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ABSTRACT The recent focus on greenhouse gas emissions from fossil fuel usage has led to strengthened
regulations on carbon emissions. Consequently, research on electric vehicles (EV), which have higher energy
efficiency compared to internal combustion engine vehicles, is actively being pursued. With advancements
in the technology of electronic components in electric vehicles, there is a growing trend in the demand for
higher-rated capacities of Low DC-DC Converter (LDC) that possess a wide input-output voltage range.
Furthermore, the restricted space within vehicles and the emphasis on high energy utilization necessitate
converters with high power density and efficiency. Currently, in electric vehicles, the Active Clamp Forward
Converter (ACFC) and the Phase Shift Full-Bridge Converter (PSFB) are commonly applied, as they readily
achieve a wide input-output voltage range and high power density. However, ACFC and PSFB encounter
difficulties in achieving high efficiency and power density due to the requirement for output inductors
with high current specifications. To address these challenges, this study proposes a Two-Transformer Phase
Shift Full-Bridge Converter (2-TR PSFB) based on planar transformers, which can replace conventional
ACFC and PSFB. The proposed converter achieves high efficiency and power density without the need for
high-current output inductors. Additionally, the utilization of GaN power semiconductors allows for a high
switching frequency, enabling a significant reduction in the volume of magnetic components. This research
presents the operational principles of the 2-TR PSFB and provides design directions. To validate the design,
a 2.5 kW prototype was manufactured and tested.

INDEX TERMS DC/DC converter, LDC, GaN, high power density, high efficiency, PSFB, EV.

I. INTRODUCTION

Since the onset of the Industrial Revolution, there has been a
pronounced increase in greenhouse gas emissions due to the
combustion of fossil fuels, resulting in a notable elevation in

The associate editor coordinating the review of this manuscript and
approving it for publication was Wei Quan.

the global average temperature. This phenomenon, driven by
the emission of greenhouse gases, has given rise to adverse
consequences such as erratic climate patterns, rising sea
levels, and challenges in food production [1]. In response
to these challenges, global efforts have been underway to
address environmental conservation, notably exemplified by
the Paris Agreement [2], [3]. This international accord aims
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to limit greenhouse gas emissions universally, seeking to
curb the escalation of global temperatures. Consequently,
there has been a growing emphasis on technologies that
contribute to lower greenhouse gas emissions, particularly
in the automotive sector. Electric vehicle (EV) technology
has emerged as a prominent solution, attracting significant
attention for its potential to reduce emissions compared to
traditional internal combustion engine vehicles [3], [4], [5],
[6]. The power conversion configuration for electric vehicles
is depicted in Fig. 1.

HVBAT: 250 ~412Vpc

t PFC DCDC
v ¢ Vac = Voe Converter Inverter
AC
OBC

Voltage
DC/DC
Converter

LVBAT: 12 ~ 16V

FIGURE 1. Power conversion configuration of electric vehicle (EV).

Electric vehicle batteries not only play a role in driving
the motor for propulsion but also supply power to various
electronic components within the vehicle. However, to adapt
the high voltage of electric car batteries (250V-412V) to
the low voltage specifications (8V-16V) required by various
vehicle electronic systems, a Low Voltage DC-DC Converter
(LDC) is essential. While conventional electric vehicle LDC
have typically been designed with a rated capacity of around
1 kW, recent advancements, such as the electrification of
traditional mechanical components like hydraulic systems,
have led to an increased demand for higher-rated capacities,
driven by developments in autonomous driving technologies.

For the performance enhancement of electric vehicles, the
battery must exhibit characteristics such as high power-to-
weight ratio, high energy density, and low mass. One of
the suitable batteries with these features is the lithium-ion
battery, widely employed in electric vehicles for its ability
to deliver high performance [7], [8], [9], [10]. Lithium-ion
batteries, owing to their wide voltage range, necessitate LDC
to handle power conversion between high-voltage and low-
voltage batteries. Consequently, research is underway to meet
the conditions of LDC with a broad input-output voltage
range, enhanced rated capacity, efficiency, and power density.

To achieve high power density in the LDC, reducing
the volume of the magnetic core is an effective method.
To achieve this reduction in the size of the magnetic core,
a high operating frequency is required. However, using a
high switching frequency leads to increased switching losses,
making the use of topologies that enable soft switching
essential to enhance efficiency. Additionally, the use of power
semiconductors with low losses is crucial for achieving
high efficiency. Currently, power semiconductors such as Si,
SiC, and GaN are predominantly used in power conversion
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devices, with Si and SiC being more commonly employed.
Si and SiC have limitations such as a low energy gap and
low electron mobility compared to GaN [11], [12], [13],
[14]. Consequently, GaN power semiconductors, with their
small Rpgs(on) and parasitic capacitance, resulting in lower
losses even at high switching frequencies, have garnered
interest [11], [12].
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FIGURE 3. Key waveforms of active clamp forward converter.

The conventional LDC has been studied, and the Active
Clamp Forward Converter (ACFC) has been investigated for
satisfying a wide input-output voltage range and achieving
high power density with the capability of soft switching [15],
[16], [17]. ACEC is shown in Fig. 2. The ACFC, employing
a topology with an output inductor, is a suitable configu-
ration for reducing the output current ripple of the LDC,
especially for its high current output specification. With
two switches on the primary side, it minimizes the usage
of power semiconductors, making it suitable for achieving
high power density. The primary side switches of the ACFC
can operate with Zero-Voltage-Switching (ZVS), enabling
high-frequency operation and meeting the requirements for
high efficiency. Additionally, through duty cycle control,
it possesses a wide voltage transfer ratio, making it suitable
for significant input and output voltage variations. However,
increasing the turns ratio of the transformer to reduce primary
side current and switch component losses can lead to an
increase in voltage stress on the primary side switch due to
the need for a higher duty cycle. As the turns ratio increases,
the clamping voltage also rises, causing an issue where the
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voltage stress on the primary side main switch increases as the
sum of the input voltage and clamping voltage. Furthermore,
while increasing the turns ratio can reduce the primary side
current and losses in switch components, achieving higher
efficiency, it requires a higher duty cycle. As the duty
cycle increases, the clamping voltage also rises, resulting in
increased voltage stress on the primary side main switch as
shown in Fig. 3. Additionally, the ACFC has a disadvantage
in that, while it allows a single switching cycle for one
power transfer, it generates ripple at the switching frequency
when observing the current of the output inductor. This
leads to an increase in the inductance of the output inductor,
which is unfavorable for minimizing volume. Therefore, the
ACFC requires the use of high-voltage-rated switches and
has the drawback of increased volume in the output inductor.
GaN power semiconductor devices are primarily developed
for electric vehicle specifications of 600-650V. However,
integrating GaN components into LDC with an input voltage
of 400V becomes challenging due to the additional voltage
stress on the primary side main switch caused by clamping
voltage on the input voltage.

To address the drawbacks of ACFC, an alternative known
as the Phase Shift Full-Bridge Converter (PSFB) exists.
PSFB, like ACFC, is a topology with an output inductor
suitable for minimizing the output current ripple, meeting
the specifications for the LDC with a large output current.
It allows for two power transfers with a single switching,
creating a ripple frequency at twice the operating frequency
when observing the current of the output inductor. This
advantageous feature contributes to reducing the volume of
the output inductor. The primary-side switch of the PSFB can
achieve ZVS, ensuring high efficiency. With control over the
duty cycle, it maintains a wide voltage transfer ratio, making
it suitable for significant variations in input and output
voltages. Additionally, the primary-side switch of the PSFB
experiences lower voltage stress compared to ACFC, making
it compatible with GaN power semiconductor components.
However, due to the high operating frequency, the output
inductor necessitates the use of a ferrite core. This introduces
a disadvantage as ferrite cores tend to have larger cross-
sectional areas due to their characteristic of low saturation
flux density, resulting in increased volume. Furthermore, the
ripple frequency of the output current is twice the operating
frequency, posing challenges in core losses. Consequently,
the PSFB faces limitations in achieving both high efficiency
and high power density for the LDC. Another drawback is the
poor compactness in the output-side inductor’s design.

To address the limitations of conventional converters
(ACFC, PSFB), a Two-Transformer Phase Shift Full-Bridge
Converter (2-TR PSFB) based on a planar transformer is
proposed, as illustrated in Fig. 4. The proposed converter,
similar to PSFB, exhibits a wide voltage transfer ratio
and allows for ZVS. To facilitate the use of GaN power
semiconductors, a clamping diode is applied to the primary-
side rectifier stage, reducing the voltage ringing and lowering
the voltage stress on the primary-side switch. In contrast
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FIGURE 4. Two-transformer phase shift full-bridge converter.

to PSFB, Fig. 4 shows that the 2-TR PSFB does not have
an output inductor on the output side. The primary-side
transformer is configured in a 2-series structure. The 2-
series primary-side transformer operates as a transformer
or an output inductor depending on the circuit operation.
Therefore, it offers the advantage of reducing output current
ripple without using an output inductor, providing similar
benefits as when using an output inductor. The absence of
an output inductor simplifies the structure of the secondary-
side circuit for high current specifications, and the role of
the output inductor in high current specifications can be
replaced by the primary-side inductor, resulting in volume
reduction and high efficiency. Additionally, by applying
a planar transformer to the primary-side transformer, the
overall height of the converter can be lowered, making it
suitable for achieving high power density.

In this paper, a flat transformer-based 2-TR PSFB is
proposed to meet the increasing requirements of capacity,
efficiency, and power density for the LDC. The operation
of the 2-TR PSFB is analyzed, and the design method is
introduced. Finally, a converter satisfying the specifications
of 2.5 kW capacity, 250V-412V input voltage, and 12V-16V
output voltage is designed. The performance of the designed
converter is verified through the production of a prototype
and testing.

Il. TWO-TR PSFB CONVERTER

A. OPERATING PRINCIPLE

For the convenience of circuit operation analysis, the self-
magnetizing inductance of the series transformer is assumed
to be identical, and the analysis is conducted under the
assumption of no leakage inductance and no on-state losses
in the components. One cycle is divided into 14 modes, and
since the half-cycle is symmetrical, the analysis is conducted
for only 7 modes for each half-cycle.

Model(tp-t;, Powering;) involves the conduction of Qp
and Qpy, resulting in the application of the input voltage Vg to
the terminals V pp of the primary rectifier. With the formation
of current conduction paths through Qpy, Qpz, and Qs1, the
difference in current flowing through the leakage inductor of
the transformer, as shown in Fig. 7, contributes to the current
flowing to the output. Since the current difference flows to
the output, Iy v and I vp have offsets of +1p/2n. Before tg,
the current I 5 of the external inductor has slightly increased
compared to the primary side current Ipgy of the transformer,
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FIGURE 5. Current flow path in the operating mode of the proposed converter (a) Mode1 (ty-t;); (b) Mode2 (t;-t;); (c) Mode3 (t,-t3); (d) Mode4 (t5-t;);

(e) Mode5 (t4-t5); (f) Mode6 (t5-tg); (g) Mode7 (tg-t;).

and the difference in currents flows through Dcs. As Qp, and
D¢y are conducting, the voltage across the terminals of the
external inductor V4 is applied as OV, resulting in a flat flow
of I . The transformer (T1) with the magnetizing inductor
Ly operates as a transformer because Qg is conducting, and
the voltage across the terminals Vi y; of Ly is applied with
nVo. The transformer (T,) with the magnetizing inductor
Lmo operates as an inductor because Qs; is open, and the
voltage across the terminals Vpyp of Ly is applied with
Vs — nVp, which is the difference between the terminals
of the rectifier and Vpy. The current Isgc projected to the
secondary side is the projection of the difference between
ILm2 and Iy and is expressed as equation (1).

Isec = nlim2 — Iim) (1
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Mode2(t;-t, Powering,) involves the moment when the
primary side current Ipry of the transformer and the external
inductor current Iy o become equal at tj, resulting in zero
current flowing through D¢;. Similar to Model, the current
paths are formed through Qpi, Qp2, and Qsy, and Vimi,
VLMm2, Isgc remain the same as in Model.

Mode3(t>-t3, Leading-leg ZVS) involves the turn-off of
Qp; at tp. Subsequently, energy stored in Ly and Ly is
utilized for charging Qpi, discharging Qp3, and discharging
Qs>. Therefore, the voltage across the terminals of Qp; is
charged from OV to Vg, while the voltage across the terminals
of Qp3 is discharged from Vg to OV. At the same time, the
voltage across the terminals of Qs is discharged from Vo
to OV. The energy required for the charging and discharging
processes is [(2Coss1 + Coss2/n?) - V%/Z], and the energy
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FIGURE 6. Key waveforms of the proposed converter.
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FIGURE 7. Current flow path in Mode1(ty-t ).

used for these processes is [(Lm2 + La) - 112>R1/2)]' Since the
self-inductance Lyp has a large stored energy, achieving ZVS
is easily accomplished. Due to the charging and discharging
operation of the output capacitors of the Ist and 2nd stage
switches, there is a small current ripple in Ipr;. On the other
hand, I} o remains flat without changes as D¢ is conducting,
and V4 is supplied with OV, resulting in a difference between
I A and Ipgy, causing a current ripple that flows through Dc.

Mode4(t3-t4, Free-Wheeling) involves turning on Qp3
at t3. Since the voltage across the terminals of Qp3z was
discharged to OV during Mode3, it performs ZVS turn-on
operation. At this point, the rectifier section is disconnected
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from the input side, and OV is applied to Vg, initiating
the freewheeling mode. All the 2nd stage switches are in
the turned-on state during this mode, causing both T; and
T, to operate as transformers. Viyy becomes nVo, Ipmi
increases, Viye becomes -nV, and Iy ypp decreases. With OV
across the terminals of the external inductor (Lp), I o flows
flatly, and as Ipry decreases with the slope of nVo/Lypz, the
difference between the two currents continues to increase, and
Dc» is conducting continuously without any commutation
occurring.

Mode5(t4-ts, Lagging-leg ZVS) occurs when Qp, turns
off at t4. The secondary-side switches are all conducting,
similar to Mode4, where Vim is nVp, Vomz is -0V, and
Vprr is OV. Therefore, resonance occurs between the output
capacitors of La, Qpz, and Qps4, with Vgpy charging from
OV to Vs and Vgps discharging from Vs to OV. As the
output capacitors of Vgpy and Vgp4 discharge due to La
energy, Ip A begins to decrease. The required energy for this
discharging process is [2coss1 - Vs2/2], and the energy used
for discharging is [La - Iprpp/2]. In this case, the energy
stored in the external inductor La is small, satisfying the
relationship in equation (2) is necessary for achieving ZVS.
The stored energy depends on the sizes of La and Iy o, and
under light-load conditions, as Iy o decreases, the required
value of Lp increases. To achieve lagging-leg ZVS under
full-load conditions, a large La is required. It is crucial to
understand the main operating range and select the ZVS
achievement condition range. The dead time for achieving
ZVS is selected as 1/4 of the resonant period between L. and
2Copss1, as shown in equation (3).

Ly x Ile - 2Coss1 X VS2

> ()
2 2
2 /2L4C
Dead Time = TNV LAt 0SS1 4A 0851 3)

Mode6 (t5-tg, Commutation), Qp4 turns on at ts. Since
the Qp4 voltage across its terminals has discharged to OV
during Mode5, it performs ZVS turn-on operation. At this
point, both Qpz and Qp4 are conducting, applying -Vgs to
the terminals of the Ist-stage rectifier Vap. The 2nd-stage
switches Qs and Qg are both in the conducting state, and
ViMmi is nVo, Vime is -nVo, while Vprp remains at OV.
Since -Vg is applied to Via, ILa linearly decreases with a
slope of -Vg/La. As Ipa decreases and becomes equal to
Ipri, the current flowing through D¢, becomes OA, and both
Ipry and Iy o decrease together. As a large negative voltage is
applied to the external inductor, the current rapidly decreases,
and the direction of the current in the Ist-stage rectifier
reverses, demonstrating the commutation operation. During
this commutation interval, I} 4 decreases by Io/n [1o/(2n) — -
Io/(2n)]. The longer this commutation interval, the shorter the
Powering interval, leading to lower voltage gain. Therefore,
the commutation interval is referred to as duty loss, as shown
in equation (4). Through equation (4), it can be observed
that duty loss increases with an increase in the switching
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frequency (Fs) and external inductor (Ly ).

Ly xIp X F.
Duty Loss = -2 20X 1S (4)
nx Vg

iL A(t6):OA
—_— L=L,
YY)

L C =2Cpc + Ceossa/n®
Vs Cf) C

FIGURE 8. Equivalent circuit for Mode7 (t6-t7).

+
= Vpe(te)=0V

Mode7(te-t7) occurs when the current flowing through Qg
becomes OA at t7, concluding the commutation operation.
An equivalent circuit, as shown in Fig. 8, is formed. The
voltages across I; o and the 1st-stage-projected Qsi (Vpc2)
containing only the resonant component are expressed in
equations (5) and (6).

C 1
Iia (1) = VS\/;Sin (\/T_C (t— tﬁ)) ®)
Vpea (1) = Vs (1 — cos (\/114_C (t— 16))) (6)

The current Iy o increases due to the resonant current in
equation (5). After 1/4 of the resonant period at t7, when
Vpc2 becomes equal to Vg, Dc; conducts, and Iy 54 flows
with a flat current. Looking at the equivalent circuit in Fig. 8,
the parasitic capacitance (Cp) of the clamp diode and the
output capacitance (Cpssz) of the secondary-side switch are
arranged in parallel. Therefore, Vpcy can be considered the
same as the value projected onto the primary side, Vqsi.
Thus, when Vpc; is clamped to Vs, Vgs; is also clamped
to 2Vs/n, limiting voltage ringing.

B. INPUT&OUTPUT RELATIONSHIP

For the convenience of deriving the voltage gain, it is assumed
that the dead time interval, which is very short, is ignored,
and the external inductance can be neglected as it is much
smaller than the magnetizing inductance (Ly; &~ Ly +LA =
Lm2+La). Examining the operation from the perspective of
Lo, during Degr - Ts in Model, the voltage of Vs-nVg is
applied, causing Iy pp to have a positive slope and rise. In the
remaining interval (1-Degr) - Ts, —nVo is applied, causing
ILmo to have a negative slope and decrease. Therefore, the
ripple of I zp is given by equations (7) and (8).

(Vs —nVo) Dy Ts

Alppn = 2 @)
—nVo (1-Dog) Ts
Al | = (LM o) ®)

At this point, due to the characteristic of the inductor, volt-
age second balance, it can be considered that the amount of
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TABLE 1. 2.5kW class LDC specifications.

Components Parameters
Input Voltage (Vs) 250 ~ 412 (Nominal : 350) [V]
Output Voltage (Vo) 12 ~ 16 (Nominal : 14) [V]
Out Power (Po) 2.5 [kW]
Switching Frequency (Fs) 200 [kHz]
Turn-Ratio 7:7:1:1

inductor charging energy (Al y2 1) and discharging energy
(AlLzp ) are equal. By substituting equations (7) and (8)
into the relationship |Alrze 1 | = |Alm2 | |, the input-
output relationship can be derived, expressed as equation (9).

_ Vs X Deg

Vo 9

n
Ill. TWO-TR PSFB CONVERTER DESIGN

A. DESIGN SPECIFICATION

In order to meet the increasing rated capacity of the LDC, the
design was carried out for a 2.5kW class. The input voltage is
set according to the specifications of high-voltage batteries,
ranging from 250V to 412V. The output voltage is designed
for low-voltage battery specifications, ranging from 12V to
16V, with a rated capacity of 2.5 kW, as shown in Table 1.

The voltage gain is determined by the turns ratio (n)
and the effective duty ratio (Defr), where the effective
duty ratio is influenced by duty loss. Setting a higher
turns ratio is favorable for reducing voltage stress on the
secondary-side switch and lowering primary-side current
stress. Additionally, duty loss decreases as the turns ratio
increases, leading to an increase in the effective duty ratio.
However, under conditions where the input voltage is 250V
and the output voltage is 16V, the voltage gain is minimized.
Therefore, the turns ratio is set to its maximum value
(Np1:Np2:Ng1:Ngp = 7:7:1:1) to satisfy the voltage gain
requirement. Choosing the turns ratio determines the Degr
for achieving the desired voltage gain, which is set at 0.448.
Considering Defr = 0.5 — Dyqgs, the allowable duty loss is
determined to be 0.052. To minimize the overall volume of the
converter, a higher switching frequency (Fs) is advantageous.
Increasing Fg helps reduce the size of La + Lk for improved
ZVS conditions. However, there is a trade-off, as duty loss
tends to increase with higher values of switching frequency
and La +Lk. Increasing Fg to enhance power density requires
decreasing L + Lk, potentially worsening ZVS conditions.
Conversely, increasing Ly + Lk to alleviate ZVS conditions
results in a decrease in Fg, negatively impacting the power
density of the converter.

Fig. 9 depicts Lo + Lk and ZVS conditions as a function
of switching frequency under the conditions of a fixed duty
loss of 0.045 and a turn ratio of 7:7:1:1. From Fig. 9, it is
evident that for a switching frequency of 200kHz, Ly +
Lk can be used up to 2.2uH, and ZVS is achievable from
the condition of 49.4%. However, increasing the switching
frequency to 300kHz allows the use of Lo + Lk up to
1.47uH, and ZVS is feasible from the condition of 60.4%.
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FIGURE 9. Inductor requirements and zvs conditions according to
switching frequency (@ Duty loss: 0.045, turn-ratio: [7:7:1:1]).

Therefore, establishing the design direction based on the
relationship between switching frequency and Ly + Lx is
crucial in designing the converter. In this study, we confirmed
a design effective range that satisfies the duty loss tolerance
of 0.52 and achieves ZVS under load conditions of 50% or
more, as shown in Fig. 10. As a result, for load conditions
of 50% or more, satisfying ZVS, and meeting the duty loss
tolerance under the worst-case voltage gain conditions, the
selected values are Fg of 200kHz and Lo + Lk of 2.2uH.

0.07 80
| —Duty Loss ZVS Condition l

0.06 9
0.052 _
0.05 o
, 003 \ 50% =
E 50 2
7 004 -]
Z 40 8
0.03 [
Effective Area, 30 E}

0.02 20

0.01 10

1 12 14 16 18 2 22 24 26 28 3
Ly+Lg [uH]

FIGURE 10. Duty loss and ZVS condition according to inductance (@Fg:
200kHz).

B. MAGNETIC CORE DESIGN

When designing the magnetic core, it is essential to use a
core that meets the specifications. The core size is determined
by the maximum flux density, so the design process should
be conducted under the condition where the maximum flux
density is the highest for magnetic core design. The maximum
flux density is given by equation (10).

Ly X Irm max

B = 10
MAX Ac x Np (10)

ILM.max represents the maximum current of the magne-
tizing inductor, where Ac is the core’s cross-sectional area,
and Np is the number of turns on the primary side. Under
conditions where the magnetizing inductor, core’s cross-
sectional area, and the number of turns on the primary
side are the same, the condition with the maximum current
of the magnetizing inductor becomes the one with the
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TABLE 2. Magnetized inductor current ripple gain.

Condition Inductor Current Ripple Gain
Vs :250V, Vo : 12V 55.776
Vs:412V, Vo : 12V 66.874

highest maximum flux density. The maximum current of the
magnetizing inductor is given by equation (11).

Io (Vs —nVp) X Degg x Ts

1 = — 11
LM.MAX = 5 + 2Ly (11)

Equation (11) indicates that the maximum inductor current
increases when the output current is maximized and the
current ripple is larger. Since the output current tends to have
larger values when the output voltage is lower, we fix it at
12V for comparison purposes. Assuming the parameters such
as power output (Pg), switching frequency (Fs), inductor
(Lm), and turns ratio (n) are consistent, we can consider
the condition where (Vs-nVo)Der is the largest as the one
with the greatest Iy M Max. Therefore, (Vs-nVo)Degr can be
regarded as the current ripple gain, and the inductor current
ripple is determined based on the magnitude of the input
voltage. The current ripple gain with respect to the input
voltage can be observed in Table 2. From Table 2, it is evident
that the largest value occurs under the condition of an input
voltage of 412V and an output voltage of 12V. Therefore,
magnetic design should be conducted under the conditions of
an input voltage of 412V, output voltage of 12V, and power
rating of 2.5kW.

The selection of the switching frequency at 200kHz
requires careful consideration of a suitable material for the
high-frequency operation. PM-16, a Ferrite material with
minimal permeability changes up to 200kHz, was chosen.
PM-16 exhibits a significant change in permeability when
the maximum flux density exceeds 0.31T under 100°C
conditions. Therefore, the size of the magnetic core needs
to be selected within the range where the maximum flux
density does not exceed 0.31T. The size of the magnetic core
is determined by the core’s cross-sectional area (Ac) and is
calculated as shown in equation (12).

Ap = Lyt X Irm max (12)
Np X Byax

The core’s cross-sectional area (Ac) can be calculated
using Ipmmax, Np, Bmax, and Ly. To perform this
calculation, it is necessary to choose the value of the
magnetizing inductance (Lyr). The magnetizing inductance
can be determined through the operation of a 2-series
transformer.

Leakage inductance(Lk) in Table 3 results from Maxwell
simulation, where the L of the Non-Planar transformer is
8.4uH, approximately 4 times higher than the 2.2uH of
the Planar transformer. An increase in leakage inductance
leads to an increase in duty loss, and in the case of Non-
Planar transformers, the sum of effective duty and duty loss
reaches 0.591, exceeding 0.5. In PSFB topology, the duty
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TABLE 3. Comparison of duty by transformer type.

Parameters
Non-Planar Planar
Leakage Inductance (Lg) 8.4 [uH] 2.2 [uH]

Trun Ratio (n) 7
Effective Duty (Derr)
@ 250V — 16V 0448

Specifications

Primary magnetic flux ~ sssss=» Primary current
O Secondary magnetic flux sl Secondary current

Linkage
<Transformer>

Duty Loss (Dyoss)
@ 250V — 16V
Desr + Dross
@ 250V — 16V

0.143 0.039

0.591 (> 0.5) 0.487 (<0.5)

cycle range is limited to 0 ~ 0.5, necessitating a reduction
in the turn ratio (n) for Non-Planar transformers. A decrease
in turn ratio results in an increase in the current projected
onto the primary side as Ip/(2n) and the voltage projected
onto the secondary side as Vg/n, leading to higher current on
the primary side and higher withstand voltage requirements
for secondary components. Consequently, this increases the
current and voltage stress on the switches, making the use of
Planar transformers more advantageous.

FIGURE 11. 2-serial transformer geometry.

In addition, constructing a two-series transformer with
conventional winding Non-Planar transformers requires two
EI cores due to structural limitations. However, using PCB
winding techniques to configure a planar transformer allows
for the emulation of a unified magnetic core structure with
two Ul cores, as shown in Fig. 11, effectively simulating the
use of a single EI core. The required core cross-sectional
area remains the same, whether two EI cores are used or
a unified structure with two UI cores is simulated, thus
increasing the core volume. Moreover, the fill factor for
planar transformers is superior to that of wound transformers.
As a result, using planar technology to construct a two-
series transformer significantly reduces the magnetic core’s
volume.

Fig. 12 illustrates the operation of a 2-series transformer.
In Fig. 12(a), when Qgg; is turn-on, current flows through
both the primary and secondary windings of the upper
core, functioning as a transformer where the primary and
secondary are coupled. Conversely, in the lower core, with
Qsgr2 turn-off, no current flows through the secondary
winding, and it operates as an inductor where the primary
and secondary do not couple. At this time, the difference
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Non- Linkage

<Inductor>
Iae -Town
—
Np, Np2
e
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—
Lvmi=-  Iow=+
(b)
Primary magnetic flux === Primary current

O Secondary magnetic flux s> Sccondary current

Non- Linkage
<Inductor>

Linkage
<Transformer>

FIGURE 12. 2-serial transformer operation (a) Mode1&Mode2 (ty-t,);
(b) Mode1&Mode2 current flow; (c) Mode8&Mode9; (d) Mode8&Mode9
current flow.

(Im2-Irmi) between the magnetizing current of the upper
transformer (I p;) and the current of the lower inductor
(ILmp) flows in the dot direction of the transformer, and the
current projected onto the secondary side is represented as
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n(Ipv2-Ipmr). In Fig. 12(c), when current flows as shown in
Fig. 12(d) and QgR] is turn-off, no current can flow through
the secondary winding of the upper core, and only the primary
winding conducts, thus operating as an inductor where the
primary and secondary windings are uncoupled. However,
in the upper core, when Qgrz is turn-on, current flows
through the secondary winding, and both windings of the
transformer are coupled, functioning as a transformer. At this
time, the difference (Ipmi-ILmz) between the magnetizing
current of the lower transformer (Ipyp) and the current of
the upper inductor (Ipp;) flows in the un-dot direction of
the transformer, and the current projected onto the secondary
side is represented as n(Ipmi-ILm2). This operation allows
the 2-serial transformer to replace the role of the output
inductor, even in the absence of an actual output inductor.
Substituting Equations (7) and (8) into Equation (1), the
ripple in the secondary side current can be calculated,
as expressed in Equation (13). Increasing the magnetizing
inductance is advantageous for reducing output current
ripple, as a larger ripple necessitates a greater capacity of the
output capacitor. However, according to Equation (11), the
maximum magnetizing current has an offset of [o/2n, leading
to an issue where increasing the magnetizing inductance
causes Byax to increase, as indicated by equation (10).
Therefore, to maintain the output current ripple within 25%
and prevent core saturation, the magnetizing inductance value
is set at 40 H through the adjustment of the air gap.

n (VS — ZHVO) Deﬁf TS

Alsgc = L, (13)
1[T 1[T
o SIL B[
, Serial { AT b AT
Parallel . 4T Paralle 4T
Serial < 3T 30T
Qe 1T

FIGURE 13. 2-serial transformer winding shape.

The winding of the magnetic core is designed considering
low profile and small leakage inductance, incorporating
both PCB winding and Busbar winding. For the primary
side, which operates under low current specifications, PCB
winding was deemed suitable. On the other hand, for
the secondary side, which operates under high current
specifications, Busbar winding was employed. The PCB
consists of a total of 4 layers. The winding pattern follows
a 3-turn configuration for layers 1 and 3, and a 4-turn
configuration for layers 2 and 4. Layers 1 and 2 are connected
in series, as well as layers 3 and 4, to simulate a 7-turn
winding. This is then represented in a parallel connection,
as shown in Fig. 13. The core window width was determined
to be 19.5mm, taking into account the insulation distance
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TABLE 4. Design Specifications for 2.5kW class 2-serial transformer.

Specifications Parameters
Primary Winding Secondary Winding
Wire: Width x Height 4 x0.21 [mm] 14 x 2 [mm]
Wire: Area 0.84 [mm?] 28 [mm’?]
Magnetizing Inductance (Ly) 40 [uH]
Max Current to Primary 19.06 [A] (@ Vs : 412V, V5 : 12V)
Core Cross-sectional Area (Ac) 432 [mm?]
Core : Width x Height x Depth 34.52 x 23.6 x 31 [mm]
Turn Ratio 7:7:1:1
Max Magnetic Flux Density 0.252 [T] (@ Vs : 412V, Vo : 12V)

between patterns, and the PCB wire width was set at 4 mm.
The thickness of the PCB pattern is 30Z, and due to the
dual parallel winding, the total height of the primary side
wire is 0.21mm. Thus, the area of the primary side PCB wire
is 0.84mm?. The total height of the PCB is approximately
1.6mm, and the core window height is Smm, leaving a
spare 3.4mm. Therefore, the secondary winding employs
a Busbar wire with a thickness of Imm and a width of
14mm in a dual parallel structure, resulting in a secondary
side wire area of 28mm?2. The currents flowing through
the primary and secondary windings of the transformer are
highest under a low output voltage condition of 12V, with
the primary winding carrying 14.88A and each tap of the
secondary winding carrying an effective current of 147.31A.
Consequently, the current density for the primary winding is
designed at 17.7A/mm?, and for the secondary winding at
5.4A/mm?.

To analyze the losses in the designed magnetic core, it is
essential to identify the conditions under which core losses
occur significantly. In the case of core losses, the condition
with the highest magnetic flux density ripple is considered
the worst condition. The magnetic flux density ripple can be
expressed by equation (14).

Ly x Alry

AB =

14
Ac X Np (14)

Here, the magnetizing inductance (Lyj), core cross-
sectional area (Ac), and primary-side turns (Np) are
predetermined values determined by the design. It can be
observed that the ripple of the magnetizing inductor current
affects the ripple of the magnetic flux density. The ripple
of the magnetizing inductor current increases with higher
input voltage and effective duty ratio. Therefore, under the
conditions of 412V input voltage and 16V output voltage,
the magnetic flux density ripple takes the highest value.
Consequently, the magnetic core losses are analyzed under
the conditions of 412V input voltage and 16V output voltage.
The final specifications and loss analysis for the magnetic
core are summarized in Tables 4 and 5.

Through MAXWELL simulations, the effectiveness of
the magnetic core design was verified. Fig. 14 illustrates
the magnetic flux density distribution under the worst-
case condition of magnetic flux density for the specified
conditions of 412V input voltage and 12V output voltage.
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TABLE 5. Loss for 2.5kW class 2-serial transformer.

Specifications Parameters
Primary Winding Secondary Winding
RMS Current 11.16 [A] 110.49 [A]
Copper Resistance 35.58 [mQ] 0.114 [mQ]
Copper Loss 4.43 [W] 1.39 [W]
Switching Frequency (Fs) 200 [kHz]
Magnetic Flux Density Ripple 0.134 [T]
Core Loss Constant (Cm/X/Y) 1.427/1.474/2.965
Core Effective Volume (Vcore) 41,904 [mm’]
Core Loss (Pcore) 1.27 [W]

B [tesla]
0.4000

.03733
03467
0.3200
02033
02867
02400
02133

..ﬂm
oo

01333

0.1067
0.0800
00833
00267
0.0000

FIGURE 14. 2-series transformers magnetics distribution.

The theoretically derived maximum magnetic flux density is
0.252T, and the simulation results show a similar range of
0.213 to 0.267T for the main magnetic flux path.

Core Loss [W] [412V - 16V/156A]

Average : 0.707W

0 1 2 3 4 5
Time [us]

FIGURE 15. 2-Series transformers 1 cycle loss.

Fig. 15 shows the one-cycle loss results of the magnetic
core under the worst-case condition of magnetic core loss
for the specified conditions of 412V input voltage and 16V
output voltage. The simulation results indicate an average
loss of 0.707W for one cycle.

C. SWITCH DESIGN

To select suitable switches for the primary and secondary
sides, it is necessary to understand the voltage and current
stresses occurring at each switch. The voltage stress on the
primary side switch is the input voltage, and the turn-off
current of the primary side switch can be derived from the
maximum external inductor current, considering the current
offset and ripple of the magnetizing inductor. It is expressed
as equation (15). The RMS current of the primary side
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switch can be approximated by assuming no ripple in the
magnetizing inductor current, and the magnitude of the
current offset flows during 0.5TS, as shown in equation (16).
Io (Vs —nVp)DeyTs
I —off = — 15
QP .turn—off m + 2Ly (15)
lo

0. — 16
5X2n (16)

As the current projected onto the primary side increases
when the output voltage is lower, the turn-off current and
RMS current of the primary side switch are maximized under
the condition of an output voltage of 12V. Additionally,
the primary side switch component experiences maximum
voltage stress under the highest input voltage condition of
412V. Therefore, the primary side switch should be selected
based on the component that meets the conditions of an input
voltage of 412V and an output voltage of 12V. Under the
condition of an input voltage of 412V, the voltage stress on the
primary side switch is 412V. Under the condition of an output
voltage of 12V, the turn-off current of the primary side switch
is 19.06A, and the RMS current is 10.52A. Consequently, the
primary side switch is chosen as the GaNSystems GS66516B,
a 650V/60A-rated component, capable of withstanding the
voltage stress of 412V and current stress of 19.06A.

The voltage stress on the secondary side switch is
the sum of the voltage projected from the primary side
and the snubber voltage. The maximum current flowing
through the secondary side switch is given by equation (17).
The RMS current of the secondary side switch can be
approximated by assuming that the output current flows for
0.5Ts without ripple in equation (18).

n(Vs —2nVp) Doy Ts

I, QP.rms —

Ios max = 1o + Ly a7
Ios.rms = 0.5 x Ip (13)

The voltage stress on the secondary side switch is the sum
of the voltage projected from the primary side and the
snubber voltage. The maximum current flowing through the
secondary side switch is highest when the output voltage
is 12V, as the output current increases with a lower output
voltage. Additionally, the voltage stress on the secondary side
switch is highest when the input voltage is at its maximum.
Therefore, the secondary side switch should be selected to
meet the conditions of an input voltage of 412V and an
output voltage of 12V. Under these conditions, the voltage
stress on the secondary side switch is 79V, comprising the
projected secondary side voltage of 58.86V and a snubber
voltage of 20V. The maximum current for the secondary side
switch is 224.4A, and the RMS current is 147.31A when the
output voltage is 12V. Therefore, the secondary side switch is
selected as the Infineon TAUT300N10S5N015, which meets
the requirements of 79V voltage stress and 224.4A current
stress.

The component selection for the primary and secondary
side switches is determined considering the limited Power
Dissipation (Pp). For the secondary side SiC component, the

103889



IEEE Access

S.-G. Ryu et al.: Design Approach of Planar Transformer-Based 2-TR PSFB Converter

TABLE 6. Primary side switch loss (1-Parallel and 2-Parallel).

Components Parameters
1-Parallel 2-Parallel
RMS Current 10.52 [A] 5.26 [A]
Turn-off Current 19.06 [A] 9.53 [A]
Selected GaN FET GaNSystems-GS66516B
Ropson) 65 [mQ] (@ 150°C)
17.51 [ 8.76 [
Turn-off Energy (@412V, [IL;.(])éA) @ 412V,“;.]53A)
Turn-off Loss 4.38 [W] 2.19 [W]
Conduction Loss 7.2 [W] 1.8 [W]
Power Dissipation 9.2 [W]
Total Loss 11.58 [W] | 3.99 [W]

TABLE 7. Secondary side switch loss (3-Parallel).

Components Parameters
1-Parallel 3-Parallel
RMS Current 147.31 [A] 49.11 [A]
Selected SiC FET Infineon-ITAUT300N10S5N015
Ropson) 2.3 [mQ] (@ 150°C)
Power Dissipation 12.5 [W]
Total Loss 49.91 [W] [ 5.55 [W]

Pp value is set to 12.5W, which is approximately 1/30 of the
25°C condition Pp of 275W, to avoid exceeding this level.
In the case of the primary side GaN component, although
the Pp value is relatively high, designing based solely on
Pp may lead to a design with high losses. Considering the
potential increase in the size of the heat sink required for
efficient heat dissipation, the structure is determined to not
exceed 9.2W, which is about 1/50 of the 25°C condition Pp of
460W. Since the worst-case conditions align with the switch
selection conditions, the loss analysis is conducted under the
condition of an input voltage of 412V and an output voltage
of 12V.

The primary-side switch component, being under ZVS
conditions, incurs no turn-on losses. Therefore, considera-
tions are focused on turn-off and conduction losses. In the
case of a 1-parallel structure, the individual losses per switch
amount to 11.58W, exceeding the proposed Pp of 9.2W.
Consequently, using a 1-parallel structure proves challenging.
Adopting a 2-parallel structure for loss analysis yields a total
loss of 3.55W, satisfying the proposed Pp conditions. Hence,
for the primary-side switch, a 2-parallel structure with a total
of 8 switches is employed.

The secondary-side switch component experiences min-
imal turn-on and turn-off losses due to the extremely low
current during these points. Therefore, considerations focus
mainly on conduction losses. In the case of a 1-parallel
structure, individual losses per switch amount to 49.91W,
significantly exceeding the proposed Pp of 12.5W. Therefore,
employing a 1-parallel structure is deemed impractical.
Adopting a 3-parallel structure for loss analysis yields a
total loss of 5.55W, satisfying the proposed Pp conditions.
Consequently, for the secondary-side switch, a 3-parallel
structure with a total of 6 switches is used.
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D. SYNCHRONOUS RECTIFIER DESIGN

When constructing the secondary-side rectifier stage with
diodes, high conduction losses occur due to the elevated
forward voltage(V¢) of the diodes. To achieve the high-
efficiency specifications of the converter, the secondary-side
rectifier stage is constructed with a synchronous rectifier
(SR). When configured with an SR, switch components can
be used on the secondary side as substitutes for diodes. Switch
components offer the advantage of lower conduction losses
due to their small turn-on resistance compared to diodes. It is
crucial to clearly distinguish between the turn-on and turn-off
regions for SR operation. Analyzing the operating principles
reveals that SR operation can be distinguished through the
turn-on regions of the leading-leg and lagging-leg. Analyzing
based on Qsr; shows that current flows during the turn-on
regions of Qp; and Qp;. Therefore, the SR can mimic the gate
turn-on during the turn-on region of the primary-side switch
through ORing.

Topiax = 43.96[A]

o To.viin = 0-886[A]
S5t

39tm 399m 3995m

FIGURE 16. Secondary current [CCM] (@Vs: 412V, Vg: 14V, Pg: 315W).

In the case of the LDC, the load conditions change sequen-
tially depending on the use of the front-end component.
When operating in Discontinuous Conduction Mode (DCM)
and driving the SR, circuit breakdown can occur due to
negative current in the secondary side. Therefore, to ensure
stability and prevent circuit damage, an SR enable algorithm
is necessary. To determine the SR enable condition, analysis
of the DCM condition is required. As shown in Fig. 16,
with an input voltage of 412V, output voltage of 14V, and
output power of 315W, it can be observed that Continuous
Conduction Mode (CCM) operation is ending. Therefore,
to ensure stability in SR operation, the enable signal should
be activated after an output current of 22.5A. Setting a single
current threshold of 22.5A for the enable algorithm can
lead to issues where the enable and disable signals alternate
continuously at specific load points due to output current
ripple. Hence, for the SR enable circuit, a Schmitt trigger,
as illustrated in Fig. 17, is adopted.

Schmitt trigger has two threshold voltages. These two
threshold voltages serve as reference values to determine
whether the Schmitt trigger will output a high level or a
low level based on the input signal. The SR enable signal
is represented when the voltage is higher than the High-
level threshold voltage (Vinh—nign), and the SR disable signal
is represented when the voltage is lower than the Low-
level threshold voltage (Vin—1ow)- The resistor values for the

VOLUME 12, 2024



S.-G. Ryu et al.: Design Approach of Planar Transformer-Based 2-TR PSFB Converter

IEEE Access

Non-Inverting Amplifier Schmitt Trigger SGND

PI3VS

SGND

RS
SGND VWV
10_SENSING —’VWT
PI3VS
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FIGURE 17. Schmitt trigger for SR enable circuit.

SR_ENABLE|

Schmitt trigger should be selected to establish these threshold
voltages, which are determined by equations (19) and (20).

R4 (R1 +R2)
Ry (R3 + R4)
Vih—iow = (IM — &) x P13VS (20)
Ry(R3+Rs) R

Selecting the Low-level threshold voltage based on the
22.5A, which represents the operation in CCM, ensures high
efficiency under light load conditions. However, for stability
assurance, the Low-level threshold voltage should be chosen
with some margin. Therefore, the SR enable current level is
set at 58.5A, and the SR disable current level is set at 38.5A.

Vih—high = x P13VS (19)

Secondary side j 2-Series Transformer |
| 9 = — {

(b) 3D Model

FIGURE 18. 2.5kW-class 2-TR PSFB prototype.

IV. EXPERIMENTAL

To verify the achievement of high efficiency and power
density in the proposed converter, a prototype of a 2.5kW-
rated 2-TR PSFB converter was fabricated, as shown in
Fig. 18. The converter system consists of the converter,
power semiconductor components, and a heatsink to prevent
the heating of magnetic components. The specifications of
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TABLE 8. Device Specifications of the 2.5kW-class 2-TR PSFB prototype.

Components Parameters
. . GaSystems-GS66516B
Primary Switch (Qr,) 2-Parallel (600V / 60A)
Secondary Switch (Qsx) Infineon-IAUT300N10S5NO15

3-Parallel (100V / 300A)
Fig. 19.
(Pri: PCB / Sec: Busbar)

Transformer (T,)

TABLE 9. Volume of the 2.5kW-class 2-TR PSFB prototype.

Components Parameters
Width 207 mm
Depth 144 mm
Height 41 mm

Volume 1.222 cm?®

the fabricated converter components are listed in Table 8.
Additionally, the volume of the fabricated prototype was
calculated by multiplying its width, height, and depth,
as shown in Table 9.

2fmm]

I 5[mm] ‘
t 12fmm]

FIGURE 19. Transformer of 2.5 kW class 2-TR PSFB prototype.

29[mm]

The overall dimensions of the prototype are 207mm in
width, 144mm in depth, and 41mm in height, resulting in
a volume of 1.222cm>. The power density is calculated as
2.5kW/1.222cm3 = 2.04kW/L, confirming that it achieves a
power density of 2.0kW/L.

The design specifications for the converter include an input
voltage range of 250V to 412V and an output voltage range
of 8V to 16V. The nominal condition for this converter is
an output voltage of 14V. Given the importance of operation
and efficiency under nominal conditions, verification testing
and efficiency measurements will be conducted under these
conditions.

Fig. 20 depicts the waveforms of Vag, ILk, and Vgsr
under the conditions of output voltage 14V, output power
2.5kW, and input voltages of 250V, 350V, and 412V. The
converter operates as analyzed in the operational principles.

Fig. 21 shows the efficiency measurement results under
the conditions of output voltage 14V and input voltages
of 250V, 350V, and 412V. The maximum efficiency of
97.05% was measured at an input voltage of 250V and
output voltage of 14V with a load condition of 60% (1.5kW).
Under light load conditions where ZVS conditions are not
satisfied, the efficiency is measured lower. However, for load
conditions exceeding 50% with satisfied ZVS conditions,
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FIGURE 20. 2.5 kW-class 2-TR PSFB prototype experimental waveform.
(a) 250V-14V[2.5kW]; (b) 350V-14V[2.5kW]; (c) 412V-14V[2.5kW].

alternative efficiencies of over 95% were confirmed. Under
the test conditions of output voltage 14V and 100% load,
the results showed efficiencies of 96.38% for 250V, 95.93%
for 350V, and 95.19% for 412V. The theoretical analysis
results indicated efficiencies of 97.84% for 250V, 97.49%
for 350V, and 97.25% for 412V. Comparisons between
theoretical analysis results and test results can be seen in
Fig. 22. Considering losses, including those from the switch,
magnetic component, and snubber, as well as additional
losses such as PCB pattern losses, the obtained results are
deemed valid.
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FIGURE 21. Efficiency of 2.5 kW-class 2-TR PSFB prototype.
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FIGURE 22. 2.5kW 2-TR PSFB prototype efficiency comparison (@2.5[kw]).
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FIGURE 23. 2.5kW 2-TR PSFB prototype dynamic experimental waveform
(@Step: 10% Load).

Fig. 23 shows the dynamic (10% step load) experimental
results under the conditions of input voltage 350V and output
voltage 14V. The SR drive circuit is designed with an SR
enable current level of 58.5A. It can be observed that the SR
enable is performed as the load increases from 30% (53.57A)
to 40% (71.43A). The SR drive circuit is designed with an
SR disable current level of 38.5A. It is confirmed that the SR
disable is performed as the load decreases from 30% (53.57A)
to 20% (35.7A).

Fig. 24(a) displays the temperature measurement points,
and Fig. 24(b) presents the test results after aging for
60 minutes with the coolant temperature set at 60°C. The
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FIGURE 24. 2.5kW-class 2-TR PSFB prototype temperature distribution.

core temperature reached 69.6°C, the secondary side FET
registered 74.6°C, the primary winding was at 63.8°C, and
the secondary winding at 77.7°C. Observations confirmed
that the temperatures of all heat-generating components
stabilized below 80°C.

V. CONCLUSION

In this paper, a planar transformer-based 2-TR PSFB
converter is proposed to meet the high-power specifications
and wide input-output voltage range of the LDC, one
of the power conversion devices in electric vehicles. The
proposed converter, utilizing an integrated magnetic core
with small output current ripple without the need for an
output inductor, simplifies the structure of the output circuit.
Additionally, by applying GaN power semiconductors, the
switching frequency can be increased to reduce the volume of
the magnetic components. Through the operational analysis
of the proposed converter in this study, the losses of
each component and the worst-case design conditions are
identified, providing a general design direction. Further-
more, a secondary-side synchronous rectifier circuit is
proposed for loss reduction, and the use of a Schmidt
trigger is suggested to ensure stability during Discontinuous
Conduction Mode operation. Finally, the prototype of the
proposed converter is manufactured, achieving a power
density of 2.0 kW/L and confirming a maximum efficiency
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of 97.05%. The operation of the SR drive circuit is also
validated.
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