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Abstract-- This paper presents modifications and performance
analysis of a high voltage gain DC-DC converter topology for
energy management in supercapacitor storage systems. Computer
simulations were performed using PSIM software in thermal
simulation mode, taking into account the real characteristics of the
components. The results obtained are close to the real ones, with
low voltage and current ripple on the DC bus and passive
components, increasing the efficiency of the system with
supercapacitors from the modifications made to the bidirectional
DC-DC converter topology with high voltage gain.

Index Terms—Efficiency; High voltage gain bidirectional DC-
DC converters; energy management; storage systems;
supercapacitors.

I. INTRODUCTION

INCE the Paris Agreement in 2015, the installed capacity

of clean renewable energy has grown significantly, driven

by government interest and policies aimed at keeping the
global average temperature increase below 2°C compared to
pre-industrial levels [1], [2].

However, there are isolated communities in Brazil in the
Amazon region where fossil fuels usually meet energy needs,
causing a significant negative impact on the environment
concerning CO2 emissions.

This situation has motivated the realization of an R&D
project with the local utility Norte Energia S. A. to construct
and implement a mini-generation plant consisting of a
photovoltaic system with a hybrid storage system, that is, an lon
Lithium battery and supercapacitor banks, to reduce or
eliminate the diesel generator's participation and thus reduce
greenhouse gas emissions.

In addition to battery storage systems, supercapacitors are
another energy storage technology increasingly used
worldwide, especially in hybrid systems with specific
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requirements for high discharge power over short periods due
to their high power density, low internal resistance, wide
operating temperature range, and high efficiency [3].

The operation of these energy storage devices needs the use
of bidirectional power converters for controlling the amount of
energy during their charge and discharge process, which has
triggered the growing interest in studies related to converter
topologies as it can be observed through a bibliometric review
performed on the Scopus platform. For this purpose, a single
string with the word "DC-DC converter topologies” was
performed, which resulted in 1159 documents related to DC-
DC converters and their different applications in power
systems. Figure 1 depicts the number of studies dealing with
DC-DC converter topologies over the last 24 years. The
countries leading the publications based on the search
performed are India, the United States, China, and Canada, with

almost half of the studies.
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Fig. 1. Publications per year associated with DC-DC converter topologies.

The type of DC-DC converter used depends on the
application and can be isolated or non-isolated. In the literature,
isolated topologies include flyback, half-bridge, and full-bridge
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converters, mainly used for charging and discharging
uninterruptible power supply (UPS) batteries. Among the non-
isolated topologies, conventional buck-boost, multilevel,
trilevel, switched capacitor, Sepic/Zeta, and coupled inductor
converters stand out, mainly for applications such as power
systems, electric mobility, etc., and depending on the topology
used, it is possible to obtain low levels of current ripple in the
inductors and low levels of voltage ripple in the capacitors to
reduce the stress on the conductors [4], [5], [6].

Some authors have applied this solution to power systems,
such as [7], who proposed a hybrid system consisting of a diesel
engine and a supercapacitor and used an interleaved
bidirectional buck-boost converter to convert energy between
the supercapacitor and the DC bus. In his thesis, [8] proposed
using a bidirectional buck-boost converter and supercapacitors
for a system to increase the power of electric vehicles. In his
work, [9] presented the implementation of an autonomous
photovoltaic system using supercapacitors as an energy storage
unit, where a bidirectional buck-boost converter provides the
connection between the DC bus and the supercapacitor.

The paper in [13] analyzes an electric vehicle configuration
based on supercapacitors and batteries for energy transfer, and
the power flow between the energy sources and the vehicle is
through a DC bus connected to an interleaved bidirectional DC-
DC converter. By facilitating the bi-directional flow of energy,
these converters enable the integration of diverse energy
sources and storage systems, including renewable energy
sources such as solar and wind, as well as battery and
supercapacitor storage. This capability enhances the reliability
and resiliency of microgrids, allowing them to operate
independently of the main grid during outages or periods of
high demand, supporting more sustainable and robust energy
systems.

Considering the growth of renewable energy in recent years
and the emergence of new technologies and categories, such as
electric vehicles and hybrid microgrids, the use of storage
solutions is becoming more relevant in national and
international contexts. This article evaluates DC-DC converter
topologies for supercapacitor power management based on
computational simulations performed in the PSIM software.
For the simulations, real characteristics of the components were
considered from the software's thermal simulation mode, thus
allowing the monitoring of semiconductor losses and results
closer to the real ones.

The topologies include the bidirectional buck-boost DC-DC
converter topology and a new interleaved bidirectional buck-
boost topology with high voltage gain presented by [11].

e Verify the performance of the modifications made
to the high voltage gain topology in systems with
supercapacitors;

o Verify the performance of topologies for
supercapacitor system applications.

Il. THEORETICAL FOUNDATION

A. Supercapacitors

Supercapacitors store energy as an electric field between two
conductive plates. These plates are typically coated with
activated carbon, which offers a high surface area, excellent
electrical conductivity, chemical inertness, and relatively low
cost. A separator material is placed between the two conductive
plates to prevent direct electronic contact between the
electrodes while allowing the free flow of anions and cations.
The assembly of electrodes and the separator are immersed in a
highly conductive electrolyte [6], [12]. Compared to lithium-
ion batteries, supercapacitors have a high-power density, which
allows for fast charging and discharging, but if not coupled
together, they have a low energy density. The analogy of energy
density and power density between electrochemical batteries,
supercapacitors, and capacitors is illustrated in Fig. 2.
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Fig. 2. Specific power vs specific energy Ragone plot for different electrical
energy-storage technologies [13].

Supercapacitor performance is largely attributed to the
properties of the activated carbon coating, which maximizes the
surface area for storing charge. The separator increases the
efficiency and safety of the energy storage process by providing
ionic conductivity while maintaining electrical isolation
between the electrodes. The combination of these components
makes supercapacitors suitable for applications ranging from
renewable energy systems to electric vehicles by enabling high
power density, fast charge/discharge cycles, and long operating
life [14], [15].

A supercapacitor storage system consists of supercapacitors,
a bi-directional DC-DC converter, and a power source; it may
also use another storage solution or power device to form a
hybrid storage system. In some configurations, the system may
consist only of supercapacitors and the DC-DC converter. The
DC-DC converter is key to providing greater controllability and
flexibility to the system, allowing efficient management of the
energy flow in both directions.

For computational analysis, PSIM adopts the equivalent
macro-electrochemical model of supercapacitors presented in
its manual [16]. The schematic is illustrated in Fig. 3.
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Fig. 3. Equivalent electrochemical model of supercapacitors considered with
PSIM software.

The supercapacitor is a nonlinear device, and in this model,
its capacitance depends on the voltage applied to the terminals
[16], according to (1). The supercapacitor's nonlinearity curve
is shown in Fig. 4.

CVe) = Co+KyVe 1)
where Co is the initial linear capacitance, representing the
capacitor's electrostatic capacitance, Ky is a positive coefficient

that reflects the change in capacitance with voltage, and V¢ is
the applied voltage.
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Fig. 4. Capacitance control from the voltage.

To determine the model for the charging and discharging
behavior in PSIM simulations, information from the data sheet
and experimental measurements of the supercapacitor are
needed [16]. The graph in Figure 5 shows some of these
parameters.
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Fig. 5. Supercapacitor charging and discharging parameters.

B. DC-DC Converters

The main characteristic of bidirectional DC-DC converters
is the power flow between two sources in both directions, as
shown in Figure 6. The operation of the semiconductor defines
the concept of bidirectional power flow switches that allow
current to flow in both directions. For this particular study, one

of the sources is the supercapacitor, and the other is the 48 V
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Fig. 6. Power flow between two sources in bidirectional converters.
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The non-isolated topology commonly used in supercapacitor
bank storage systems is the bidirectional buck-boost topology,
which is derived from the unidirectional buck-boost topology
by replacing the diode with a semiconductor switch, as shown
in Figure 7 [17].
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Fig. 7. Conventional Bidirectional Buck-Boost Converter.
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C. Bidirectional DC-DC Converter with High Voltage Gain

The author in [11] presents a non-isolated, interleaved, high-
gain DC-DC converter topology consisting of four sets of
semiconductor switches and diodes (S1, S2, S3, and S4), two
inductors, and three capacitors. In each direction, two switches
are used as power switches, while the other two are used as
synchronous rectifiers. This converter's high gain is more
suitable than the conventional bidirectional buck-boost
converter. The converter proposed by [11] is shown in Fig. 8.
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Fig. 8. Bidirectional DC-DC converter with high voltage gain.

In step-down mode, switches S3 and S4 act as power
switches, while S1 and S2 act as synchronous rectifiers. In boost
mode, switches S1 and S2 act as power switches, and switches
S3 and S4 act as synchronous rectifiers.

Based on an analysis of electrical circuits, [11] defines that
the static gain for the voltage step-down mode and the voltage
step-up mode are respectively:

Vee
Ve = Gycem (Buck) = D? )
sc

Ve = Gycem (Boost) = m 3)
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where D is the cyclic ratio.

The minimum inductance values for the voltage step-down
mode can be seen in (4) and (5).

(1- DZ)RL
bz = @)
Ry
Lzgg (5)

where f; is the switching frequency and R is the DC bus
resistance.

For voltage boost mode, the minimum inductance values are:

D(2 — D)(1 —D)?*R, (6)
P4
L, > (1 21;) Ry )

For boost mode operation, resistance R, corresponds to the
equivalent series resistance of the supercapacitor.
Finally, the central capacitor is determined by (8).

Y 0

D. Modified High Voltage Gain Bidirectional DC-DC

Converter

In order to improve the converter presented by [11] for
application in  supercapacitor storage systems, some
modifications are being proposed in this study. As shown in Fig.
9, two new inductors (L1' and L2") have been added in parallel
to the existing inductors, L1 and L2. In addition, a capacitor C'
has been added in series with the central capacitor C. The aim
of these proposed modifications to the DC-DC converter with
high voltage gain is to reduce losses, reduce the high current
flow over the inductors, reduce ripple over the inductors and
central capacitor and increase the converter's output efficiency
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Fig. 9. Bidirectional DC-DC Converter with Modified High Gain Voltage

\|
/1

SC

Mathematically, L, = L;"and L, = L,’, then the inductance
values for the voltage step-down mode are equivalent to (9) and
(20):

, (1-DHR, ©)
L1 = L1 >2X (Tzfs)

R
Ly=1L,>2x (Z—L) (10)
S

And for the voltage elevator mode, the inductances are
equivalent to (11) and (12):

L—1rs2x P2 D)Z(; ~ D)*R, (12)
Los2x —21;) R, (12)

The central capacitors can be expressed as in the previous
section because their values are the same.

I1l. RESULTS DISCUSSION

To validate the assumptions of this study, a series of
simulations were performed on the converters in the PSIM
software using the specifications in Table I. The semiconductor
model used is the silicon carbide MOSFET. The 48 V DC bus
is supplied by a 62 F - 162 V supercapacitor module. The power
transfer between the sources is 20 kW.

TABLE |
DESIGN PARAMETERS AND SPECIFICATIONS AND COMPONENTS

Parameters Specifications
Rated Voltage of SC Vsc =162V
DC bus voltage rating Vcc=48V
Rated output power Po =20 kW
Switching frequency ;=500 kHz
Ripple current on the inductors Al =0,1%I,

DC bus ripple voltage AVce=2% Ve

Semiconductor switches MOSFET’s IMW120R007M1H

01 10 pF/250 V parallel-connected
aluminum electrolytic capacitor
(ESG106M250AH4AA/KEMET)
02 aluminum electrolytic capacitors
connected in series of 500 uF/250 V
(MLPS501M250EAQ0C/CDE)

02 x 2.2 mF/250 V parallel-
connected aluminum electrolytic
capacitors
(B43630E2228M000/EPCOS)

Central capacitors and output
capacitive filters

A. Project Inductance Selection

The choice of inductances is an extremely important point
for the project, as they define the conduction mode and current
ripple in the converter. Therefore, in addition to the calculations
made using the equations presented, it was considered as a
design criterion that the ripple should be minimal, in this case
0.1% of IL or close to that value. For this analysis, some
simulations were carried out to observe the behavior of the
inductors when discharging the supercapacitor. For the L1
inductor of the converter proposed by [11] and for the set of
inductors (L1 and L1") of the modified converter, the behavior
of the values shown in Table 1l was observed in the simulation.
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TABLE Il
INDUCTANCE VALUES FOR INDUCTORS L1

Buck-Boost Converter

Modified High Voltage
with High Voltage Gain

Gain Buck-Boost

(L1) Converter (L1 and L1")
Induct 0,2736 pH 0,5472 pH
nductances 547,42 gH 1094.8 uH

Similarly, the same criteria were used for the L2 inductances
of the converter proposed by [11] and for the set of inductors
(L2 and L2") of the modified converter. Table Il shows the
values analyzed in the computer simulation.

TABLE Il
INDUCTANCE VALUES FOR INDUCTORS L2

High Voltage Gain

Modified High Voltage
Buck-Boost Converter

Gain Buck-Boost

(L2) Converter (L2 and L2")
0,1152 pH 0,2304 pH
Inductance
230,76 pH 461,52 uH

When L1 =0.2736 uH and L2 = 0.1152 uH were considered
in the simulation of the converter proposed by [11], it could not
be completed because the current in the semiconductor switches
and inductor L1 reached high values, causing the software to
interrupt the simulation. Meanwhile, the current in inductor L2
reaches values below 0 A. The waveform of the current in
inductors L1 and L2 can be seen in Fig. 10.

600 0
500 -100
400 —
< <.-200
5 300 5
E 3 -300
© 200 ©
100 -400
—Current (A) - L1 —Current (A) - L2
0 -500
0 1 2 3 0 1 2 3
Time (s) %108 Time (s) %108

Fig. 10. Waveforms over the inductors when applying L1 = 0.2736 pH (Left)
and L2 = 0.1152 pH (right) for the converter proposed by [11].

By simulating L1 = L1'= 0.5472 pH and L2 = L2'= 0.2304
MH for the buck-boost topology with modified high voltage
gain, the current is better controlled, but the ripple current
through the inductors is too high. In addition, it has been
observed that in this case the inductors L2 and L2' operate in
discontinuous mode. The behavior of the modified converter in
this case is shown in Figure 11.
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Fig. 11. Waveforms over the inductors when applying L1 = L1' = 0.5472 pH
and L2 =12'=0.2304 pH in the modified converter.

When using L1 =0.2736 pH and L2 = 230.76 pH, while the
current ripple of inductor L2 reaches the defined design criteria,
inductor L1 operates in discontinuous conduction mode and
shows high current ripple, as shown in Fig. 12. 12. Similarly, if
the values of L1 = 547.42 pH and L2 = 0.1152 pH are
considered, the current ripple of the inductor on L1 reaches the
values specified for the design, while the inductor L2 operates
in discontinuous conduction mode, as shown in Fig. 13.

600 200
400 150[\
< 200 <100
= =
o o
3 0 3 50
-200 0
—Current (A) - L1 —Current (A) - L2
-400 -50
0 001 002 003 004 005 0 001 002 003 004 005
Time (s) Time (s)

Fig. 12. Waveforms over the inductors when applying L1 = 0.2736 pH and L2
= 230.76 pH to the converter with high voltage gain.
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Fig. 13. Waveforms over the inductors when applying L1 = 547.42 pH and L2
=0.1152 pH to the converter proposed by [11].

Whenusing L1 =L1'=0.5472 yH and L2 = L2'=461.52 pH,
the inductors L1 and L1' operate in discontinuous mode, while
L2 and L2' operate under the conditions previously defined in
the design, as shown in Fig. 14. Similarly, when L1 = L1' =
1094.8 pH and L2 = L2' = 0.2304 pH, L2 and L2’ operate in
discontinuous conduction mode and L1 and L1' operate in the
conditions defined in the design, as shown in Fig. 15.
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Fig. 14. Waveforms over the inductors when applying L1 = L1' = 0.5472 pH
and L2 = 12' = 461.52 pH in the modified converter.
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Fig. 15. Waveforms over the inductors when applying L1 = L1' = 1094.8 uH
and L2 = 12' = 0.2304 pH to the modified converter.

Considering L1 = 547.42 pH and L2 = 230.76 pH for the
converter proposed by [11], it operates within the current ripple
values defined in the design and in continuous operation mode,
as can be seen in Fig. 16.
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Fig. 16. Waveforms over the inductors when applying L1 = 547.42 pH and L2
=230.76 pH to the converter proposed by [11].

By using L1 =L1'=1094.8 pH and L2 = L2'=461.52 pyH in
the converter with modified high voltage gain, it works within
the ripple values specified in the design in continuous operation
mode and at lower current levels compared to the converter
proposed by [11], as shown in Fig. 17.
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Fig. 17. Waveforms over the inductors when applying L1 = L1' = 1094.8 pH
and L2 = 12' = 461.52 pH to the modified converter.

In this case, we can conclude that it is important to pay
attention to the choice of the inductor to reduce the stress on the
components and the cabling used. In addition, it was possible to
observe the effectiveness of the modifications made to the
topology of [11] by controlling the current and reducing the
level and the ripple of the current on the inductors.

B. Converter output performance

The curves obtained were related to the discharge of the
supercapacitor on the DC bus to analyze the performance of the
converters. The output voltages of the converters presented in
the previous section, the conventional bidirectional buck-boost
converter, the bidirectional buck-boost with high voltage gain,
and the modified bidirectional buck-boost with high voltage
gain, are shown in Fig. 18. Where it can be seen that with the
modifications made to the converter proposed by [11], the
voltage approaches the nominal value of the DC bus of 48 V, as
well as presenting a low voltage ripple on the bus.
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Fig. 18. Output voltage waveforms of the conventional bidirectional DC-DC converter, bidirectional DC-DC converter with high voltage gain, and modified

bidirectional converter with high voltage gain.
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Fig. 19. Output current waveforms of the conventional bidirectional DC-DC converter, bidirectional DC-DC converter with high voltage gain, and modified
bidirectional converter with high voltage gain.
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Fig. 20. Waveforms of the voltage on the central capacitor of the bidirectional DC-DC converter with high voltage gain and of the central capacitors C and C' of

the modified bidirectional converter with high voltage gain.

Similar to the output voltage, the current on the DC bus
increases, as shown in Fig. 19. The proposed topology has a
higher current when discharging the supercapacitor, about 408
A, and a ripple of 0.08 A, while conventional bidirectional and
high-gain topologies have an output current of about 399 A.

With regard to the central capacitors in the topology
proposed by [11] and its modification, Fig. 20 shows a
reduction in the stress and ripple on the components. As
mentioned in the previous section, switches S3 and S4 operate
in voltage step-down mode. Based on the characteristics of the
selected MOSFET, the PSIM software obtained the power
dissipation curves for the active switches.

Fig. 21 shows the power dissipation curves for the active
switches in the topology presented in [11], while Fig. 22 shows
the power dissipation curves for switches S3 and S4 in the
modified topology. In this case, it is possible to see close loss
values in the active semiconductor switches present in the
presented topologies.

150 600

500

_ __400
= =

[} @ 300
= =
® <

200

100

0 —Power Losses S3 (W) 0 — Power Losses $4 (W)
0 0.02 0.04 0.06 0 0.02 0.04 0.06
Time (s) Time (s)

Fig. 21. Power losses on switches S3 e S4 in bidirectional DC-DC converter
with high voltage gain.
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Fig. 22. Power losses on switches S3 and S4 are bidirectional in a modified DC-
DC converter with high voltage gain.

Finally, Fig. 23 shows the converters' performance for the
application with supercapacitors. The modified converter has a
higher power dissipation and, therefore, a higher efficiency,
around 96.05%, while the conventional topology has an
efficiency of 83% and the topology proposed by [11] 92%. The
simulations considered all the losses present in the system, thus
validating the efficiency of the proposed modifications for
power dissipation using supercapacitors.
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Fig. 23. Efficiency of converters for storage systems with supercapacitors.

IV. CONCLUSIONS

This work focuses on presenting and analyzing the
modifications introduced in the topology of the high-
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performance bidirectional DC-DC converter proposed by [11]
and evaluating its performance when applied to storage systems
with supercapacitors.

The improved performance of the modified converter was
verified from the results obtained in the computational
simulations. The implemented modifications achieved a
significant increase in system efficiency and a noticeable
reduction in output ripple in both the DC bus and passive
components. These improvements demonstrate the feasibility
and effectiveness of the modified converter for application in
supercapacitor energy storage systems.

In summary, the modifications made not only optimize the
converter's performance but also broaden its applicability in the
context of advanced storage systems. As future projections, the
development of an optimized control technique for these
converters is proposed, as well as its experimental
implementation to validate the results obtained in the
simulation and ensure its performance in real operating
conditions.
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