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ABSTRACT In this study, an interleaved boost serial resonant converter with a high transformation ratio is
proposed. The main architecture of this converter is a boost converter serial resonant converter, the first stage
utilizes an interleaved boost converter to reduce input current ripple, In the second stage, a resonant converter
is used, where power MOSFETs and rectifier diodes enable soft switching at an appropriate operating
frequency. This feature improves efficiency by reducing losses caused by the hard switching of traditional
circuits. Finally, this converter is designed with the rated power of 1.5kW and the digital signal processor
TMS320F28335 is employed as the main system controller core to realize the wide output voltage range
40~125V from fuel cell as an input power source which can output a 400V for output load or DC bus
applications through the proposed converter. The experimental results show that the maximum conversion
efficiency of this converter when operating at the low input voltage 40V is up to 92.69%, and at the high

input voltage 125V is up to 93.57%.

INDEX TERMS High transformation ratio, interleaved boost, resonant converter, soft switching, current

ripple.

. INTRODUCTION

With economic development and technological progress,
today's society has increasingly higher requirements for
environmental protection and energy conservation.
Traditional fossil fuels such as oil, natural gas, and coal not
only continue to deplete in storage but also cause significant
pollution to the environment. The development of renewable
energy provides hope and receives considerable attention.
Renewable energy sources include solar energy, wind power,
geothermal energy, hydrogen energy, etc. Among these, solar
energy and wind energy are more limited by the natural
environment, while hydrogen energy shows promising
potential in the field of renewable energy. Countries
worldwide are gradually transitioning from fuel-powered
vehicles to electric vehicles. However, due to the current
limited adoption of pure electric systems, many manufacturers
have turned to fuel cells as an alternative solution to meet
different power requirements [1-3].As shown in Fig. 1, a fuel
cell is an electrochemical device that converts the chemical
energy in the fuel into electrical energy by redox reaction
through an oxidant. The fuel is mostly hydrogen or
hydrocarbons that can decompose hydrogen. The advantages
of low pollution, high conversion efficiency, low noise, fast
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startup and high current output capability have become the
goals of scientific and technological development in recent
years. Even though the fuel cell has many of the above
advantages, unlike the general storage battery, the fuel cell
itself has no storage capacity, and the output voltage range will
be affected by the size of the output load, resulting in a wide
range of output voltage characteristics, and there are many fuel
cells. For low voltage output, it is not suitable to directly
provide general load use. In order to provide a stable voltage
for the load, a set of DC-DC converters are required to supply
the energy to DC load. As depicted in Fig. 1, a fuel cell is an
electrochemical device that utilizes a redox reaction with an
oxidant to convert the chemical energy in fuel, such as
hydrogen or hydrogen-decomposable hydrocarbons into
electrical energy. In recent years, fuel cells have gained
significant attention in scientific and technological
development due to their advantages, including low
pollution, high conversion efficiency, low noise, fast startup,
and high current output capability. However, unlike
conventional storage batteries, fuel cells do not possess
inherent storage capacity. Furthermore, the output voltage
range of a fuel cell is influenced by the rated power of the
output load, resulting in wide-ranging voltage characteristics.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2025.3531981

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Moreover, numerous fuel cells have a low voltage output,
making them unsuitable for direct use with general loads.
Hence, to supply a stable voltage to the load, a DC-DC
converter is required for providing DC power.
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FIGURE 1. Concept of the electrochemical reaction of a hydrogen fuel
cell.

The traditional dual-active bridge (DAB) converter is
characterized by its simple architecture, ease of control, and
high efficiency, featuring zero voltage switching (ZVS) and
bidirectional power transfer capabilities. The control of the
converter is achieved by adjusting the phase shift modulation
between the two full bridges or different arms of the same
bridge, allowing for output voltage regulation and power flow
direction switching. The control methods can be categorized
into traditional phase shift (TPS), Single Phase Shift (SPS),
Dual Phase Shift (DPS), and Extended Phase Shift (EPS). In
[4], [5], a detailed analysis shows that under the same power
transmission conditions, the switching stress and peak
inductor current of DPS control are lower than those of SPS
control. The advantages of EPS over traditional phase shift
control are analyzed in [6], [7], indicating that EPS can expand
the adjustment range of transmitted power, reduce current
stress in the circuit, decrease the circuit's backflow power, and
enhance overall efficiency. In [8], to minimize the backflow
power of the DAB, a control method employing DPS was
compared with TPS. It was found that DPS achieves higher
efficiency due to lower backflow power and offers greater
flexibility in power regulation due to its larger power
adjustment range. In [9], a feedback system suitable for the
DAB converter was designed using a small signal model, and
a PI compensator was employed to improve the feedback
performance and enhance the output voltage stability.

Due to its diverse control methods, the application of the
dual-active bridge (DAB) converter is also quite varied. For
instance, in [10], a DAB-based converter was designed as two
types of converters: a two-port and a three-port converter, both
of which possess bidirectional transfer capabilities. in [11],
compares various control strategies for the dual-active bridge
(DAB) isolated bidirectional DC-DC converter (IBDC) and
analyzes different types of control methods, including Single
Phase Shift (SPS), Dual Phase Shift (DPS), Extended Phase
Shift (EPS), and Traditional Phase Shift (TPS), while
integrating the advantages and disadvantages of each control
method. Despite the many advantages of the DAB, such as
power transfer through additional inductors or the inherent
leakage inductance of transformers, phase shifts exist between
the primary and secondary side transformer voltages under
single-phase shift control. This phase shift leads to circulating
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currents due to the phase difference between the transformer
current and voltage, requiring the converter to supply
additional energy during power transmission. Thus, the
switches must endure greater current stress. Furthermore, in
light-load conditions, single-phase operation results in smaller
circulating currents, making it challenging to achieve soft
switching, leading to a reduced range for soft switching during
light loads, ultimately resulting in lower efficiency. To apply
the DAB in wide input and output scenarios, challenges must
be overcome, such as the inductor currents in hard-switching
designs being square or triangular waves. These include high-
frequency components that contribute to power switching
losses and EMI noise interference, complicating both the
hardware and control strategies of the circuit. A novel
interleaved boost converter is proposed in [12], combining
two groups of boost converters with identical duty cycles for
the power switches but with driving signals that are 180
degrees out of phase. The advantages of this new interleaved
boost converter include lower input current ripple and
relatively higher output power.

The resonant converter itself has the characteristics of soft
switching, which is beneficial to reduce the loss when the
power switch is switched. Resonant converters are basically
composed of inductors and capacitors. Currently, there are
common LC series resonance, LLC series-parallel
resonance[13], and LCC series-parallel resonance[14].
Among them, LLC resonant converters are one of the most
widely used topologies.

The LLC resonant converter is a resonant circuit formed by
connecting the transformer magnetizing inductance, resonant
capacitor and resonant inductance in series. The converter has
excellent flexible switching characteristics and can adjust the
frequency without adding any auxiliary circuit. The
characteristics of zero-voltage switching of the side switch
and zero-current switching of the secondary side switch can
greatly improve the power and efficiency of the converter.
Even if the resonant converter can improve the voltage gain
through the transformer and the resonant tank, even if the
resonant converter has the function of voltage regulation, it
cannot cope with such a wide range of current fuel cell voltage
limitations.

In [15], design guidelines for LLC resonant converters are
proposed, which involve designing the inductance ratio based
on the required voltage gain and power factor of the circuit.
This design approach effectively enhances the power factor
and efficiency of the converter. Additionally, selecting
appropriate magnetizing inductance and optimizing the Q
factor and Ln through the gain curve can further improve the
efficiency of the converter [16]. In [17], a modified PWM-
LLC is proposed to meet the demand for a wide charging
voltage range in on-board chargers for plug-in electric
vehicles (PEVs). This approach utilizes the adjustment of the
duty cycle of the secondary-side MOSFETs at a fixed output
frequency to achieve a wide output voltage range. When
compared to traditional control methods for LLC converters,
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the PWM-LLC demonstrates higher efficiency. In [18], the
use of SiC MOSFETs in LLC topology is investigated, with
performance studies conducted over a frequency range from
500 kHz to 1 MHz. Experimental results indicate that SiC
MOSFETs offer higher conversion efficiency compared to
traditional silicon-based MOSFETs. A novel full-bridge LLC
resonant converter is introduced in [19], which employs
SPWM technology on the secondary side, enabling the
converter to determine whether to output AC or DC voltage
based on varying load conditions. This functionality allows an
LLC converter, typically limited to DC loads, to also be
applicable for AC loads.

The current-fed full-bridge converter [20], [21] adds an
inductor in series at the input of the conventional full-bridge
circuit. This inductor acts similarly to a boost inductor,
allowing for a reduction in the transformer turns ratio and
consequently decreasing the leakage inductance produced by
the transformer. Since the duty cycle of the power switches in
the circuit must exceed 50%, an overlap time occurs when all
four power switches are conducting simultaneously. This
overlap time is primarily intended to allow the input inductor
to store energy while establishing a short circuit on the
primary side of the transformer without transferring energy.
With a fixed transformer turns ratio, the input voltage
becomes constrained, meaning that under excessively wide
input voltage conditions, the duty cycle of the switches
approaches full conduction. This situation leads to the
converter operating under unsafe conditions, increasing the
potential for damage to the circuit components.

In [22], [23], a charger for Plug-in Electric Vehicles (PEVs)
was designed, employing an LLC resonant converter in its
downstream architecture. Due to the characteristics of Zero
Voltage Switching (ZVS) and Zero Current Switching (ZCS)
inherent in LLC converters, they achieved good efficiency in
their outputs. Building upon this discussion, this study
proposes a high voltage gain interleaved boost series resonant
converter. The converter utilizes a front-end interleaved boost
converter to adjust the dead time, thereby extending the input
range to a fixed voltage, while leveraging the characteristics
of'the interleaved boost converter to reduce current ripple. The
downstream LLC resonant converter employs a transformer
for voltage boosting, along with frequency modulation control
to ensure stable output. Thus, the proposed converter in this
study exhibits a wide input voltage range, high voltage gain,

Inverter circuit

power switches, soft-switching rectifier diodes, and high
conversion efficiency.

The converter presented in this paper is capable of reducing
the input current ripple to 2%—5.6% of the input current under
full load, regardless of whether the voltage is high or low. At
40V and 800W, it can also reduce the input current ripple to
3.75% of the input current. In contrast, the converter
referenced in [24] reduces the input current ripple to 6% and
9% of the average input current, while the one in [25] achieves
a reduction to 2.88% of the input current. Ideally, the
converter in [26] can reduce the inductor current ripple to
2.5% of the inductor current; however, in practice, it can only
reduce it to 22.8% of the inductor current. Overall, it can be
observed that the converter proposed in this paper
demonstrates superior performance in reducing current ripple
under low voltage and full load conditions compared to
references [24] ~ [26]. Table 1 presents a comparison between
the converter proposed in this paper and other literature.

Table 1. Comparison table.

[Ref] Power Efficiency V(;atiange %:;r;lré t
This study | 1.5kW | 92.7%-93.6% 1.2-3.75 5.6%-2%
[1] 65W | 84.9%-83.5% 1 6%-9%
[2] 1kW 94.8% 18.75 3%
[3] S50W 85.6% 5.14 2.5%

Il. THE STRUCTURE OF THE PROPOSED CIRCUIT

This paper proposes and analyzes an interleaved boost serial
resonant converter with high transformation ratio. Its circuit
architecture is shown in Fig. 2. In the part of the first stage
interleaved boost converter, the inductors L; and L, are boost
inductors, and the synchronous pulse width modulation
technology (Pulse Width Modulation, PWM) is used to
modulate the phases of the power switches S; and S,. The
working cycle of the difference 180ocontrols the energy
stored in the boost inductors L; and L, to achieve the
function of output voltage regulation.

The second stage uses a resonant converter with soft
switching. Through the full-bridge inverter composed of
S3~Se power switches, the DC voltage is cut into AC square
waves and fed into the resonant circuit. The resonant circuit
is composed of C;, L, and L. The transformer transmits the
energy to the load, and the AC voltage is rectified into DC
voltage for the load by the D3;~Ds rectifier circuit. In the
resonant circuit, the power switch and the rectifier diode
both achieve soft switching, which reduces the switching
loss of the switch and thus reduces the EMI interference.

Rectifier circuit

Interleaved Boost
converter

D, X D, X

L,
A

|
|
|
|
|
‘LC i I_ll;"\"/‘\—
"
|
|

3|
YE

71
______SQ_____
3
o — — — -
<
z

Vini

I
I
I
8 I
L T
II = S || C(JD'TZ +
| . ” | = lrL2g Vour
I I I
I
I
I
I

T =

FIGURE 2. Interleav;i boost serial resonant converter.
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A. Operating Principles

This chapter will analyze this serial converter. In order to

simplify the analysis process, the whole circuit is divided into

two parts: the first stage and the second stage, as shown in Fig.
|

3. The first stage is an interleaved boost converter, and the
second stage is a LLC resonant converter.
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FIGURE 3. Circuit of interleaved boost serial resonant converter.

B. Operation Principle of Interleaved Boost Converter

As shown in Fig. 4, the interleaved boost converter is a
combination of two sets of boost circuits. The two sets of
power switches S; and S are triggered by the same duty
cycle but different phase angle. Here, the duty cycle is

D;

defined as D. The two sets of driving signals Vgsi and Vgs»
have a phase of 180° The schematic diagram of its driving
signal is shown in Fig. 5. The advantage is that the input
current ripple is lower and the output power can be improved.
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FIGURE 4. Circuit of interleaved boost converter.
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FIGURE 5. Waveform of duty cycle D((a) D<0.5 (b) D>0.5).

In the interleaved boost converter, when twice the input
voltage is greater than the output voltage or twice the input
voltage is less than the output voltage, the duty cycle D of
the power switch is less than 0.5 and greater than 0.5,
respectively. Since the working state of the D is less or
greater than 0.5 are the same, only the D is greater than 0.5
is analyzed below. The working mode can be divided into
three parts to explain:

(1)  When the power switches S; and S; are both turned on,
the equivalent circuit is shown in Fig. 6. The current

flows from the input voltage Vini through the boost
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(b)

inductors L; and L, for energy storage, the diodes D,
and D, are reverse biased and the output is turned off.
Capacitor Cour: releases energy to load Rouri.

(2) When the power switch S; is turned on and S; is turned
off, its equivalent circuit is shown in Fig. 7. At this
time, the diode D, is forward biased and turned on, and
the current flows from the input voltage Vini through
the boost inductor L, to release energy to the output
capacitor Couri and the load Rouri, at this time the
boost inductor L is storing energy.
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(3) When the power switch S; is turned off and S, is turned
on, its equivalent circuit is shown in Fig. 8. At this time,
the diode D; is forward biased and turned on, and the

current flows from the input voltage Vini through the

boost inductor L; to release energy to the output
capacitor Couri and the load Rouri, at this time, the
boost inductor L, is storing energy.

! — — >
A [
' |
|
D A D, | :
' |
|
iy L, Court : +
o = < e =  — — === > o~ Rouz]l:’: Vour:
| — L; i | N | s
Civg |
| L€ |
TOIIE S e SRR 4 d
I S ul_ VDS1 Sd VDs2 | I
| +vesi- - +vgs2 - | |
| v D,HCU.\\I + D];_?C"\"‘) | \
D e e _——— — — — < — —
FIGURE 6. Power switches S7and S: are both turned on.
Nt s
| | '
| ! !
n & D, & l |
|
| ! !
. v I
R I;ZYYY\ ! Courr || V+
== - F= _L_E; _____________ > o~ Rourig "0V
1 | -
: Crvi¥ |
Vini C_j - == > | I
179} | + »—lj_ + | |
| Su" Vps1 SJJ'_ VDs2 | |
| +vGsi- - +vGsz- - | I
L_ _______________ D_BJC_‘”‘L _ D_u,zcl“" v <
= )
FIGURE 7. Power switch S is turned on and S: is turned off.
* ——————— —-——— >I — — —
|
| | I
LI N D: X ! |
' |
| 1
) i L,\Z,VV\ | v | Court :) V+
CTS e T T Rourig 101"
() A s S
INI\ = iL] + | + | I
I S; Vpsi SZI K VDs2 | I
| +vgsi- - +vghr- _ * |
L LotV |pCosa Y|, _

FIGURE 8. Power switch St is turned off and Sz is turned on.

C. Operating Principle of Full-bridge LLC Resonant
Converter

The LLC resonant converter circuit is shown in Fig. 9. The
output voltage of the first stage interleaved boost converter
is regarded as an ideal power supply Vme. The power
switches (S3, S¢) and (Ss, Ss) account for 50% of the
complementary 180° of the duty ratio signal, the energy is
transmitted to the secondary side through the resonant
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elements C;, L;, L, and the transformer, and is rectified to the
output load by the secondary side diodes D3~Ds, wherein the
duty cycle still includes the dead time to prevent all switches
from being turned on at the same time and causing circuit
short-circuit.
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FIGURE 9. Circuit of LLC resonant converter.

Through the mathematical simulation software (Mathcad),
theoretically analyze the voltage gain characteristic curve of
the resonant converter, where f; is the normalized frequency,
and M, is the voltage gain of the resonant tank. As shown in
Fig. 10, the LLC resonant converter has a first resonance
The frequency point f; is composed of L, and C;, and the
second resonance frequency point is fn,, which is composed
of L, Lm and C,, and its expression is as follows:

1
f [ — 1
" 2n LG, (1)
1
f e —— 2
m 2ny/ (L, + L)C, 2
25
S fr — 2
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FIGURE 10. Voltage Gain Characteristic Curve of Resonant Converter.

Under the regulation of the converter frequency, the ratio
of the switching frequency f to the resonant frequency f; can
be divided into the following four working states with the
voltage gain characteristic curve in Fig. 10:

(1) When f; > f;, the voltage gain curve operates in Region
I. At this time, the input impedance of the converter is
inductive, the primary side resonant current and the
excitation current are not equal in any operating range,
the primary side power switch achieves ZVS, and the
secondary side power switch achieves ZVS. cannot
achieve the function of ZCS.
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(2) When f; = f,, the voltage gain curve operates at the
resonance point. At this time, L; and C; resonate in
series. At this time, the input impedance of the
converter is inductive. The power switch on the
primary side is ZVS, and the rectifier diode on the
secondary side achieves ZCS. and the voltage gain is
1 regardless of the load, which is the ideal operating
point.

(3) When f, < f; < f;, the voltage gain curve operates in
Region II, and the input impedance of the converter is
inductive. The primary side power switch ZVS,
because the switching period is greater than the
resonant period, when Ly, participates in the resonance,
the primary The resonant current of the side is equal to
the excitation current. At this time, the transformer
enters the decoupling interval. During the decoupling
interval, the primary side cannot transfer energy to the
negative secondary side. The rectifier diode current on
the secondary side naturally drops to zero and reaches
ZCS. Features that can achieve soft switching.

(4) When f; < f,, the voltage gain curve operates in Region
II1. At this time, the input impedance of the converter
is capacitive, and the primary side power switch
cannot ZVS, and the voltage gain changes greatly with
the switching frequency in this region, which is not
easy to control, the converter operation should be
avoided in this mode.

In this paper, the second stage resonant circuit belongs to
a unidirectional fixed output and input voltage. In order to
make the primary side and the secondary side have soft
switching, the converter is designed to operate in Region II,
so the work flow of frequency conversion control for the
converter operating in Region II operating principle. Fig. 11
is the ideal waveform of the converter operating in Region
II, and the voltage and current directions of the circuit are
defined in Fig. 9. According to the switching state of the
power switch, one cycle of the power switch signal can be
divided into 10 working modes. Since the working state of
the positive half cycle and negative half cycle are the same,
only the positive half cycle is analyzed below.
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FIGURE 11. Ideal waveform of the converter operating in Region Il.

1). Operating Stage I (to <t < t1)

As shown in Fig. 12, when t=to, the power switches S4 and
Ss are turned off. At this time, the power switches S3~S¢ are
all turned off, the primary side full-bridge power switch
enters the dead time state, and the resonant current i, begins
to store energy for the parasitic capacitances Cosss and Cosss
of the power switches S4 and Ss, and also releases the energy
for the parasitic capacitances Coss3 and Coss6 Of the power

switches S3 and Se. The secondary side rectifier diode is D3
and Dg is turned on, and D4 and Ds are turned off. Through
the design of dead time, the energy storage and release time
of the parasitic capacitors is less than the dead time to ensure
the ZVS of the switch. When the parasitic capacitances Coss4
and Cosss are charged to Vv, and the parasitic capacitances
Coss3 and Cosss are discharged to 0V, this mode ends.
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FIGURE 12. The current path in the operating stage I

2). Operating Stage II (t1 <t<ty)

As shown in Fig. 13, when t=t;, the power switches S3~S¢
are all turned off. After the parasitic capacitors are charged
and discharged, the resonant current i, discharges the
parasitic capacitances Coss3 and Coss to OV, and then
freewheels through the body diode on the power switch to
make the power switches S; and Se reach the condition of
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ZVS. At the same time, irr transmits energy to the secondary
side through the transformer, the secondary side rectifier
diodes D3 and D¢ are turned on, and D4 and Ds are turned off.
When t=t,, the power switches S3 and S¢ are turned on and
enter the next working mode.
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FIGURE 13. The current path in the operating stage Il.

3). Operating Stage III (t2: <t < t3)

As shown in Fig. 14, when t = t,, the power switches S; and
S¢ are turned on, the power switches realize ZVS, and the
power switches S4 and Ss are turned off. At this time, irr and
iLm continue to rise, and the energy is transferred to the
secondary side through the transformer, and the secondary
side rectifier diodes D3 and Ds are turned on to provide the

energy to the load. The magnetizing inductor L., does not
participate in the resonance due to the clamping effect of the
output voltage Vourz, and the magnetizing inductor current
iLm continues to rise. When the resonant current i, = 0, this
mode ends.
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FIGURE 14. The current path in the operating stage lll.

4). Operating Stage IV (t3 <t <tq)

As shown in Fig. 15, when t = t3, the power switches S3 and
Se are still turned on, and the resonant current i, changes
from negative to 0. At this time, C, and L, resonate, so that
the resonant current i, increases the current difference
between the magnetizing current iLm through the secondary
side of the transformer to transmit energy, and the secondary
side rectifier diodes D3 and Dg are turned on to provide load
energy, and the magnetizing inductor L., does not participate

in the resonance due to the clamping effect of the output
voltage Vour2, the magnetizing inductor current iim
continues to rise from negative to positive until when the
resonant current ir, is equal to the magnetizing current irm,
this mode ends. At the same time, the rectifier diode current
ip3 and ips are also reduced to OA, which achieves the
condition of ZCS.
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FIGURE 15. The current path in the operatin-g stage Il
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5). Operating Stage V (ta <t < ts)

As shown in Fig. 16, when t = t4, the power switches S3 and
Se are still turned on, the power switches S4 and Ss are turned
off, and the resonant current i, is equal to the magnetizing
current irm. At this time, the transformer enters the
decoupling interval without providing energy, and the
rectifier diode current ips and ips are naturally turn off to

achieve ZCS. Since the transformer doesn't transmit energy
to the load, the magnetizing inductor L., is not affected by
the clamping of the output voltage Vourz, so L; and C;
resonate with L, in this interval. Until t = ts, the power
switches S; and Sg are turned off, this mode ends.
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FIGURE 16. The current path in the operating siage V.

D. Input Current Ripple

In this paper, the first stage interleaved boost converter
analyzes its input current ripple from the input side, as shown
in Fig. 17. The figure shows the input current in the two cases
when the duty cycle D < 0.5 and the duty cycle D > 0.5,
respectively. The difference between the switch driving
signals is 180° out of phase, so that the two-phase inductor
currents ip; and i, also have a 180° phase difference.
Therefore, after the two-phase inductor currents are added,
the current ripples cancel each other out, and the total input
current ing has a reduced ripple, and the current frequency is
twice of the switch.

~—Ts—

-
=180°

Vesi |_
t
vGsz —|
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VGs2 | | |
i N

i Q OO ,,, ,, O OOO
i IS/ NN SN

(®
FIGURE 17. Waveform of input current ((a) D < 0.5(b) > 0.5).
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Ignoring any external factors, the inductor value L=L1; =L,
the two-phase inductor current ripple is equal, so the current
ripple of each phase is as follows:

ViniD
fsL
The total input current is equal to the sum of the two-phase

inductor currents, i = ir1 +ir2, when D < 0.5, the total input
current ripple Ai is:

AiL = AiLl = AiLZ =

3

Ai 4
N1 = (1-D)L (4)
For D > 0.5, the total input current ripple Aim; is:
Vine (2D — DT,
AiINl — INl( . ) s (5)

According to equations (3), (4) and (5), equation (6) can
be obtained, where A is the ripple coefficient used to
represent the total input current ripple suppression capability.

1720 pcos
p=fim_)a-pt T (©)
A, )2D-1
~5— D>05

Through equations (6), the relationship between the A and
D can be known as shown Fig. 18.
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FIGURE 18. Curve of A and D.

E. Circuit Gain Analyze

The inductor current of the first stage interleaved boost
converter is in continuous conduction mode (CCM), while
the two-phase interleaved operating mode is the same, only
a phase difference of 180 degrees. When analyzing the
voltage gain, only one of the phases is selected for analysis.
Its equivalent is shown in Fig. 19.

L D,
Y'Y Y

Vini C_) S :: Vourt

()
~A D

V() s, = Voun

(b
FIGURE 19. Single-phase equivalent circuit (a) S1 on (b) S7 off.

From Fig. 19, when the converter is in steady state, within
one switching cycle, the following formula is listed
according to the principle of volt-second balance:

ViniDTs = (Ving — Vour1) - (1 = D)Ts (7)
First-stage interleaved boost converter voltage gain:

Vour1 1
G=——=— 8
"= Yy 15D ®)
The voltage gain of the second stage LLC resonant
converter is based on the FHA analysis method to establish
an AC equivalent circuit model, which converts the
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equivalent resistance of the secondary side output end to the
primary side, and the transformer turns ratio is N, as shown
in Fig. 20.

C. L,

Vap @ L, R, § vep
r T ‘
Z; Z,

FIGURE 20. LLC equivalent circuit model.

The voltage gain can be expressed by the input impedance
and output impedance as:

M,,(s) = Vep(S) _ Zy(s)
o Vap (S) Zin(s) + Zu(s)
The impedance expressions are as follows:

(€))

1
Zin(s) =sL, + sC,

Zy(8) = SLy||Req (10)

Req = FNZROUTZ
In this paper, f; is defined as the switching frequency of
the power switch, f;is the frequency of the first resonance
point, the normalized frequency f, is the ratio of f; to f;, Q is
the quality factor, and k is the ratio of Ly to L. The
expressions are as follows.

o1

" onJL.C, (D
fs

=5 12

fa £ (12)

10
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B

_ (13)
Q= Roy
= Lm 14
=7 (14)

Bringing the above definition into equation (9), the
simplified voltage gain can be obtained as:

1

Mvr(fn) =

R e IR L L

The voltage gain G of the second stage resonant converter

is:

M
lll. Design Procedure and Consideration
The design is based on the specifications required in this
paper, and the parameters are calculated and verified from
the electrical specifications of the converter Table 2. Due to
the use of a two-stage structure, the following parameters are
designed for the first and second stages respectively. The
design process is shown in Fig. 21.

Table 2. Specifications of this Converter.

Parameters Specifications
Vi (Primary) 40~125V
VOUTI (Prlmary) 150V
V2 (Secondary) 150V
Vourz (Secondary) 400V
P (Rated power) 1.5 kW
f; (Resonant freq.) 100 kHz
f; (Switching freq.) 81 kHz ~100kHz

Start

v

Determining second stage specifications
Determining first stage specifications &

Choose power switch and diode

Choose power switch and diode

Calculate Transformer Turns Ratio

&
Operates in CCM mode

y
Calculate the boost inductor value l

Choose kand O

alculate duty cycle and Vyyrs
oes it meet the needs

Vlake sure the voltage gain &
greater

Get Vi ( End )

FIGURE 21. Design Procedures for this Converter.

1). Step 1. Parameters for key Components
In this study, the power switches are the key components of
the proposed converter. Table 3 shows the rated values of the
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switches to meet the specifications of the converter. The
related parameters are list as follow.

Table 3. Specification and rated value of power switch.

Parameters Value
Vbs max 650V
Ips max 85A
Coss 320pF
Vrerm 600V
Irav 60A
Vi 1.75V

2). Step 2. Calculate the Boost Inductor Value

From Fig. 22, the minimum value of the inductor current
must be greater than or equal to 0 when operating in CCM
mode. Here, the Vini and Vour: of the fuel cell terminal are
selected, and the output power of a single phase is 750W as
the design basis, and the inductance value is calculated,
which can be calculated from the following equation.

t
FIGURE 22. Inductor current in Boundary mode.
V -V 150 — 125
Dmin — OoUT1 IN1_max — ~0.166
VOUTI 150 (17)
D _ Vour1 — Vini_min _ 150 — 40 ~ (.733

Substitute equation (17) D into the following equation to
obtain the minimum inductance value operating in CCM
mode:

30(1 — 0.166)? B
T X0.166x 1075 = 17.3uH

30(1 — 0.733)? B (18)
T ™ % 0.733x 1075 = 7.83uH

L125,min =

L40,min =

In order to ensure that the load can be operated in CCM
mode from light load to full load, the value of the boost
inductor is usually selected to be 2~15 times of the full load
calculation:

Ly = Ly = 13 X Lips yin = 225uH (19)

The final actual wound boost inductance value is about
250uH.

3). Step 3. Ratio of Transformer Turns Design
Select the Vin2 and Vourz value for transformer design as
shown in the following equation:

N, V, 150

N =—2 = =
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4). Step 4. Voltage Gain of the Resonant Tank

Step3 calculation can obtain the transformer turns ratio of
0.4, and then use the following formula to obtain the voltage
gain that needs to be supplemented by the resonant tank:

_ N - Voyra

0.4 -400
M, = =

150

=1.066 = 1.07 @1)

VINZ

5). Step 5. Choose O, k Values

According to equation (15), in order to satisfy the premise of
the voltage gain of the converter, since the Q value will be
affected by the output load, when the parameter k is fixed,
the curve conforming to each load must be selected.
Therefore, the maximum output load power voltage is 400V/
3.75A is the design standard. Choose k=6 and Q=0.45 as the
design of the voltage gain curve of the converter as shown in
Fig. 23.

Moy (ool ozt

0 0333 067 1

5=t St

FIGURE 23. Voltage gain curve under full load.

1333 1667 2

6). Step 6. Calculate the Resonance Parameter Value

After the Q and k values are selected, the parameter values
of each resonance element can be obtained as shown in the

following equation.

8 v, 8 400
— 2 . pn2.loutz _ P 2.~
Req=—5N oo = 72 047 == = 13.830
C = ! = ! = 255.7nF
T 2w f Re-Q 2m-100k-13.83-045 T "
1
= 9.9uH

L =Gr ¢ = Gr-10007-2557n

Ly =L, k=99u-6=59.4uH

A. DSP Controller
1). System Architecture

In this paper, the digital signal processor TMS320F28335
developed by Texas Instruments is used as the control core
of the converter system. It generates and monitors the output
voltage through the switch driving signal, as shown in Fig.
24. The A/D conversion module is used to convert the
external analog voltage into VADC for digital signal
conversion for compensation, and the ePWM module is used
to generate the corresponding pulse wave of the switch
driving signal to stabilize the output voltage of the converter
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m
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FIGURE 24. System architecture of this converter.
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2). Design of DSP

Fig. 24 is a system architecture of this converter. The first
stage interleaved boost converter and the second stage full-
bridge LLC resonant circuit are respectively used for
feedback control. The system control block diagram is
shown in Fig. 25.

Vour ADC

Duty

PWM
Generator

2 ref i
N fima
v ,,,4 cv
P PFM
s min

FIGURE 25. System control block.

V2 rg

IV. Simulation and Analysis

This section verifies the overall feasibility of the circuit
through simulation and analysis conducted using PSIM
software developed by Powersim.

A. First Stage Low-voltage Input Mode Simulation
Waveform

As shown in Fig. 26, the simulated converter operates in
low-voltage input mode, with an input voltage of Vini = 40
V and an output voltage of Vouti = 150 V. Fig. 26 illustrates
the simulated waveforms of i1, iri, iz, Vgsi for the
interleaved boost converter under light load (200 W),
medium load (800 W), and full load (1.5 kW).

Uiyl

i &y,

VGS 1

"
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Uiyl

i1&ip;

Vesi
(W]

N1

iLl&iLZ :

Vesi

=

©
FIGURE 26. Simulated waveform of low-voltage input mode((a) 200W (b)
800W (c) 1.5kW).
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B. First Stage High-voltage Input Mode Simulation
Waveform

As shown in Fig. 27, the simulated converter operates in
high-voltage input mode, with an input voltage of Vini = 125
V and an output voltage of Vouti = 150 V. Fig. 27 illustrates
the simulated waveforms of i1, iv1, 12, Vgsi, and for the
interleaved boost converter under light load (200 W),
medium load (800 W), and full load (1.5 kW).

N1

iLl&iLZ .

Vesr
e

(@

N1

iLI&iLZ :

Vst
L=

(b)

N1

in&ips

VGS 1
L

()
FIGURE 27. Simulated waveform of high-voltage input mode((a) 200W (b)
800W (c) 1.5kW).

C. Second Stage Power Switch S3 Simulation Waveform
As shown in Fig. 28, the simulation of the converter operates
under light load of 200W, medium load of 800W, and full
load of 1.5kW. The input voltage for the output full-bridge
LLC resonant converter is V2 = 150V, and the output
voltage is Vourz = 400V. The power switch S3 switching
signal Vgs3, switching voltage Vps3, and switching current
ips3 are depicted in Fig. 28. It can be observed that when the
power switch Vgs3 is conducting, the switching current ips3
exhibits negative current, which allows the energy stored in
the parasitic capacitance of the switch to be released.
Additionally, continuous current is facilitated by the body
diode. When Vgs; is conductive, the zero-voltage switching
(ZVS) function is achieved.
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FIGURE 28. Simulated Waveform of Vess, Vbss and ioss ((a) 200W (b) 800W
(c) 1.5kW).

D. Second Stage Diode D3 Simulation Waveform

As shown in Fig. 29, the simulation of the converter operates
under light load of 200W, medium load of 800W, and full
load of 1.5kW. As shown in Fig. 29, the rectifier diode D3
exhibits the voltage across its terminals Vp3 and the current
ip3. At this point, the converter operates in Region II where
the transformer enters the decoupling phase, and no energy
is transferred to the rectifier side. Consequently, before the
diode turns off, the rectifier current ip3 naturally decreases to
0 A, achieving zero-current switching (ZCS) when Vps3 is
blocked.
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FIGURE 29. Simulated Waveform of Vps and io3 ((a) 200W (b) 800W (c)
1.5kW).

V. Experimental Results

As shown in Table 4, the circuit parameters and component
is chosen in this article. The converter is designed according
to the circuit parameter design and component chosen in the
previous chapters.

Table 4. Specifications for this Converter.

Parameters Value / Models
N, © N, 04:1
L 250pH
L, 250uH
Ly 59.8uH
L, 9.9uH
C, 251.5nF
Cour 680uF
D~Ds DSEI60-06A
Si~Ss UJ3C065030K3S
Dsp TMS320F28335
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A. First Stage Low-voltage Input Mode Measurement
Waveform

Fig. 30 shows the measured waveform of the first stage
converter operating in low-voltage input mode with light
load of 200W, medium load of 800W and full load of 1.5kW,
the input voltage is Vini=40V, and the output voltage is
Vouri=150V.
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FIGURE 30. Waveform of low-voltage input mode((a) 200W (b) 800W (c)
1.5kW).

B. First Stage High-voltage Input Mode Measurement
Waveform

Fig. 31 shows the measured waveform of the first stage
converter operating in high-voltage input mode with light
load of 200W, medium load of 800W and full load of 1.5kW,
the input voltage is Vini=125V, and the output voltage is
Vouri=150V.
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FIGURE 31. Waveform of high-voltage input mode((a) 200W (b) 800W (c)
1.5kW).

C. Second Stage Power Switch S3 Measurement
Waveform

As shown in Fig. 32, when the converter is under light load
of 200W, medium load of 800W and full load of 1.5kW, the
switching signal Vgs3, switching voltage Vps3 and switching
current ips3 of Ss, it can be found that when the switch Vgs3
is turned on, the current ips3 is negative. The current
discharges the parasitic capacitance energy on the switch,
and achieves freewheeling through the body diode, and
realizes the zero voltage switching function when Vgss is
turned on.
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FIGURE 32. Waveform of Vess, Vpss and ipss ((a) 200W (b) 800W (c) 1.5kW).

D. Second Stage Voltage and Current of Resonant Tank
Measurement Waveform

As shown in Fig. 33, when the converter has a light load of
200W, a medium load of 800W and a full load of 1.5kW, it
can be seen from the figure that the second stage full-bridge
switch generates a square wave input voltage Vag of +Vin2
and -V, while the resonant current i, lags the resonance
When the voltage Vag in front of the slot is inductive, the
circuit can help the power switch to realize the zero voltage
switching function. When the excitation current iLy is the
same as the resonant current i, the transformer enters the
decoupling range, so that the rectifier and measuring diode
realize the zero current switching function.
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FIGURE 33. Waveform of Vas and ii, ((a) 200W (b) 800W (c) 1.5kW).
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E. Second Stage Diode D3 Measurement Waveform

Fig. 34 shows the waveforms of the diode voltage Vp3; and
current ip3 on the rectifier side when the converter is light
load 200W, medium load 800W and full load 1.5kW. The
current on the rectifier side is naturally reduced to 0A, so that
the rectifier diode can realize the zero current switching
function.
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FIGURE 34. Waveform of Vb and ips ((a) 200W (b) 800W (c) 1.5kW).

F. Load Variation Test

Fig. 35 is a schematic diagram of the converter's
experimental serial structure. Fig. 36 and Fig. 37 are the
waveform of load variation in the low and high voltage input
modes, respectively. After compensation by the proportional
integral controller, the corresponding drive signal is
generated to send to the main circuit to regulate voltage
stability.

Ivi lour Tl brid Lour2
—_— - U t —_—
Interleavd + € +
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Vini Boost Vour: Vour:
_ Resonant ~
Converter

Converter

FIGURE 35. Experimental serial architecture.
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e
VOUTI L]
V 40ms ~ 150V
1 e \
] T2s 400V
Vour2 “\/W 0
iours | ‘ P35
el
™ 0.5A
[~
()
Vour: "o ~
150V
/\.‘ 1.2s
Vov" b B — —
: ™ 400v
iour2 | \
3.75A
™~ 0.5A
sl
(b)

FIGURE 37. Waveform of load variation in high-voltage input mode ((a)
Raise load (b) Lower load).

G. Efficiency Performance & Testing environment
As shown in Fig. 38, the converter works in the low voltage
input mode, the input voltage Vini is 40V, and the efficiency
curve of the constant voltage output under different load
currents. The experimental results show that the highest
efficiency of the low-voltage input mode is 92.69%.

Efficiency curve in low-voltage input mode
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FIGURE 38. Efficiency curve in low-voltage input mode.
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As shown in Fig. 39, the converter works in the high voltage
input mode, the input voltage Vini is 125V, and the
efficiency curve under different load currents when the
output voltage is constant. The experimental results show
that the highest efficiency of the high-voltage input mode is
93.57%.

Efficiency curve in high-voltage input mode
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FIGURE 39. Efficiency curve in high-voltage input mode.

As shown in Fig. 40, the experimental test environment and
setup of this converter.

Oscilloscope

i

CurrentPr{‘ii I . =
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Electronic Load

TMS320F28335 DSP Differential
Controller Board Voltage Probe

FIGURE 40. Testing environment and setup of the proposed converter.

VI. Conclusion

This study presents and implements a high voltage
conversion ratio interleaved boost series resonant converter.
The proposed converter accommodates the wide input
voltage characteristics of low-voltage fuel cells and meets
the output voltage specifications of electric vehicle batteries.
The converter employs an interleaved boost converter series
with a full-bridge LLC resonant converter, which enhances
the input current frequency through interleaving to reduce
current ripple. Additionally, the full-bridge LLC resonant
converter operates at an appropriate frequency, allowing for
soft switching characteristics of both power switches and
rectifying diodes, thereby improving overall converter
efficiency. Ultimately, this research successfully achieved a
power conversion of 1.5 kW from a wide input voltage range
0f40-125 V to 400 V. Based on the experimental results, the
conversion efficiency at low voltage input reached a
maximum of 92.69%, while at high voltage input, the
maximum efficiency attained was 93.57%. The experimental
validation demonstrates that this converter can be applied to
energy transfer systems for fuel cells with a wide input
voltage range. Utilizing a DSP (Digital Signal Processor) as
the system's core, the converter adjusts the output voltage
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and signal processing control in response to load variations,
thereby ensuring stable overall system output.
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