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ABSTRACT LLC resonant converter has the advantages of high frequency and high efficiency, and has
been developed rapidly and widely used in recent years. However, due to the presence of multiple magnetic
components in the circuit, the improvement of power density is limited. To solve this problem, integrated
magnetic transformer is usually designed to replace the discrete magnetics. While, the leakage inductance of
the transformer cannot be controlled, the loss of the converter increases. In this paper, a magnetic integrated
LLC resonant converter with independent inductance winding is proposed. The resonant inductance and
magnetizing inductance are integrated with the transformer in the same magnetic core by using the
decoupling integration method. Compared with the existing solution of magnetic integrated LLC resonant
converter, this method can reduce the leakage inductance between the transformer windings and decrease the
magnetic saturation of the integrated magnetics, thereby reducing the magnetic core loss and improving the
efficiency of the converter. Compared with the discrete magnetics, the volume and weight of the magnetic
components are reduced by 25.68% and 43.82% respectively, making the power density of the converter
effectively improved. Finally, an experimental prototype of integrated magnetic LLC resonant converter
with operating frequency of 350kHz and output power of 400W is built. The experimental results verify the
correctness of the design scheme.

INDEX TERMS LLC resonant converter, independent inductance winding, integrated magnetics, equivalent
model, finite element simulation analysis, efficiency.

I. INTRODUCTION
With the continuous development of DC power supply, the
operation modes of the traditional hard switching PWM con-
verter cannot meet people’s needs. As shown in figure 1,
due to the advantages of wide range voltage input, wide
gain range, high transmission efficiency and easy realiza-
tion of soft-switching, LLC resonant converter has developed
rapidly in recent years, and its application fields are also
constantly expanding [1]–[6]. Although the LLC resonant
converter achieves Zero Voltage Switching (ZVS) for the
primary-side switches and Zero Current Switching (ZCS) for
the secondary-side rectifier diodes in full load range [7], [8].
However, with the increase of switching frequency, the loss
of the converter is also increasing. At the same time, the
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volume and weight of the converter are increased due to
the multiple magnetic components involved in the resonant
circuit, which is not conducive to the improvement of power
density. In order to solve this problem, Magnetic Integration
Technology can be used to integrate multiple discrete mag-
netics (DM) in the converter, which can effectively reduce
the volume, weight, cost, and loss of magnetic components,
so as to improve the power density of the converter [9]–[11].

In recent years, comprehensive studies on the design
of resonant parameters, DC gain analysis, soft switch-
ing realization conditions, control methods and strategies
have been carried out [12]–[15]. Due to the inherent easy
magnetic integration characteristics of LLC resonant con-
verter, the leakage inductance of the transformer is used to
replace the resonant inductance, and the magnetic columns
of the transformer is opened the air gap to construct the
magnetizing inductance. Past researches on the integrated
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magnetics (IM) has mostly used EE type magnetic core
structure. The difference lies in the coil winding method
and the air gap setting. In reference [16], a general struc-
ture model of EE core IM with four coils was proposed.
The circuit structure was analyzed by using the magnetic
circuit-electric circuit dual transformation method. The IM
structure suitable for LLC resonant converters was obtained
by designing the air gap and coil arrangement. Reference [17]
applied IM to three-level full bridge LLC resonant converter,
which optimized the selection of IM parameters, reduced the
transformer secondary side leakage inductance, and realized
soft- switching in full load range. Reference [18] used IM
in a three-phase LLC resonant converter, replacing three dis-
crete transformers with a single magnetic core trans-former.
The proposed structure reduced the generation of unbalanced
output current. In reference [19], to solve the problem that the
transformer leakage inductance was insufficient and unable
to provide the required resonant inductance, the magnetic
shunt was introduced into the IM to make the winding struc-
ture produce enough resonant inductance. The relationship
between transformer leakage inductance and magnetic shunt
characteristics was investi-gated, the modeling and design
methods were given. In reference [20], EI magnetic core
was used to design the distribution of transformer windings,
and a half-turn planar transformer structure with integrated
leakage inductance was proposed, which used its terminal
effect to introduce a filter to reduce the output voltage
ripple.

Although the above methods reduce the volume and
improve the power density of the converter, there are still
shortcomings in the stability of the magnetic components
structure, the control of magnetic saturation, the leakage
inductance control, and the converter conversion efficiency.
In this paper, a magnetic integrated LLC resonant converter
with independent inductance winding was proposed. The res-
onant inductance and magnetizing inductance are inte-grated
with transformer in the same core by using the decoupling
integration method. The variation of IM magnetic flux in
different working modes of the converter was analyzed and
the optimization design formulas were derived. The finite ele-
ment model of the magnetic components were established to
verify the distribution of magnetic flux density and magnetic
field in different magnetic components. Finally, an experi-
mental prototype of magnetic integrated LLC resonant con-
verter with switch-ing frequency of 350kHz and output power
of 400W is built to verify the correctness of the design
scheme.

II. MAGNETIC INTEGRATED METHODS FOR LLC
RESONANT CONVERTER
A. INTEGRATED MAGNETIC TRANSFORMER
LLC resonant converter contains three magnetic compo-
nents: resonant inductance, magnetizing inductance and
transformer. A transformer with air gap is used to integrate
the magnetizing inductance and transformer. The resonant

FIGURE 1. Integrated magnetic transformer structure.

inductance is achieved by adjusting the distance between
the primary and secondary windings of the transformer to
produce leakage inductance. In this way, one transformer can
get all the magnetics needed, which effectively improves the
power density of the converter.

However, this design has the following disadvantages:
First is that the leakage inductance of the IM transformer
cannot be accurately controlled during the design and man-
ufacture; Then, the leakage inductance of the trans-former
is usually small, resulting in the converter operating in a
limited frequency range, thus limiting the input voltage range;
Finally, since the leakage inductance exists not only on the
transformer primary side but also on the secondary side, the
leakage inductance of the transformer secondary side will
affect the withstand voltage of the rectifier diode, thereby
increasing the on-state loss of the rectifier diode.

B. RESONANT INDUCTANCE AND TRANSFORMER
DECOUPLING INTEGRATION
In order not to affect the original working mode and to
improve the power density of the converter, the resonant
inductance and the transformer should be decoupled and
integrated.

The resonant inductance and transformer integrated struc-
ture of LLC resonant converter and its equivalent magnetic
circuit are shown in figure 2 and figure 3 respectively. In order
to make rational use of the magnetic core, the resonant induc-
tance is wound on the two side columns of the magnetic
core, and the transformer is wound on the middle column of
the magnetic core. The same air gap is opened for the three
columns of the magnetic core.

FIGURE 2. IM structure of resonant inductance and transformer.
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FIGURE 3. IM equivalent magnetic circuit.

Figure 2 is the IM structure diagram. The transformer
includes the primary winding and the secondary winding,
which are wound on the magnetic column III. Lp and Ls are
the self-inductance generated by the primary winding and the
secondary winding respectively; the resonant induct-ance Lr
is divided into two parts, Lr1 and Lr2, which are respectively
wound on the magnetic columns I and II; 8T, 8Lr1and 8Lr2
represent the magnetic flux generated by the transformer
winding, inductance Lr1 and inductance Lr2 respectively; Vp,
Vs , VLr1and VLr2 represent the voltage of the transformer
primary winding, the secondary winding, the inductance
Lr1and the inductance Lr2 respectively. Figure 3 shows the
equivalent magnetic circuit of IM. R1, R2and R3 represent
the magnetic resistance on the magnetic columns I, II and III
respectively; Np and Ns represent the primary winding turns
and the secondary winding turns of the transformer respec-
tively; NLr1 and NLr2 represent the winding turns of induc-
tance Lr1 and inductance Lr2 respect-ively; ip, is , iLr1 and
iLr2 represent the current of the transformer primary winding,
the secondary winding, the inductance Lr1and the induc-
tance Lr2 respectively; Npip and Nsis are Magnetomotive
Force of the transformer primary winding and secondary
winding; NLr1iLr1 and NLr2iLr2 are Magnetomotive Force of
resonant inductance on both side columns; 81, 82 and 83
are the magnetic fluxes produced by windings under the
joint action of the columns I, II and III of the magnetic core
respectively.

C. ANALYSIS OF IM ELECTRIC CIRCUIT - MAGNETIC
CIRCUIT COUPLING PRINCIPLE
To facilitate design and not affect the structure of the mag-
netic core, the three columns of magnetic core are open the
same air gaps at the same time. Combining figure 2 with the
IM winding structure model and according to the Ohm’s law
of the magnetic circuit, the magnetic flux generated by each
winding is:

8Lr1 =
NLr1iLr1

R1 + R2//R3
=
NLr1iLr1(R2 + R3)

1

8Lr2 =
NLr2iLr2

R2 + R1//R3
=
NLr2iLr2(R1 + R3)

1

8T =
Npip − Nsis
R3 + R1//R2

=
(Npip − Nsis)(R1 + R2)

1

(1)

Among them, 1 = R1R2 + R1R3 + R2R3. According to
the IM equivalent magnetic circuit in figure 3, the mag-netic
fluxes generated by each winding under the joint action of the
columns I, II and III of magnetic core are:

81 = 8Lr1 +8Lr2
R3

R1 + R3
−8T

R2
R1 + R2

82 = 8Lr1
R3

R2 + R3
+8Lr2 +8T

R1
R1 + R2

83 = −8Lr1
R2

R2 + R3
+8Lr2

R1
R1 + R3

+8T

(2)

Substituting equation (1) into equation (2) acquires equa-
tion (3):

81 = NLr1iLr1
R2 + R3
1

+ NLr2iLr2
R3
1

− (Npip − Nsis)
R2
1

82 = NLr1iLr1
R3
1
+ NLr2iLr2

R1 + R3
1

+ (Npip − Nsis)
R1
1

83 = −NLr1iLr1
R2
1
+ NLr2iLr2

R1
1

+ (Npip − Nsis)
R1 + R2
1

(3)

Since the resonant inductance voltage VLr = VLr1 +
VLr2, and the resonant inductance current iLr = iLr1 =
iLr2, so according to Faraday’s law of electromagnetic
induction, the transformer primary winding voltage Vp,
the se-condary winding voltage Vsand the resonant induc-
tance voltage VLr can be respectively expressed as
follows: 

Vp = Np
d83

dt

Vs = −Ns
d83

dt
VLr = VLr1 + VLr2

= NLr1
d81

dt
+ NLr2

d82

dt

(4)

According to equation (1) to (4), the relationship between
the winding voltage and current of the IM can be obtained:

VLrVp
Vs

 =
 Lr MpLr MsLr
MpLr Lp −Mps
MsLr −Mps Ls




diLr
dt
dip
dt
dis
dt

 (5)

Among them, MpLr represents the mutual induct-ance
between the transformer primary winding and the reso-
nant inductance Lr; MsLr represents the mutual inductance
between the transformer secondary winding and the resonant
inductance Lr; and Mps represents the mutual inductance
between the transformer primary winding and secondary
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winding.

MpLr =
Np(NLr2R1 − NLr1R2)

1

MsLr =
Ns(NLr1R2 − NLr2R1)

1

Mps =
NpNs(R1 + R2)

1

Lp =
N 2
p (R1 + R2)

1

Ls =
N 2
s (R1 + R2)

1

Lr =
N 2
Lr1(R2 + R3)+ N

2
Lr2(R1 + R3)

1

+
2NLr1NLr2R3

1

(6)

From equation (5) and equation (6), the coupling coeffi-
cient can be obtained as follows:

Kps =
−Mps√
LpLs

= −1

KpLr =
MpLr√
LrLp

KsLr =
MsLr
√
LrLs

(7)

Among them, Kps is the coupling coefficient between the
transformer primary winding and the secondary winding;
KpLr is the coupling coefficient between the transformer
primary winding and the resonant inductance; and KsLr is
the coupling coefficient between the transformer secondary
winding and the resonant inductance.

It can be seen from the above equations that the coupling
coefficients KpLr and KsLr of the resonant inductance and
the transformer can be adjusted by the number of turns of
the resonant inductance on both sides of the magnetic core.
According to equation (6) and equation (7), when the winding
mode of resonant inductance is: NLr1/R1 = NLr2/R2, that’s to
say, to satisfy:

NLr2R1 = NLr1R2 (8)

Bring equation (8) into equation (6), the mutual inductance
between the transformer winding and the resonant induc-
tance is MpLr = MsLr = 0, and the coupling coefficients
KpLr = KsLr = 0.

Through the above analysis, the magnetic flux generated
by the resonant inductance on both sides of the magnetic core
will not affect the center column transformer. Similarly, the
magnetic flux generated by the center column transformer
will not affect the side column resonant inductance. In this
way, the magnetic circuit between the windings will not
interplay, and the resonant inductance and the transformer can
be completely decoupled.

III. ANALYSIS AND DESIGN OF IM
A. ANALYSIS OF MAGNETIC INTEGRATED LLC RESONANT
CONVERTER
For the magnetic integrated LLC resonant converter, it is
necessary to ensure that the constant switching frequency

FIGURE 4. The main waveform of the converter under phase-shift control.

keeps the converter in a high efficiency working state. There-
fore, the constant frequency control is adopted to make the
switching frequency equal to the resonant frequency, which
ensures that the converter always works at the highest effi-
ciency point. Moreover, the constant frequency control is
easy to optimize the design of magnetic components and
improve the power density of the converter. Therefore, the
constant frequency phase-shift control is adopted in this
paper.

The waveform of LLC resonant converter under the
phase-shift control are shown in figure 4. Among them,
VAB is the voltage between primary side full bridge; VCris
the voltage of the resonant capacitance; iDr is the current
of the rectifier diode; iLr and iLm represent the current
of the resonant inductance Lr and the magnetizing induc-
tance Lm respectively. Figure 5 shows the IM operation
mode of the LLC resonant converter. Figure 6 illustrates
the equivalent AC magnetic circuit diagram of the IM,
where R1, R2 and R3 are the equivalent magnetic resis-
tance of the magnetic columns respectively. According to
Faraday’s law of electromagnetic induction, the AC mag-
netic flux of each magnetic columns are determined by the
volt-second product of the winding, and the AC equivalent
power of each magnetic columns are 8AC1(t), 8AC2(t) and
8AC3(t).

1) MODE A [t0-t1]
At t0, Q1 and Q4 are turned on, the voltage VAB at points A
and B is equal to Vin, and the transformer secondary rectifier
diodes Dr1 and Dr4 are turned on, clamp-ing the transformer
primary side voltage at nV0, and iLm increases linearly. At this
stage, Lr andCr resonate together, and the expressions of VCr,
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FIGURE 5. IM operation mode of LLC resonant converter. (a) Mode a
[t0-t1]. (b) Mode b [t1-t2]. (c) Mode c [t2-t3]. (d) Mode d [t3-t4]. (e) Mode
e [t4-t5].

iLr and iLm are as follows:

VCr(t)= (Vin−nV0)−[(Vin−nV0)−VCr(t0)]cosω(t−t0)
+ ILr(t0)Zr sinωr(t − t0)

iLr(t) = [(Vin − nV0)− VCr(t0)]
1
Zr

sinωr(t − t0)

+ ILr(t0) cosω(t − t0)

iLm(t) = ILr(t0)+
nV0
Lm

(t − t0)

(9)

FIGURE 6. Equivalent AC magnetic circuit.

In this equation, ωr is the resonant angular frequency of the
resonant inductance and the resonant capacitance, and Zr is
the characteristic impedance.

At this stage, the magnetic flux expression of the side
columns and the center column of the core are as follows:

8AC1(t) = 8AC2(t) =
Vin − nV0 − VCr

NLr
(t − t0)

8AC3(t) = (
nV0
NP
−
V0
Ns

)(t − t0)
(10)

2) MODE B [t1-t2]
At t1, Q1 is turned off and Q4 is still on. The energy stored in
the resonant inductance Lr charges the parasitic capacitance
C1 of Q1 and discharges the parasitic capacitance C2 of Q2.
Due to the buffering effect of C1, Q1 is turned off at zero
voltage, and the transformer secondary rectifier diodes Dr1
and Dr4 are still on.

At this stage, the magnetic flux expression of the side
column and the center column of the core are as follows:

8AC1(t) = 8AC2(t) =
VAB − nV0 − VCr

NLr
(t − t1)

8AC3(t) = (
nV0
NP
−
V0
Ns

)(t − t1)
(11)

3) MODE C [t2-t3]
At t2, the parasitic capacitance C1 rises to Vin, the voltage
of C2 drops to zero, Q2 turns on at zero voltage, and Q4 is
still on. At this time, VAB is zero, the transformer secondary
rectifier diodes Dr1 and Dr4 are still on, and the transformer
primary side voltage is still clamped at nV0. The expressions
of VCr, iLr and iLm are as follows:

VCr(t) = −nV0 − [−nV0 − VCr(t2)]cosω(t − t2)
+ILr(t2)Zr sinωr(t − t2)

iLr(t) = [−nV0 − VCr(t2)]
1
Zr

sinωr(t − t2)

+ILr(t2) cosω(t − t2)

iLm(t) = ILr(t2)+
nV0
Lm

(t − t2)

(12)

At this stage, the magnetic flux expression of the side
column and the center column of the core are as follows:

8AC1(t) = 8AC2(t) =
−nV0 − VCr

NLr
(t − t2)

8AC3(t) = (
nV0
NP
−
V0
Ns

)(t − t2)
(13)
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4) MODE D [t3-t4]
At t3, iLr and iLm are equal, the transformer primary current
ip decreases to zero, and the transformer secondary rectifier
diodes Dr1 and Dr4 currents drop to zero and reversely cut off
to achieve zero current shutdown. At this stage, the load is
powered by the output capacitance. Lr, Lm, and Crparticipate
in resonance together. The expressions of VCr, iLr and iLm are
as follows:

VCr(t) =
√
1+ Lm

/
LrILr(t3)Zr sin

ωr√
1+ Lm

/
Lr

(t − t3)

+VCr(t3) cos
ωr√

1+ Lm
/
Lr

(t − t3)

iLr(t) = iLm(t) = −VCr(t3)
1

Zr
√
1+ Lm

/
Lr

× sin
ωr√

1+ Lm
/
Lr

(t − t3)

+ILr(t3) cos
ωr√

1+ Lm
/
Lr

(t − t3)

(14)

At this stage, the magnetic flux expression of the side
column and the center column of the core are as follows:8AC1(t) = 8AC2(t) =

−VCr
NLr

(t − t3)

8AC3(t) = 0
(15)

5) MODE E [t4-t5]
At t4, Q4 is turned off, and the energy stored in the resonant
inductance Lr charging the parasitic capacitance C4 of Q4,
while the parasitic capacitance C3discharging in the loop.
Due to the buffering effect of C3 and C4, Q4 turns off at zero
voltage.

At this stage, the magnetic flux expression of the side
column and the center column of the core are as follows:8AC1(t) = 8AC2(t) =

VAB − VCr
NLr

(t − t4)

8AC3(t) = 0
(16)

B. THE ESTABLISHMENT OF IM MODEL
Magnetic circuit-electric circuit dual transformation method
and gyrator-capacitor analogy method are two methods for
analyzing and modeling IM [21], [22]. The magnetic circuit-
electric circuit dual transformation method allows the mag-
netic parameters in themagnetic circuit to be transformed into
electrical parameters in the electric circuit for description.
The physical meaning of the obtained model is clear, which
facilitate for parameter design and theoretical analysis. The
gyrator-capacitor analogy method uses a gyrator to simulate
the winding on each magnetic columns, and a capacitance to
simulate themagnetic permeance. The obtainedmodel is sim-
ple and direct, completely reflecting the electric circuit and
magnetic circuit characteristics of the magnetic components,
which is suitable for the needs of simulation design.

Figures 7 to 9 shows the evolution process of the equivalent
circuit. Based on the winding structure of IM in figure 2, the

FIGURE 7. Equivalent magnetic circuit dual diagram.

FIGURE 8. The relation diagram of flux linkage and current after scale
transformation.

FIGURE 9. Equivalent circuit of IM.

equivalent magnetic circuit model of figure 3 is obtained.
Using the duality principle to perform dual transformation
on the equivalent magnetic circuit, then the equivalent mag-
netic circuit duality diagram of figure 7 is obtained. The
flux linkage and current diagram of figure 8 is obtained by
scaling transformation of the equivalent magnetic circuit dual
diagram. And then to obtain the equivalent circuit diagram,
as shown in figure 9, using the principle of transformer
impedance transformation.

By using the gyrator-capacitor analogy method to obtain
the IM gyrator-capacitor equivalent model as shown in
figure 10, where C1, C2 and C3 are the equivalent perme-
ance of the two side columns and the middle column of the
magnetic core respectively; Cg1, Cg2 and Cg3 are the air gap
permeance of the column on both sides of the magnetic core
and the center column respectively. The equivalent model
can be used to link the magnetic circuit with the electric
circuit structure, which provides convenience for simulation
analysis.

VOLUME 9, 2021 665



S. Gao, Z. Zhao: Magnetic Integrated LLC Resonant Converter Based on Independent Inductance Winding

FIGURE 10. Gyrator-Capacitor equivalent model of IM.

C. DESIGN OF IM
Figure 11 shows an air gap and cross-sectional area diagram
of IM, where lgis the air gap length of the magnetic core
(the three magnetic columns of the EE core have the same
air gap to facilitate design). A1, A2, and A3 are the cross-
sectional areas of the two sides and the center columns of
the magnetic core respectively. And due to the selection of
EE-type magnetic core, A3 = 2A1 = 2A2.
According to this, the magnetoresistance of the IM with

open air gap is:

Rg1 =
lg

µ0A1
, Rg2 =

lg
µ0A2

, Rg3 =
lg

µ0A3
.

µ0—the air permeability,which is 4π×10−7H/m.
The IM useMnZn ferrite EE40 type magnetic core, and the

same air gap are opened for the three columns of the magnetic
core. The specificmagnetic core design parameters are shown
in table 1.

When the magnetic integrated LLC resonant converter is
working in mode a-c (t0-t3), the transformer secondary side
rectifier diodes Dr1 and Dr4 are always conducting, so the
voltage Vs of the transformer secondary winding is always

FIGURE 11. Air gap and sectional area of IM. (a) Magnetic core air gap.
(b) Cross sectional area of magnetic core.

TABLE 1. The magnetic core design parameters.

−V0, and the transformer primary side voltage is clamped at
nV0. At this stage, Lr and Cr resonate together. The voltage
Vs can be expressed as:

Vs = −V0 = −Ns
d83

dt
(t0 ≤ t ≤ t3) (17)

Therefore, for the magnetic column III, the magnetic flux
generated by the two side columns will not circulate in the
magnetic column III, that is, it has no effect on the magnetic
column III, and the magnetic flux density reaches the maxi-
mum value during the period t0 to t3, so the maximum flux
density of magnetic column III is as follows:

B3max =
83max

A3
=

V0
2A3Ns

(t3 − t0) (18)

When the magnetic integrated LLC resonant converter is
working in mode a (t0-t1):

VLr = Vin − Vp − VCr

= NLr1
d81

dt
+ NLr2

d82

dt
(t0 ≤ t ≤ t1) (19)

At t1, the magnetic flux density of magnetic column III
reaches the maximum value, and the maximummagnetic flux
density is:

B1max =
81max

A1
=

[Vin −
nV0(Np−NLr)

N s
](t1 − t0)

A1(NLr1 + NLr2)
(20)

According to the relationship between the magnetic flux of
three magnetic columns, 82 = 81 + 83, so the maximum
flux density of magnetic column III is as follows:

B2max =
81max +83max

A2

=
1
A2
{
[Vin −

nV0(Np−NLr)
N s

](t1 − t0)

NLr1 + NLr2
+

V0
2Ns

(t3 − t0)}

(21)

The derivation of the above equations can be used to ver-
ify whether local magnetic columns will be saturated when
designing IM, so as to optimize the magnetics design.

IV. SIMULATION OF MAGNETIC INTEGRATED LLC
RESONANT CONVERTER
A. SIMULATION ANALYSIS OF GYRATOR-CAPACITOR
MODEL
The gyrator-capacitor model has the advantages of conve-
nient modeling and suitable for simulation analysis. In order
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FIGURE 12. The steady-state simulation waveform under full load of DM.

FIGURE 13. The steady-state simulation waveform under full load of IM
transformer.

FIGURE 14. The steady-state simulation waveform under full load of IM.

to verify the performance of different magnetic components,
the equivalent models of each magnetic components were
established respectively. Through the co-simulation of PSpice
and Simulink, the steady-state waveforms of the LLC reso-
nant converter under DM, IM transformer, and IM are com-
pared, and the converter transient characteristics with the IM
are verified. The simulation parameters are as follows: input
DC voltage Vin = 360V, output voltage V0 = 48V, load cur-
rent I0 = 8.33A, output power P = 400W, transformer ratio
n = 8:1, switching frequency fs = 350kHz, the devices used
in the simulation are all ideal devices. And the simulation
waveforms are as follows:

Figure 12 is the steady-state simulation waveform under
full load of DM, figure 13 is the steady-state simulation
waveform under full load of IM transformer, and figure 14 is
the steady-state simulation waveform under full load of IM.
As can be seen from the above figures, in the steady state, the
simulation waveforms of the voltage VAB between primary

FIGURE 15. The closed-loop load switching simulation waveform of IM.

FIGURE 16. The closed-loop load switching simulation waveform of IM.

side full bridge, the secondary voltageVCD of the transformer,
and the resonant inductance current iLrunder the two mag-
netic integration methods are basically the same as DM. The
output voltage V0and output current I0 of the three methods
all reach the rated value. Using IM and IM transformer has
the same working effect as the DM, and they all conform to
the basic characteristics of LLC resonant converter.

Figure 15 shows the closed-loop load switching simulation
waveforms of IM. The output voltage V0, the output current
I0, the voltage VAB between primary side full bridge, the sec-
ondary voltage VCD of transformer, and the resonant induc-
tance current iLr weremeasured respectively. Figure 16 shows
the amplification waveforms of the simulation results of fig-
ure 15 in the range of 19.99ms to 20.035ms, and the load
switched from full to half at 20ms. Figure 17 shows the ampli-
fication waveforms of the simulation results of figure 15 in
the range of 34.95ms to 35.25ms, and the load switched at
35ms. Figure 18 shows the further enlarged waveforms of
the simulation results of figure 17 from 34.99ms to 35.05ms.
It can be seen from figure 15 that during the entire simulation
time period, when the load is switched, the output voltage
overshoot of IM is small, the output voltage waveform is
almost unaffected, the dynamic response speed of the system
is fast, and the resonant current changes with the switching
of the load. In figure 16, when switched from full-load to
half-load at 20ms, the output voltage overshoot is small, and
it quickly returns to the rated output voltage. In figure 17
and figure 18, when the load is switched at 35ms, the output
voltage overshoot is slightly larger, but it can also quickly
returns to the rated value. In a word, whether under the static
or dynamic condition, the system of IM has the smaller output
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FIGURE 17. The closed-loop load switching simulation waveform of IM.

FIGURE 18. The closed-loop load switching simulation waveform of IM.

current ripple and output voltage ripple, and has fast dynamic
response speed.

B. THE FINITE ELEMENT SIMULATION OF MAGNETIC
COMPONENTS
In order to verify the internal magnetic flux density and
magnetic field intensity distribution of different magnetic
components, the finite element simulation com-parison of
DM, IM transformer and IM were compared by using the
ANSYSMaxwell electromagnetic simulation software. Con-
sidering the influence of temperature rise, the saturation mag-
netic density is about 0.35T. EE30 core is adopted as the
resonant inductance of DM, the number of turns is 15, and
the air gap is 0.6mm. EE35 magnetic core is adopted as the
transformer of DM, the number of primary winding turns is
24, the secondary winding turns is 3, and the center column
air gap is 0.2mm. The IM transformer is EE40 magnetic core,
the number of primary winding turns is 16, the secondary
winding turns is 2, and the air gap is 0.4mm. EE40 magnetic
core is adopted for the IM, through equations (17) to (21) cal-
culate the resonant inductance winding turns and transformer
winding turns of the IM as: NLr1 = NLr2 = 7, Np = 16,
Ns = 2, and the air gap is 0.3mm.
Figure 19 is a finite element simulation of the discrete

resonant inductance, and the maximummagnetic flux destiny
is about 0.20T. Figure 20 is a finite element simulation of the
discrete transformer, and the maximummagnetic flux destiny
is about 0.29T. Figure 21 is a finite element simulation of
an IM transformer with a maximum magnetic flux density
about 0.27T. The maximum magnetic flux density of the

FIGURE 19. Magnetic flux density distribution of discrete resonant
inductance.

FIGURE 20. Magnetic flux density distribution of discrete transformer.

above magnetic components are all less than the saturation
magnetic flux density of 0.35T, and all of them meet the
normal operation requirements.

The IM simulation model was constructed in Ansys
Maxwell-2D simulation environment, and the magnetic flux
distribution of the IM is shown in figure 22. It can be seen
that the magnetic flux of the IM is generated by the resonant
inductance winding and the transformer primary winding.
The magnetic flux is distributed in the two sides of columns
and the center column, and a small amount of edge magnetic
flux is generated at the side columns air gap, and there is
less magnetic leakage. This structure achieves basically no
coupling between magnetic fluxes.

The IM model was constructed in the Ansys Maxwell-3D
transient simulation environment, and the external circuit
magnetizing source was loaded into the model. The magnetic
flux density distribution of each magnetic columns of the IM
at the transient 0.016s was obtained as shown in figure 23.
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FIGURE 21. Magnetic flux density distribution of IM transformer.

FIGURE 22. Magnetic flux distribution of IM.

It can be seen that the magnetic flux density distribution of
the magnetic core is relatively uniform, and there is no phe-
nomenon of large local magnetic flux density. The maximum
magnetic flux density is about 0.24T. The magnetic core has
not reach the saturated magnetic flux density of 0.35T during
the whole working process, so the choice of IMmagnetic core
meets the design requirements of this paper.

It can be seen from figure 21 that in order to use trans-
former leakage inductance to provide resonant inductance,
the primary winding and secondary winding of the trans-
former are wound up and down along the magnetic column.
But, this will cause the leakage inductance of the transformer
secondary side can not be fully utilized and the loss of
the transformer will be increased. As the figure 23 shows,
IM has lower saturation magnetic density and higher uti-
lization of magnetic core than IM transformer. Therefore,

FIGURE 23. Flux density distribution of IM.

compared with IM transformer, IM can select smaller mag-
netic core and further reduce the volume and weight of mag-
netic components.

V. EXPERIMENTAL VERIFICATION
In order to verify the correctness and advantages of the
IM structure design with independent inductance winding,
a 400W experimental prototype is built for experiment.
The parameters of the experimental prototype are shown
in table 2. Compared with the LLC resonant circuit with
DM, only the discrete magnetic components was replaced by
the integrated magnetics, and other parameters remain un-
changed. EE30 and EE35 are adopted as the DM resonant
inductance and the transformer magnetic cores respectively,
and EE40 is adopted as the IM magnetic cores. The DM and
IM parameters are consistent with the simulation.

TABLE 2. Experimental parameters of prototype.
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FIGURE 24. The resonant current and primary side full bridge voltage
waveforms of DM.

FIGURE 25. Steady-state output voltage and current waveforms of DM.

FIGURE 26. The resonant current and primary side full bridge voltage
waveforms of IM.

Figure 24 to 25 shows the experimental waveforms of LLC
resonant converter with DM and figure 26 to 29 shows the
experimental waveforms of LLC resonant converter with IM.
Figure 26 is the waveform of resonant current and primary
side full bridge voltage under IM, it can be seen that using the
IM structure achieves the same effect as the discrete magnetic
components in figure 24. It can be seen from figure 27 that
after the drain-source voltage Vds at both ends of the switches
crosses zero, the gate-source voltage Vgs starts to trigger,
which realizes the ZVS of the switches. From figure 28,
it can be seen that when the rectifier diode voltage VDr at
zero crossing, the rectifier diode current IDr is also crosses
zero, which realizes the ZCS of the rectifier diode. As shown

FIGURE 27. Primary side switches ZVS waveform of IM.

FIGURE 28. Rectifier diodes ZCS waveform of IM.

FIGURE 29. Steady-state output voltage and current waveforms of IM.

in figure 29, compared with the wave-forms under DM in
figure 25, the output current ripple of the converter is small
and the output voltage is stable. The above prototype test
results shows that applying the magnetic integrated structure
to the LLC resonant converter, the ZVS of the primary side
switches and the ZCS of the secondary side rectifier diode can
be realized, and also the output current ripple is small and the
output voltage stable. LLC resonant converter has reached the
original design intention.

Through measurement under the constant switching fre-
quency of 350kHz, compared with DM, the volume and
weight of IM are reduced by 25.68% and 43.82% respec-
tively, which increases the power density of the converter.
Under the same experimental conditions, the efficiency
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FIGURE 30. Efficiency curve.

comparison curve of the converter when using IM, IM trans-
former and DM can be obtained as shown in figure 30. It can
be seen that the efficiency of the converter is relatively low
at light load, and when the output current increases, the
efficiency gradually increases.When the output current is less
than 3.5A, the efficiency of IM transformer is greater than IM,
but when the current is greater than 3.5A, the efficiency of IM
is greater than IM transformer. It indicates that the leakage
inductance of the IM transformer increases with the gradual
improvement of output current, resulting in an increase in
converter loss and a decrease in efficiency. And when the
output current is 4.3A, all three cases reached the maximum
efficiency. At this time, the efficiency of DM is 95.2%, the
efficiency of IM transformer is 95.9% and the efficiency of
IM is 96.3%. In summary, in full load range, the efficiency of
IM and IM transformer is higher than that of DM.

VI. CONCLUSION
In this paper, a magnetic integrated LLC resonant converter
with independent inductance winding was proposed. The
resonant inductance and magnetizing inductance are inte-
grated with transformer in the same core by using the decou-
pling integration method. After integrat-ion, the resonant
inductance and the transformer do not affect each other,
and the converter can achieve stable and efficient operation.
Compared with the existing solution of magnetic integrated
LLC resonant converter, this method can reduce the leakage
inductance between the transformer windings and decrease
the magnetic saturation of the integrated magnetics, thereby
reducing the magnetic core loss and improving the efficiency
of the converter. Through measurement under the constant
switching frequency of 350kHz, compared with DM, the
volume and weight of IM are reduced by 25.68% and 43.82%
respectively, making the power density of the converter effec-
tively improved and reducing the cost. Finally, an experimen-
tal prototype with switching frequency of 350kHz and output
power of 400W is built. The experimental results suggest that
the application of IM structure can realize the soft switching

characteristics of LLC resonant converter, and verifies the
correctness of the proposed method.
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