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Abstract: This paper proposes an integrated magnetic structure for a CLLC resonant converter. With
the proposed integrated magnetic structure, two resonant inductances and the transformer are
integrated into one magnetic core, which improves the power density of the CLLC resonant converter.
In the proposed integrated magnetic structure, two resonant inductances are decoupled with the
transformer and can be adjusted by the number of turns in each inductance. Furthermore, two
resonant inductances are coupled to reduce the number of turns in each inductance. As a result, the
conduction loss can be reduced. The trade-off design of the integrated magnetic structure is carried
out based on the Pareto optimization procedure. With the Pareto optimization procedure, both high
efficiency and high-power density can be achieved. The proposed integrated magnetic structure is
validated by theoretical analysis, simulations, and experiments.

Keywords: CLLC resonant converter; integrated magnetic structure; resonant inductance; trans-
former; Pareto optimization procedure

1. Introduction

Bidirectional dc-dc converters are widely applied in the uninterrupted power supplies
(UPS), electric vehicles, energy storage systems, smart grid power systems, fuel cells and
supercapacitors hybrid systems [1-4] to achieve bidirectional power flows.

Of all the bidirectional dc-dc topologies, the CLLC resonant converter, which is shown
in Figure 1, has become increasingly popular, due to its advantages of high efficiency, buck
and boost capability, and bidirectional power transfer [5,6]. In addition, compared with the
dual active bridge (DAB) converter, where the Zero-Voltage-Switching is lost under light
load conditions, the CLLC resonant converter can operate under Zero-Voltage-Switching
(ZVS) of the primary switches and Zero-Current-Switching (ZCS) of the secondary switches
over the whole load range [5,6]. As a result, the switching loss can be greatly reduced. Due
to the soft switching characteristics, the CLLC resonant converter can operate at a high
frequency, which results in a high-power density. Furthermore, the voltage stress of the
power switches in the CLLC resonant converter is confined to the input voltage and output
voltage without any clamp circuit [5]. Therefore, the CLLC resonant converters have been
investigated and reported extensively.

In the CLLC topology level, the working principles, equations of main parameters,
synchronous rectifications, and the controls of CLLC resonant converters have been investi-
gated [5,7-9]. The operation principles and the equations of the main parameters are well
stated in [5,7,8]. To reduce the conduction loss, a novel synchronous rectification scheme
based on small phase shift technique is proposed in [9].
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Figure 1. The CLLC resonant converter.

In the component level, in order to improve the power density, the wide bandgap
semiconductor devices, such as the Gallium Nitride (GaN) and Silicon Carbide (5iC)
switches, have been utilized to reduce the power loss of the switches and increase the
switching speed. However, with the reduction of the power loss of the switches, the
magnetic design is still very challenging mainly due to the number of the magnetic cores
in the CLLC resonant converter, where two resonant inductances and a transformer are
required [10-12].

The most basic way to build two resonant inductances and a transformer for a CLLC
resonant converter is to use three detached magnetic cores, with two magnetic cores for the
resonant inductances and another for the transformer, which is shown in Figure 2a [5,9].
The advantage of the basic way is that the two resonant inductances can be adjusted
independently based on the optimal design of the CLLC resonant converter. However, the
application of the detached magnetic cores will lead to the large volume of the converter,
which will reduce the power density.
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Figure 2. Magnetic design for a CLLC resonant converter: (a) Detached magnetic cores; (b) conven-
tional integrated magnetic structure; (¢) proposed integrated magnetic structure.

The conventional integrated magnetic structure as shown in Figure 2b, where the
leakage inductances of the transformer are used as the resonant inductances, is applied in
the CLLC resonant converter to increase the power density [12-14]. The leakage energy is
stored between the primary winding and the secondary winding. The leakage inductance
(Ly) can be adjusted by the distance of the primary winding and secondary winding (dy),
while the magnetizing inductance (L,,) is adjusted by the thickness of the air gap (d,).
With this magnetic integration method, only one magnetic core is required. However, the
shortcomings of this magnetic structure are summarized as follows:

Firstly, the extra distance (dy) is required to achieve the desired resonant inductances,
which will increase the volume of the magnetic core and the corresponding core loss.
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Secondly, due to the high leakage flux between primary and secondary winding, the
conductors will suffer more severe proximity effect, which will increase the copper loss.

Finally, it should be noted that the range of the leakage inductances is limited by the
height of the magnetic core (h:), which means the desired resonant inductances may not be
achieved when large resonant inductances are required.

In order to solve the above problems, an integrated magnetic structure is proposed for
the CLLC resonant converter, which is illustrated in Figure 2c. In the proposed integrated
magnetic structure, instead of using the leakage inductances as the resonant inductances,
two extra inductances, L, and L,; are introduced to the magnetic core, which are coupled
with each other but decoupled with L;;,. The sums of the self-inductance (L1, Ly) and the
mutual inductance (My;) are used as the resonant inductances (Lyy, Lys). In addition, Ly,
and L,s can be adjusted by the number of turns (N1 and N,;) and the air gap in the side
legs (ds) while Ly, can be adjusted by the number of turns (Nj,) and the air gap in the central
leg (d;). The advantages of the proposed integrated magnetic structure are summarized
as follows:

Firstly, only one magnetic core is required, which is the same with the conventional
integrated magnetic structure shown in Figure 2b.

Secondly, compared with Figure 2b, d, is not required anymore and the volume of the
magnetic core will be reduced. The proximity effect in Figure 2b will be reduced as well.

Thirdly, the resonant inductances can be easily increased by adding more turns for
L;1 and L,y, so the range of the resonant inductances is expanded. As a result, the optimal
design of the CLLC resonant converter can be achieved although large resonant inductances
are required.

Finally, L1 and L, are positively coupled to enhance the resonant inductances. As
a result, the number of turns (N,1 and N;,) is reduced compared with using uncoupled
inductances. As a result, the copper loss is reduced as well.

However, it is important to point out that in the proposed integrated magnetic struc-
ture, due to the positive coupling between L, and L,,, the magnetic flux density in the
side legs will increase, which will result in more core loss. By increasing the cross-sectional
area, both the magnetic flux density and the core loss will decrease. However, the core
volume will increase. As a result, the core loss and the core volume always contradict each
other. In order to further optimize the proposed integrated magnetic structure, with full
consideration of the width of the central leg, w,, the width of the side legs, w;, and the
depth of the magnetic core, wy, the tradeoff design between the core volume and core loss
is also investigated, which is based on the multi-objective optimization method, the Pareto
optimization procedure. With the Pareto optimization procedure, the optimal design of the
proposed integrated magnetic structure can be easily carried out for a specific application.

The rest of this paper is arranged as follows. The conventional integrated magnetic
structure for the CLLC resonant converter is reviewed in Section 2. In Section 3, the operation
principles and the analysis of the proposed integrated magnetic structure are elaborated and
the equations of Ly, L;s and Ly, are derived. In Section 4, the Pareto Frontier based multi-
objective optimization of the proposed integrated magnetic structure is also investigated. In
Section 5, the proposed magnetic structure and the multi-objective optimization are validated
by the simulations and experiments. Section 6 contains a brief conclusion.

2. Review of the Conventional Method of Magnetic Integration in the CLLC Resonant
Converter: Using the Leakage Inductances as the Resonant Inductances

The conventional integrated magnetic structure in a CLLC resonant converter is to
use the leakage inductances as the resonant inductances, as shown in Figure 2b [12-14]. In
this section, this conventional method is reviewed. The general equation of the leakage
inductance of this method is derived and the shortcomings of this method are analyzed.

As shown in Figure 3, in order to increase the power density by reducing the number
of the magnetic components, the leakage inductances of the planar transformer are utilized
as the resonant inductances. The desired leakage inductances (L, and L;s) are achieved by
changing the distance between the primary winding and the secondary winding (d).
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Figure 3. General winding configuration and magneto-motive force (MMF) distribution.

The winding configuration of a planar transformer and its corresponding magneto-
motive force (MMF) are shown in Figure 3. The primary winding has 7, turns, which are
distributed in m,, layers while the secondary winding has ns turns, which are distributed in
m; layers. The distance between the primary winding and the secondary winding is dy,
which is adjusted to achieve the optimal leakage inductances. The air gap (d,) is added to
achieve the desired magnetizing inductance (L,).

Assuming the current excitation to the primary winding is iy, based on the distribution
of MMF in Figure 3, the magnetic energy stored in the window can be calculated by [15-17]:

n2i2W ~ 1) (2m, —1)d: _ _
_ Hokr pp'td zmpdp+2msds+ (mlﬂ )( Mp ) 7+ (mS 1)(27’]’15 1)d

i
R , e +6dy| (1)

Em

where W is the depth of the window, Wy, is the width of the window, d), and d; are
the thickness of the primary winding and secondary winding, respectively, and d; is the
thickness of the insulation.

According to the relation between leakage inductance and magnetic energy, leakage
inductances can be calculated by:

n3W, —1)(2m, —1)d; - -
_ HoprnpWa Dy + 2meds + (mp —1) (2my — 1) i (ms—1)(2ms —1)d

i
- - o +6do| (2)

Lrp = Lys

It can be concluded from Equation (2) that the leakage inductances can be changed by
dw, which can be calculated by:

WoLrp — mpdy  meds  (mp —1)(2mp —1)d;  (ms —1)(2ms — 1)d;

d =
O popmZWy 3 3 6m,, 6ms

®)

However, it is important to note the shortcomings of this method, which are summa-
rized as follows:

Firstly, with increased dy, the volume of the magnetic core will increase as well, which
will not only reduce the power density of the converter, but also cause extra core loss.

Secondly, in order to achieve the desired leakage inductances, plenty of leakage fluxes
should be stored between the primary winding and the secondary winding. However, the
stored leakage flux will aggravate the proximity effect, which will cause more copper loss.

Finally, it should be noted that dy, is limited by the height of the window. As a result,
the range of the leakage inductances is also limited by the window.

3. Proposed Integrated Magnetic Structure for the CLLC Resonant Converters

In this section, an integrated magnetic structure is proposed for a CLLC resonant con-
verter, where two resonant inductances and a transformer are integrated in a magnetic core.
At first, the working principles and the equations are elaborated. After that, the proposed
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integrated magnetic structure is compared with the conventional integrated magnetic
structure to further show the advantages of the proposed integrated magnetic structure.

3.1. Proposed Integrated Magnetic Structure for the CLLC Resonant Converters

The proposed integrated magnetic structure and the corresponding magnetic flux are
shown in Figure 4, where the primary winding and the secondary winding are wounded
on the center leg while two extra inductances (L,; and L) are wounded on the side legs.
It is worthy to point out that the sums of the self-inductance (L,1, L,;7) and the mutual
inductance (M) are used as the resonant inductances (L, Lys).

N,1/2 turns Pﬁimary N;/2 turns

Ny»/2 turns Secondary N,2/2 turns
Figure 4. Magnetic flux analysis of the proposed integrated magnetics.

The primary and secondary winding, which are wounded on the central leg, have N,
and N; turns, respectively. The magnetic flux generated by Ly, ¢, is shown by the blue
dash line.

The inductance, L;1, has N, turns, with half of the turns are on the left leg while the
other half are on the right leg. The way how the two halves are connected is shown in
Figure 4. The flux generated by L1, ¢r1, is shown by the red dash line.

The inductance, L;7, has N;; turns, with half of the turns are on the left leg while the
other half are on the right leg. The way how the two halves are connected is shown in
Figure 4. The flux generated by L2, ¢,2, is shown by the green dash line. The equivalent
magnetic circuit with the excitation is shown in Figure 5.

/2 P2

(a) (b) (c)
Figure 5. Equivalent magnetic circuit with the excitation of: (a) i,1; (b) iy2; (c) .

Derivation of L1, Ly2, Ly, My, and M»,,

Neglecting the leakage flux, Ly;, L;1, Lyp, the mutual inductance between L,1 and L5,
M3y, the mutual inductance between L, and L,;, M1, and the mutual inductance between
Ly and Ly, My,,,, will be derived as follows.

Assuming the current excitation of L, is iy, the equivalent magnetic circuit is shown
in Figure 5a.
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Based on magnetic circuit analysis, the following equations can be derived:

R (‘Psl + 4732) + Rs‘Psl = _L%irl
N,
2

i 4)
Re(ps1 + ¢ps2) + Repsp = =511

where ¢s1, ¢so are the magnetic flux in the left-side leg and right-side leg, respectively. R,
and R; are the magnetic reluctances of the central leg, side legs and yokes (including the
air gaps).

According to Equation (4), ¢s1 and ¢, are:

i 1N1 i N1
ba = —Hp 2= Tp" (5)

According to the definitions of self-inductance and mutual inductance, with (5), L1,
Mim and Mj; can be calculated by:

N2 NN,
_ _ _ NnlNr
= 3R, My =0, Myp 2R,

Ly (6)
As aresult, Ly, and L;; are decoupled.
Similarly, the current excitation of L, is ir; and the equivalent magnetic circuit is
shown in Figure 5b. Based on the magnetic circuit analysis, the following equations can

be derived: Nooi
Re(Ps1 + ¢s2) + Reps1 = — =322

Re(¢s1 + Ps2) + Rspsr = %

According to the definitions of self-inductance and mutual inductance, with (7), L,»,
My, and My can be calculated by:

@)

N2 NN,
2, Miy =0, Mgy = — 2
S

Lrl -

= 2R, ®)

As aresult, Ly, and L, are decoupled.
The current excitation of L, is i, and the equivalent magnetic circuit is shown in
Figure 5c. Ly, can be calculated by:

Ny
Ly=—"— 9
" 2R+ R ©)
Due to the coupling between L,; and L;,, the actual resonant inductances, L, and
L,s are:

— er(Nr1+Nr2)
Lyp = 2R; (10)

L _ NrZ(er+Nr2)

rs = T 2R,

3.2. Comparison with the Conventional Integrated Magnetic Structure for a CLLC Resonant
Conwverter (Using the Leakage Inductances as the Resonant Inductances)

In this part, the proposed integrated magnetic structure is compared with the con-
ventional integrated magnetic structure, where the leakage inductances are used as the
resonant inductances. The parameters of the CLLC resonant converter are listed in Table 1.
The magnetic core selected for the CLLC resonant converter is ELP 64/10/50 with N87
from TDK. Two magnetic cores are used in parallel to increase the cross-sectional area. The
parameters of the magnetic core are shown in Table 1 as well.

In order to make a fair comparison, the two integrated magnetic structures share the
same winding configuration, where primary winding is distributed into 4 layers, with each
layer consisting of 4 turns. In order to achieve the desired L, the thickness of the air gap,
d,, is set as 0.14 mm.
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B(T)
2.1x103
L 1.9x103
1.6x103
1.4x103
1.2x103
1.0x103
5.0x104

- 2.5x10
335107

Table 1. Parameters of the CLLC resonant converter and the magnetic core.

Symbol Values Symbol Values
Ly 30 uH Acs 519 mm?
Lys 30 uH Aec 1038 mm?
Ly 550 uH K, 1.8714
N, 16 w 0.8258
N 16 B 2.322

In the conventional method, in order to achieve the desired leakage inductances, the
distance between the primary winding and the secondary winding, d,, is calculated by
Equation (3), which is:

dy = 9.14mm (11)

As a result, in order to provide sufficient space for the distance between the primary
winding and the secondary winding, a combination of ELP 64/10/50 with ELP 64/10/50
must be adopted, which is shown in Figure 6a.

l Primary winding Air gap

B N
| J Lrl Lr? t ’/
| __éh

QT—

Magnetic core

(a) (b)

Figure 6. 2D structure of the magnetics and their simulation results with: (a) Conventional structure; (b) Proposed integrated

magnetic structure.

As for the proposed integrated magnetic structure, considering the coupling between

Ly and L,,, the number of turns of L,; and L,, are:
Ny =Np =4 (12)

Due to the lower height of this magnetic structure, a combination of ELP 64/10/50
with 164/5/50 can be adopted, which is shown in Figure 6b.

It can be seen from Figure 6 that compared with Figure 6a, the volume of the magnetic
core in Figure 6b is reduced from 41.500 mm? to 36.200 mm? and the height is reduced from
20.2 to 15.3 mm. In addition, it can be seen from Figure 6a that the height of the window
has been totally utilized to achieve the desired resonant inductances, which means with
the conventional method, the range of the resonant inductances is limited by the height of
the window. However, with the proposed integrated magnetic structure, higher resonant
inductances can still be easily achieved.

However, it is worth to point out that the flux density in the proposed integrated
magnetic structure (Figure 6b) is higher than that in the conventional integrated mag-
netic structure (Figure 6a). This problem can be solved by optimal design, which will be
elaborated in the following section.

4. Pareto Frontier Based Tradeoff Design of the Proposed Integrated Magnetic Structure

As mentioned above, the core volume and the core loss always contradict each other.
In this part, based on the Pareto Frontier, the tradeoff design of the proposed integrated
magnetic structure between the core volume and the core loss is investigated. Since the
dimensions of the window are determined by the winding structure, during the tradeoff
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design process, the width (W) and the height (W}) of the window are viewed as constant.
As shown in Figure 7, the tradeoff design focuses three parameters: the width of the side
legs, ws, the width of the center leg, w,, and the depth of the window, w;. In the first part,
the total magnetic core loss of the proposed integrated magnetic structure is derived, which
will be used for the following tradeoff design. In the second part, the effects of ws, w,, and
w, on the total core loss are investigated and the corresponding simulations are carried out
to validate the analysis. In the third part, the total core loss is optimized by Pareto Frontier
with fully considering ws, w,, and wy.

ACC Aes

%% Ws
A
— VL( ka) VC(Bka) VR(Bka)

Figure 7. 3D model of a magnetic core.

<

4.1. Derivation of the Core Loss (P.)

With iy, iyp and iy, applied to L1, Ly» and Ly, the flux density of V;, Vk and V¢, Bka,
Brpk and Bcpy, can be calculated by:

_ _Ln Ly L
Bka - errAes Irlpk + errAes IrZPk + ZanAec Impk

_ _Ln Lo _ _L
BRpk - N,lyAes Irlpk + N,ergs Irzpk ZN:Il‘\ec Impk (13)

_ _L
BCpk = ij'aiec Impk

where Irlpk, Ir2pk and Impk are the peak values of ir1, irp and iy, respectively. Vi, V¢ and
VR are illustrated by Figure 7. Aes and A, are the cross-sectional area of the side leg and
central leg, which are also shown in Figure 7.

Based on the Steinmetz’s formula, combining Equation (13), the total core loss of the
magnetic core can be calculated by:

P = kasungkVL + kcf:BlbzkaR + kasle?fkaC (14)

where k., « and B are the parameters of the magnetic core, which can be found from the
datasheet.
The equation of total core loss P, will be used for the further optimal design.

4.2. Effects of ws, w., and wy on the Total Core Loss P,

The effects of ws, w,, and wy; on P, are studied in this part. The selected magnetic core
is ELP 64/10/50 with N87, from TDK. In order to increase the power rating, two magnetic
cores are used in parallel to increase the cross-sectional area. The sizes of the magnetic core
are shown in Table 2, which will be used as the base values in the following comparison.

Table 2. The Sizes of the magnetic core.

Symbol Values Symbol Values
We 10.4 mm Wy 21.7 mm
Ws 52 mm wy 10.4 mm
wy 101.6 mm Aps 519 mm?

Aee 1038 mm? B -




Energies 2021, 14, 1756 90f 19

In order to make a fair comparison, all the cases in the following share the same
winding configuration, which is the same with that in Figure 6b.

The current excitations are from the circuit simulation of a CLLC resonant converter.
The parameters of the CLLC resonant converter as well as the current excitations are shown
in Table 3.

Table 3. The Parameters of the CLLC resonant converter and the current excitations.

Symbol Values Symbol Values
Vin 200V Vo 200V
fs 100 kHz P, 500 W
Lip 30 uH Lips 30 uH
L 550 uH Lrypk 4.05A

Lropk 40A Lk 0.54 A

(a) Effect of w. on Core Loss

In the first case, the width of the center leg, w,, is changed from 20 to 140% of the
base value (10.4 mm), while other parameters are kept the same with the base values.
Simulations are carried out in Ansys Maxwell and the distributions of the magnetic flux
density are shown in Figure 8.

B(T)

- 1.5x10!
1.3x10!
1.1x10"!
9.4x10?
7.5x102

5.8x102
3.8x10?2

. 1.9x10?
3.3x10+4

(b)
A
4
g?)
QT2
1
0 >
0.2 04 06 0.8 1.0 1.2 14
wc/w(:()
(c) (d)

Figure 8. Distribution of magnetic flux density with different w,: (a) we = 5.2 mm; (b) w. = 10.4 mm;
(c) we = 20.8 mm; (d) core loss with w.

It can be seen from Figure 8 that although w, is reduced as shown in Figure 8a or
increased as shown in Figure 8c the magnetic flux density is still low, which may be further
optimized. This is because in the proposed integrated magnetic structure, the flux mainly
concentrates on the side legs. The variation of P. with different w, is calculated, which is
shown in Figure 8d. All the parameters in Figure 8d are in per-unit-value. The original we,
wWeo (10.4 mm) and the corresponding core loss, P.y (5.8 W) are used as the based value.

It can be seen from Figure 8d considering the volume and the core loss, the central leg
of the magnetic core can be further optimized.
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(b) Effect of ws on Core Loss

In the second case, the width of the side legs, ws, is changed from 20 to 140% of
the base value (5.2 mm), while other parameters are kept the same with the base values.
Simulations are carried out in Ansys Maxwell and the distributions of the magnetic flux
density are shown in Figure 9.

B(T)
- 1.5x10!
1.3 %10
1.1x10"!
9.4x102
| 7.5x107?

5.8 102
3.8 %102

o o
3.3x104

(b)
4
o7
S 2
1
0 ‘ >
02 04 06 0.8 1 12 14
W/ Wyp
(c) (d)

Figure 9. Distribution of magnetic flux density with different ws: (a) ws = 52.6 mm; (b) ws =5.2 mm;
(c) ws = 10.4 mm; (d) core loss with ws.

It can be seen from Figure 9 that compared with Figure 9b as w; is reduced in Figure 9a
the magnetic flux density in the side leg will increase. In contrast, compared with Figure 9b,
in Figure 9c¢, as ws is increased, the magnetic flux density in the side leg will decrease.
The variation of P, with different ws is calculated, which is shown in Figure 9d. All
the parameters in Figure 9 are in per-unit-value. The original w;s, wy (5.2 mm) and the
corresponding core loss, P (5.8 W) are used as the base values.

It can be seen from Figure 9d that with larger ws, the magnetic flux density in the side
leg will decrease and the core loss will decrease. It is because that the flux in the side legs
is enhanced due to coupling between L;; and L. As a result, in order to achieve better
performance for a specific application, the side legs need further optimization.

(c) Effect of w; on Core Loss

In the third case, the depth of the magnetic core, wy, is changed from 20 to 140% of
the base value (101.6 mm), while other parameters are kept the same with the base values.
Simulations are carried out in Ansys Maxwell and the distributions of the magnetic flux
density are shown in Figure 10.

It can be seen from Figure 10 that compared with Figure 10b, as wj is reduced in
Figure 10a, the magnetic flux density in the side leg will increase. In contrast, compared
with Figure 10b, as wy is increased in Figure 10c, the magnetic flux density in the center
leg will decrease. The variation of P, with different w; is calculated, which is shown
in Figure 10.

It can be seen from Figure 10 that with the increase of w;, the core loss will decrease.
It is because that the flux in the side legs is enhanced due to coupling between L,1 and L;,.
As a result, in order to achieve better performance for a specific application, the depth of
the core need further optimization, which is similar to the effect of ws.
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B(T)

- 1.5x101
1.3x10!
1.1x10
9.4 %102

L 75x107?

5.8 x102
3.8x102

e
3.3x10*

(a) (b)

4

53

&2
1
0 >
0.2 04 06 08 1 1.2 14

wr]/wd/}
(c) (d)

Figure 10. Distribution of magnetic flux density with different w: (a) w; = 50.8 mm; (b) w; = 101.6 mm;
(c) wy = 203.2 mm; (d) core loss with w;.

Based on the above analysis, it can be concluded that the core loss of the magnetic
core is affected by ws, w,, and w,. In order to achieve low core loss, ws, w,, and w; need
further optimization. However, it is important to point out that the core loss and the
volume of the magnetic core always contradict each other: lower core loss means larger
volume of the magnetic core while lower volume of the magnetic core means higher core
loss. Considering both core loss and the volume of the core, in the following part, the
tradeoff design of the proposed integrated magnetic structure based on Pareto Frontier will
be investigated.

4.3. Tradeoff Design of the Proposed Integrated Magnetic Structure Based on Pareto
Optimization Procedure

The Pareto optimization [18,19] is utilized to identify the best performing proposed
integrated magnetic structure for a CLLC resonant converter. The specifications of the
converter and the magnetic material are required for the calculations of the volume and
power loss of the magnetic core. Each parameter within the limits of the design space is
swept individually, resulting in dataset where each point represents an integrated magnetic
design and its corresponding performance, including the volume and power loss of the
core. By analyzing the volume and core loss, the Pareto frontier can be revealed, which
represents the lowest achievable magnetic core loss for a given volume.

(a) Flowchart of Pareto optimization procedure for the proposed integrated magnetic
structure

The flowchart of the proposed integrated magnetic structure Pareto optimization
procedure is shown in Figure 11.

The details of each step are as follows:

Step 1: Initialization of Pareto optimization procedure

The operation conditions of the CLLC resonant converter, O = {I,1,k, [;2pk, Lpr}, which
are derived from the circuit simulations, are set. The design space, Wy = {40.64 mm < wy
<160.4 mm}, W, = {4.08 mm < w, < 15.3 mm]}, W = {2.08 mm < wy; < 7.80 mm}, which
are used to limit the dimensions of the magnetic core, are defined.

The population, X; = {x1, x2, ..., x;, ... , xy}, where x; = {wy;, w;, w;}, are initialized.
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Step 2: Calculations of the dominated number of each individual (1) and crowding
distance (Cy)

In this step, at first, the multi-objective values, the volume of the magnetic core, V.,
and the core loss, P, are calculated. 1, and C; of each individual are calculated with V,
and P, based on non-dominated sorting.

Step 3: Evolution of the population

The population, X;= {x1,x0,...,x;, ... ,xN}, evolves, including selection, crossover
and mutation. After evolvement, the new population, Xoewj = {Xnew1, Xnew2, Xnewisr - -+ 1
XnewN), 1S generated.

After generation of X;¢j, Xj and X, are combined together to form a population
XoNj, which includes 2N individuals.

Step 4: Recycling of Step 2 and Step 3

In this step, if the maximum iteration number is reached, the recycling process stops.
Otherwise, N individuals will be chosen for X; as the next generation and the new recycling
process of Step 2 and Step 3 will begin.

Step 5: Generate the Pareto frontier

After the maximum iteration number is reached, the recycling process stops, and the
Pareto frontier will be generated.

Set CLLC operation conditions: O={1,;p, Loy, Lupi} |
v

— .
A Define design space: W,={40.64mm < w;< 160.4mm};
Q - . R )
& W.={4.08mm <w,< 15.3 mm}; W,={2.08mm < w,< 7.80mm}
: v
Population initializtion: Xj={mx,@,... @, ..., &x}, where &i={wg,wei,wsi} |
v
Iteration starts: j=1 ’
v
o [ Calculations of multi-objective values (V, and P,) |+
= v
S . : :
A \ Calculation of n, based on non-dominated sorting |
v
‘ Calculation of crowding distance d, |
[ Evolution: Select, Crossover and mutation l
v
~ Generate N new individuals:
% X!ij:{mncwl amncu'ﬂy- .. :-'Bncu'i- .. 7:!:1:64‘_\'}
2 v
n
Combine X; with X,
X,_’A_';':{:Bl;mlv cosiy oy Ny Lpewl s Lnew2se - - s Lpcwiy - -«'Bncu'N}
= i Choose N
[y _— Reach T~ N— oy individuals
3 PSS\
n ~max llcﬂld‘llt}"}‘l__;« JZITE pom Xow
' ' Jor X;
L Y L —
;I | Generate Pareto frontier|

Figure 11. Flowchart of the Pareto optimization procedure of the proposed integrated magnetic structure.

(b) Application of Pareto optimization procedure for the proposed integrated magnetic
structure

In this part, the Pareto optimization is used for the design of the proposed integrated
magnetic structure in a CLLC resonant converter. The specifications of the CLLC resonant
converter are shown in Table 3. The magnetic material is N87, from TDK. With the flowchart
shown in Figure 11, the generated Pareto Frontier is shown in Figure 12. The conventional
design, where the leakage inductances are used as the resonant inductances is also shown
in Figure 12 (Point B) for comparison.
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Figure 12. Pareto frontier of the proposed integrated magnetic structure: A: selected optimal design

of the proposed integrated magnetic structure; B: conventional design; C: unoptimized design of the
proposed integrated magnetic structure.

It can be seen from Figure 12 that with the increase of the magnetic core volume, the
core loss will decrease. However, the volume of the magnetic core cannot be increased
unboundedly. In a specific application, there is trade-off design between the volume and
the power loss.

In addition, under the same volume condition, the core loss on the Pareto frontier is
lower than the conventional design, which means that with optimal design, the proposed
integrated magnetic structure can achieve not only high-power density but also low power
loss. The optimal dimensions of the magnetic core are ws = 3.82 mm, w, = 6.64 mm, and
wy = 152.39 mm.

The conventional design and the optimal design based on Pareto Frontier will be
validate by simulations in the following section.

5. Simulation and Experimental Validations of the Proposed Integrated Magnetic
Structure and the Pareto Optimization Procedure

In this section, the proposed integrated magnetic structure and the Pareto optimization
procedure are validated by the hybrid electromagnetic simulations and experiments. Three
cases are considered in this section:

e Conventional design, Point B, as shown in Figure 12, where the leakage inductances
are used as the resonant inductances.

e  Unoptimized design of the proposed integrated magnetic structure, Point C, as shown
in Figure 12.

e  Optimal design of the proposed integrated magnetic structure based on Pareto frontier,
Point A, as shown in Figure 12.

5.1. Simulation Validations

The parameters of the CLLC resonant converter are shown in Table 3. The simulated
magnetic flux density of the conventional design, unoptimized design of the proposed
integrated magnetic structure, and optimized design of the proposed integrated magnetic
structure are shown in Figure 13a—c, respectively.

Based on the distributions of the magnetic flux density, the core loss of each design is
calculated, which is shown in Figure 13d.

It can be seen from Figure 13d that the core loss of the unoptimized design of the
proposed integrated magnetic structure is higher than the conventional design. This is
because the current of L, and L;s flowing through the side legs of the magnetic core causes
extra core loss. However, with the Pareto optimization procedure, the core loss of the
optimized design of the propose integrated magnetic structure is reduced, which is lower
than the conventional design.

As a result, it can be concluded that with the Pareto optimization procedure, the
proposed integrated magnetic structure can enjoy higher power density and lower core loss
compared with the conventional design. In the following part, the conventional design, un-
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optimized proposed integrated magnetic structure and the Pareto frontier based optimized
proposed integrated magnetic structure will be further validated by the experiments.

B(T)

1.5x10*
1.3x10!
1.1x10!
9.4x102
7.5%x102
5.8x102
3.8x102
1.9x10?
3.3x10*

Figure 13. Simulation results: (a) conventional design; (b) unoptimized design of the proposed
integrated magnetic structure; (c) optimized design of the proposed integrated magnetic structure;
(d) power loss comparison.

5.2. Experimental Validation of the Proposed Integrated Magnetic Structure and Its Corresponding
Pareto Optimization Procedure

Three planar transformers are designed for validations: conventional planar trans-
former structure, as shown in Figure 14a; unoptimized proposed integrated magnetic
structure, as shown in Figure 14b; optimized proposed integrated magnetic structure, as
shown in Figure 14c.

ndary winding

mary winding

@)

Primary winding

(©)

Figure 14. The planar transformers of CLLC resonant converter for validations: (a) conventional

planar transformer; (b) unoptimized proposed integrated magnetic structure; (c) optimized proposed
integrated magnetic structure.
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Ly1, Ly2, Lyp, Lys, and Ly, are set by changing the air gaps in the central leg (d.) and the
side legs (ds;) and are measured by the impedance analyzer. The measured results of the
inductances in each structure are shown in Table 4.

Table 4. Measured results.

Parameters Conventional Unoptimized Optimized
Ly (uH) 29.8 14.82 14.86
Lyp (uH) 29.8 14.82 14.86
Lyp (1H) 29.8 29.6 29.7
Lys (uH) 29.8 29.6 29.7
Ly (uH) 542 545 543

It can be seen from Table 4 that by adjusting d. and d;, all the three planar transformers
share the same resonant inductances, Ly, and Lys, and the same magnetizing inductance
Ly. In the following part, all the three planar transformers will be tested in the CLLC
resonant converter to further validate the proposed integrated magnetic structure and its
corresponding Pareto optimization procedure.

The planar transformers shown in Figure 14 are tested in the CLLC resonant converter.
The main switches and the rectifiers are C2M0080120D (Silicon Carbide), from CREE
and the controller is TMS320F28335. The parameters of the CLLC resonant converter are
the same with the parameters in Table 3. The CLLC resonant converter with the planar
transformer is shown in Figure 15, where all the three transformers shown in Figure 14 will
be tested.

Gate drivers

1S5, Sg, S7 and Sg S8
Figure 15. The CLLC resonant converter for the validation.

(a) Working principle validations of the proposed integrated magnetic structure

In order to validate the working principles of the proposed integrated magnetic
structure, the transformers in Figure 14 are tested in the CLLC resonant converter. The
experimental waveforms of the output of the full bridge in the primary side, v4p(t), the
output of the full bridge in the secondary side, vcp(t), and the current in the primary
side, ip(t) in the three designs are shown in Figure 16, where Figure 16a shows the ex-
perimental waveforms with the conventional planar transformer; Figure 16b shows the
experimental waveforms with the unoptimized proposed integrated magnetic structure;
and Figure 16c shows the experimental waveforms with the optimized proposed integrated
magnetic structure.
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Figure 16. Experimental waveforms: (a) conventional planar transformer; (b) unoptimized pro-
posed integrated magnetic structure; (c) optimized proposed integrated magnetic structure;
(d) efficiency comparison.

It can be seen from Figure 16a that the switching frequency of the CLLC resonant con-
verter with the conventional planar transformer is 100 kHz, which is in accordance with the
design. In addition, both the initial magnetic integration, as shown in Figure 16b, and the
optimized magnetic integration, as shown in Figure 16c, share the same experimental wave-
forms as Figure 16a, which means the design of the resonant inductances, L,, and L;s, and
the magnetizing inductance, L;;, has been achieved by the proposed magnetic integration.

However, it is important to point out that it is necessary to further investigate the
power efficiency of the converter with the proposed integrated magnetic structure.

(b) The power efficiency of the CLLC resonant converter with the proposed magnetic
integration

It has been proven in the previous part that the proposed magnetic integration can
be used for the CLLC resonant converter. In this part, the power efficiency of the CLLC
resonant converter with the proposed magnetic integration will be further investigated.

The power efficiency of the CLLC resonant converter with three different transformers
in Figure 14 under different output power is tested and the experimental results are shown
in Figure 16d.

It can be seen from Figure 16d that compared with the conventional planar transformer,
where the leakage inductances are used as the resonant inductances, the efficiency of the
unoptimized proposed integrated magnetic structure is lower. This is because that the
magnetic flux density increases due to the magnetic integration. As a result, both the
copper loss and the core loss will increase.

In addition, it can be seen from Figure 16d that the efficiency of the CLLC resonant
converter with the optimized integrated magnetic structure is higher than that with the
conventional transformer. Thanks to the Pareto optimization procedure, the distributions of
the magnetic flux density are optimized, and the power loss of the magnetic core is reduced.

It is worth pointing out that the selection of the design from the Pareto frontier, Point
A, as shown in Figure 12, is based on the same magnetic core volume, which is used as an
example. The selection of the design from the Pareto frontier is the trade-off between the
volume and the power loss, which is dependent on the specific application. However, it has
been proven that the proposed Pareto optimization procedure based integrated magnetic
structure can achieve higher efficiency than the conventional planar transformer under the
same volume.



Energies 2021, 14, 1756

17 of 19

6. Conclusions

An integrated magnetic structure for the CLLC resonant converter has been proposed
in this paper. Two resonant inductances and a transformer are integrated into a magnetic
core. Compared with the conventional planar transformer, where the leakage inductances
are used as the resonant inductances, the advantages of the proposed integrated magnetic
structure can be summarized as follows:

Firstly, the extra height of the magnetic core, which is used to generate the desired
leakage inductances in the conventional planar transformer is not required anymore. As a
result, the volume of the core will be reduced.

Secondly, as the leakage flux stored between primary winding and secondary winding
is reduced, the copper loss caused by the proximity effect will be improved.

Thirdly, with the proposed integrated magnetic structure, the range of the leakage
inductances is extended, which can be easily changed by the number of turns in the
resonant inductances.

Finally, the multi-objective optimization method, Pareto optimization procedure, is
utilized for the optimal design of the proposed integrated magnetic structure and high
efficiency can be achieved.

The advantages of the proposed integrated magnetic structure have been validated by
the simulations and experiments.
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Abbreviations

The following is a list of symbols used in this paper and their meanings.

n Turns ratio of a transformer, see Figure 1.

L Parallel resonant inductor, also the magnetizing inductance of the transformer,
" see Figure 1 and Table 1. (H)

Lyp, Lys Resonance inductance, see Figure 1 and Table 1. (H)

Crp, Crs Resonance capacitor, see Figure 1. (F)

da Thickness of the air gap, see Figure 2a,b (m)

dw Distance of the primary winding and secondary winding, see Figures 2b and 11. (m)

he Height of the magnetic core, see Figure 2b. (m)

Ly, Ly Self-inductance and positively coupled, see Figures 2c and 4. (H)

Ny1, Ny Number of turns of L,; and L, respectively, see Figures 2c and 4.

da Thickness of the air gap in the side legs, see Figure 2c. (m)

MMF Magneto-motive force, see Figure 3.

Em Magnetic energy, see (1). ()

ip Current excitation to the primary winding, see (1). (A)

- Number of turns in the primary winding and secondary winding, respectively,
pr s see (1), (2) and (3).

e m Number of layers in the primary winding and secondary winding, respectively,
pr s see (1), (2) and (3).

Wy Depth of the window, see (1), (2) and (3). (m)

W Width of the window, see (1), (2) and (3). (m)

dy, d, Thickness of the primary winding and secondary winding, respectively, see (1),

(2) and (3). (m)
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d; Thickness of the insulation, see (1), (2) and (3). (m)
Om, Pr1, P2 Magnetic flux generated by Ly, L,; and Ly, respectively, see Figure 4. (Wb)
Magnetic reluctances of the central leg, side legs and yokes (including the air

Re, Rs gaps), see Figure 5. (Q)
ds1, Ps2 Magnetic flux in the left-side leg and right-side leg, respectively, see Figure 5. (Wb)
i, ir2, im Current excitation of L,1, L,y and L, respectively, see Figure 5. (A)
M, Mutual inductance between L,; and L,,, see (6). (H)
My, Mutual inductance between L,; and Ly, see (6). (H)
My, Mutual inductance between L;» and Ly, see (8). (H)

Number of turns in the primary winding and secondary winding, respectively,
N ps NS

see Table 1.

Cross-sectional area of the side leg and central leg, respectively, see Table 1 and
AESI AL’C F 2

igure 7. (m©)

ke, «, B Parameters of the magnetic core, see Tables 1 and 4.
Ws, We Width of the side legs and central leg, respectively, see Figure 7. (m)

Ww, Wy, wy Width, height and depth of the window, respectively, see Figure 7. (m)
Lapks Tropks Tmpk Peak values of i,1, iy and iy, respectively, see (13a), (13b) and (13c). (A)
Brpk, Brpk:s Bepk Peak values of V1, Vg and V, respectively, see (13a), (13b) and (13c). (T)

P. Total core loss of the magnetic core, see (14) and Figure 12. (W)

fs Switching frequency, see (14) and Table 3. (Hz)

Vin, Vo DC input and output voltage, see Table 3. (V)

Py Output power, see Table 3. (W)

P./ P, Ratio of P. and the original core loss P, (5.8W), see Figures 8d, 9d and 10d
Weo 10.4 mm, the original width of the central leg, see Figure 8d (m)

Wso 5.2 mm, the original width of the side leg, see Figure 9d. (m)

Wo 101.6 mm, the original depth of the window, see Figure 10d (m)

Ve Volume of the magnetic core, see Figure 12. (m3)

Output voltage of the full bridge in the primary side and secondary side,

vas(t); vep(t) respectively, see Figure 16. (V)

ip(t) Current in the primary side, see Figure 16. (A)
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