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Abstract—This paper presents a novel series—parallel current-
driven (SPCD) full-bridge dc/dc converter, which is able to process
and deliver power efficiently over a wide range of load variations.
In order to guarantee reliable operation of high-frequency dc/dc
converters, the converter should be able to sustain soft switching
for a wide range of operating conditions. The SPCD full-bridge
converter, proposed in this paper, is able to offer soft switching
for the input power semiconductors and smooth commutations
for the output diodes. Also, the particular structure of the pro-
posed converter eliminates the need for extra auxiliary circuits to
provide reactive current for soft switching at light loads. The pro-
posed topology can fully eliminate voltage spikes across the output
diodes by providing smooth and lossless commutations for the out-
put diodes. Thus, the proposed converter can be an efficient and
reliable solution for variety of applications with a high switching
frequency and a high output voltage. The SPCD full-bridge con-
verter has the ability to integrate all magnetic components into an
integrated transformer in order to achieve a high power density.
The integrated transformer is thoroughly analyzed using ANSYS
high-frequency structure simulator. Simulation and experimental
results confirm the superior performance of the proposed SPCD
full-bridge dc/dc converter.

Index Terms—Current-driven converter, dc/dc converter,
full-bridge converter, lagging leg, leading leg, shoot through,
snubber capacitor, zero-current switching (ZCS), zero-
voltage switching (ZVS), zero-voltage zero-current switching
(ZVZCS).

1. INTRODUCTION

SOLATED dc/dc converters have widely been used in sev-
I eral applications such as renewable energy power condition-
ing systems, electric vehicles (EVs), Telecom, etc. [1]-[8]. The
well-known full-bridge inverter (including two legs with high-
side and low-side power semiconductors) have extensively been
utilized for dc/dc converters in industrial applications. Since
the switch ratings are optimized for the full-bridge topology,
the industry has adopted the full-bridge topology as an integral
part of different power converters [9]-[14]. For applications in
the range of a few kilowatts, MOSFETs are mostly used to
implement the full-bridge inverter. In order to have robust and
reliable operation, MOSFETSs should be switched under zero
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voltage. Operation with zero-voltage switching (ZVS) has nu-
merous advantages including elimination of switching losses, a
noise free environment for the control circuit, superior EMI per-
formance, and reliable operation of the power converter. ZVS is
achieved by discharging the output capacitor of the MOSFET
prior to the rising edge of the gate signal [5]. In isolated full-
bridge converters the energy stored in the leakage inductance of
the transformer is used to realize ZVS. However, in most cases,
this energy is adequate only for heavy loads and the converter
loses ZVS for light-load conditions. For high-frequency power
converters, loss of ZVS implies that there will be extremely high
switching losses and very high EMI due to the high di/dt of the
snubber discharge current. Loss of ZVS can also cause a noisy
control circuit, which leads to shoot through and loss of power
semiconductor switches. The ZVS range can be extended by
increasing the series inductance. However, having a large series
inductance limits the power transfer capability of the converter
and reduces the effective duty ratio of the converter.

Another fundamental problem related to the conventional
full-bridge phase-shift dc/dc converter is the voltage spikes
across the output diodes. The voltage spikes are caused by the
interaction between the leakage inductance of the transformer
and the output inductor. The power losses caused by the voltage
spikes are intensified by increasing the switching frequency and
the load of the converter. Thus, the diodes are usually designed
to be overrated so that they are able to withstand the voltage
spikes (in many design exercises, the diodes are designed to
be able to withstand twice the nominal output voltage). In ad-
dition, the voltage spikes significantly contribute to the EMI
noise produced by the converter. The aforementioned difficul-
ties greatly confine the application of the full-bridge topology
for high-frequency, high-voltage applications with a wide range
of load variations. Resonant converters are widely used to mit-
igate the aforementioned difficulties of the full-bridge convert-
ers [15],[16]. The performance of the current-driven resonant
converters (e.g., series resonant converters and LLC resonant
converters) has proven to be superior compared to the voltage-
driven resonant converters (e.g., LCC resonant converters).
Resonant converters require extra passive components, which
usually carry a significant amount of high-frequency current.
Therefore, achieving high power density and high efficiency is
very challenging with resonant topologies. Also, the resonant
topologies may lose soft switching for light loads depending on
the resonant circuit design and control system [17]-[23]. In [5]
and [24], asymmetric auxiliary circuits are used to significantly
extend the soft-switching range of the full-bridge converter. The
auxiliary circuits provide inductive current to realize ZVS. Even
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Fig. 1.

though this topology is able to provide load-independent ZVS, it
is not able to eliminate voltage spikes across the output diodes.
Also, the auxiliary circuits increase the current burden of the
power semiconductors. In some references, the voltage spikes
are reduced by decreasing the leakage inductance as much as
possible though the transformer winding structure. However,
reducing the leakage inductance decreases the ZVS operating
range of the full-bridge converter, which results in a narrow
range of ZVS operation. Snubber circuits are commonly used
to mitigate the voltage spikes across the diodes. The main prob-
lem with the snubber circuits is the amount of losses in the
snubber resistor, which considerably degrades the efficiency of
the converter especially at higher power and it can only reduce
the peak value of the voltage spikes. In [25], an active clamp
circuit has been added to the converter to clamp the voltage
across the output diodes. This method can effectively clamp the
voltage spikes of the output diodes. However, the active clamp
circuit increases the complexity of the converter as well as small
losses in the clamp circuit. Several energy recovery clamp cir-
cuits (ERCCs) have been proposed in [26]-[29]. Although the
ERCC techniques are able to reduce the voltage stress across
the output diodes, the amount of the voltage stress depends on
the duty ratio and input voltage of the converter in most of the
ERCC techniques. In addition, using extra semiconductors is
inevitable in all of these aforementioned methods. The prob-
lem of voltage spikes is essentially related to the voltage-driven
output rectifiers. In [30], a current-driven full-bridge dc/dc con-
verter has been proposed, which is able to completely eliminate
the voltage spikes across the output diodes. The current-driven
structure of this topology guarantees the smooth performance
of the output diodes. Therefore, the reverse-recovery losses of
the output diodes are eliminated and there is no need for ex-
pensive Silicon-Carbide (SC) diodes. The topology proposed in
[30] is a good candidate for high-frequency high-voltage dc/dc
converters. The issue related to this topology is the need for
an extra auxiliary circuit to guarantee ZVS for very light-load
conditions. The auxiliary circuit increases the current ratings of
the power semiconductor and also decreases the power density
of the dc/dc converter.

In this paper, a series—parallel current-driven (SPCD) full-
bridge converter is proposed, which is able to provide soft
switching from light loads to full-load conditions without using
any auxiliary circuit. Also, it is able to eliminate the voltage
spikes across the output diodes and provide smooth commuta-
tions for the output diodes. This topology is intended for high-
frequency high-voltage applications with high power density.
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Circuit diagram of proposed series—parallel current-driven full-bridge dc/dc converter.

This paper is organized as follows. In Section II, the pro-
posed topology is introduced and different operating modes are
described. A qualitative analysis of the proposed SPCD full-
bridge dc/dc converter is presented in Section III. In Section
IV, the integrated magnetics used in the proposed topology is
described in detail. The design procedure of the proposed SPCD
full-bridge dc/dc converter is described in Section V. Section
VI presents the simulation results and Section VII presents the
experimental results obtained from the converter prototype. Sec-
tion VIII presents a comparative study of the proposed topology.
Finally, Section IX is the conclusion.

II. SPCD FULL-BRIDGE CONVERTER

The arrangement in Fig. 1 shows the proposed SPCD full-
bridge dc/dc converter. The SPCD full-bridge topology consists
of a series branch including L and a parallel branch including
L, and C,,. According to Fig. 1, the series inductor, L, is used to
convert voltage pulses to current pulses and the parallel branch,
L, and C),, is used to produce the reactive current for ZVS and
realize the current-driven structure of the converter.

The series inductance, L,, and the parallel inductance, L,,, can
easily be embedded in the high-frequency transformer. Also, the
parallel inductance eliminates the need for the auxiliary circuit
used to achieve ZVS. Thus, the SPCD full-bridge topology can
result in an efficient converter with a high power density. This is
due to the fact that this topology is able to absorb the parasitic
components of the transformer and use them to transfer power
efficiently.

According to Fig. 1, when the parallel inductance current
reaches the series inductance current, the output diodes turn
OFF. Therefore, the energy stored in the series inductance as
well as the energy stored in the parallel inductance at that in-
stant is used to discharge the effective output capacitance of the
power semiconductors of the leading leg (the effective output ca-
pacitance is the equivalent capacitor at the output of the power
MOSFETs, including their parasitic capacitance and external
snubber capacitors inserted to eliminate the turn-off losses of
the MOSFETs). Since the energy of the two inductances are
used to discharge the output capacitor of the power semicon-
ductor, a small current is required to guarantee ZVS. Whereas,
in the conventional full-bridge converter, only the energy of the
leakage inductance is used to provide ZVS. This is the rea-
son that the conventional full-bridge converter loses ZVS at
light loads. Next, the different operating modes of the proposed
SPCD topology will be explained in detail.
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2) Mode Il (t; <t < ty): Mode II starts when the gate sig-
nal is applied to S5 based on the phase shift, 1. During this mode,
the reflected parallel capacitor voltage is applied to the series
inductor, L. This mode continues until the series inductor cur-
rent reaches the reflected parallel inductor current. At this point,
the output diodes turn OFF naturally. Thus, the commutation is
smooth, which is attributed to the current-driven nature of the
proposed topology. Fig. 4 shows the equivalent circuit diagram
of the proposed SPCD full-bridge topology during Mode II. The

converter dynamics are given as follows during this mode:

dips

1

Fig. 2 shows the key waveforms of the proposed topology.
According to this figure, the operation of the converter is divided
into six different operating modes. Due to the symmetry, only
three modes are presented as follows.

1) Mode I (ty <t < t1): During this mode, the difference
between the input voltage and the reflected parallel capacitor
voltage is applied to the series inductor, L. At the beginning of
this mode, the negative current discharges the output capacitor of
S1, and hence, the MOSFET is turned ON under zero voltage.
Fig. 3 shows the equivalent circuit diagram of the proposed
SPCD full-bridge topology during Mode I. During this mode,
the system dynamics is given by

dip, 1 1
dt LsV fskUC]) (D
dip, 1

_ 2

it  L,° 2)
dv(vp 1 1. 1.

P i — =g — —ip 3

dt c, e T gt T e ®)

TR v
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3) Mode Ill (t; <t < t3): When the series inductor current
reaches the reflected parallel inductor current, the diodes D
and D, turn OFF. The series inductor, the parallel inductor,
the parallel capacitor, and the output capacitances of the output
diodes form a resonant circuit. The resonant circuit is effectively
determined by the series inductor, L, and the output capacitance
of the output diodes, Cp, since the parallel inductor is placed
in parallel with the series inductor and the parallel capacitor is
placed in series with the output capacitances of the diodes in
the resonant circuit. Due to the fact that the parallel inductor
is usually much larger than the series inductor and the parallel
capacitor is much larger than the output capacitances of the
diodes, the effective resonant frequency is determined by the
series inductor and the output capacitance of the diodes. Fig. 5
shows the equivalent circuit diagram of the proposed SPCD
full-bridge topology during Mode III. The voltages across Cpo
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and C'p, are given by

Vo Vo
VCpy, = 5 + ?COS(W,-dt> (9)
Vo Vo
vo,, = 5 = ECOS(wrdt) (10)
_ 1 _ LsL, _ CyCcp
where w,.q = Jhcn Leq = g5 and Coq = o507

Therefore, in Mode III, the voltage across the transformer
secondary side is derived as

1D

The secondary voltage is applied across the primary series in-
ductance, L,, and the parallel inductance, L,,. Thus, the currents
through the series inductance, L, and the parallel inductance,
L, are given by

Vsee = V,CO8(wyqt).

‘ kVo e EV, .
.= - Sin(w, 4t 12
iL. Ly for  Towrg in(wrat) (12)
V. Vo o
iny = oYett + Sin(w,qt). (13)
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This resonance can be advantageous, since it can smoothly
charge and discharge the respective output diodes as shown in
Fig. 2. Also, this resonance can provide extra current for the
ZVS of the input side MOSFETs. Thus, the advantages of the
resonance are twofold: it can guarantee the smooth transition

of the output diodes and also provide extra current for the soft
switching of the input MOSFETs.

III. QUALITATIVE ANALYSIS OF SPCD DC/DC CONVERTER

In this section, the performance of the proposed SPCD con-
verter is analyzed qualitatively. Figs. 6 and 7 depict the differ-
ence between the conventional dc/dc full-bridge converter and
the proposed SPCD dc/dc converter. According to this figure, the
SPCD topology offers several advantages over the conventional
phase-shift full-bridge converter. The current-driven nature of
the output rectifier provides smooth commutation of the output
diodes and eliminates voltage spikes across the output diodes.
Also, the SPCD topology significantly extends the effective
duty ratio of the transformer secondary voltage. Whereas, the
diode commutations cause duty-ratio loss in the conventional
full-bridge converter, particularly for heavy loads.

From Figs. 6 and 7, it is evident that the proposed SPCD
topology has far superior performance in terms of soft transitions
during the switching intervals of the power semiconductors.
However, comparing the current waveform for the SPCD full-
bridge converter and the one for the conventional full-bridge
converter, one can roughly conclude a higher current stress in
the proposed SPCD full-bridge converter. In order to put the
switching performance as well as the conduction performance
of the proposed SPCD topology into perspective, the following
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sections analyze the switching losses and the conduction losses
in detail.

A. Switching Losses

In this section, the switching performance of the converter is
described in detail. In high switching frequency and high output
voltage applications, the output rectifier is typically overde-
signed due to high-voltage spikes. Therefore, the aforemen-
tioned advantages of the SPCD topology are very important.
The SPCD topology is able to take advantage of the energy
stored in the parallel inductor to provide ZVS conditions for
the full-bridge MOSFETs. Also, the SPCD topology utilizes
the resonance in mode III to perform smooth commutations of
the output diodes simultaneously. The resonance in mode III
must discharge the output capacitors of Dy and D, and charge
the output capacitors of D; and D3 during the commutation
intervals.

In order to ensure the ZVS of the power MOSFETs, the
following condition must be satisfied:

vao weﬂ”
ALy fon

where C'g,, represents the output capacitance of the input MOS-
FETs as well as any snubber capacitors inserted across the power
MOSFETs.

The proposed topology takes advantage of the parallel induc-
tor, L,, to significantly extend the ZVS range of the converter.
The conventional phase-shift full-bridge converter usually loses
ZVS for light-load conditions, where the energy of the leakage
inductance is not enough to charge and discharge the output
capacitances of the power MOSFETS. In the case of the SPCD
topology, due to the large value of the parallel inductor (the
transformer magnetizing inductance is usually utilized as the
parallel inductor, L), a small amount of current can provide
enough energy to guarantee ZVS. In the experimental section, a
quantitative comparison of the ZVS range is given to compare
the range of ZVS for the proposed SPCD topology with the
one for a conventional phase-shift full-bridge topology with the
same specifications.

During resonant mode III, the output diodes have soft tran-
sitions. Fig. 8 shows the resonant circuit during mode III. This
resonance must continue for half a cycle of the resonance in

Vi

Izys = > 205, —= (14)
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order to guarantee the smooth operation of the output diodes
(the output capacitor of Dy, C'ps, must be fully discharged and
the output capacitor of D, Cp1, must be fully charged). Fig. 9
shows the smooth transition of the output diodes in the proposed
SPCD full-bridge converter compared to the hard and lossy com-
mutations of the output diodes in the case of the conventional
phase-shift full-bridge converter. This figure highlights the ad-
vantage of the resonant mode. Unlike active clamp topologies,
the proposed SPCD topology uses the parasitic components of
the converter to form a resonant circuit and the resonant circuit
is used to provide smooth transitions.

B. Conduction Losses

Generally speaking, the proposed topology has higher RMS
current compared to the conventional phase-shift full-bridge
converter due to the transformer primary current waveform (as
illustrated in Fig. 2). In the conventional phase-shift full-bridge
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converter, the current waveform is closer to a square wave,
whereas in the proposed SPCD full-bridge converter, the current
waveform has a triangular shape. This shape provides soft tran-
sitions for the power semiconductors and other aforementioned
advantages in the switching performance of the converter. How-
ever, this is at the price of higher RMS current. This drawback
is not usually a limiting factor, since the chosen power MOS-
FETs usually have much higher current ratings than required by
the converter in order to have a much lower Rpg(ON). Also,
nowadays, MOSFETs with very low Rpg(ON) are available,
which can handle very high currents. Therefore, this issue is
not a restricting factor in many applications. However, in some
applications where the primary-side current is very high, the per-
formance of the converter may considerably deteriorate. Thus,
for very high current applications, the proposed topology might
not be a very appropriate candidate. In order to give some quan-
titative sense to this issue, the RMS current of the proposed
SPCD full-bridge topology and the one for the conventional
full-bridge converter are compared in this section.

According to Fig. 2, the transformer primary-side current
waveform is given by (15), shown at the bottom of the previous
page, and in the case of the conventional full-bridge converter
the primary-side current is given by (16), shown at the bottom
of the previous page, [5]. By using (15) and (16), the RMS
current can be estimated for the proposed SPCD topology and
the conventional full-bridge topology, respectively. It should be
noted that the effective phase shift in the proposed SPCD is
bigger than the duty ratio applied to the primary side (as shown
in Figs. 6 and 7). Whereas, the effective duty ratio is smaller
than the duty ratio applied to the primary side in the case of the
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conventional full-bridge converter. This is the reason that the
proposed SPCD topology can provide higher gain compared to
the conventional full-bridge converter.

Fig. 10 shows the comparison between the conduction losses
of the proposed SPCD topology and those of the conventional
full-bridge converter for this specific application (specifications
are given in Section VII). This figure shows that the conduction
losses are higher. However, due to the higher gain of the con-
verter, the difference between the conduction losses is not as
pronounced.

IV. INTEGRATED MAGNETIC DESIGN

This section describes how to integrate the series inductor,
Ly, and parallel inductor, L,, into an integrated transformer.
The integration of the series and parallel inductors into the main
transformer is commonly used in resonant topologies, particu-
larly in LLC resonant converters [31], [32]. The series inductor
is achieved through winding the primary and secondary wind-
ings beside each other instead of interleaving them, and the
parallel inductor is realized by embedding a small air gap in
the transformer core. The distance between the primary wind-
ing and the secondary winding has a significant impact on the
series inductance value. Therefore, with a regular wire-wound
transformer, it is very hard to get consistent results for mass
production. However, a reliable transformer can be achieved by
using planar transformers with windings laid out on a multilayer
printed circuit board (PCB). In the following, the design of an
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TABLE I
INTEGRATED TRANSFORMER PARAMETERS RESULTING FROM HFSS

Symbol  Parameter Value
Core Ferrite Core E38/8/25
N, Primary Turns 2

Ny Secondary Turns 40

Lk Leakage Inductance (primary side) 869 nH
L, Magnetizing Inductance (secondary side) 1.79 mH
A Air Gap 0.72 mm
13 Distance between Primary and Secondary 1.82 mm

integrated planar transformer for the proposed SPCD converter
will be explained.

A. Design of an Integrated Planar Transformer

Low-profile planar magnetics are very preferable for applica-
tions where repeatability for mass production is of great impor-
tance. Since the windings are laid on a PCB, the mass production
of the planar magnetics is much easier than with the conven-
tional wire-wound magnetics. In this section, the design of an
integrated planar transformer used in the proposed SPCD con-
verter is described. The series inductor, L, the parallel inductor
L,, and the high-frequency transformer are integrated in the
planar transformer (an EE-core with an air gap is used to real-
ize the planar transformer. Therefore, the following analysis are
based on an EE-core with an air gap).

In order to incorporate the series inductance, the primary
and secondary windings should be laid out in a top—bottom
arrangement instead of a side-by-side or interleaved arrange-
ment [33]. Usually, the side-by-side arrangement cannot pro-
duce enough series inductance value for this application. Also,
an air gap should be embedded in order to implement the paral-
lel inductor. Fig. 11 shows the top—bottom winding arrangement
with an air gap incorporated into the core. In addition, this figure
shows how the magnetic flux is distributed in the transformer.
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The objective in this section is to determine the leakage induc-
tance (series inductor) and the magnetizing inductance (parallel
inductor) of the integrated planar transformer. In order to deter-
mine the inductances, the magnetic energy stored in the trans-
former must be determined using the magnetic field intensity,
H . In the cross section of the transformer, shown in Fig. 11, the
magnetic field intensity is given by (17), shown at the bottom
of the previous page.

The leakage inductances are determined by shorting the sec-
ondary side of the transformer and calculating the magnetic
energy stored in each winding [33]. Therefore, the leakage in-
ductance, Ly, is given by

Lya = %/// H?(p)dv
p Vo

where I, is the primary current and the integral in (18) is over
the volume covered by the primary windings, N,, (V,). Sim-
ilarly, reflected secondary leakage inductance, Lo, is derived
as

(18)

19)

where the integral in (19) is over the volume covered by the
secondary windings, Ny, (V5). Due to the fact that the perme-
ability of the ferrite core is much bigger than that of air, H,, is
negligible. Therefore, the leakage inductances are derived as

_ Mo (S5

Ly = wNp (2+3>77 (20)
_ Mo (8B

L — wNp<2+3)77 e

where 7 is mean length per turn of the windings.
Since the magnetizing inductance, L,, is much larger than
Ly, and Lo, the total leakage inductance, Ly is estimated as

S +
Lic = Ly = Lua + Luz = SN (5 + %) N2
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Fig. 15.  Schematic of the SPCD full-bridge converter power circuit with
integrated magnetics.

According to (22), the only parameter that can be adjusted to
control the value of the leakage inductance (series inductor) is
the distance between the primary windings and the secondary
windings, ¢. By adjusting ¢ the value of the series inductor
can be determined. The magnetizing inductance is used as the
parallel inductor, L,, in the SPCD converter. The magnetizing
inductance can be adjusted by the air gap embedded in the
magnetic core. Therefore, the amount of air gap is the parameter
used to adjust the value of the parallel inductor. The magnetizing
inductance is given by [33]

Ly, = Lp = MON?% (23)
where A, is the effective core cross section area and A is the
amount of air gap.

In summary, the series inductor, L, and the parallel inductor,
L, can be adjusted by designing £ and A according to (22)—(23),

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

B-H Curve (Data-sheet) s

B-H Curve (Simulation)

. yo's
//
/

/
i /
o

100 0

0
H(A/m)

Fig. 16.  B—H curve for 3F'3 core from the data sheet and from the simulation.

TABLE II
SIMULATION PARAMETERS

Symbol  Parameter Value

P, Output Power 300 W

Vo Output Voltage 400-450 V(DC)
Vin Input Voltage 32-55V(DC)
fsw Switching Frequency 220 kHz
Ly Series Inductance 870 nH
L, Parallel Inductance 1.80 mH
c, Parallel Capacitance 1.0 uF
Ly Filter Inductor 2.2 uH
c, Output Capacitor 47 uF
Cin Input Capacitor 22 uF

respectively. Even though (22)—(23) provide a good approxima-
tion of the respective inductances, they cannot precisely deter-
mine the actual values due to different approximations used to
derive the equations. However, they provide a very good start-
ing point in the design of the integrated transformer. In the
following section, the integrated transformer is modeled using
ANSYS software in order to perform a finite-element analysis.
The finite-element analysis can precisely produce different pa-
rameters of the integrated transformer. The calculated air gap
and ¢ are used as a starting point to establish the physical model
for the finite-element analysis.

B. Finite-Element Analysis of Integrated Transformer

In this section, the integrated transformer is analyzed using
the finite-element method (FEM) in order to predict the trans-
former parameters. It should be noted that the details of the
analysis are given in the appendix and only the key results are
presented in this section. Included in the appendix is the proce-
dure used to prepare a typical structure for the high-frequency
structure simulator (HFSS) simulation. This simulation solves
the structure for the electric field and magnetic field as well as
their attributes. Fig. 12 shows different field solutions resulting
from the HFSS analysis. In this figure, the magnetic field in-
tensity within the air gap and the electric and magnetic fields
are shown. Based on the HFSS analysis, the precise amount of
air gap and the distance between the primary windings and the
secondary winding are obtained in order to achieve the desired
series and parallel inductances. The obtained values are listed
in Table I. The values given in Table I should be very close to
the final values of A and £. According to Table I, the chosen
core is £238/8/25 (the details of the converter are given in the
experimental section). Since the output voltage is high (400 V),
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this core is selected to be able to accommodate the insulation
requirements of the secondary side.

V. DESIGN OF SPCD FULL-BRIDGE DC/DC CONVERTER

In this section, different design parameters of the proposed
SPCD full-bridge dc/dc converter are described in order to pro-
vide necessary information for a power engineer to design the
converter. For instance, the gain of the converter, the design of
different components, and the components’ ratings are among
the main information required to design a practical dc/dc con-
verter. In the following subsections, the main design parameters
of the SPCD converter will be explained in detail.

A. SPCD Full-Bridge Converter DC Gain

The dc-gain is one of the most important design parameters
in a typical dc/dc converter. One of the main advantages of the
proposed SPCD dc/dc converter is its ability to boost the voltage
due to its “boost-like” structure. This advantage is very prefer-
able in applications with high output voltage and low input volt-
age in order to reduce the turns ratio of the power transformer,
and in turn reduce the copper losses of the transformer. The
converter dc-gain is calculated by equating the input power and
the output power of the converter (this is a common practice
used to derive the dc-gain of dc/dc converters). According to
Figs. 1 and 2, the output power is given by

P, =V, .(ipB)71., /2 (24)
where (ipg )7, /2 is the average value of the diode bridge output
current over a half switching cycle.

TABLE III
EXPERIMENTAL PROTOTYPE PARAMETERS

Symbol  Parameter Value/Part Number

P, Output Power 300 W

v, Output Voltage 400-450V(DC)

Vin Input Voltage 32-55V (DC)

fow Switching Frequency 220 kHz

L Series Inductance 875 nH

L, Parallel Inductance 1.85 mH

c, Parallel Capacitance CKGSTNXTT2J105M500J H
Ly Filter Inductor CLF10040T —2R2N

c, Output Capacitor B32796G'2506 K

Cin Input Capacitor C3225X752A475M200AB
Si Power MOSFETs BSC160N10N S3G

D; Output Diodes MURS160

Using the steady-state equations of the converter, the output

power is calculated as

‘/o ‘/in - k‘/o
P=— | ——
C 4k K L
where T,.;, = j—”d

) (:ﬁ) (T — Trd)]

(25)

According to Figs. 1 and 2, the input power is given by

P, =Vy '<iiIlFB>TsW /2

(26)

Similarly, the input power is calculated using the steady-state
equations of the converter as follows:

Vin - kv;)
F)in - ‘/in |:(Ls) <

)

_ 2Izvs
CZ-;VV

VT
| (%)
27
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where t; is the dead time. If the dead time is ignored, the
converter dc-gain is calculated by equating the input power and
the output power as follows:

Crr — Vo =4 \/m5 —dmns )8
e = - = o (28)

where
m = <Li ) T:a/2)
= |y B g, 1)
Ny = [‘251 wQW mezvs}

Equation (28) determines the dc-gain of the proposed SPCD
full-bridge dc/dc converter. Fig. 13 shows the dc-gain of the
converter with respect to the phase-shift angle for a typical
design. According to this figure, the converter is able to boost
the voltage, due to the increase in effective duty cycle.

B. Design of SPCD Converter Components

In the section, the design procedure of the different compo-
nents used in the SPCD converter is explained in detail. The
first component is the series inductor, L,. The series inductor
determines the power transfer capability of the converter. Lower

Experimental waveforms for the proposed SPCD full-bridge dc/dc converter.

values of the series inductor result in higher power transfer ca-
pability and vice versa. However, the very low value of the
series inductor leads to high peak current in the primary side of
the transformer. Therefore, the series inductor, Ly, is designed
based on the power ratings of the converter and allowable peak
current at the transformer primary side. The design equation for
the series inductor, L, is given by

(‘/1?1 — k%wn)w?nax
47T2Pofsw

Ly = (29)
The RMS current of the series inductor is approximately derived
as

(V{n - k%)wmax

\/gstsw

The parallel inductor, L, is designed such that there is enough
current to guarantee ZVS. This inductor should be designed
to result in just enough current to charge and discharge the
MOSFETS’ output capacitors. Thus, according to (14), the value
of the parallel inductor, L,, is given by

Jrms _

Ls (30)

kv;) VEn woff td

L, = .
v 4050 V;nwsw

(€19}

Fig. 14 shows the design curve for the parallel inductance ver-
sus Cs, (equivalent output capacitance of the power MOSFETS)
for different switching frequencies. According to this figure, if
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Experimental waveforms for different loads/voltages, (a) full-bridge voltage, the transformer primary-side current, and the output diode voltage for
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voltage, the transformer primary-side current for v;, = 38V, v, = 420V, and 100% load, (d) full-bridge voltage, the transformer primary-side current for

vin = 40V, v, = 400V, and 20% load.

Fig. 22.

the parallel inductance is designed such that it is underneath the
corresponding curve, ZVS conditions are guaranteed.

The other component to be designed is the parallel capacitor,
C,. According to the converter operating principles, the voltage
across the parallel capacitor, v¢,, is very close to the output
voltage, V,,. Therefore, the voltage rating of the parallel capaci-
tor, C,, is the output voltage of the converter. The current rating

Resonance mode of operation in the proposed SPCD full-bridge dc/dc converter.

of this capacitor is the ripple component of ipp (this current
includes a dc component and a ripple component as shown in
Fig. 2). Herein lies one advantage of the SPCD topology com-
pared to the series resonant topology or LCC resonant topology.
In the SPCD converter, the current ripple of the parallel capac-
itor is much less than the current flowing through the resonant
capacitor in LCC/series resonant topologies. Therefore, the
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Fig. 23.  ZVS comparison of the proposed SPCD topology and the conventional full-bridge topology at 20% load.

losses of this capacitor are much less compared to the losses of
the series capacitor in resonant topologies. Also, the breakdown
voltage of the capacitor significantly reduces with switching
frequency. Therefore, a resonant capacitor with high-frequency
voltage ripple should be drastically overdesigned for reliable
operation. This difficulty is rectified in the proposed SPCD
topology due to the fact that the voltage across the parallel ca-
pacitor is mainly a dc voltage with a negligible high-frequency
ripple. The current flowing through the parallel capacitor is
given by

icy =ipp — (iDB)T,, /2- (32)

Therefore, the parallel capacitor RMS current is derived as

rms _ 1 Vin — kV, _ EV, i
@ kB L Ly ) \wew

L (Va RV V) (0 (T =T
) () () o

The value of the parallel capacitor is designed such that there
is a small high-frequency voltage ripple across the parallel ca-
pacitor. A 10% high-frequency ripple is reasonable for the de-
sign. Therefore, the value of the parallel capacitor, C,,, is given
by

(ipB — (ipB)7,, /2) Tow

c, > 02V, (34)
C, 107T ‘/in - k‘/o _ k‘/o
r= kv, Wew Lg wew Ly
(G- ) o
Wsw u 2

VI. PERFORMANCE ANALYSIS THROUGH SIMULATION

In this section, the simulation results for the proposed SPCD
full-bridge topology are presented. PowerSim V9.2.1 (PSIM)
software has been used to obtain the simulation results. PSIM
includes “Magnetic Elements,” which can be used to pre-
cisely model the magnetics. In order to accurately analyze the
performance of the SPCD full-bridge topology, the integrated
transformer can be modeled using “magnetic elements.”

Fig. 15 shows the schematic of the SPCD full-bridge converter
power circuit with the integrated magnetics. The parameters of

TABLE IV
ZVS RANGE COMPARISON

Topology ZVS Load Range

12%-100%
37%-100%

SPCD Full-Bridge Toplogy
Conventional Full-Bridge Toplogy

the integrated magnetic have been inserted into this simulation
using the results obtained from the HFSS analysis (see Table I).
According to Fig. 15, the air gap, the core properties, and the
leakage inductance have been modeled through “magnetic ele-
ments.” There is an iterative process to make the B—H curve of
the core in the simulation fit the one in the data sheet. Fig. 16
shows the B—H curve of the 3F'3 core from the data sheet and
from the simulation.

Table II presents the parameters used to conduct the simula-
tions for the SPCD full-bridge dc/dc converter. Fig. 17 shows the
simulation waveforms of the SPCD full-bridge dc/dc converter.
In this figure, the waveforms of the transformer secondary side
are reflected to the primary side. The resonance mode is clearly
seen in this figure. This resonance provide a smooth transition
for the output diodes as well as ZVS for the leading-leg MOS-
FETs. The smooth operation of the output diodes are shown in
Fig. 18. According to this figure, there are no voltage spikes
across the output diodes and also the lossless commutations
of the output diodes are evident. This figure also shows the
reflected primary current, the parallel inductor current and the
transformer secondary current.

VII. EXPERIMENTAL RESULTS

In order to evaluate the performance of the proposed SPCD
full-bridge dc/dc converter, an experimental prototype has been
prepared. Table III shows the parameters of the experimental
prototype. The integrated planar transformer is implemented
using a PCB. Fig. 19 shows the implemented integrated trans-
former. This figure shows how the primary windings and the
secondary windings are laid out on the different layers of the
PCB. Also, the distance between the primary windings and the
secondary windings, &, is embedded in the PCB as shown in
Fig. 19. The distance between the secondary windings are larger
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Fig. 25. Efficiency curve of the proposed SPCD full-bridge dc/dc converter.
than the one for the primary windings due to the different insu-
lation requirements. The parameters of the implemented planar
transformer are very close to the ones obtained from the HFSS
simulations (see Table I).

The control system of the proposed SPCD full-bridge dc/dc
converter is based on the peak current mode (PCM) control
scheme [37], [38]. The PCM controller prevents transformer
saturation and provides a fast cycle-by-cycle transient response.
The control system is implemented using a Field-Programmable
Gate Array (FPGA). The FPGA is able to provide a very fast
and reliable solution to digitally implement the control system.
In particular, Cyclone IV EPACE22F17C6N from Altera is
used as the core FPGA to implement the control system. This
FPGA provides a very fast and cost-effective solution for the
control of power converters [39]-[43].

Fig. 20 shows the experimental waveforms of the proposed
SPCD full-bridge dc/dc converter. This figure shows the primary
current, 7,, full-bridge output voltage, v4 g, and the integrated
transformer secondary voltage, vs... According to this figure,
the full-bridge output voltage demonstrates a smooth transition
due to the soft switching. The secondary voltage also has smooth
transitions due to the resonant mode (Mode III) in this particular
topology. In addition, this figure shows the voltage across the
output diodes. It is evident that there are no voltage spikes across
the output diodes and the commutation is smooth and lossless.

Fig. 21 shows the experimental waveforms of the converter
for different loads and different voltages. This figure demon-
strates smooth voltage transitions and superior performance of
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Vps

ZVs

the proposed SPCD full-bridge converter. Fig. 22 shows the
resonance mode of operation (Mode III), which provides the
required ZVS current and causes the smooth commutation of the
output diodes. In addition, the SPCD topology extends the ZVS
range significantly compared to the conventional phase-shift
full-bridge topology. In the conventional full-bridge topology,
ZVS is achieved through the energy of the leakage inductance,
which is usually not enough to charge and discharge the MOS-
FETs’ output capacitors at light loads. In the proposed SPCD
topology, the energy of the parallel inductor is used to extend
the ZVS range significantly.

Fig. 23 shows the ZVS performance of the proposed SPCD
topology compared to the conventional full-bridge topology at
20% load. This figure shows that the proposed topology can
successfully maintain ZVS for light loads owing to the energy
stored in the parallel inductance. Table IV shows the ZVS range
of the proposed SPCD converter and the one for the conventional
full-bridge converter designed for the specifications given in
Table III. Fig. 24 shows the ZVS performance of the SPCD
converter at 12% load. It should be mentioned that the dead time
for light loads should be larger than the one for heavier loads.
Therefore, an adaptive algorithm is implemented to change the
dead time accordingly. For very light loads (less than 12% load),
the control system reduces the switching frequency drastically
in order to reduce the driver losses of the converter. Therefore,
the circuit loses ZVS for very light loads and there might be
several periods of resonance between the series inductor and the
capacitances of the output diodes.

The proposed SPCD topology is able to result in a high effi-
ciency due to the soft switching in the primary and secondary
side of the transformer. Fig. 25 shows the efficiency curve of the
proposed SPCD full-bridge dc/dc converter. This figure confirms
the highly efficient operation of the converter (peak efficiency
of 98.26%).

VIII. COMPARATIVE STUDY

In this section, the performance of the proposed SPCD full-
bridge topology is compared with the state-of-the-art topolo-
gies, which are the current-driven full-bridge converter and the
current-driven resonant topologies (i.e., series resonant con-
verter and LLC resonant converter) [23], [30], [44], [45]. Thus,
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the aforementioned topologies are designed and implemented
with the same specifications. The intended application in this
paper is the first-stage dc/dc converter for a two-stage PV mi-
croinverter [46]. Fig. 26 illustrates the performance compari-
son between the proposed SPCD full-bridge converter and the
current-driven full-bridge converter. This figure shows that the
resonance mode in the proposed SPCD topology provides re-
active current to realize ZVS, whereas in the case of current-
driven topology, this reactive current should be provided by an
extra auxiliary circuit, otherwise the MOSFETs of the lead-
ing leg do not turn ON with ZVS. Also, comparing this figure
with Fig. 22, it is concluded that the output diodes have much

v

Experimental waveforms of the current-driven full-bridge converter with reduced parallel capacitor.

K
—
N
o

Eige

(b)

Experimental waveforms of (a) resonant converter and (b) SPCD converter.

smoother transitions in the case of the SPCD topology versus the
current-driven topology. Although the current-driven topology
can eliminate the voltage spikes across the output diodes, the
commutations of the output diodes are not lossless. Whereas,
in the proposed SPCD full-bridge topology, the commutations
are lossless due to the resonant mode provided by the series in-
ductance, parallel inductance, diodes’ output capacitances, and
the parallel capacitance. In the case of the SPCD topology, the
voltage transitions of the output diodes are sinusoidal, whereas
in the case of current-driven full-bridge or current-driven reso-
nant topology, the voltage across the output diodes are square
wave.
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TABLE V
POWER DENSITY COMPARISON

Topology Power Density
SPCD Toplogy 0.98kW/L
SRC Toplogy 0.87kW/L
LLC Toplogy 0.87kW/L

It should be noted that the voltage across the parallel capaci-
tor has a significant dc-component as well as a high-frequency
ripple. Since the dc-component is much larger than the high-
frequency ripple, the ripple is not clear in the experimental re-
sults. In order to demonstrate the presence of this high-frequency
ripple, it can be amplified by reducing the parallel capacitor.
Fig. 27 shows the voltage across the parallel capacitor when the
value of the parallel capacitor is reduced significantly.

Current-driven type resonant converters (i.e., series resonant
converters and LLC resonant converters) have widely been used
for high-frequency applications with high output voltages [41],
[42]. Since current-driven resonant topologies are able to elim-
inate the voltage spikes across the output diodes and provide
soft switching for the power MOSFETsS, they are good can-
didates for high-frequency/high-voltage applications. In order
to compare the performance of the current-driven type res-
onant converters with the proposed SPCD full-bridge topol-
ogy, a series resonant converter (SRC), and an LLC resonant
converter have been designed and implemented with the same
specifications for this particular application. Fig. 28 shows the
experimental waveforms for the SPCD topology and the res-
onant topology, and Fig. 29 shows the efficiency comparison
between the three converters. Also, the power densities of the
three different topologies are summarized in Table V. According
to Fig. 29 and Table V, the proposed SPCD topology can achieve
slightly higher peak efficiency and higher power density.

The reason that the SPCD topology achieves higher efficiency
and higher power density lies in the resonant circuit in the series
and LLC resonant converters. In the SRC, the high-frequency
voltage across the series capacitance is roughly QV (Q is the
quality factor of the resonant circuit, and V' is the voltage ap-
plied to the resonant circuit). This high-frequency voltage has
two detrimental impacts on the performance of the converter.
The first detrimental impact of the high-frequency voltage is
that it creates a fairly large high-frequency voltage across the
series inductor. Thus, there is a substantial amount of core losses
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TABLE VI
SPECIFICATIONS OF INTEGRATED TRANSFORMER

Symbol Parameter Value
Core Ferrite Core E38/8/25
Prated Rated Power 300 W
N, Primary Turns 2

Ny Secondary Turns 40

Lk Leakage Inductance (primary side) 0.85 uH
L, Magnetizing Inductance (secondary side) 1.88 mH
A Air Gap 0.65 mm
I3 Distance between Primary and Secondary 1.74 mm

in the series inductor. Due to the large high-frequency voltage,
it is very hard to integrate the series inductor into the trans-
former and achieve reasonable core losses. In this particular
application, an external inductor is used in order to achieve
a high efficiency. The second detrimental impact of the high-
frequency voltage across the series capacitor is on the design of
the series capacitor. The challenge in the design is the break-
down voltage of the series capacitor. The breakdown voltage
drastically degrades as the operating frequency (switching fre-
quency) increases. Therefore, usually a high-voltage capacitor
is used to be able to withstand the high-frequency voltage ripple
(e.g., capacitors with 400-V breakdown voltage are selected to
be able to withstand 50-V high-frequency voltage). Also, due
to the high ripple current passing through the series resonant
capacitor (in this particular application, the ripple current can
be as high as 15 A), several high-voltage capacitors with high
equivalent series resistance (ESR) should be used in parallel to
reduce the conduction losses of the series resonant capacitor and
achieve a reasonably high efficiency. Therefore, the series reso-
nant inductor and capacitor greatly contribute to the volume and
the cost of the SRC and LLC converters. This is not the case for
the proposed SPCD topology whose parallel capacitor, C,,, is
mainly subjected to a dc voltage (output voltage) and can easily
be placed on the high voltage side after the diode rectifier with
very small current ripple. This is the main reason for the lower
power density and lower efficiency of the resonant topologies
compared to the proposed SPCD converter. In addition, in the
case of the SPCD topology, the voltage across the series inductor
is much lower than the one in the SRC and LLC. Therefore, the
series inductor can easily be integrated into the transformer. The
power density achieved by this topology is close to 1.0kW/L,
which is higher than the SRC and LLC resonant converters used
in the previous designs (power density around 0.87 kW /L). This
topology is a good candidate for applications with a high switch-
ing frequency and a high output voltage, such as traction battery
chargers for plug-in electric vehicles and also residential wind
energy conversion systems [47]-[49].

The main disadvantage of the SPCD topology is the higher
RMS current compared to the one in resonant topologies. In
the resonant topologies, the current waveform is close to a si-
nusoidal waveform, whereas in the SPCD full-bridge converter
the current waveform has a triangular shape. This is the rea-
son the efficiency of the SPCD topology is not much higher
than the resonant topologies, despite the high amount of losses
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in the resonant circuit. This drawback can be mitigated by using
extremely low Rpg(ON) power MOSFETs. Nowadays, MOS-
FETs with very low Rpg(ON) are available, which can handle
very high currents. In some applications, where the primary-
side current is extremely high, the high RMS current in the
SPCD topology may significantly deteriorate the performance
of the converter. Thus, for high-current applications, the pro-
posed topology might not be an appropriate candidate.

IX. CONCLUSION

A SPCD full-bridge dc/dc converter topology has been pre-
sented in this paper. The proposed converter is able to provide

* Primary

Primary Windings

soft-switching for the primary-side MOSFETs as well as lossless
and smooth commutations for the output diodes. The required
passive components used in this topology are mostly integrated
into the main transformer. The integrated planar transformer in-
cludes the series inductance and the parallel inductance used in
this topology. A thorough HFSS analysis has been performed
on the integrated planar transformer used in this topology. The
results of the HFSS analysis can precisely predict the values
of the passive components and provides the design parameters
of the integrated planar transformer. The particular structure of
the converter makes it a good candidate for applications with a
high switching frequency and a high output voltage. Also, this
topology is able to offer high power density due to the use of
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Fig. 33. Boundary condition and the field excitation in HFSS.

an integrated transformer in the converter and due to minimal
extra components in the converter. Simulation and experimental
results demonstrate the superior performance of the proposed
SPCD full-bridge dc/dc converter.

APPENDIX
INTEGRATED MAGNETICS

An industry standard software used for finite-element analysis
is ANSOFT high-frequency structure simulator (HFSS) from
ANSYS Incorporation. The HFSS module uses an FEM solver to
find the solution to the electric field and magnetic field equations
given by

V x p(ivXE) — ke, E=0 (36)
P
1
H= —VxE (37)
iy

where i, = £, ¢, = 5%, k2 = wleopo = ‘:,’—22

The analysis in an HFSS starts with a precise 3-D structure
of the integrated transformer. The structure is then subdivided
into several smaller subsections called “finite elements.” This
procedure is called “meshing” the structure. Then Maxwell’s
equations are solved in each element such that the interelement
boundary conditions are satisfied. Once the solution for the
electric and magnetic fields are found, the S-matrix solution
is generated for a very high frequency range as well as the
lumped impedances for the lower frequency range [34], [35].
The HFSS provides precise information about the integrated
transformer parameters. Also, HFSS offers adaptive analysis,
which guarantees that the final results to a given FEM problem
is very precise by refining the mesh iteratively.

The specifications of the integrated transformer used in this
paper are shown in Table VI. It should be noted that the values
of A (air gap) and & (the distance between the primary and sec-
ondary windings) are derived from (22)—(23). These values are
a good starting point for designing the structure for FEM anal-
ysis. After the solution is found, it is easy to make adjustments
and find the precise values for A and £ based on the HFSS anal-
ysis. Fig. 30 shows the structure of the integrated transformer
in HFSS and Fig. 31 shows how the primary and secondary
windings are laid out in the top—bottom arrangement. Fig. 32
shows the primary and secondary windings implemented in the
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HESS environment. The accurate modeling of vias and output
terminals are illustrated in this figure.

There are three types of solutions, which produce different
kinds of results in the HFSS. The following are the three types
[36].

Driven Modal: The S-matrix is solved in terms of the inci-
dent and reflected powers of wave-guide modes.

Driven Terminal: The S-matrix is solved in terms of the
terminal voltages and currents.

Eigenmode: The resonances of the simulated structure are
determined.

In the present application, the “driven terminal” and “Eigen-
mode” solutions are of interest [36]. Before running the HFSS
analysis, the boundary condition must be determined as well as
the excitations. Fig. 33 shows the boundary condition as well
as the field excitation for this simulation. The boundary con-
dition is a perfect magnetic surface (e.g., H=0) surrounding
the integrated planar transformer. The excitation is basically a
type of boundary condition, which allows energy to go into and
out of the structure. Excitations can be through “Wave Ports” or
“Lumped Ports.” Lumped ports are useful for modeling the in-
ternal ports within the structure. Therefore, the ports are defined
as a lumped port in the specified structure.
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