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With the development of high frequency resonant DC-DC power converters, the system efficiency, power density and dynamic
characteristics have been significantly improved. High frequency resonant DC-DC converters have been applied in DC grid,
renewable energy, transportation, aerospace, point-of-load (POL) power supply and many other fields. Under high switching
frequencies, switching loss and magnetic loss are the main concerns; thus, the resonant topology and planar magnetic are two key
technologies to reduce loss. This review compares different resonant topologies and analyzes the advantages and disadvantages
respectively, such as LLC circuit, dual active bridge (DAB) circuit, and other high order resonant circuits. For planar magnetic
components, optimal winding structures, modeling methods and integration methods are thoroughly surveyed. With corre-
sponding topics, the opportunities and challenges in the future development are summarized, which mainly focus on the
characteristics of wide bandgap devices, such as the dynamic resistance, output capacitance loss and also the integrated module.
This review can be a helpful guidance when designing high frequency resonant DC-DC converters.
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1 Introduction

In the recent years, there is an urgent need of high efficiency
and high power density for DC-DC power converters. For
DC-DC power converters, magnetic and capacitive compo-
nents occupy most of the space, which can be greatly shrunk
by increasing switching frequencies. With the maturity of
wide bandgap devices, the operating frequencies of DC-DC
power converters have been increased to hundreds of kHz
and even several MHz. However, one major concern is that
the switching loss significantly increases with the increment
of operating frequencies. Thus, soft-switching technology is
widely adopted to reduce switching loss, where resonant
converters are the most important and widely used methods

to achieve soft-switching and reduce switching loss. Thus,
high frequency resonant DC-DC converters have been ap-
plied in DC grid, renewable energy, transportation, aero-
space, POL power supply, battery charger, energy storage
system and many other fields [1–8].
For example, the power consumption of data centers has

increased rapidly. At the same time, the increasing number of
servers also causes the data center occupying more and more
space. Therefore, how to improve the efficiency and reduce
the volume have become the main bottlenecks for the de-
velopment of data centers. For this application, many high
frequency resonant DC-DC converters dealing with different
voltage level conversion are developed, such as 400 to 48 V,
400 to 12 V and even 48 to 1 V. The development of high
frequency resonant converters can provide a strong guaran-
tee for energy and space-intensive data centers [9–11].
Also, compared with low frequency converters, one sig-
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nificant difference of high frequency resonant converters is
that the magnetic components can be realized by planar
structure. The large number of wounded litz winding can be
replaced by small number of copper track winding on PCB.
For planar magnetic components, the winding structure can
be more flexible and the component consistency can be
improved. For magnetic components, the core loss and
copper (winding) loss increases rapidly with the increment of
switching frequencies. On one hand, the core loss can be
reduced by adopting low loss density and low permeability
material. Also, the integration of several magnetic cores can
reduce the number of core and corresponding loss. On
the other hand, optimizing the winding layout to reduce
its DC and AC resistance under high frequency conditions
is a difficult and important issue. What is more, different
from the traditional winding structures, its disadvantage is
that once the PCB is manufactured, the winding structure
cannot be flexibly adjusted. Therefore, under high-frequency
operating conditions, efficient and accurate design
methods of magnetic components are gradually proposed
[12–15].
The fast development of high frequency resonant DC-DC

converters is also based on the development of semi-
conductor devices. Though Si semiconductor device tech-
nology is still progressing, its on-resistance and input/output
capacitance characteristics have basically reached their
limits. With the continuous development of new wide
bandgap (WBG) semiconductor such as GaN and SiC, the
performance of WBG devices has been greatly improved,
further reducing the switching losses. However, some unique
characteristics are different from traditional Si devices,
which need to be paid attention to. For example, compared
with traditional Si switches, GaN FETs have no reverse re-
covery loss, but there is higher reverse conduction loss.
Therefore, in the design process of high-frequency resonant
DC-DC converters, it is necessary to comprehensively con-
sider the influence between device, topology and other as-
pects in order to achieve a comprehensive improvement in its
efficiency and power density. Meanwhile, some unexplained
phenomenon and characteristics, such as dynamic resistance
and output capacitance loss need to be further investigated.
They greatly affect the topology selection and parameter
design [16–19].
In the review, topologies and planar magnetic technologies

of high frequency resonant DC-DC converters are surveyed.
Sect. 2 describes the topologies of high frequency resonant
DC-DC converters, also the operating modes and char-
acteristics are depicted. Sect. 3 analyzes the application of
planar magnetic components in high frequency resonant DC-
DC converters, including optimal winding structures, mod-
eling methods and integration methods. Sect. 4 points out the
opportunities and challenges in the future development. Fi-
nally, Sect. 5 concludes this paper.

2 Topology of high frequency resonant con-
verters

2.1 LLC resonant converters

The resonant converters are widely preferred in high fre-
quency applications to solve high switching loss caused by
the increment of switching frequencies. LLC circuit, the
most typical series-parallel resonant circuit, is shown in
Figure 1, which has been widely adopted in many applica-
tions.
The most attractive characteristic of the LLC resonant

converter is that all the switches in primary side can achieve
zero voltage switching (ZVS), and the secondary-side diode
or synchronous rectification (SR) MOSFET can also achieve
zero current switching (ZCS) when the converter operates at
or below the resonant frequency [20–23]. Therefore, LLC
converter is one of the most commonly used high frequency
converters. Though the design and control process of LLC
are quite mature, when applied to high frequency applica-
tions and combined with the WBG semiconductor devices,
some new challenges appear.
With the continuous development of high frequency

technique, parameter design of LLC converters needs to be
adjusted. Ref. [24] analyzes the benefits of GaN devices in a
300 W, 1 MHz LLC resonant converter, comparing with Si-
based converter, where 24.8% loss reduction is achieved, and
the full-load efficiency is up to 96.6%. However, under high
switching frequency condition, ZVS failure cannot be pre-
dicted accurately by only considering traditional constraints.
To solve this problem, ref. [25] investigates the failure mode
of LLC in detail and an accurate ZVS boundary is proposed
for high frequency design. At the same time, in high fre-
quency applications, the power stage design must take sec-
ondary leakage inductance into account because it affects the
voltage gain. Ref. [26] proposes a modified LLC resonant
converter model that incorporates the secondary leakage
inductance for more accurate analysis.
Besides the efficiency under rated output condition, the

light-load efficiency has drawn more and more attention for
LLC resonant converters. However, because of the higher
load-independent loss and difficulties in high-frequency
control, the light-load efficiency improvement for high-fre-

Figure 1 Schematic circuit of LLC converter.
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quency LLC converter is even more challenging.
To improve system efficiency at low voltage and light-load

conditions, ref. [27] proposes a hybrid LLC resonant con-
verter as shown in Figure 2. The converter is switched among
three different operation modes, namely full-bridge con-
verter, dual-phase half-bridge LLC converter and single-
phase half-bridge LLC converter. By changing the switching
frequency, the transitions can be formed smoothly and stably
among three modes, without using additional switches. The
proposed theory is verified on a 3.2 kW prototype using GaN
devices with the power density of 65 W cm−3. Experimental
results show that the proposed converter has a peak effi-
ciency of 98.5% at full load condition with an improvement
efficiency about 1% at low-voltage and 2.3% under light-
load conditions, compared to the conventional full-bridge
LLC converter.
However, the method of pulse frequency modulation to

improve the efficiency is limited due to the load-independent
loss. Ref. [28] states that burst mode is an effective way to
improve the light-load efficiency. Because of the dynamics
of the resonant tank, the conventional burst mode control has
limited efficiency improvement of LLC converter. Ref. [29]
proposes an optimal trajectory control (OTC) for burst mode
of LLC converter to optimize burst mode efficiency. But the
implementation of OTC for burst mode requires high-per-
formance FPGA controller and complex analog circuitry,
which is not feasible for industrial applications. Ref. [30]
mentions that based on the concept of the simplified OTC
(SOTC), the control of the LLC converters with cost-effec-
tive MCUs attracts widespread attention and different SOTC
control functions have been integrated in a cost-effective
MCU. The control scheme of SOTC is shown in Figure 3.
In ref. [31], different SOTC control functions have been

integrated in a cost-effective MCU and demonstrated on a
130-kHz LLC converter. Experimental results show that, in
light-load efficiency condition, burst-mode with fixed three-
pulse switching pattern is superior to other burst-mode
control methods, but it still has limitations for high-fre-
quency LLC converters with low-cost MCUs. Ref. [32]
proposes a SOTC for adaptive burst mode of high-frequency
LLC converters to overcome the limitation caused by the
increased impact of digital delay in high-frequency opera-
tion. The switching pulse number during burst-on time in-
creases as the load increases and the LLC converter can still
operate at the peak-efficiency condition. The proposed
method can achieve fast transient response and significant
light-load efficiency improvement.
In terms of closed loop control, the conventional digital

controller is limited in some high frequency applications,
because of its limited frequency resolution which can induce
high primary-side and secondary-side current variation and
lead to poor output voltage regulation. Ref. [33] proposes a
hybrid control method combining pulse frequency modula-

tion (PFM) and pulse width modulation (PWM) to overcome
the control performance degradation caused by the limited
frequency resolution of the general-purpose DSP at high
switching frequency operation. The proposed hybrid control
method can enhance the output voltage regulation perfor-
mance in the steady-state operation using two independent
control variables, the pulse width and the switching fre-
quency. Figure 4 shows the output voltage regulation me-
chanism and control flowchart of the hybrid control
algorithm. In the proposed hybrid control method, a PWM
control block and a control mode selection block are added
on the basis of conventional PFM control to minimize the
steady-state error in the output voltage. By determining the
priority between two independent control variables at a
specific operating point, the combination of PWM and PFM
control in the hybrid control method can be implemented.
The proposed theory is verified on a 1 MHz, 240 W proto-
type, and the proposed control method reduces the peak
current by 93% and 90% in the primary and secondary sides,
respectively, and reduces the output voltage ripple by 68%.
The SRs are critical for the LLC converters to improve the

efficiency by reducing the conduction loss of diode rectifiers.
However, SR driving schemes are quite challenging under
high frequency because of the discrepancy between the pri-
mary driving signal and the SR driving signal. Some SR
driving schemes have been suggested, such as using a linear
compensator and using an independent driving circuit. But
these schemes have limitations which can only be applied in

Figure 2 Schematic circuit of the proposed hybrid LLC converter.

Figure 3 (Color online) One control scheme of SOTC.
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specific situations [34]. Ref. [35] proposes a digital im-
plementation of adaptive SR driving scheme for high-fre-
quency LLC converters with cost-effective microcontroller,
as shown in Figure 5. Compared with the other SR driving
schemes, the proposed method is suitable to be embedded
into digital controller, while at the same time, minimizing the
CPU utilization and extra components. The proposed SR
driving scheme detects body diode conduction by sensing SR
drain-source voltage, and tune the SR on-time every several
switching cycles using ripple (asynchronous) counter to
minimize body diode conduction loss.
Recently, LLC converters applied in high power and wide

output voltage range situations are very important and
widely used. To deal with the wide output power range
problem, a full bridge LLC resonant converter for EV battery
charger is proposed in ref. [36], in which the output power is
10 kWand the output voltage range is from 250 to 450 V. The
system efficiency can be as high as 97% based on optimal
parameter design. For wide output voltage, an optimal design
method of LLC circuit is also proposed based on simplified
operation mode analysis [37]. The output voltage range is
from 300 to 600 V and the highest efficiency is about 96%
under 1 kWoutput power. Besides optimal parameter design,
some modified topologies and control strategies have been

proposed. In ref. [38], a novel pulse width modulated LLC
resonant converter based on voltage quadrupler rectifier is
proposed, which can always operate at the optimal resonant
frequency. The output voltage is from 250 to 420 V and the
highest efficiency is about 94%. In ref. [39], the LLC con-
verter is integrated with a phase-shift topology, in which all
the switches can achieve ZVS turn-on characteristics and
operate at a constant frequency. The output voltage can vary
from 200 to 680 V. A 20 kWoff-board charger based on LLC
circuit is described in ref. [40]. The output voltage is from
300 to 570 V. A interleaved secondary side is used in the
LLC circuit, and the highest efficiency is about 98.3%.
Though the efficiencies of LLC circuits have been improved
based abovementioned methods, however, the efficiencies
under the high output voltage or low output voltage condi-
tions are still much lower than the rated situation. Thus, for
wide output voltage range LLC converters, there is still great
challenge to reduce the effect of large voltage variation.
To further improve both efficiency and power density,

further efforts need to be spent on the design, optimization,
and magnetic integration of transformers. Ref. [41] states
that the matrix transformer can help to increase the output
current capability by distributing the secondary current with
multiple cores. Ref. [42] proposes the concept of flux can-
celation to reduce core size and loss. But it has large dis-
tributed inter winding capacitance and large common mode
(CM) noise current for high input voltage applications. To
solve this problem, ref. [43] uses four-layer PCB windings
and places two shielding layers between primary and sec-
ondary windings. Therefore, the CM noise current can only
circulate in the primary side. The proposed theory is verified
on a 380 V/12 V LLC converter with a design optimization
procedure and the peak efficiency is around 97%. However,
these designs still have the problems of complex structure
and multiple cores, so the efficiency can be further improved.
Ref. [44] proposes a novel matrix transformer structure,

Figure 5 (Color online) Integrated adaptive SR driving for high-fre-
quency LLC converters.

Figure 4 (Color online) PWM and PFM hybrid control algorithm. (a)
Output voltage regulation mechanism; (b) control flowchart.
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integrating four elemental transformers into one magnetic
core and utilizing a simple four-layer PCB as the windings,
to overcome the challenge of multiple cores. The proposed
design scheme can reduce core loss by eliminating and re-
ducing magnetic flux density. The SRs and output capaci-
tance are integrated into the secondary winding to reduce
leakage and terminal loss. Compared with the most advanced
matrix transformer technology, the core loss of the proposed
matrix transformer is reduced by more than half. The pro-
posed theory is verified on a 1 MHz, 800 W LLC prototype
with GaN devices and the proposed matrix transformer
structure. The prototype fits in quarter-brick footprint,
achieves a peak efficiency of 97.6% and a power density of
900 W/inch3.

2.2 DAB resonant converters

In recent years, bidirectional isolated converters under high
frequency conditions have attracted extensive attention in
medium-voltage power conversion systems, energy storage
systems and solid state transformer (SST). The dual active
bridge (DAB) DC-DC converter has become a research
hotspot due to its advantages of symmetrical structure, large
transmission power capacity and easy soft-switching char-
acteristics [45,46]. Figure 6 shows the circuit diagram of the
DAB converter topology. It has two H-bridges, primary-
bridge and secondary-bridge. Studies on DAB mainly focus
on the following aspects: control strategy, design of soft-
switching, and hardware optimization.
DAB converters generally adopt phase shift control, in-

cluding single-phase-shift (SPS), extended-phase-shift
(EPS), dual-phase-shift (DPS) and triple-phase-shift (TPS).
These four basic control methods are shown in Figure 7 [47].
SPS control is the most widely used algorithm which is
simple and easy for feedback adjustment. In primary H

bridge and secondary H bridge, the output voltages of leg
middle-points are square waveform with 0.5 duty cycle.
Phase is shifted between primary and secondary side to
regular output voltage as Figure 7(a) shown. There is one
control degree D. However, it can only control the output
power of the system by adjusting a single variable, and
cannot adjust the characteristics of the system such as re-
active power and current stress. To solve this problem, other
control methods with more control degree are proposed. For
EPS, an inner phase-shift is added between the two bridges in
primary H bridge as Figure 7(b) shown. Then, the output
voltage of leg middle-point is a three-level waveform, within
the time of zero voltage level, the circulating current and
power is reduced. There are two control degrees D1 and D2.
As a controllable degree of freedom is added, the optimal
margin of the converter is increased, so the soft-switching
range is widened, and the current stress, reactive power and
other performance are optimized. Ref. [48] analyzes the
characteristics of the reactive power under different voltage
conversion ratios based on EPS control. By reducing the
reactive power, the loss of power devices and magnetic
elements is reduced, and the efficiency of the converter is
improved. However, when operating modes varying from
Boost to Buck or Buck to Boost, the operating states of the

Figure 6 The circuit diagram of the DAB converter topology.

Figure 7 (Color online) Basic control methods of DAB. (a) SPS control; (b) EPS control; (c) DPS control; (d) TPS control.
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primary H bridge and secondary H bridge need to be ex-
changed.
To solve this problem, the DPS control is proposed, in

which there are same inner phase-shifts in both the primary
H bridge and secondary H bridge as Figure 7(c) shown. Thus,
both the output voltages are three-level waveforms. With this
method, the operating states of primary H bridge and sec-
ondary H bridge do not need to exchange. The DPS can be
implemented easily and owns better dynamic response. Ref.
[49] proposes the minimum reactive power control based on
dual DPS. The control strategy achieves the minimum re-
active power control in the full power range by seeking the
optimal shift ratio combination. The performance of EPS and
DPS control is still not good under light load or extremely
mismatched voltage operating conditions. To further in-
crease the control degree, TPS control is proposed, in which
the inner phase-shift in the primary H bridge and secondary
H bridge are different as Figure 7(d) shown. Thus, there are
three control degrees: D1, D2 and D3. TPS is more compli-
cated than the former three strategies, but has the best per-
formance.
Besides using aforementioned control methods, the re-

sonant tank is optimized to expand the soft-switching range
of DAB derived converters. Ref. [50–56] proposes several
typical resonant topologies based on DAB converter, as LC-
type resonant topology, CLLC-type asymmetric resonant
topology and new symmetric CLLC-type resonant topology,
as shown in Figure 8. Compared with traditional DAB
converters, these converters have the advantages of higher
operating frequency and higher efficiency. From soft-
switching performance, ZVS for primary-side switches and
ZCS for secondary-side switches can be achieved in resonant
topologies. In addition, LC-type DAB is easily controlled by
phase-shift angle through phase-shift control, so the bidir-
ectional transition speed of phase-shift control is faster. From
soft-switching range, the CLLC-type resonant converter has
wider soft-switching range than LC-type DAB, so it is more
suitable for applications with wide voltage and power range.
What’s more, the CLLC-type asymmetric resonant converter
shows different operations between forward and backward
power flow directions compared to symmetric resonant
converters.
Symmetric CLLC topology stands out because of its

symmetrical typology and excellent switching condition
[52], which is shown in Figure 8(c). Symmetric CLLC re-
sonant converter can obtain soft-switching on both primary
and secondary side when it operates at variable-frequency
modulation. But the drawback of the modulation is the
limited voltage regulating capacity.
To solve the problem of symmetric CLLC resonant con-

verters, phase-shift modulation is gradually adopted. Ex-
tended phase-shift control is optimized in ref. [53] which
helps to select the optimal and practical combination of inner

and outer phase-shifts. Based on comprehensive calculation,
it is concluded that when the outer phase-shift equals the half
of the inner phase-shift, the full-bridge CLLC converter
achieves maximum efficiency using EPS control. The opti-
mization of EPS can improve the light load efficiency of full
bridge CLLC resonant converter. The dual-phase-shift
modulation is adopted in CLLC converter in ref. [54]. Based
on the control method, dynamic response with load stepping
up and down is stable and rapid. Also, the voltage gain is
independent of the load and soft-switching of all the power
switches can be achieved. In ref. [55], a synchronous recti-
fication scheme based on small phase shift technique is
proposed. Based the control method, the reactive current of
low-voltage side can be eliminated when the switching fre-
quency equals the resonant one, which can achieve a higher
system efficiency and wider output voltage gain. Based on
the similar idea, In ref. [56], a dual-control method is pro-
posed for CLLC converter. Besides frequency modulation,
phase shift between the primary and secondary switches is
utilized as an additional control variable to effectively reduce
the power loss and improve efficiency, especially in light-
and medium-load conditions.
There is a tradeoff between safety (dead-time configura-

tion avoiding shoot through) and dead-time loss. In order to
achieve high efficiency, short dead time is expected. But long
dead time is necessary to avoid shoot through failure, espe-
cially in light-load conditions. Because switches require

Figure 8 (Color online) Several typical resonant topology based on DAB
converter. (a) LC-type resonant DAB; (b) CLLC-type asymmetric resonant
DAB; (c) CLLC-type symmetric resonant DAB
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longer dead time in low turn-off current, it is harder to draw
the charge out from the body diode and parasitic output ca-
pacitor to achieve ZVS. Ref. [57] proposes several adaptive
dead-time control methods to solve the issue, but it would
increase the converter complexity. With the development of
wide band-gap semiconductor devices, such as GaN HEMT,
the efficiency and power density of DAB converter can be
improved significantly. Due to no reverse recovery perfor-
mance, GaN HEMTs solve this issue and imply short dead-
time and high efficiency power conversion.
Ref. [58] proposes an isolated bidirectional DC-DC con-

verter replacing Si MOSFETwith 650 V GaN HMET on the
high voltage side. The circuit diagram is shown in Figure 9.
The proposed theory is verified on a 1 kW, 100 kHz, 400 to
12 V DC-DC prototype converter which has a power density
of 30W/inch3 and a peak efficiency of 98.3% in a wide input/
output voltage range. Comparing with Si-based converter,
about 1 W loss can be saved and the peak efficiency in-
creases about 1.2% for the GaN HEMT-based converter.
In view of the above research status of DAB, the design

and performance optimization of DAB based on WBG
power devices will be the trend in future. Further key issues
focus on the electrical optimization design methods of the
topology, electrical parameters, and control strategy, to fully
utilize characteristics of WBG power devices such as high
temperature, high frequency, and low-loss, and the me-
chanical optimization design methods to further improve
efficiency, power density, modularity and reliability.

2.3 Other resonant converters

In recent years, researchers have investigated on other re-
sonant converter topologies. CLCL resonant topologies are
proposed which are also suitable for high frequency appli-
cations with satisfactory soft switching characteristic [59–
61]. The circuit is shown in Figure 10, with a resistive im-
pedance of resonant tank, the switches can turn on in ZVS
condition and turn off in ZCS condition under full load op-
erating condition. Moreover, the diodes can also achieve
ZCS turn-off. With the application of GaN switch and opti-
mized planar magnetic components, the efficiency of the
1 MHz 20 W prototype is up to 90.9%.
Ref. [62] proposes a high-frequency and high-efficiency

CLL resonant converter as an option for offline applications,
as shown in Figure 11. This topology can realize ZVS from
zero load to full load and ZCS of output rectifiers, making
the realization of secondary rectification easier. An optimal
design methodology is proposed to achieve high efficiency
over a wide load range and an optimal transformer structure
is introduced to achieve low winding loss. The proposed
theory is verified on an 800 kHz, 250 W CLL resonant
converter prototype, and over 96% efficiency is achieved for
the wide load conditions. The proposed CLL resonant con-

verter is an ideal choice for the next-generation of high-
frequency, high-efficiency and high-power-density power
supply.
LCLC resonant converters have the advantage of ZVS and

ZCS, which are widely used in the electronic power condi-
tioner in travelling-wave tube amplifiers. The circuit of
LCLC converter is shown in Figure 12. Ref. [63] proposes a
converter which can achieve load-independent output current
by utilizing an LCLC resonant network, and realize high
efficiency using a comprehensive design optimization
methodology. By utilizing phase-shift control, the proposed
LCLC resonant converter is also capable of regulating its
output current at any desired value. The proposed theory is
verified on a 2 MHz LCLC resonant converter which has an

Figure 9 (Color online) Proposed topology based on GaN HEMTs.

Figure 10 The circuit of CLCL converter.

Figure 11 (Color online) CLL resonant converter with SR driving
scheme.
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input voltage of 14 V, an output voltage range of 3 to 50 V
and a constant output current of 0.5 A. The LCLC resonant
converter prototype achieves a peak power stage efficiency
of 91.8% and maintains an average efficiency of 89.2%
within its output voltage range.
Table 1 [43,58,62,64–67] shows the comparisons of the

different high frequency resonant DC-DC power converters.

3 Planar magnetic components

In high frequency condition, the value of inductor and
transformer can be greatly reduced. Thus, planar magnetic
components are widely adopted which can reduce the profile
and size of the magnetics, consequently improve the power
density [14,15].

3.1 Winding structure model and design

The copper tracks on PCB are adopted as the windings of
planar magnetic components, which owns good consistency,
however, the winding is difficult to rearrange once PCB is
manufactured. Thus, it is important to model the planar
magnetic components. However, for the design of planar
magnetics, many coupled factors greatly affect the properties
of the inductors and transformers, such as copper track
structure and winding layout. Though simulations can help to
guide the design process, there is not a clear explanation
about how these factors affect the magnetics properties.
Some more effective ways should be adopted to help the
planar magnetics design.

Response surface methodology (RSM) proposed in ref.
[68] was adopted to design planar inductors considering
factors such as copper thickness, track width, and track turns,
which may be coupled and form a nonlinear relationship.
The basic idea of RSM is to extract parameter models
through regression analysis of the results obtained from
several experiments and simulations. With the method, the
inductance or resistance of the inductor can be represented
by a function with previously chosen parameters as vari-
ables. Thus, the winding structure can be fast decided based
on the function results.
For planar magnetics, besides inductors, planar transfor-

mers are also very important, especially those in the resonant
DC-DC converters such as LLC circuit and DAB circuit,
which play the role of high-ratio voltage transferring and
isolating. Comparing with planar inductors, the structure of
planar transformers is more complicated. For example, the
turns in primary side and in secondary side have to be located
in different PCB layers which causes many different layout
choices, so it is hard to still use RSM to design transformers
in different structure conditions.
Because there are many layers in the planar transformers

and some relationships between them are formed, a modular
layer model (MLM) based on lumped circuit is adopted in
ref. [15]. In the design process, many factors affect the
properties of planar transformers, such as winding layout,
insulation materials, thickness of insulation layers, and
copper thickness. The basic idea of MLM is to build a three-
port model for each layer windings based on the electric field
and magnetic field relationship, and then connect single layer
model together by equivalent impedance as Figure 13 shown.
For the obtained model, it can be transferred to typical T
model by short-circuit test and open-circuit test with simu-
lation.
As the RSM and MLM showing, they can provide sys-

tematic modeling method for magnetic inductor and trans-
former, which can reduce the design time by time-consuming
simulation method. However, it should be mentioned here
that usually the FEA simulation should be conducted to
obtain an exact result to help slightly adjust the final winding
structure before manufacturing.

Figure 12 The circuit of LCLC converter.

Table 1 Comparison of different high frequency converters

Topology fs
Input
voltage

Output
voltage

Output
power Isolation Efficiency

Primary side switch state Secondary side switch state

Turn on Turn off Turn on Turn off

LLC [43] 1 MHz 380 V 12 V 800 W Yes 97.6% ZVS Hard Hard ZCS

DAB [58] 100 kHz 400 V 12 V 1000 W Yes 98.3% ZVS Hard ZVS Hard

CLL [62] 800 kHz 400 V 12 V 250 W Yes 96% ZVS Hard ZVS Hard

LLC [64] 1 MHz 300 V 12 V 120 W Yes 90% ZVS Hard Hard ZCS

LLC [65] 1 MHz 360 V 40 V 1000 W Yes 96.5% ZVS Hard Hard ZCS

CLLC [66] 1 MHz 400 V 18–24 V 400 W Yes 94.3% ZVS Hard Hard ZCS

LCLC [67] 500 kHz 40 V 4800 V 295W Yes 96.8% ZVS ZCS ZVS ZCS
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Because of skin effect and proximity effect, the winding
AC resistance increases rapidly under high frequency si-
tuations. In planar magnetic components, the width and
thickness of winding can be adjusted flexibly.
To reduce the AC resistance, a variable width winding

structure is adopted in ref. [69], and the winding structure is
shown in Figure 14. The main idea of this winding structure
is to achieve a constant track resistance for each turn, thus the
width of turn geometrically change from inner turn to outer
turn. In this structure, the most important factor is the radius
ratio of adjacent windings. The minimum AC resistance is
determined by the radius ratio and the number of turns per
layer simultaneously.
For planar magnetic components, the AC resistance can be

reduced by using interleaved structure which is very difficult
to be adopted in traditional wounded magnetic components.
For multilayers condition, AC resistance is affected by
magneto-motive force (MMF). Figure 15 shows the MMF
distribution of interleaving structure and non-interleaving
structure. From the figure, it can be seen that the interleaving
arrangement can realize a more even field strength and MMF
distribution, which helps to achieve a smaller AC resistance.
However, there should be a compromise to determine the

interleaving degree. A fully interleaving structure can help to
reduce the winding AC loss and leakage inductance, how-
ever, lead to large parasitic capacitance caused by large fa-
cing area. On the other hand, a non-interleaving structure can
greatly reduce capacitance, however, lead to large AC re-
sistance and leakage inductance. Thus, there should be a
priority among the AC resistance, leakage inductance and
parasitic capacitance considering different application si-
tuations. Such as in a LLC circuit, usually the leakage in-
ductance is expected to play the role of resonant inductor,
thus, the leakage inductance should be increased by partial
interleaving structure. There are also other methods to in-
crease the leakage inductance, such as additional magnetic
shunt method [70,71]. Similar to the leakage inductance, the
parasitic capacitance can also be adopted as the resonant
capacitor in high frequency DC-DC resonant circuit. Addi-

tional dielectric material can be put between different layers,
and the corresponding capacitance can be adjusted by
changing the material with different dielectric permittivity
[72,73].
However, in most situations of planar magnetic compo-

nents, the small parasitic capacitance is needed, which can
help to reduce the oscillation and EMI problem. Four
methods can be used to reduce parasitic capacitance: (1)
increase the distance between windings and reduce the sur-
face area of overlapping as possible; (2) reduce the number
of turns per layer and increase the number of layers within

Figure 13 (Color online) General diagram of MLM of planar transformer.

Figure 14 (Color online) Diagram of the ideal variable width spiral
winding structure.

Figure 15 (Color online) Analytical scheme of MMF distribution of the
transformer. (a) Interleaving structure; (b) non-interleaving structure.
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cost range; (3) minimize the number of intersections between
the primary and the secondary winding when designing the
structure; (4) arrange winding connection reasonably to ob-
tain minimum energy related to electric field [74,75].

3.2 Integration

Besides the copper loss, magnetic core loss also increases
under high frequency condition. Thus, how to reduce the
core loss is a main concern. Magnetic integration method is
the most effective one to reduce core loss. Here takes planar
matrix transformer proposed by CPES as an example to show
the principle. Matrix transformer structure can help to in-
crease the system voltage gain by stacking several transfor-
mers. However, using so many magnetic cores will not only
increase the volume of the system but also increase the core
loss. Thus, integration method for matrix transformer cores
is the most effective method to reduce the core volume and
loss.
Figure 16 shows one implementation of four core in-

tegration method for a matrix transformer structure [44].
Figure 16(a) shows the original structure formed by four sets
of identical UI-cores. The primary winding winds one pillar
of each core. The first two cores can be integrated into one
based on flux cancellation principle, the same method can
also be used for the last two cores, thus, the integrated two-
core is shown in Figure 16(b).
From the structure of Figure 16(b), the two magnetic cores

can also be placed from “horizontal” to “vertical” as Figure
16(c) shown; then it can be seen as a core with four pillars,
where the flux of each pillar and magnetic plates are ФB.
Another integration structure can be achieved by rotating
180 degrees of the second core in Figure 16(c). As Figure 16(d)
shown, although the flux within the pillars remains the same,

the flux density in the magnetic plates is reduced by half.
This is very beneficial for high-frequency ferrite materials
since the core loss is a considerable portion in the total loss
and is mainly determined by the flux density.

4 Opportunities and challenges

Besides further development of topologies and planar mag-
netic components to achieve higher efficiency, higher power
density and wider operating range, power device is also a
very important research content field in the future. Because
the device characteristics directly affect the operating mode
of the DC-DC converter, the optimization of topology must
take the device static and dynamic feature into consideration.
In other words, for a certain device, a high performance
converter should strengthen advantages and weaken dis-
advantages. For the future applications of high frequency
resonant DC-DC converter, GaN FETs will be widely ap-
plied in low voltage and power situations and SiC MOSFETs
will be widely applied in medium voltage and power situa-
tions. However, there are some intrinsic problems for these
wide bandgap devices.
Dynamic resistance of GaN FETs is a serious problem

which causes high conduction loss than expected. The dy-
namic resistance means that the on-resistance after turn-on
immediately is significantly higher than its normal DC re-
sistance value [18]. How to understand and measure the
dynamic resistance are investigated recently. In the future
work, besides the optimization of GaN devices to reduce
dynamic, the suitable driving topology or method should also
be studied to reduce the conduction loss.
Output capacitance loss of GaN and SiC devices is also a

serious problem for the application of wide bandgap devices

Figure 16 (Color online) (a) Separated structure; (b) half integration structure; (c) full integration structure 1; (d) full integration structure 2.
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in high frequency resonant DC-DC converters [17,19]. The
output capacitance loss phenomenon means that even the
resonant DC-DC converter operates under soft-switching
turn-off condition, there is still loss related with output ca-
pacitance, which is mainly considered to be caused by hys-
teresis characteristics. It greatly affects the performance of
soft-switching power converters. The designers need to re-
calculate the total loss and loss distribution, and compromise
the operation and the efficiency of soft-switching power
converters operating in high frequency conditions. Also,
with the increasing operating frequency, parasitic capacitive
components of WBG components may be used as the re-
sonant capacitor to resonate with planar magnetic compo-
nent.
Meanwhile, because the GaN and SiC devices have high

switching frequencies, parasitic parameters, especially the
parasitic inductance will cause large voltage and current
oscillations, resulting in higher power loss and serious EMI
noise. Therefore, during the design of the driving circuit and
power circuit, the corresponding parasitic parameters should
be reduced through the optimized layout of the system
components, especially the common source inductance (CSI)
in half-bridge structure which is between the source and
ground. In addition, the GaN FET has extremely low input
and output capacitance, so its dv/dt and di/dt are generally 3
to 5 times than that of the Si switch during the switching
process, which may cause the switch to be turned on or
turned off by mistake.
Thus, to solve above problems better and further improve

the frequency, the integrated module with power device and
driving circuit should be developed. Some half-bridge
modules have been developed, however, most of them are for
low voltage situations. Such as LMG5200 manufactured by
TI, the rated voltage is only 80 V. Thus, research on high
voltage integrated module should be conducted. Also, with
the development of integrated module or power IC, the de-
vice characteristics must be taken into consideration when
the active and passive components integrated together.

5 Conclusion

With the development of high frequency resonant DC-DC
power conversion technology, the system power density and
efficiency can be greatly improved. For the system perfor-
mance improvement, topologies and planar magnetic tech-
nologies play an important role. This reference firstly
reviews the different resonant topologies, such as LLC cir-
cuit, DAB circuit, and other high order resonant circuit. The
topology and control characteristics under high frequency
conditions are described and compared. In Sect. 3, the
characteristics of planar magnetic components are described,
including the winding design, modeling and integration.

Finally, the opportunities and challenges for high frequency
resonant DC-DC converters are pointed out. This review can
be a helpful guidance when designing high frequency re-
sonant DC-DC converters.

This work was supported by the Research Start-Up Funding of HIT Young
Talent Project.
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