMPARISON OF TECHNOLOGIES

twice that of the magnetic devices for the CLLC converter
with the same circuit structure.

3) The proposed CLT achieves conversion efficiency and
dimensions similar to that of magnetic devices.

Compared with 3.61 W/g and 6.1 W/cm3 of the CLT in [26],
the proposed methodology significantly optimizes the power
density, which can reach 8.57 W/g and 13.06 W/cm3. Besides,
the modular unit solution saves manufacturing costs and in-
creases productivity.

B. Extended Application for 1:N Voltage Ratio

In the article, only CLTs with 1:1 voltage ratios suitable for dc
bus-tie applications are considered. Therefore, it is necessary to
point out that the proposed design methodology is still utilized
for more 1:N voltage ratio applications. Simply set the axial
layers to Npym and Nsym for the primary and secondary units
shown in Fig. 8, respectively. Furthermore, it can be extended
for the design of CLTs for other circuits such as the phase-shifted
full-bridge converter and the series resonant converter, etc.

VIII. CONCLUSION

This article presents the design of axial winding segmented
coreless transformers based on analytical models of circuit,
inductance, ac resistance, thermal, and system loss for fine
design of electrical, structural, and thermal parameters. The
electrical parameters of 1:1 self-sustained CLTs are optimized to
reduce the consumption of Litz wires when the inductance ratio
is 2.414. Then, the correction factor is introduced to modify the
ac resistance calculation of the multilayer CLT, so that the error
with the simulation is only within 3%. Furthermore, the loss-
thermal iterative model and system loss model are developed to
predict the temperature rise and compensate for the loss of output
voltage. A uniformly sized prototype is established. It has an
efficiency of 93.68% at 1500 W, with a peak efficiency of 96.20%

at 550 W. The proposed model is compared with simulation
and practice, inductance error is within acceptable 10% and
5%, and ac resistance error is within acceptable 3% and 25%
respectively. Overall, the proposed methodology optimizes the
cost and dimensions utilizing the axial winding multisegmented
design, and the modular unit solution also increases productivity.
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