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The LLC resonant converter used in high-power situations suffers from the problems
of high conduction loss and current stress, which can be solved using input-parallel
output-parallel (IPOP)-connected converter modules. However, this leads to a
multiple increase in the number of magnetic components, which reduces power
density. Magnetic integration technology is an effective way to reduce the volume of
converters. Currently, the magnetic integrated transformer based on EE-type cores is
widely used to realize miniaturization, and it uses leakage inductance instead of
resonant inductance to improve power density. However, leakage inductance is
difficult to control, and the external radiated magnetic field will produce serious
eddy current loss and electromagnetic interference. This article proposes a novel
double B-type magnetic integrated transformer, which can integrate the magnetic
components of two LLC resonant converters simultaneously and where the resonant
inductances are wound independently. The structure contains four low reluctance
branches,which areusedas thecoresof the transformer and the resonant inductance.
The decoupling integration method, which integrates the four components into a
single core, has been used to increase core utilization and improve power density. On
this basis, the transformer’s high- and low-voltage windings are cross-arranged to
reduce the magnetic field intensity in space, further decreasing the loss and
electromagnetic interference. Compared with the EE-type magnetic integrated
transformer, the volume of the proposed structure is reduced by 5.9%. A 400W
experimental prototype is built, and the results verify the validity of the design.
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1 Introduction

With the rapid development of power electronic technology, isolated high-frequencyDC-DC
power converters are widely used in electric vehicles, renewable energy, energy storage systems,
and DC power grid fields (Li et al., 2019; Guan et al., 2021; Bughneda et al., 2022; Ievgen et al.,
2022; Vijayakumar and Sudhakar, 2022; Liu et al., 2023). Among the various topologies, the LLC
resonant converter has been focused on extensively by scholars due to its smooth waveform, high
power density, low voltage stress, and the ability to achieve zero voltage switching (ZVS) for the
primary-side switches and zero current switching (ZCS) for the secondary-side rectifier diodes
(Zeng et al., 2020). However, as the power level of the application increases, a single LLC resonant
converter faces serious problems, such as high conduction loss on the primary side, high current
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stress on the secondary side, and large output current ripple. Connecting
multiple low-power LLC resonant converters by input-parallel output-
parallel (IPOP) to apply in high-power conditions can solve all the
abovementioned problems (Ahmad et al., 2021). However, this also
causes a considerable increase in power converters. The weight and
volume of magnetic components such as inductances and transformers
account for about 30%–40% of the whole (Gao and Wang, 2020),
becoming the main constraints to improving efficiency and power
density. Magnetic integration technology effectively improves power
density by structurally concentrating multiple discrete magnetic
components on a single core without affecting regular operation.

Most conventional magnetic integrated transformer structures are
based on EE-type cores. Setting air gaps to increase the leakage
inductance replaces the resonant inductance. Although it can reduce
the size of magnetic components, there are also problems, including
uneven flux distribution on the core (Yang et al., 2021) and
electromagnetic interference (Chen et al., 2022). Some scholars have
studied the leakage flux and losses of LLC resonant converters. For
example, (Noah et al., 2019a; Noah et al., 2019b; Mostafa et al., 2020),
deeply discussed the effect of leakage inductance on the operation of
LLC resonant converters and separately characterized the leakage
inductance on the primary and secondary windings in terms of the
primary coupling factor k1 and secondary coupling factor k2. The
leakage inductance distribution was controlled by the windings’ design.
Moreover, (Kimura et al., 2016), proposed a novel core calculation
model and compared the volume and loss of three converters using
close-coupled inductors (CCIs), loosely coupled inductors (LCIs), and
integrated winding coupled inductors (IWCIs), which provided an
effective method for the downsizing of magnetic components.
Regarding the magnetic integrated transformer structure, (Yang
et al., 2022), proposed an integrated winding structure with a
negligible external magnetic field for resonant converters. The
windings were sectioned and interleaved by inserting a magnetic

shunt in the core, which reduced the length of the crossed sections
of the windings while making the magnetic flux generated by external
winding sections with cancelation performance. In addition, (Gao and
Zhao, 2021), designed a magnetic integrated structure with an
independent inductance LLC resonant converter. The resonant
inductance and transformer were integrated into a single core using
the decoupled integration method, thereby reducing the leakage
inductance and lowering the losses. Furthermore (Park and Han,
2021; Ansari et al., 2022; Li et al., 2022), integrated the magnetic
components of the DC-DC converter in different forms. Although
the converter’s power density is improved, there are still deficiencies in
core saturation, leakage flux, and converter efficiency.

This article proposes a double B-type magnetic integrated
transformer that can simultaneously integrate four magnetic
components, comprising two transformers and two independent
resonant inductances, to solve problems such as power density
reduction, caused by multiple magnetic components in the IPOP
converter system, and eddy current loss, caused by the spatial leakage
flux of the traditional magnetic integrated approaches. The magnetic
circuit coupling characteristic has been analyzed, and the design method
of the magnetic core has been given. The proposed structure has been
compared with the EE-type structure in terms of power density and
efficiency. A prototype has been built to test its performance.

2 Double B-type magnetic integrated
transformer

2.1 Proposal of magnetic
integrated structure

The IPOP two LLC resonant converters system is shown in
Figure 1. L1, L2, T1, and T2 are the four magnetic components (two

FIGURE 1
IPOP two LLC resonant converter system.
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resonant inductances and two transformers). The conventional
magnetic integrated structure uses EE-type cores, where the
windings of two transformers are wound on the outer columns, and
the magnetic flux is unevenly distributed in the core (Gao and Zhao,
2021). The overall increase in the core volume to prevent local
saturation will reduce the power density, resulting in material waste.
Moreover, the air gap is usually opened on the outer core columns,
which leads to a massive flux around the core. These fluxes will cause a
decrease in transformer efficiency while generating eddy current losses
in the metal devices near the magnetic integrated structure, resulting in
serious heat generation (Yang et al., 2021).

This article designs a novelmagnetic integrated transformer structure
with two transformer windings wound on the center column of the core,
as shown in Figure 2. The structure resembles two face-to-face B, and the
internal contains four low reluctance branches. The air gaps are placed on
the left and right core columns. The primary and secondary windings of
two transformers are wound on the left and right core columns, and the
flux flows back to the windings along their respective low reluctance
brancheswith uniformdistribution throughout the core. Thewrapping of
the outer core reduces the leakage flux.

In terms of the transformer winding design, the high- and low-
voltage windings reverse staggered winding. As shown in Figure 2,
the red and blue coils represent the high- and low-voltage windings,
respectively. This practice can enhance the coupling between the
transformer windings and further weaken the external magnetic
field intensity by flux cancelation performance (Yang et al., 2022).

2.2 Resonant inductance and transformer
integration

In order to further improve the power density, it is typical to use
leakage inductance instead of resonant inductance (Zhang et al.,
2021). However, there are many disadvantages to this approach:

1) Leakage inductance is hard to control accurately, and it is
difficult to make leakage inductance large enough due to the
limitation of the core size, while the voltage gain of the LLC
resonant converter is very sensitive to the value of resonant
inductance;

2) Increased leakage flux will cause a decrease in
transformer efficiency;

3) Massive leakage flux can also cause serious electromagnetic
interference, and secondary-side leakage inductance will cause
the rectifier diode pass-state loss to increase (Gao and Zhao, 2021).

Therefore, this article adopts the individually wound resonant
inductance, while the role of the air gap of the core is only to reduce
the permeability. The two resonant inductances are wound on the
upper and lower core columns, decoupled, and integrated with the
two transformers. The final double B-type structure integrating four
components is shown in Figure 2. Since the parameters of the two
LLC resonant converters are identical, the windings are
symmetrically distributed on the four inner core columns. This
approach improves the power density while increasing the
utilization of the core.

3 Magnetic integrated method for LLC
resonant converter

3.1 Magnetic circuit model

The equivalent magnetic circuit model of the double B-type
magnetic integrated transformer is shown in Figure 3. N11, N12 and
N21, N22, are the primary and secondary windings of the two
transformers, respectively; ir1, is1 and ir2, is2 are the currents
flowing into the four windings; N11ir1, N12is1, and N21ir2, N22is2
are the magnetic electromotive forces of the four windings; N3 and
N4 are the independent wound resonance inductances of the two
LLC resonance converters; i3 and i4 are the currents flowing into the
two inductances;N3i3 andN4i4 are the magnetic electromotive forces
of the two inductances.V1,V2,V3, andV4 are the main flux under
the joint action of the windings in the magnetic core that does not
take into account the leakage flux of the air gap edges and windings;
and R01, R02, and R03 are the reluctance of each branch, of which R01

contains the air gap reluctance Rg. Since the two converters have the
same parameters, the turns of the two transformers’ primary and
secondary windings are N11 = N21, N12 = N22, and the turns of two
resonant inductances are N3 = N4.

FIGURE 2
Double B-type Magnetic Integrated Transformer.
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3.2 Decoupling integration method

According to Ohm’s law for magnetic circuits, the windings of
the transformer and the inductance produce fluxes are expressed as

ΦT1 � N11ir1 − N12is1
R01 + RcT + 2R03 + R3T + RaT( ) // 2R03 + R3T + RbT( )

ΦT2 � N21ir2 − N22is2
R01 + RcT + 2R03 + R3T + RaT( ) // 2R03 + R3T + RbT( )

ΦL3 � N3i3
R02 + RcL + 2R03 + R3L + RaL( ) // 2R03 + R3L + RbL( )

ΦL4 � N4i4
R02 + RcL + 2R03 + R3L + RaL( ) // 2R03 + R3L + RbL( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(1)

Where

R1T � R2T � R01R03/ R01 + R02 + R03( )
R3T � R02R03/ R01 + R02 + R03( )
RaT � RbT � R1TR2T/ R1T + R2T( )
RcT � R2T

2/ 2R1T + 2R2T( )

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (2)

In Eq. 1,//means parallel connection. Since the equivalent
magnetic circuit model of the double B-type core structure is
symmetric, the equivalent reluctance RiL is calculated from the
two ends of the inductance as interchanging R01 and R02 in RiT

(i = 1, 2, 3, a, b, c). On this basis, the magnetic flux generated on
the four core columns under the joint action of the windings can
be determined as

Φ01 � ΦT1 − 1
2
ΦL3

R∑dT

R∑mT + R∑dT

+ 1
2
ΦL4

R∑uT

R∑mT + R∑uT

+ΦT2

R∑nT

R∑oT + R∑nT

Φ02 � ΦT2 + 1
2
ΦL3

R∑dT

R∑mT + R∑dT

− 1
2
ΦL4

R∑uT

R∑mT + R∑uT

+ΦT1

R∑nT

R∑oT + R∑nT

Φ03 � ΦL3 − 1
2
ΦT1

R∑dL

R∑mL + R∑dL

+ 1
2
ΦT2

R∑uL

R∑mL + R∑uL

+ΦL4

R∑nL

R∑oL + R∑nL

Φ04 � ΦL4 + 1
2
ΦT1

R∑dL

R∑mL + R∑dL

− 1
2
ΦT2

R∑uL

R∑mL + R∑uL

+ΦL3

R∑nL

R∑oL + R∑nL

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(3)

Where

R∑dT � R03 + R3T + RbT

R∑mT � RcT + R01

R∑uT � R03 + R3T + RaT

R∑nT � 1/2R02

R∑oT � 1/2R03 + R01

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(4)

R∑iL is to interchange R01 to R02 in R∑iT (i = d, m, u, n, o).
Substituting Eq. 1 into Eq. 3 results in Eq. 5

FIGURE 3
Magnetic circuit model of the double B-type magnetic integrated transformer.

TABLE 1 Transformer parameters.

Parameters Value

Output power (P) 400W

Input voltage (VH) 360V

Output voltage (VL) 48V

Input current (Iin) 1.11 A

Output current (Iout) 8.33 A

Switching frequency (f) 80–100 kHz

Transformer ratio (n) 8:1

Magnetizing inductance (Lm) 358.5 µH

Ambient temperature (T) 40°C

Temperature Rise (ΔT) 60°C

Resonance current (Ir_rms) 1.34 A

Magnetizing current (ILm_peak) 1.03 A
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Φ01 � N11ir1 − N12is1
ReqT

− 1
2
N3i3
ReqL

Req1T + 1
2
N4i4
ReqL

Req2T + N21ir2 − N22is2
ReqT

Req3T

Φ02 � N21ir2 − N22is2
ReqT

+ 1
2
N3i3
ReqL

Req1T − 1
2
N4i4
ReqL

Req2T + N11ir1 − N12is1
ReqT

Req3T

Φ03 � N3i3
ReqL

− 1
2
N11ir1 − N12is1

ReqT
Req1L + 1

2
N21ir2 − N22is2

ReqT
Req2L + N4i4

ReqL
Req3L

Φ04 � N4i4
ReqL

+ 1
2
N11ir1 − N12is1

ReqT
Req1L − 1

2
N21ir2 − N22is2

ReqT
Req2L + N3i3

ReqL
Req3L

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(5)

Where

ReqT � R01 + RcT + 2R03 + R3T + RaT( ) // 2R03 + R3T + RbT( )
ReqL � R02 + RcL + 2R03 + R3L + RaL( ) // 2R03 + R3L + RbL( )

Req1T �
R∑dT

R∑mT + R∑dT

Req2T �
R∑uT

R∑mT + R∑uT

Req3T �
R∑nT

R∑oT + R∑nT

Req1L �
R∑dL

R∑mL + R∑dL

Req2L �
R∑uL

R∑mL + R∑uL

Req3L �
R∑nL

R∑oL + R∑nL

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(6)

According to the electromagnetic induction law, the transformer
voltages UT1, UT2, and inductance voltages UL3, UL4 can be
obtained as

UT1 � N11
dΦ01

dt

UT2 � N21
dΦ02

dt

UL3 � N3
dΦ03

dt

UL4 � N4
dΦ04

dt

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(7)

Substituting Eq. 5 into Eq. 7 results in Eq. 8

UT1

UT2

UL3

UL4

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �
L11 M12 M13 M14

M21 L22 M23 M24

M31 M32 L33 M34

M41 M42 M43 L44

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

d
dt

ir1 − N12

N11
is1( )

d
dt

ir2 − N22

N21
is2( )

di3
dt

di4
dt

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(8)

The values of the elements of the matrix can be expressed as

N11
2

ReqT

N11N21Req3T

ReqT
−N11N3Req1T

2ReqL

N11N4Req2T

2ReqL

N21N11Req3T

ReqT

N21
2

ReqT

N21N3Req1T

2ReqL
−N21N4Req2T

2ReqL

−N3N11Req1L

2ReqT

N3N21Req2L

2ReqT

N3
2

ReqL

N3N4Req3L

ReqL

N4N11Req1L

2ReqT
−N4N21Req2L

2ReqT

N4N3Req3L

ReqL

N4
2

ReqL

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(9)

It is known that RaT = RbT, and since R01 contains the
magnetoresistance of the air gap, R01>>R02, it can be determined that

FIGURE 4
Proposed transformer core dimensions.
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M13 +M14 � 0
M23 +M24 � 0
M31 +M32 � 0
M41 +M42 � 0
M12 � M21 ≈ 0

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (10)

In summary, the double B-type magnetic integrated structure
achieves decoupling integration between the resonant inductances
and transformers.

4 Design of double B-type core

This section focuses on the design process of the proposed
structure, selecting a transformer with input/output voltages of 360/
48V for the purpose, and the parameters are shown in Table 1.

1) Selection of core dimension and material: From the cost,
saturation flux density, relative permeability, and resistivity
of four considerations, PC40 ferrite is selected as the core
material. It has a relative permeability of µ = 2,300 and
saturation flux density of Bsat = 0.3T at 100°C.

The dimension is designed using the Ap value method. The
calculation equation can be given by (Yang et al., 2021)

Ap �
��������
ku 1 + γ( )

ΔT

√
· LmILm peakIr rms

BmaxKtkup
⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦ 8 /

7 (11)

Where ku is the window utilization coefficient; γ is the ratio of
iron loss to copper loss of the transformer; ΔT is the temperature
rise; Lm, ILm_peak, and Ir_rms are the magnetizing inductance, peak
magnetization current, and resonance current RMS of the
converter, respectively; Bmax is the maximum flux density; Kt is
the geometrical constant; and kup is the primary winding window
utilization coefficient. In order to prevent core oversaturation, the
maximum flux density in this article is designed to be Bmax = 0.2T.

Selecting γ = 1, ku = 0.4, and Kt = 48.2×103, which are brought into
Eq. 11, results in the calculation of Ap = 0.2463 cm4. The
parameters of the designed core dimensions are shown in
Figure 4, and the parameters are substituted into

Ap � Aw × Ae (12)

Where Aw is the effective cross-sectional area of the core
column, and Ae is the window area. The Ap of the selected core
is calculated as

Ap � 0.9306cm4 > 0.2463cm4 (13)

Therefore, the design of the core has to satisfy the requirements.

2) Determination of the winding turns and length of the air gap:
The design of the winding turns should avoid the saturation of
the branch core.

For the transformer’s primary winding turns, the design is based
on obtaining the maximum magnetic flux density at the minimum
operating frequency, and the secondary-side calculation is based on
the transformer ratio and the conduction voltage drop of the
output rectifier.

FIGURE 5
Magnetic flux density distribution of the core.

TABLE 2 EE-type transformer structure parameters.

Parameters Value

Magnetic core EE40

Material PC40

High-voltage winding turns 48

Low-voltage winding turns 6

Air gap 0.92 mm

Magnetizing inductance 359.1 µH

Resonant inductance 58.5 µH
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N11 � N21 � V in

Kf AeBmaxf min

(14)

N12 � N22 � N11 Vout + 2Vd( )
V in

(15)

Where Kf is the waveform factor of the square wave on the high-
voltage side, take Kf = 4, and the rest of the parameters are shown in
Table 1. By calculating, finally, take N11 = N11 = 39, N12 = N22 = 5.

The air gaps on the left and right sides are the same length, and
the calculation application equation can be expressed as:

Rg � δ

μ0A1
(16)

Where Rg is the required air gap reluctance; µ0 is the air
permeability, which is 4π×10−7H/m; δ is the length of the air gap;
and A1 is the cross-sectional area of the left and right center columns
of the core, A1 = 138 mm2.

From Eqs 5, 6, 9, it follows that

Lm � N11 N11 + N21Req3T( )
ReqT

(17)

Since R01≈Rg is much larger than R02 and R03, ReqT ˜Rg, and
Req3T≈1. This yields Rg = 4.87 × 106H.

The length of the air gap is calculated to be

δ � 0.848mm (18)

The resonant inductance, according to (Li et al., 2018), can be
calculated as

N3 � N4 ≥
L3Ir rms

BmaxAe
(19)

After calculation, the turns of resonant inductance are taken as
N3 = N4 = 9. Then, the design of the double B-type magnetic
integrated transformer structure is completed.

5 The finite element simulation of
magnetic components

5.1 Comparison of flux distribution

Themagnetic integrated transformers based on a double B-type and
EE-type core are simulated using ANSYS Maxwell. The parameters of
the EE-type core are shown in Table 2, and the magnetic flux density
distributions of the two cores are compared, as shown in Figure 5. The
ferrite saturation flux density is 0.3 T. It can be seen that neither type of

FIGURE 6
Magnetic flux density distribution of the proposed magnetic integrated structure.

TABLE 3 Coupling coefficient between windings.

Winding W11 W12 W21 W22 W3 W4

W11 1 −0.987 0.005 −0.005 −0.018 0.018

W12 −0.987 1 −0.005 0.005 0.018 −0.018

W21 0.005 −0.005 1 −0.987 0.018 −0.018

W22 −0.005 0.005 −0.987 1 −0.018 0.018

W3 −0.018 0.018 0.018 −0.018 1 0.845

W4 0.018 −0.018 −0.018 0.018 0.845 1
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transformer is saturated in the core during regular operation, proving the
design’s rationality. When only two transformers are integrated on the
double B-type core, the upper and lower core columns have non-utilized
regions due to flux cancellation performance. Placing the resonant
inductance here can utilize this region, and the overall magnetic flux
density distribution simulation is shown in Figure 6. The comparison
between Figures 5, 6 shows that the magnetic flux density distribution
uniformity is better in the double B-type core. There is a flux-canceling
region in the middle column of the EE-type core. The utilization
adequacy of the core is lower than that of the double B-type core.

Figure 7 illustrates the intensity of the magnetic field in the space
around the transformer when the transformer windings are wound

differently. It can be seen that cross-winding can dramatically reduce
the intensity of the magnetic field in the space around the windings,
which is conducive to reducing electromagnetic interference and
eddy current losses caused by leakage flux.

5.2 Coupling between windings

The coupling between the windings has been simulated and
shown in Table 3. W11, W21, W12, W22 and W3, W4 are the two
transformers’ high- and low-voltage windings and the two
resonant inductance windings, respectively. Table 3 shows that

FIGURE 7
Space magnetic field distribution.

FIGURE 8
IPOP two LLC resonant converter experimental system.

Frontiers in Energy Research frontiersin.org08

Xia et al. 10.3389/fenrg.2024.1343247

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1343247


there is approximate decoupling between the resonant
inductances and the transformers, which is consistent with the
results derived in Section 2.

6 Experimental verification

A 400W experimental platform consisting of two LLC
resonant converters with IPOP connections has been built to
verify the correctness of the double B-type magnetic integrated
transformer design, as shown in Figure 8. The system consists of
the oscilloscope, DC power supply, STM32, IPOP two LLC
resonant converters module, and load resistances, with the
parameters shown in Table 4, and the core uses the double B
type and EE type. Measurements yielded the EE-type magnetic
integrated transformer volume of 43.32cm3 and the double
B-type magnetic integrated transformer of 40.76cm3. Although
the resonant inductance of the double B-type magnetic integrated
transformer is independently wound on the core, the overall
volume is still reduced by 5.9% compared to the EE-type core,
with an air gap in place of the resonant inductance, which
improves the power density while reducing the leakage flux.

The two types of LLC resonant converters have been tested under
full load. The experimental waveforms are shown in Figure 9.VAB is the

primary-side full-bridge voltage, and ILr is the peak resonant current.
The comparison of the experimental waveforms of the two transformers
shows that the double B-typemagnetic integrated transformer canwork
properly, and the resonant current is smaller than the EE-typemagnetic
integrated transformer. The resonant current reduction can reduce the
losses, which verifies the effectiveness of the design.

The efficiency curves derived from the two transformers
measured under the same conditions are shown in Figure 10.
The efficiency of the double B-type magnetic integrated
transformer is maximally improved by 0.7% over the EE-type
magnetic integrated transformer, up to 96%.

7 Conclusion

This article proposes a double B-type magnetic integrated structure
that can integrate two transformers and two resonant inductances
simultaneously. Four magnetic components are placed on four core
columns in the middle of the core, which improves the power density
while maintaining a uniform flux distribution. The decoupling

FIGURE 9
The resonant current and primary side voltage waveforms. (A) Double B-type Magnetic Integrated Transformer (B) EE type Magnetic Integrated
Transformer.

TABLE 4 Experimental system parameters.

Parameters Value

Output power 400W

Input voltage 360V

Output voltage 48V

Load current 8.33A

Switching frequency 100 kHz

Transformer ratio 8:1

Magnetizing inductance 358.5 µH

Resonant inductance 58.75 µH

Resonant capacitance 41.92 nF

FIGURE 10
Efficiency curve.
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integration between different components is realized through
the design so that each component can operate regularly after
integration. The resonant inductance wounded independently
simplifies the design of the transformer core while reducing the
leakage flux, and the cross-winding of the transformer’s high-
and low-voltage windings further reduces the external radiated
magnetic field, significantly minimizing electromagnetic
interference and eddy current loss. A transformer prototype
is built, and the volume of the proposed structure is reduced by
5.9% compared to the EE-type transformer. The experimental
results show that the system efficiency can be improved by 0.7%
with a transmission power of 400W.
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