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Abstract—High-power isolated dc–dc converters are preferred
in the medium-voltage cascaded H-bridge (CHB) photovoltaic (PV)
generation systems due to high power density and galvanic isola-
tion. However, high-power transformers in dc–dc converters can
result in high power losses and poor heat dissipation due to thick
isolation materials. The three-phase LLC (3P-LLC) converter has
been reported suitable for high power applications. Comparing to
the single-phase counterpart, the 3P-LLC converter employs three
discrete transformers, leading to a larger core area for better heat
dissipation. To further increase the power density and the heat
dissipation capability of resonant converters, increasing the phase
number and integrating magnetic components are considered. This
work proposes a five-phase LLC (5P-LLC) resonant converter for
the CHB PV application. To increase the power density, a five-phase
magnetic integrated transformer (5P-MIT) is proposed and de-
signed with an optimal limb structure to avoid local flux saturation.
To further increase the power density, reduce the transformer
losses, and enhance the heat dissipation capability, multiobjective
optimization is developed to meet multiple design requirements
simultaneously. A design case is studied to show the advances of the
proposed 5P-MIT. To further investigate the proposed 5P-LLC, a
down-scaled prototype is developed with a 5P-MIT. Experiments
are conducted to verify the analyses and the functionality.

Index Terms—Five-phase LLC (5P-LLC) resonant converter,
magnetic integrated transformer, multiobjective optimization.

I. INTRODUCTION

THE LLC resonant converter is a promising topology with
the superiority full-load zero-voltage soft-switching (ZVS)
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capability [1], [2]. It is widely used in medium- and high-power
applications such as cascaded H-bridge (CHB) photovoltaic
(PV) generation systems [3], [4], modular energy storage sys-
tems [5], and electric vehicle charging systems [6], [7]. The high-
power LLC resonant converters can not only provide galvanic
isolations for distributed power sources but also greatly improve
the system efficiency due to the soft-switching capability.

For high-power LLC resonant converters, the transformer
plays an important rule, which affects the system overall per-
formance [8], [9]. In single-phase applications, the transformer
needs to conduct the rated power, which results in high trans-
former losses. Certain insulation materials are also required for
medium-voltage applications, e.g., in medium-voltage CHB PV
systems [3], [4], [10], which further reduces the transformer
heat dissipation capability [11]. As a result, a high temperature
rise can be generated in the transformer, which deteriorates the
system performance [12].

The three-phase LLC converter (3P-LLC) can alleviate the
above-mentioned weaknesses [13], [14]. It employs three dis-
crete transformers, which result in a larger core area for a
better heat dissipation capability compared with the single-phase
counterpart, being a suitable topology for the isolated dc–dc
converters in high-power applications [15]. However, discrete
magnetic components increase both the volume and weight of
a converter system. To further increase the power density of
isolated dc–dc converters, magnetic integration is a promising
solution [16], [17].

Magnetic integration for LLC resonant converters can be
realized in both the component level and the transformer level.
The resonant tanks in LLC converters are usually comprised of a
series inductance, a parallel inductance, and a transformer. From
the component-level perspective, the parallel inductance can be
realized with the transformer magnetizing inductance, whose
value can be designed by adjusting the air gap [18]. While the
series inductance can be realized through the leakage inductance
by designing the winding configurations [19]. Thereby, an inte-
gration of magnetic components can be realized [20], [21].

From the transformer-level perspective, the discrete trans-
formers and the magnetic components in the resonant tanks can
be further integrated, forming a three-phase magnetic integrated
transformer (3P-MIT). For integrated transformers, consistent
phase parameters are preferred to prevent the current imbalance.
In [22], a four-limb 3P-MIT in 3P-LLC is proposed for electric
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vehicle applications. The center limb is designed with an air gap,
which increases the reluctance and the coupling among three
outer magnetic limbs. However, an additional limb increases
the consumption of the magnetic materials. Noah et al. [23]
present another four-limb 3P-MIT, the central limb has no air
gap, while the outer three limbs have a gas gap to increase
the reluctance. Magnetic flux intersects in the central limb to
achieve the decoupling. Besides, a balancing transformer is
proposed to balance the three-phase resonant current. In [24],
a Lagrangian dynamics model is used to analyze the decoupling
of the 3P-MIT in [23]. It is proven that the 3P-MIT is feasible to
replace three discrete transformers. In [25] and [26], a horizontal
three-limb 3P-MIT is developed to save the magnetic materials,
following the area product (AP) method. However, the magnetic
integration of LLC converters with more than three phases has
been seldom investigated.

In high-power LLC resonant converters, e.g., in CHB PV ap-
plications, the transformer design needs to meet the requirements
of power density, losses, and heat dissipation simultaneously.
Therefore, an optimization design for MIT is necessary. Con-
ventionally, the AP method is utilized to design transformers
according to the AP values [26]–[28]. However, the power den-
sity and transformer losses are usually not fully optimized. An
optimal design of a 3.52-kW/20-kHz transformer is presented in
[29], considering the losses and the leakage inductance through
genetic algorithm. However, the heat dissipation and the power
density can be further optimized. The design and optimiza-
tion of a 166-kW/20-kHz transformer is elaborated in [30],
considering the power density and transformer losses, while
the heat dissipation performance is neglected. A 1-MW/5-kHz
high-power transformer is designed to meets the requirements
of efficiency, isolation, and leakage inductance under the limit of
temperature rise [31]. However, the power density can be further
optimized. For high-power applications, a more comprehensive
optimization considering various aspects is preferred, to maxi-
mally utilize the integrated transformers.

To further increase the power transfer capability and optimize
the performance of the LLC converter, this work investigates
the design and optimization of a five-phase magnetic integrated
transformer (5P-MIT) in a five-phase LLC (5P-LLC) converter
for CHB PV generation systems. The main contributions are
summarized as follows:

1) Concrete design process of the 5P-MIT is conducted. A
novel limb structure is proposed to prevent local flux dis-
tribution. A magnetic circuit model is developed to prove
that the 5P-MIT is equivalent to five discrete counterparts.
Robustness analysis is conducted to evaluate the impact
of reluctance discrepancy.

2) A multiobjective optimization algorithm is proposed for
the 5P-MIT, so that the power density, transformer losses,
and heat dissipation capability can be designed simulta-
neously.

The rest of this article is organized as follows. Section II intro-
duces the fundamentals of the 5P-LLC, including the operation
principle, the voltage gain, and the parameter design. Section III
presents the in-depth design of the 5P-MIT. A staggered limb
structure is proposed to prevent local flux saturation. Magnetic

TABLE I
SPECIFICATIONS OF THE 200-KW 5P-LLC CONVERTER

circuit models are developed and the robustness against the
reluctance discrepancy is investigated. To further optimize the
5P-MIT considering various aspects, a multiobjective algorithm
is proposed in Section IV. Design cases are presented to show
the advances of the proposed 5P-MIT. To investigate the func-
tionality of the proposed 5P-MIT in the 5P-LLC converter, a
down-scaled prototype is developed in Section V. Experiments
are conducted to verify the design accuracy. Finally, Section VI
concludes this article.

II. 5P-LLC RESONANT CONVERTER

The system configuration of the investigated LLC converter
for the medium-voltage CHB PV application is presented in
Fig. 1, referring to [3], [4]. The investigated LLC resonant
converter is rated at 200 kW with the input voltage of 1300 V
and the transformer turns ratio of 1.5, as specified in Table I. A
multiphase structure is considered to enhance the power transfer
capability. To minimize the current and voltage ripple in the
output filter, it is recommended to select an odd phase number.
Thus, a 5P-LLC is proposed for the following investigations.
To further increase the power density of the converter system,
a 5P-MIT is proposed and developed. The fundamentals of
the 5P-LLC will be introduced in this section, including the
operation principle, the voltage gain, and the parameter design.

A. Operation Principle

As illustrated in Fig. 1, the 5P-LLC consists of five half-
bridge converters in parallel, a five-phase resonant tank with
the proposed 5P-MIT, five diode half-bridge converters, and
dc-side filters. The resonant tank is comprised of five-phase
resonant inductance Lrx (x = A, B, C, D, E), the magnetizing
inductance Lmx, and the resonant capacitor Crx. The resonant
inductance is realized by the leakage inductance of the 5P-MIT.
Since the resonant tank contains two magnetic elements, two
resonant frequencies can be obtained as given in (1) and (2).
To guarantee the ZVS capability, it is necessary to select the
switching frequency fs larger than fr2. Usually, it is preferred to
consider fs the same as fr1 [2]

fr1 =
1

2π
√
LrxCrx

(1)

fr2 =
1

2π
√
(Lrx + Lmx)Crx

. (2)

The 5P-LLC converter is operated with the phase-shift mod-
ulation considering a fixed duty cycle of 50% in each bridge.
Different from a single-phase or a three-phase LLC resonant
converter, the phase-shift angle of the 5P-LLC converter is
determined as 72°. Exemplary voltage and current waveforms of
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Fig. 1. Configuration of the proposed 5P-LLC resonant converter in the medium-voltage CHB PV application and the proposed 5P-MIT structure.

Fig. 2. Steady-state voltage and current waveforms of the 5P-LLC converter.

a 5P-LLC converter are shown in Fig. 2, considering only phase
A and B.

Star connection is considered for both the primary and the
secondary side of the transformer. Due to the interleaved mod-
ulation voltages, the neutral-point voltage UNG alternates as a
square form with the frequency of 5fs, and the amplitude between
0.4Uin and 0.6Uin, which is determined by the transformer phase
voltages.

Due to the resonant tank, the primary-side phase current in
the transformer ipx presents a sinusoidal form with a frequency
of fs, which is determined by the magnetizing current imx and
the secondary-side phase current isx simultaneously. The mag-
netization current imx is determined by the primary-side voltage,
whose peak value is determined by (3), where Uin denotes the
input voltage

îmx =
3 · Uin

25 · Lmx · fs (3)

B. Voltage Gain of the 5P-LLC

The voltage gain of the 5P-LLC converter can be derived using
the first harmonic approximation (FHA) approach [2], [15].
Assuming that identical parameters are designed for all phases,

Fig. 3. Equivalent circuit of 5P-LLC. (a) Resonant tank circuit in operation.
(b) Equivalent circuit.

an equivalent circuit of the 5P-LLC converter can be obtained,
as depicted in Fig. 3. Taking the first harmonic component of
the voltage and current in the rectifier bridge, the equivalent
load Reqx can be derived as given in (4), where Ro is the
load resistance, and n denotes the equivalent turns ratio of the
5P-MIT, as given in (5).

Reqx =
10

π2
n2Ro (4)

n = N

√
Lmx

Lmx + Lrx
. (5)

Hereinafter, and voltage gain M of the 5P-LLC converter can
be derived as given in (6), where Q is the quality factor of the 5P-
LLC, k is the inductor ratio, and fn is the normalized switching
frequency, as specified in (7)

M =
nUo

Uin
=

1√
(1 + 1

k − 1
kf2

n
)
2
+Q2(fn − 1

fn
)
2

(6)

k =
Lmx

Lrx
, fn =

fs
fr1

Q =
2πfr1Lrx

Reqx
=

1

2πfr1CrxReqx
. (7)

Based on (6), the gain curves considering various load condi-
tions are depicted in Fig. 4. In the application of medium-voltage
CHB PV systems. The common dc-bus voltage is regulated
as constant [3]. To maintain the power balance among each
module, it is preferred to keep the output voltage constant as
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Fig. 4. Gain curve of the 5P-LLC.

Fig. 5 Design procedure of 5P-LLC converter.

well. According to the operating curves presented in Fig. 4,
the gain curve of the 5P-LLC behaves independent of the load
condition at the resonant frequency fr1, which is recommended
as the nominal operating frequency.

C. Parameter Design

To facilitate the parameter design of the 5P-LLC converter,
a design procedure is proposed as illustrated in Fig. 5. A finite
element analysis (FEA) model of the 5P-MIT is first developed.
Based on that, the flux distributions are investigated to determine
the optimal limb structure. Detailed converter dimensions and
the resonant frequency are determined through the multiobjec-
tive optimization. Hereinafter, the parameters of the resonant
tank and the output filter can be further designed and adjusted.

The phase inductances of the 5P-MIT can be extracted based
on the developed FEA model. The leakage inductance can be
measured by applying an excitation with the secondary-side
short-circuit connection, while the magnetization inductance can
be estimated with the secondary-side open-circuit connection,
respectively.

For the 5P-LLC converter in the CHB PV application, the
nominal switching frequency of the 5P-LLC converter is se-
lected as fr1. Thus, the design of the 5P-LLC converter focuses
on the inductor ratio k, which affects both the peak magnetizing
current and the soft-switching capability.

As depicted in Fig. 2, the peak magnetizing current intersects
with the primary-side phase current at the turn-OFF instant.
Usually, it is flexible to design Lmx rather than Lrx by adjusting
the air gap. For a given Lrx, an increased k reduces the peak

magnetizing current, which reduces the turn-OFF losses simul-
taneously. Besides, an increased k smoothens the gain curve,
which benefits the voltage balancing among different half-bridge
modules.

To guarantee the soft-switching operation capability, a certain
amount of magnetizing current is required to commutate the
charge in the output capacitance of semiconductor devices Coss

within the dead time Td, between the upper and lower power
devices [2], as given in the following equation:

k � 3 · Td
50 · fs · Lrx · Coss

− 1 (8)

Considering various impacts on the switching losses, gain
curve characteristics, and soft-switching capability, it is pre-
ferred to design the value of k between 10 and 15. The length of
the air gap can be adjusted to change the value of k in the FEA
model. After adjusting the air gap, new values of inductances
shall be extracted with the FEA model to facilitate further
designs.

Deriving from (1), the capacitance of the resonant tank Crx

can be selected according to (9), where the switching frequency
fs is consistent with the resonant frequency fr1

Crx =
1

4π2Lrxf2s
. (9)

The current distribution of each leg depends on the parame-
ter discrepancy of the five-phase resonant tank. To reduce the
current imbalance of the 5P-LLC converter, efforts are made to
maintain the parameter consistency for all phases. It is found
that an increased value of im (a decreased value of Lm) can also
result in a higher current imbalance among phases.

To further improve the current distribution capability, a CLC
output filter is implemented. The CLC filter consists of a small
capacitor C1, a large capacitor C2, and an inductance L1. The
large capacitor C2 is designed for filtering out the ac component.
The filter parameters C1 and L1 are designed to form a parallel
resonance with Lm at the switching frequency, so that the equiv-
alent effect of im can be suppressed. The value of C1 and L1

shall meet the requirement given in the following equation:

fs =
1

2π

√(
LmxL1eq

Lmx+L1eq

)
C1eq

(10)

where C1eq and L1eq are the equivalent values of C1 and L1

referring to the primary side. Based on the FHA approach, the
values of C1eq and L1eq are determined with (11) and (12).

C1eq =
π2

10n2
C1 (11)

L1eq =
10n2

π2
L1. (12)

By means of that, the balance of current distributions can be
improved, which enhances the operation robustness against the
resonant tank parameter discrepancy.

Porotype can be developed after designing the key parameters.
The actual values of the leakage inductance and the magne-
tization inductance shall be measured and compared with the
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Fig. 6. Detailed parameter labeling of the 5P-MIT. (a) Schematic diagram
of 5P-MIT. (b) Top view. (c) Front view of 5P-MIT and schematic diagram of
winding.

estimated values obtained from the FEA model, in order to verify
the design accuracy.

III. DESIGN AND MODELING OF THE 5P-MIT

To improve the power density of the 5P-LLC converter, an
integrated transformer is designed to fully utilize the magnetic
paths. A novel phase structure is proposed to optimize the flux
distribution, so that local magnetic saturation can be prevented.
Magnetic circuit models are derived to show the equivalent
performance of the 5P-MIT comparing to five separated trans-
formers. Robustness analysis is conducted to investigate the
impact of the parameter.

A. Structure Design With Flux Optimization

To remain a symmetric geometry, a five-phase integrated
transformer is designed in the pentagon form with arc edges. The
detailed mechanical structure and winding configurations are
described in Fig. 6. The 5P-MIT consists of five identical circular
limbs with a radius r. The cores are arranged 72° out of phase
with each other with a central distance d. Two magnetic covers
are placed at the top and bottom, bridging the common magnetic
paths. Nonmagnetic materials of the same thickness are laid
between the magnetic covers and individual limbs, to create
desired air gaps. The primary- and secondary-side windings are
wrapped concentrically on individual limbs, considering a wire
diameter Dp and Ds, respectively.

To reduce the core losses in medium- and high-frequency
operations, nanocrystalline and ferrite materials are preferred.
Nanocrystalline materials have better magnetic performance.
However, significant core degradation may occur for nanocrys-
talline during the cutting process, which restricts the cus-
tomized applications requiring high manufacture flexibility. Be-
sides, nanocrystalline materials are more expensive than ferrite

Fig. 7. Magnetizing currents of the 5P-MIT.

materials [32]. Therefore, ferrite cores are considered for the
limbs and covers to develop the 5P-MIT.

To reduce the winding losses in medium- and high-frequency
applications, Litz wire and copper foil are commonly consid-
ered. From the cost and manufacture point of view, Litz wires
are used as winding materials.

A certain insulation distance is considered between the core
and primary-side windings dcp, and between the primary- and
secondary-windings dps, where the insulation materials are filled
for safety reasons. Considering an isolation distance between
two adjacent limbs da, the available window width is defined as
the following equation, where np and ns represent the number
of winding layers

a = 2npDp + 2nsDs + 2dps + 2dcp + da. (13)

Comparing to conventional single-phase or three-phase trans-
formers, it is difficult for the 5P-MIT to effectively isolate the
outlet wires during the connections due to the pentagonal struc-
ture. To facilitate the connection of the inverter and diode stage
with different voltage ratings, a winding outlet hole is designed at
the center of both covers, so that the primary- and secondary-side
windings can be routed separately to corresponding stages.

However, the winding outlet wholes may lead to local flux sat-
uration. The magnetizing currents in the 5P-MIT are presented
in Fig. 7. At the moment when the magnetizing current of phase
A reaches the positive peak value, the current in phase B and E
also remain positive. Whereas, the current in phase C and D are
quasi peak value in the negative direction. Due to the intrinsic
72° interval of the five-phase structure, the magnetizing current
at the peak instant of any phase has the same direction with
two adjacent phases. The overlapping impact can result in flux
saturation at the center of the transformer covers.

To investigate the flux distribution, simulations are conducted
with the developed FEA model for the moment when imA

reaches the peak value. After extracting the value of Lrx and
Lmx, the phase currents ipx and isx can be evaluated based on the
FHA approach. The phase currents at the investigated moment
are added in the FEA model as excitations. By means of that,
the flux distributions can be observed and evaluated. If the limbs
are arranged in the clockwise or counterclockwise sequence, the
flux density concentrates at the center of the magnetic covers,
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Fig. 8. Flux distribution on the cover considering different limb sequences
(consider imA max). (a) Counterclockwise. (b) Counterclockwise with outlet
hole. (c) Staggered. (d) Staggered with outlet hole.

Fig. 9. Equivalent magnetic circuit model of the 5P-MIT.

as shown in Fig. 8(a). Local magnetic saturation can occur if
the outlet whole is designed for the windings, as described in
Fig. 8(b). To prevent the local flux saturation, a staggered limb
sequence is proposed by utilizing the counter effect of nonadja-
cent phases. By means of that, the flux density at the cover center
can be significantly released, as illustrated in Fig. 8(c) and (d).
The flux optimization with the staggered limb structure applies
to the whole operating period.

B. Magnetic Circuit Modeling

To compare the performance between the magnetic integrated
transformer and multiple individual transformers, an equivalent
magnetic circuit is required.

Considering the reluctance of each limb Rmzx, the reluctance
of the air gap Rmgx, the reluctance between any two adjacent
limbs Rms and opposite limbs Rml, an equivalent magnetic
circuit model is developed for the investigated 5P-MIT, as shown
in Fig. 9. The reluctance depends on the relative permeability of

Fig. 10 Flux distribution and path division on the cover with single-phase
excitation. (a) Flux distribution. (b) Path division.

the material ur as well as the geometry, i.e., the length and cross-
section area [18]. According to the geometry shown in Fig. 6,
the reluctances of each limb and the air gap are obtained as given
in (14) and (15). Considering the fringing flux in the air gap, the
effective cross-section area of the air gap increases, which leads
to a decreased reluctance. A coefficient F is considered for the
correction, as defined in (16), where lgx denotes the length of
the air gap [18]

Rmzx =
b

4π2 · 10−7 · ur · r2 (14)

Rmgx =
lgx

F · 4π2 · 10−7 · r2 (15)

F = 1 +
lgx√
πr2

ln

(
2b

lgx

)
. (16)

Since the flux intersects with each other in the magnetic cov-
ers, the reluctances among adjacent limbs and the opposite limbs
are difficult to describe. To define the flux paths in the magnetic
covers, FEA simulations are conducted. The flux distribution in
magnetic covers can be evaluated by applying a single-phase
dc current excitation. Based on that, flux paths are divided to
facilitate modeling, as shown in Fig. 10.

According to Fig. 10(a), most of the magnetic flux in the cover
flows into the adjacent limbs, while only little flux flows into the
opposite side. To facilitate the analysis, the flux distribution is
divided into four rectangles, as illustrated in Fig. 10(b). For two
of the adjacent limbs, the flux path in the cover is in a rectangle
with a width of 2r and a length of d. While for the two opposite
limbs, the flux path in the cover is in a rectangle with a width of 2r
and a length of 1.6d. Meanwhile, to prevent the magnetic density
in the covers from exceeding Bm. The cross-section when the
magnetic flux flows from the limb into the covers is defined,
which is a cylindrical surface with a height w and an arc length
of 1.4πr, as highlighted with the orange arc in Fig. 6(b). The
highlighted area is assumed to be equal to the cross-section of the
limb. Based on that, the height of the covers w can be evaluated
as 5r/7. Hence, the reluctance between the adjacent limbs and
the opposite limbs in the covers Rms and Rml, can be obtained
as follows:

Rms =
d

8π · 10−7 · ur · w (17)
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Fig. 11. Equivalent magnetic circuit.

Fig. 12. Phasor diagram of the magnetizing currents of (20).

Rml =
d

5π · 10−7 · ur · w. (18)

Since individual reluctances are obtained, the equivalent
phase reluctance Rmx can be derived according to Fig. 9 by
combing (14)–(18), as given in (19). Hereinafter, the simpli-
fied equivalent magnetic circuit seen from the primary side is
obtained, as depicted in Fig. 11

Rmx = Rmgx +Rmzx +
(2Rml +Rmzx) (2Rms +Rmzx)

4Rml + 4Rms + 4Rmzx
. (19)

Each phase of the 5P-MIT can achieve an equivalent perfor-
mance comparing to a single-phase counterpart. According to
Fig. 11, the flux linkage of the secondary-side windings in a
single phase (take phase A as an example) can be calculated
with (20). Assuming that the 5P-MIT is designed in balance,
identical reluctance Rm and current magnitude are obtained for
all phases. According to the phasor diagram of magnetizing
currents depicted in Fig. 12, (20) can be further simplified to
(21), which indicates that the flux performance of a single limb
is equal to a single-phase transformer (SPT). It is proved that
the 5P-MIT can achieve the consistent performance of five
single-phase discrete transformers once the phase parameters
are designed as balanced

ψsA =
NpNsA

Rm

[
4
•
ImA

5
− 1

5

i=B,C,D,E∑
i

•
Imi

]

=
Np

•
ImANs

Rm
(20)

=
Np

•
ImNs

Rm
. (21)

Fig. 13. Phase current deviation considering different Rmx discrepancy.

C. Robustness Analysis

For multiphase applications, the imbalance of reluctances
among phases may challenge the performance. Thus, robustness
analysis is conducted to investigate the impact of parameter
discrepancy. In practice, the reluctance of each phase Rmx has a
certain deviation to the nominal value, which affects the phase
currents of 5P-LLC.

To analyze the system robustness, two different cases are
studied to evaluate the phase current deviations through FEA
simulations. The first case considers that one of the reluctances
has a 5% deviation. Due to symmetric structure of the 5P-MIT,
the reluctance of phase A RmA is considered as an example.
As depicted in Fig. 13, the deviation of RmA results in current
deviations in all phases. It is reasonable that the maximum
current deviation to the nominal value occurs in phase A. The
second case considers that two of the reluctances have both 5%
deviations, e.g., in phase A and B, which leads to most current
deviations in the corresponding phases. However, the maximum
phase current deviations are less than 3% of the ideal value,
which verifies the robustness of the designed 5P-MIT against
the parameter deviations.

IV. MULTIOBJECTIVE OPTIMIZATION

Although the power density is enhanced through the magnetic
integration, other aspects may still challenge the transformer
performance, i.e., the transformer losses and the heat dissipa-
tion capability. To comprehensively improve the transformer
performance, a multiobjective optimization method is proposed
by utilizing the evolutionary algorithm. The design case is
presented for a 200-kW 5P-MIT.

A. Optimization Objectives

One of the challenges in the transformer design is to achieve
high power density while reserve enough heat dissipation ca-
pability simultaneously. To cope with this challenge, a multi-
objective optimization method is proposed, which considers the
power density, transformer losses, and heat dissipation capabil-
ity simultaneously.
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1) Power Density: Power density represents the integration
level of a magnet-integrated transformer, which is estimated
through the nominal power PN and the transformer volume Vtr

(22). According to the designed geometry shown in Fig. 4, the
volume of the 5P-MIT can be evaluated with (23)

γ =
PN

Vtr
(22)

Vtr =
[
1.72d2 + π(r + npDp + nsDs + dps + dcp)

2

+5d · (r + npDp + nsDs + dps + dcp)] · (b+ 2w) .
(23)

2) Transformer Losses: The transformer losses are com-
prised of the core losses Pcore and the winding losses Pwinding.
Since the phase voltages of the 5P-MIT are nonsinusoidal sig-
nals, the waveform coefficient Steinmetz equation is adopted
to estimate the core losses, as given in (24) [33]. K, α, and β
are constant coefficients depending on the core material. Vcore

represents the core volume, and Bm is the maximum magnetic
flux density in one limb, which is determined by the phase
voltage Upri, the switching frequency fs, the number of turns
of primary-side windings Np, and the cross-section area of the
magnetic limb Ae, as given in (25). Higher phase voltages or
a higher switching frequency can lead to increased transformer
core losses

Pcore =
9π ·K · fαs ·Bβ

m · Vcore

35
(24)

Bm =
Upri

4.082 · fs ·Np ·Ae
. (25)

To calculate the winding losses of Litz wires, the dc resis-
tances Rdci (i= p,s) are first evaluated according to (26) and (27)
for both primary and secondary sides, where Kw is the ratio of
the actual conduction copper area to the overall cross-sectional
area of the Litz wire, ki is the number of strands of the Litz wire,
ds is the diameter of a single strand of the Litz wire, MLTi is the
average turn length of windings, and ρ is the resistivity of the
Litz wire

Rdci =
4 · ρ ·Ni ·MLTi
π · ki ·Kw ·D2

i

(26)

Di =

√
d2ski
Kw

. (27)

Hereinafter, the ac resistances can be estimated by multiplying
the dc resistances and the ac resistance factor FRi, according to
the Dowell model. For the developed 5P-MIT, the windings are
placed far away from the air gap to reduce the losses caused
by the air gap effect. Due to the high insulation requirements,
insulation distance shall be left between the covers and the
windings. Hence, the porosity of windings is small, resulting
in deviations of the Dowell model. To improve the accuracy,
the Rogowski correction factor is introduced to correct the ac
resistance factor by modifying the window height, as given in
(28)–(30). Ai denotes the normalized ratio of the single-strand
diameter to the skin depth of the Litz wire, ni is the number of

winding layers, δ is the skin depth of a single strand of the Litz
wire, ξi is the porosity of the winding, and beqi is the corrected
window height [19]

FRi = Ai

[
sinh (2Ai) + sin (2Ai)

cosh (2Ai)− cos (2Ai)

+
2
(
kin

2
i − 1

)
3

· sinh (Ai)− sin (Ai)

cos (Ai) + cos (Ai)

]
(28)

Ai =
(π
4

)0.75
· ds
δ

·
√
ξi (29)

ξi =
Ni ·

√
ki · ds

beqi
. (30)

Taking both the primary- and secondary-side winding losses
for all phases into account, the winding losses can be estimated
according to (31). Higher phase currents can lead to increased
winding losses

Pwinding = 5 · FRP ·Rdcp · I2p + 5 · FRS ·Rdcs · I2s . (31)

3) Heat Dissipation: An increased power density also chal-
lenges the heat dissipation capability of transformers, especially
with the magnetic integration technique. It is difficult to accu-
rately estimate the temperature rise in a transformer. However,
the temperature rise can be roughly evaluated according to (32),
depending on the transformer total losses Ptot and the surface
area S [34]

ΔT =

(
Ptot

S

)0.833

. (32)

To quantify the heat dissipation capacity and to facilitate the
optimization procedure, the heat dissipation capability is defined
as (33), considering the dissipation area and the total losses of a
transformer. For the developed 5P-MIT, S can be evaluated by
(34) according to the developed geometry

Sheat =
S

Ptot
=

S

Pcore + Pwinding
(33)

S = 5 ·
(
Np

np
DpMLTp +

Ns

ns
DsMLTs

)
+ 10πrb

+ 6.9 · (a+ 2r)2 +
190r

7
· (a+ 2r)2 − 32

7
πr2.

(34)

B. Optimization Algorithm

After determining the optimization objectives, an optimiza-
tion method is proposed based on the genetic algorithm NSGA-II
[35]. As illustrated in Fig. 14, the optimization consists of three
main processes, which are the preprocessing, optimization, and
design selection.

First, the operating environment of the transformer is clarified,
including the rated power, the operating frequency, the voltage
and current ratings, and the turns ratio. According to the selected
core and winding, material and geometry-related parameters are
also defined. The limb cross-sectional radius, the transformer
height, the number of turns, the number of layers, and the number
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Fig. 14. Optimization design algorithm.

of strands in Litz wires are considered as input variables, whose
ranges are predefined according to the available choices in the
market.

The defined input variables and the fundamental information
of the transformer are sent to a developed mathematical model
for optimization. Geometric and magnetic constraints are con-
sidered as given in (35). The over optimization goal is selected
as (36), so that both the power density and the heat dissipation
capability can be maximized, while the transformer losses can
be minimized {

b− hws � 2dps

Bm � 0.5Bsat
(35)

⎧⎨
⎩

f1 = max (γ)
f2 = min (Ptot)
f3 = max (Sheat)

. (36)

The pareto solution sets are obtained after optimization. To
facilitate the design selection considering multiple objectives
with different units, the objectives in the pareto solutions are
normalized to the corresponding average value with a weighting
factor. For integrated transformers, an increased power density
may lead to the reduced surface area, affecting the heat dis-
sipation capability. In this work, both the power density and
transformer losses are weighted as 0.3, while the heat dissipation
capability is slightly more weighted as 0.4, which leads to an
evaluation factor mn as defined in (37). Based on that, final
solutions can be determined

mn = 0.3 · f1n
f1−ave

− 0.3 · f2n
f2−ave

+ 0.4 · f3n
f3−ave

. (37)

C. Optimization Case

Based on the developed optimization method, the multiobjec-
tive optimization is implemented for a 200-kW 5P-MIT. System
specifications are provided in Appendix. To reduce the core
losses and remain a low loss variation for a wide temperature
range, TDK’s PC95 type ferrite is considered as the core mate-
rial. The Litz wire with a strand diameter of ds = 0.15 mm is
considered for windings, which is suitable for high-frequency
operations up to 200 kHz.

To achieve high power density while remaining reasonable
losses simultaneously, four different resonant frequencies are
investigated, i.e., 15, 30, 45, and 60 kHz. The converter is
operated at the resonant frequency. To determine the optimal
resonant frequency, optimization objectives are normalized to

Fig. 15. Optimized designs of 5P-MIT with different resonant frequencies.

Fig. 16. Pareto-optimal solutions of 5P-MIT (fs = fr1 = 30 kHz).

TABLE II
RESONANT TANK PARAMETERS OF THE 200-KW SYSTEM

corresponding average values, and compared with each other,
as shown in Fig. 15. With an increased resonant frequency,
both the power density and transformer losses increase, while
the heat dissipation capability decreases. To maintain a balance
among various aspects and ensure a sufficient heat dissipation
capability, the resonant frequency is determined as 30 kHz. The
pareto solutions output by the NSGA-II are illustrated in Fig. 16.
According to the evaluation factor mn, the optimal design of
the 5P-MIT is selected. Detailed design results are provided in
Appendix.

The resonant frequency and the dimensions of the 5P-MIT are
determined after the optimization. Hereinafter, the magnetizing
and leakage inductances can be extracted based on the FEA
model, which are given in Table II. According to the mean
value of Lrx, the resonant capacitor Cr is selected according
to (9). The parameters of the CLC filter are determined based



WANG et al.: IN-DEPTH DESIGN AND MULTIOBJECTIVE OPTIMIZATION OF AN INTEGRATED TRANSFORMER FOR 13547

TABLE III
KEY DIMENSIONS AND PERFORMANCE OF DIFFERENT DESIGNS

Fig. 17. Comparison among the optimized 5P-MIT, the optimized SPT and
the optimized 5P-SPT and the nonoptimized 5P-MIT.

on the mean value of Lmx following (10)–(12), which are se-
lected as 3 μF, 10.5 μH, and 500 μF. After determining the
key parameters, FEA cosimulations are conducted to further
investigate the performance of the 5P-MIT and the 5P-LLC
converter.

To show the advancement of the magnetic integration design,
an SPT for a full-bridge LLC converter with the same rating and
five discrete single-phase transformers (5P-SPT) for the 5P-LLC
are designed following the proposed optimization procedure.
To investigate the improvement with the optimization process,
the 5P-MIT is also designed with the conventional AP method
following [28]. Detailed design results of the 5P-MIT, SPT, and
5P-SPT are given in Appendix.

The key dimensions and performance of all designs are com-
pared in Table III. The optimized 5P-MIT requires the second
least core volume Vcore and the Litz wire length Llitz, which
indicates a low transformer weight and low production cost.
As for the transformer performance, optimization objectives are
normalized referring to the optimized 5P-MIT, as illustrated in
Fig. 17. Note that the transformer losses are compared with
the reciprocal values. Among all design cases, the optimized
5P-MIT presents the best overall performance with regard to
the heat dissipation, the power density, and transformer losses,
which shows the advantages of the magnetic integration. Com-
paring to the conventional AP method, the power density of
the 5P-MIT can be further improved through the multiobjective
optimization, and the transformer losses can be reduced as
well, which proves the validity of the proposed optimization
approach.

Fig. 18. Experimental setup.

TABLE IV
SPECIFICATIONS OF THE DOWN-SCALED SYSTEM

Fig. 19. Schematic of the down-scaled 5P-MIT prototype. (a) Overview.
(b) Dimensions in the top view.

V. EXPERIMENTAL VERIFICATION

To further investigate the proposed design of the 5P-MIT and
the functionality of the 5P-LLC resonant converter, experiments
are conducted based on a developed down-scaled prototype. As
illustrated in Fig. 18, the test setup consists of a dc-source, a
five-phase inverter stage, a five-phase resonant tank, a 5P-MIT,
a five-phase diode rectifier, and the control and driver circuits.
The system specifications of the 5P-LLC converter are given in
Table IV.

The 5P-MIT is designed and optimized following the same
methodology in Sections III and IV. Detailed design results are
provided in Appendix. To facilitate the laboratory construction,
the cross-sections of the limbs and covers are changed to a square
form instead of round shape, which are limited by the available
commercial products on the market, as presented in Fig. 19. In
the meanwhile, the section radius r, as the input variable during
the optimization, is replaced with the section side length l. Note
that the models to calculate optimization objectives are updated
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Fig. 20. Constructed down-scaled 5P-MIT prototype. (a) Core overview. (b)
Prototype.

TABLE V
RESONANT TANK PARAMETERS OF THE DOWN-SCALED SYSTEM

accordingly. The dimensions of the 5P-MIT are obtained after
the optimization. Based on that, a prototype is constructed, as
depicted in Fig. 20.

A. Measurement of Lσx and Lmx

The parameter discrepancy among individual phases has an
impact on the current balance for the 5P-MIT. To investigate the
construction accuracy and the parameter deviation, the leakage
inductance and magnetizing inductance of all phases are mea-
sured with the E5061B network analyzer. The measured values
and the FEA simulated values are compared in Table V. The
inductances are slightly different among five phases in FEA
simulations, which are caused by the net division of finite el-
ements during the simulations. As windings are wound by hand,
deviations are inevitable between the measured values of the
prototype and the FEA simulation results. However, deviations
are in an acceptable range.

The preliminary designed leakage inductance is only around
2 μH for each phase. If the inductor ratio is designed in the
range of 10–15 as recommended in Section II, a large air gap
is required, which leads to high magnetizing currents due to a
small magnetization inductance. To increase the magnetizing
inductance while maintaining the inductor ratio, an external
inductance is connected to increase the equivalent resonant
inductance. By means of that, the magnetizing inductance can
be designed with much higher values and the air gap can be
reduced simultaneously.

A CLC filter is also designed and implemented for the
down-scaled prototype to balance the current distribution among
phases. Following the design rules proposed in Section II, the
parameters of the CLC filter are determined as 2 μF, 12.7 μH,
and 940 μF, respectively.

Fig. 21. Drain-source and gate-source voltages in a switching transient.

Fig. 22. Phase voltages across the 5P-MIT (phase A).

B. No-Load Test

To investigate the soft-switching capability, the switching
transient is investigated for the no-load condition. Since all semi-
conductors in the 5P-LLC converter are operated with a fixed
50% duty cycle, the switching transient is observed considering
only the upper device in a half bridge. As depicted in Fig. 21, the
drain-source voltage Uds drops to zero before the gate-source
voltage Ugs rising to the threshold value, which indicates the
ZVS capability during the transients.

Additionally, the voltage across the primary and secondary
winding are shown in Fig. 22. The waveforms consist of the
working principle shown in Fig. 2, which validates the function-
ality of the 5P-LLC resonant converter.

C. On-Load Test

To investigate the power transfer capability, on-load tests are
conducted for different load conditions. The phase currents of
the 5P-LLC resonant converter for 10%, 50%, and 100% load
conditions are depicted in Fig. 23(a)–(c). Deviations among
phase currents are observed, which are mainly induced by the
parameter discrepancy of the 5P-MIT among different phases.
The output dc voltages for different load conditions are shown in
Fig. 23(d)–(f). At the resonant frequency, the ideal output voltage
without considering the voltage drop on the semiconductors
shall be 175.6 V according to (6). The output voltage shall remain
constant for various load conditions. The measured dc voltages
are close to the desired value, which validates the accuracy of
the derived voltage gain. With an increased load, the output dc
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Fig. 23. Resonant currents and output dc voltage with different loads. (a) Resonant currents with 10% load. (b) Resonant currents with 50% load. (c) Resonant
currents with 100% load. (d) Output dc voltage with 10% load. (e) Output dc voltage with 50% load. (f) Output dc voltage with 100% load.

Fig. 24. Thermal images at different operating time. (a) After 5-min operation.
(b) After 30-min operation.

voltage slightly decreases due to a higher voltage drop on the
semiconductors and passive elements.

To investigate the heat dissipation capability of the developed
5P-MIT, thermal images are recorded for the full load condition.
The thermal images after running for 5 and 30 minutes are shown
in Fig. 24. After around 30-min full-load operation, only a small
temperature rise is observed, which proves the heat dissipation
capability of the 5P-MIT.

Since the power losses of the 5P-LLC converter depends on
the transformer losses and affects the heat dissipation capability
during the optimization. The accuracy of the power loss model
is validated by comparing the efficiency curves of the measured
and the model-based theoretical values.

The developed loss model considers the on-state losses
Pon-mos and the turn-off losses Poff-mos of the power MOSFETs,
the on-state losses of the diode in the rectifier Pon-dio, the
losses of resonant capacitors Pcr, the core losses PcoreL and the
winding losses PwindingL of the external inductance, the core
losses Pcore and the winding losses Pwinding of the 5P-MIT.

Fig. 25. Comparison between the measured and theoretical efficiency.

The on-resistance value of the MOSFETs Rds(on) and the forward
voltage of the diodes VF are calculated with typical values. In
practice, Rds(on) and VF have positive temperature character-
istics, resulting in slight deviations between the measured and
theoretical values. The measured efficiency and the theoretical
efficiency obtained from the loss model consist of each other for
a wide operating range, as depicted in Fig. 25, which proves the
accuracy of the developed loss model.

Based on the efficiency curve, detailed loss distributions are
investigated considering the light-load, half-load, and full-load
operations, as illustrated in Fig. 26. For the light-load condition,
the transformer core losses dominate the total losses of the 5P-
LLC resonant converter. With an increased operating power, the
core losses remain almost unchanged, while the on-state losses
of both MOSFETs and diodes increase significantly. The external
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Fig. 26. Loss distribution under different loads.

series inductor only contributes a small amount of loss ratio
in the converter level for the whole operation range. With an
increased power, the losses induced by the resonant capacitors
shall be considered.

VI. CONCLUSION

This article proposes a 5P-MIT in the 5P-LLC for CHB PV
applications. The voltage gain of the 5P-LLC is derived based
on the FHA approach. Design procedures of the converter are
elaborated, including the analyzes based on the FEA model,
the design of the resonant tank, and the output filter. A novel
limb structure is proposed to prevent local flux saturation. The
magnetic circuit model is developed to prove that the 5P-MIT is
equivalent to five discrete counterparts. Robustness analysis is
conducted to evaluate the impact of the reluctance discrepancy.
Besides, a multiobjective optimization algorithm is proposed
for the 5P-MIT, so that the power density, transformer losses,
and heat dissipation capability can be optimized simultaneously.
Design cases are presented to show the advances of the pro-
posed 5P-MIT and the validity of the proposed multiobjective
optimization method. A down-scaled prototype is developed
to investigate the functionality of the proposed 5P-MIT and
the 5P-LLC resonant converter. Experiments are conducted to
analyze the performance and loss distribution of the 5P-LLC
converter.

APPENDIX

Detailed transformer design results for the 200-kW converter
system are presented in Appendix A-C, considering the opti-
mized 5P-MIT, the nonoptimized 5P-MIT designed with the
AP method, the optimized SPT, and the optimized 5P-SPT. The
transformer design results for the down-scaled prototype are
presented in Appendix D.

A. Design of the 5P-MIT

System specifications of the 200 kW system are provided in
Table VI, including electrical parameters, the core and winding
materials. The optimized design results are given in Table VII.

To validate the proposed optimization approach, the 5P-MIT
is also designed following the AP method, as introduced in
[28]. The product of the core window area Aw and the limb

TABLE VI
SPECIFICATIONS OF THE 200-KW CONVERTER SYSTEM

TABLE VII
OPTIMIZED DESIGN OF THE 5P-MIT

TABLE VIII
NONOPTIMIZED DESIGN OF THE 5P-MIT WITH AP METHOD

cross-sectional area Ae shall be selected larger than the AP value
calculated in (38). �VA is the sum of the input and output power
of the 5P-MIT, Kv is the waveform factor, Kt is a constant
coefficient, and ku is the window utilization rate. The design
results with the AP method are given in Table VIII

AP =

( √
2
∑
V A

KvfBmKt

√
kuΔTmax

) 8
7

(38)

B. Design of the SPT

To show the advances in the magnetic integration, an SPT
of the same rating for a full-bridge LLC resonant converter is
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Fig. 27. Schematic diagram of the full-bridge LLC resonant converter and
SPT. (a) Full-bridge LLC resonant converter. (b). SPT.

TABLE IX
OPTIMIZED DESIGN OF THE SPT

also designed with multiobjective optimization. The full-bridge
LLC converter is illustrated in Fig. 27(a), where the winding of
the SPT is comprised of a primary winding and two identical
secondary windings, as depicted in Fig. 27(b). Note that the
primary-side voltages of the SPT are square waves. As for
the transformer construction, the magnetic core is spliced by
multiple magnetic blocks with a cross-sectional side length of
w. The blocks are spliced along the thickness direction of the
magnetic core, the number is h. The air gap lg is set at the joint of
the magnetic blocks. The winding adopts a dual-limb winding
structure. The primary and secondary windings are divided into
the same two parts and wound on column 1 and column 2 of
the magnetic core. The optimized design results are given in
Table IX.

C. Design of 5P-SPT

A 5P-SPT of the same rating is also designed and optimized
to facilitate the comparison. The 5P-SPT consists of five SPTs.

Fig. 28. Structure of the 5P-SPT.

TABLE X
OPTIMIZED DESIGN OF A SINGLE TRANSFORMER IN THE 5P-SPT

TABLE XI
OPTIMIZED DESIGN OF THE DOWN-SCALED 5P-MIT PROTOTYPE

The structure of one single transformer is depicted in Fig. 28.
The optimized design results are given in Table X.

D. Design of the Down-Scaled 5P-MIT Prototype

To valid the design of the proposed 5P-MIT and the function-
ality of the 5P-LLC resonant converter, a down-scaled 5P-MIT
is designed, optimized, and constructed. The optimized design
results are given in Table XI.
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