
EasyChair Preprint
№ 15479

Design and Control of Double Interleaved Isolated
SEPIC for High Voltage Gain DC/DC Applications

Andrés Nader-Hernández, Antonio Sánchez-Squella,
Rolando Burgos and Patricio Valdivia-Lefort

EasyChair preprints are intended for rapid
dissemination of research results and are
integrated with the rest of EasyChair.

November 26, 2024



Design and Control of Double Interleaved Isolated
SEPIC for High Voltage Gain DC/DC Applications

Andrés Nader-Hernández
Dept. of Electrical Engineering

Universidad Técnica
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Abstract—This paper presents a double interleaved doubler
isolated single-ended primary-inductor converter (DVDiSEPIC)
designed for high voltage gain in fuel cell systems. Featuring an
Input-Parallel Output-Series (IPOS) architecture, the converter
achieves significant voltage gain, reduced MOSFET voltage
stress, and enhanced efficiency with soft switching. Using a
high-frequency transformer and Voltage Doubler (VD) cell, the
DVDiSEPIC achieves a voltage gain of 21 under ideal condi-
tions. A cascaded closed-loop control strategy with Proportional-
Integral (PI) controllers ensures robust voltage regulation. Com-
parative analysis highlights the converter’s advantages in sim-
plicity and performance.

Index Terms—high voltage gain, soft switching, DCDC con-
verter, isolated DCDC converter, linear control, fuel cell systems

I. INTRODUCTION

Fuel cells (FCs) are a promising alternative to fossil fuels
due to the high energy density of hydrogen and low envi-
ronmental impact, but their adoption is heavily dependent on
advanced power electronics due to their inherently low voltage
[1], [2]. Key solutions include series-connected fuel cells [3]
and customized converters.

High voltage gain converters are one solution to integrate
fuel cells into architectures where a DC link feeds loads or
other converters. These converters exhibit a significant gain
relation between input and output voltage, which can be done
with different approaches. For example, in [4] diode-capacitor
cells are used to lift the voltage at the output. The authors in [5]
propose an isolated solution for renewable energy integration
into the grid, in this case a high frequency (HF) transformer
is used to realize the isolation between load and source.
HF transformers can be key elements in power electronics
architectures as the integration to the power electronics stage
allows to shrink the transformer. In [6] the concept of soft
switching is revised to improve the efficiency of the converter
while achieving high voltage gain through inductive coupling.

In this paper, a modified isolated SEPIC (single-ended
primary-inductor converter) is used to achieve high voltage
gain. The input source is a 65 V PEM fuel cell and the load
its fed at 1.4 kV. The circuit exhibits soft switching transitions
to enhance the efficiency and a passive regenerative snubber

Fig. 1. Power architecture of the system highlighting the
proposed converter.

Fig. 2. DVDiSEPIC power topology.

proposed in [7] is used to improve the principal switch voltage
stress. This circuit is intended to be used in a two-stage system
to feed an inverter that drives a electric motor.

Some works have been done about isolated and non-isolated
topologies including several enhancements to achieve better
performance with the SEPIC, but they address the situation
of voltage reduction in the output, as can be seen in [8], [9].
In this case a high step up converter is analyzed in terms of
operation principle and design of the converter parameters.

The rest of the paper is organized as follows: Section II
introduces the DVDiSEPIC topology and analysis of ideal
operation in steady state. Section III shows a comparison
between isolated converters in terms of voltage gain and stress
in the main switch. Section IV shows the proposed control
strategy based on a cascaded closed loop and simulation
results. Finally, in Section V a conclusion of the work is done.



II. PROPOSED CONVERTER TOPOLOGY AND DESIGN

As fuel cells are the key element in the electrical mobility
technology for this investigation, it is reasonable to input
their requirements to the converter design [3], [10]: i) High
efficiency is crucial due to the limited availability of hydrogen,
so its preferable to operate with low losses. ii) Lesser current
ripple in the FC side to enhance the lifespan of the FC in
the long run. iii) High voltage gain is necessary to match the
low voltage of the FC with the DC link voltage. This is a
critical point as some manufacturers are testing 800 V drive
architectures [11]. iv) Small voltage stress in semiconductor
devices is needed to improve the reliability of the system and
reduce the catastrophic failure rate as low voltages should
ensure a safer operation for high switch frequency devices.

In Fig. 1 the power electronic architecture is shown. The
system utilizes a two stage approach to deliver power from a
FC to a electric motor. This part of the investigation focuses
on the isolated DC/DC converter of the architecture, as can be
seen in Fig. 2, which employs an IPOS configuration to split
input current and double the output voltage. Also, to avoid
saturation on the transformer, a VD cell is placed in each
channel’s output. This cell will create a soft transition in the
turn on of the interrupter, improving the efficiency. However,
adding this characteristic will increase the complexity of the
converter’s design and control parameters.

A. Steady state analysis and operation modes

The DVDiSEPIC connects one source to a load increasing
the output voltage over the input. To do this, each switching
cycle has several sub periods, which can be seen in Fig. 3. In
Fig. 4 the ideal operating principle of the converter is shown.
The converter has 8 operation modes which are described in
the following:

• (0 − t1) Initially S1 is turned on and at time t = 0 is
turned off, this causes the snubber to be charged with
current from the transformer, which cannot change its
direction instantaneously. This will cause the snubber’s
capacitors to charge with nearly constant current, so the
voltage increases linearly and is reflected in the switch,
causing a qZVS turn-off. During this stage the blocking
voltage of the output diode starts to decrease. However,
it remains blocked.

• (t1 − t2) When the transformer finishes discharging all
its energy has been stored in the snubber’s inductors, the
power flow goes from the source to the load through the
diode Do, this can be seen since the output diode current
increases and the input inductor current decreases. During
this stage the switch voltage reaches its maximum value
by means of a sinusoidal waveform, as in the snubber
conductors and capacitors conduct, causing a resonance.

• (t2−t3) In this stage the output diode conducts the current
coming from the source and the current stored in the
snubber’s inductors towards the load, during this stage

Fig. 3. DVDiSEPIC switching states.

the diode conducts its maximum current according to the
following expression:

iDo =
1

n
(iL1 + 2 · iLs) . (1)

During this stage the snubber’s diodes conduct and the
snubber’s capacitors discharge. This stage ends when
all the energy stored in the snubber inductors from the
transformer is transferred to the load.

• (t3 − Ts(1 − D)) This stage starts with the snubber
inductors discharged and the voltage across the snubber’s
capacitors constant. In this stage there is no conduction
in the snubber elements, so the circuit operates as an
iSEPIC.

• (Ts(1−D)− t4) The fifth stage begins when the switch
is turned on. The output diode decreases its current in a
linear fashion and the switch increases its current in the



Fig. 4. Electric variables for each switching state for D > 0.5.

same manner, causing a qZCS turn-on. This stage ends
when the transformer current becomes zero.

• (t4 − t5) This stage begins with the transformer current
reversal. This causes a resonant LC circuit to be set
up between the leakage inductance Lk, the doubling
capacitor Cd and the SEPIC decoupling capacitor C1, the
doubling diode turns on with qZCS. In the snubber, the
capacitors are discharged and the inductors are charged,
this causes the current of the switch to be affected by
this energy transfer and increase until the capacitor Cs

is fully discharged. During this stage the output diode is
blocked and the power in the load is delivered by the
output capacitor.

• (t5−t6) This stage starts with the snubber shorted, so only
the VD cell introduces changes in the original iSEPIC
circuit. During this subperiod the current in the switch
is sinusoidal as well as in the doubler diode and doubler
capacitor. As the switch is closed, the input inductor is
charged. At the end of this stage the doubler diode is
turned off with qZCS, this occurs when the transformer
current becomes zero.

• (t6 − Ts) When the transformer current becomes zero,
the current in the switch is constant. At the output, the
doubler diode is blocked, so the output voltage is divided
between diode Do and diode Dvd. This stage ends when
the switch is opened.

B. Passive snubber

For high gain applications the semiconductors can be faced
with heavy stress by means of high blocking voltage and

(a) (b)

Fig. 5. (a) Effect of capacitor variations on voltage spike and
(b) Effect of inductor variations on inductor current dynamics.

conduction current. In this case, the dynamics of the HF
transformer have a negative impact on the MOSFET turn off
voltage. This effect is related to the leakage current which
will change its direction generating a high voltage transition.
If this transition is not properly managed, the MOSFET could
get damaged or even destroyed during the operation.

To manage the high voltage transitions and protect the
MOSFET, a regenerative-passive snubber, as proposed in [7],
is included. This snubber reduces the voltage stress by storing
excess energy and feeding it to the load, thus enhances the
overall efficiency and reliability of the converter. As shown in
Fig. 5a), increasing the snubber capacitance lowers the voltage
spike, directly reducing the block voltage of the MOSFET
since the snubber capacitors are in parallel during the off time.
Nevertheless, the increase of capacitance generates a rise in
the inductor current. This will increase losses and can cause
improper work of the snubber as the inductor would need more
time to discharge completely before the next operation stage is
reached as can be seen in the purple line of the bottom graph
of Fig. 5a).

In Fig. 5b) the changes of the Ls current can be seen based
on changes on the inductance. As can be expected, a lower
inductance makes all dynamic changes faster. For example,
with 1 µH a higher current appears on the inductor, but even
in this case the current will reach zero before the next stage.
One problem of this is that the high current will increase losses
on the snubber. In the other hand, a higher value of inductance
will make the current lesser but all dynamics transitions are
slower, this can be undesirable if the current is not capable of
reach zero value. In that case, the diodes Dsa and Dsb will
never turn off during the operation.

As observed in the parameter effects on the snubber opera-
tion, there is a trade off between capacitance and inductance.
Capacitance should be maximized to reduce high voltage
stress on the MOSFET, while the inductance should also be
maximized to minimize current peaks. However, balancing
these factors is crucial, as excessive capacitance can increase
inductor current and losses, and excessive inductance can
slow dynamic responses affecting overall response, potentially
preventing the diodes to turn off. To maintain equilibrium
prioritization is necessary. In this design the MOSFET is



(a) (b)

Fig. 6. (a) Capacitor effect in switch’s resonant current and
(b) Capacitor design space for n = 4 and 75 kHz.

a key element, so the capacitance is designed to make the
voltage never go high enough to endanger the MOSFET, this
is achieved with 300 nF for a 650 V MOSFET. After this, the
inductor value can be selected to have the necessary time to
turn off the diodes, which is achieved with 5.5 µH.

C. VD cell

As one of the key characteristics of the DVDiSEPIC is
to achieve a high voltage gain in the output, gain cells are
an attractive option to enhance the static gain. A voltage
doubler cell can be placed in the high voltage side of the
HF transformer, this will make the cell to handle less current,
while achieving a voltage gain of 1/D [12]. One important
aspect of the operation of the cell is that it will increase the
output voltage without adding more turns to the transformer,
which will cause an increase in the losses because a longer
conductor is needed to implement more turns. Also, the VD
cell will complete discharge the transformer, allowing a better
use of the core [13].

The operation of the VD cell will create a resonant process
which is caused by the interaction of the Cvd capacitor,
referred as doubler capacitor, with the C1 capacitor and the
Lk inductance of the transformer. The equivalent capacitance
during this process can be calculated as

Ceq =
Cvd ·

C1

n2(
Cvd +

C1

n2

) . (2)

This process will create a sinusoidal waveform in the VD
diode, mitigating losses from on-off transitions. In the MOS-
FET the same waveform will appear during turn on stage,
this will also create the conditions for soft turn on, but can
increase the peak current as sinusoidal waveform tend to have
a larger peak than square waveform. This can be approached
from the doubler capacitor design, as its value will impact
directly in the peak current. In general, a smaller capacitor
will generate a larger peak of current and a larger capacitor
will create a lower current peak, as can be seen in Fig. 6a),
where a sensibility analysis is made to better understand the
capacitor effect on the MOSFET’s current. As the doubler
capacitor growths in capacitance, it will require more time to
complete the sinusoidal trace, this can be seen in Fig. 6a) in

the end of the waveform, where the yellow line has the longest
constant current value after the sinusoidal form and the blue
line has the smallest. This will impose some restrictions over
the configuration of the VD cell to make the power circuit
works as intended during this process. The resonant time can
be computed as

1

Tr
= fR =

1

2π
√

n2 · Lk · Ceq

. (3)

The methodology to tune the doubler capacitor is: 1) Select
the switching frequency and turns relation of the transformer.
2) Find the duty cycle through the static gain of the converter.
3) Compute D∗ · Ts. 4) Define candidate values for Cd and
C1. 5) Compute the equivalent capacitance with (2). 6) Find
the resonant time with (3). 7) Find Cvd and C1 combinations
that achieve 0.5 · Tr < D∗ · Ts.

It can be seen, from the iterative design process, that lower
values of C1 will make the voltage VC1 to vary more, pro-
ducing undesirable effects on the rest of components. Lower
values of Cvd will increase the current through the MOSFET
to achieve the same RMS current in less time. Higher values of
Cvd will increase the time of the resonant process, producing
that the converter operates above resonant frequency as can
be seen in Fig. 6a). With the methodology mentioned, four
designs are tested to get Cvd and C1 combinations that suit
the converter, these operations combinations are made with
transformer turn relation 3 or 4, switching frequency 75 or
100 kHZ. In Fig. 6b), the design space is shown for the n
= 4 and fsw = 75 kHz case. Every point within the colored
lines form a Cvd−C1 pair. If the pair is under the black solid
line, the design is suitable for resonant operation. Is worth
to say that with higher n the duty cycle is lower. Also, for
lower switching frequency, the available time for the resonant
process is increased and that impacts directly in the value of
Cvd which can be higher. This is why the 75 kHz design space
is more dominant on the 5 to 10 µF for Cvd than the 100 kHz.
In this point is very important to recall that the duty cycle for
one operation point will create a specific on and off time. A
smaller on time will make that the resonant process should end
quickly in order to secure the complete sinusoidal waveform,
this is important because, as the duty cycle impact directly
in the voltage gain, some disturbances could make the circuit
loose the soft transition capabilities. For example, for n = 4
the duty cycle is lower for the same voltage gain than n = 3,
this makes that the capacitor Cvd has to be smaller to achieve
the completion of the resonant process during the available
time, increasing the current.

III. VOLTAGE GAIN AND STRESS

In terms of voltage gain the DVDiSEPIC can be divided
into several operational blocks. The first block is the SEPIC
circuit itself, which behaves as a non-inverting buck-boost.
The second block is the HF transformer, and the third block
is the VD cell, the snubber is not consider as its operation



Fig. 7. (a) Voltage gain and (b) Voltage in switch, for different
isolated converters.

time is short enough to be despised. Considering these blocks
and the IPOS connection, the voltage gain can be obtained as

MDVDiSEPIC = 2 · D

1−D
· n · 1

D
=

2n

1−D
. (4)

In Fig. 7a) a comparison of several converters’ static gains
is presented where, compared with other isolated circuits, the
DVDiSEPIC has higher static gain in the lower duty cycle.
The DVDiSEPIC has fewer active switches but more passive
elements and diodes. This can be advantageous since active
switches add more complexity in terms of control and drive
circuitry. Nevertheless, it is important to note that the losses
may increase as the number of conducting elements in the
circuit increases.

The voltage stress in the main switch can be obtained as a
function of the duty cycle as shown in (5)

V SDVDiSEPIC =
2−D

2n
. (5)

In Fig. 7b) the voltage stress in different isolated converters is
plotted. In the DVDiSEPIC topology, the switch experiences
increased voltage stress as the duty cycle rises. However, it
is crucial to note that the voltage stress calculation does not
account for variations in the snubber capacitance, which can
reduce the peak voltage experienced by the switch.

IV. CONVERTER CONTROL

The control of the converter is implemented through a
cascaded linear control loop per channel. In this case, an
independent approach of control is taken, this is, to consider
each channel of the converter as a separate and control the
variables with independent closed loops.

A. Model acquisition

To extract the dynamics of the DVDiSEPIC an algorithm-
based method is used. In this case a combination of data series
from PLECS simulation and a zero - pole extraction to form
the transfer function of both voltage and current loops was
used, as can be seen on Fig. 8a), where the data from the
inductor current iL(t), capacitor voltage vc(t) and duty cycle
D goes from PLECS to the MATLAB toolbox, where the
number of poles and zeros is selected to identify the system,
with this information the transfer function of the duty cycle
to current HD2iL and current to voltage HiL2vC are obtained.

(a)
(b)

Fig. 8. (a) Controllers obtaining method and (b) Transfer
functions step responses.

Fig. 9. Control scheme for one channel of DVDiSEPIC.

These functions are then used to tune the controller parameters
Kpi and Ipi.

Model selection is made comparing different outputs of the
algorithm with different number of zeros and poles. After, the
best candidate is chosen based on a step input compared with
simulation data of the circuit at nominal operation. In the left
side of Fig. 8b) the duty cycle to inductor current transfer
function is observed during a step excitation. The selected
transfer function has a 13% error when compared with the
simulation and, in the right side of Fig. 8b), current to voltage
step response is shown and the selected transfer function has
2% error compared with simulation data.

B. Voltage and current control

The control scheme is shown in Fig. 9. The strategy is to
control the voltage at the output capacitors of each channel of
the circuit. For simulation purposes the values in Table I are
consider.

TABLE I
SIMULATION PARAMETERS FOR DVDISEPIC.

DVDiSEPIC @ 15 kW and 75 kHz
L1 45 µH Co 100 µF C1 12 µF
Vi 65 V Cs 300 nF Vo 1.4 kV
Ls 5.5 µH D∗ 0.63 Lm 0.5 mH
n 4 Lk 500 nH Cd 1.5 µF

Voltage and current control loops are tuned in MATLAB
rltool, obtaining the following controller functions which are
implemented into the simulation with an anti-windup system

Ci(z) = 0.01413 ·
[
1 +

(
1− 0.9992

0.01
· 1

z − 1

)]
, (6)

Cv(z) = 1.1905 ·
[
1 +

(
1− 0.99988

0.01
· 1

z − 1

)]
. (7)

In Fig. 10 a transient test can be seen. This test comprise
input voltage variations, output voltage set point change,
output current disturbances. After the output voltage of one
capacitor reaches its nominal value at 0.5 pu in each output



Fig. 10. Perturbations under linear control.

capacitor, the nominal state begins. The first disturbance is
an input voltage decrease of 0.1 pu. The input current has to
rise to increase the input power and to keep the voltage of
the output capacitor constant of its value will decrease. After
this, the input voltage raises 0.2 pu, reaching 1.1 pu. Now,
the current has to decrease to lower the power or the output
capacitor voltage will raise. Finally the input voltage is set to
its nominal value.

The next disturbance is a reference change in the output
voltage from 0.5 pu to 0.465 pu, this is from 1.4 kV to 1.3
kV. During the transient, a strong change in the input current
can be seen from Fig. 10b) at 150 ms. This allows the voltage
of the output to drop fast and reach the steady state value in
10 ms with a lower value of 0.46 pu, which is less than 3%
undershoot during transient state. The output voltage is set
back to its nominal value at 220 ms in a 10 ms transient.

The output current is driven by the output voltage as the
load is a resistor. Nevertheless, when an external current is
injected in the DC link, the input inductor has to adjust its
current to decrease or increase the power from the source to
the load in order to mitigate the external current effect. For
example, when current is injected into the DC link, the input
current decreases allowing the external current to charge the
DC link. In the case the current is negative (coming from the
DC link) the input current increases to keep the voltage of the
output constant.

V. CONCLUSION

This paper presents a modified SEPIC circuit, specifically
designed and tested through simulation for high voltage gain
applications within a fuel cell system. The converter forms part

of a two-stage system to power an electric motor for traction
in electromobility, a scenario that imposes strict conditions
and requirements particularly for the fuel cell. The proposed
DVDiSEPIC is designed to operate with soft-switching tran-
sitions across all its switches at a fixed frequency, allowing to
the use of a conventional PWM control scheme. A cascaded
control loop design is implemented to ensure output voltage
regulation, enabling the system to effectively reject input
and output disturbances while maintaining voltage stability
under various operating conditions. Ongoing work involves
constructing an experimental setup to validate the simulation
results and further confirm the practical feasibility of the
proposed design while improving the optimization procedure
to obtain better performance considering hardware design.
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