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Abstract

Hybrid power systems have evolved into a vital component of contempo-
rary power networks, finding application in various domains ranging from
automotive to small-scale off-grid setups. Their purpose is to optimize the
utilization of diverse energy sources. This study delves into the efficacy
of integrating ultra-capacitors and batteries synergistically. Employing a
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multi-input converter to drive a variable DC load, the aim is to minimize
losses and expenses. In the proposed configuration, a single inductor is
utilized, facilitating the integration of a variable array of distributed energy
sources. Notably, this converter expedites ultra-capacitor (UC) charging
by offering a low inductance pathway, distinguishing it from conventional
multi-input DC-DC converters. This proposed topology is bidirectional and
adaptable to accommodate varying numbers of energy sources. The obtained
numerical results reveal the converter’s effectiveness in stabilizing output
voltage and current, making it suitable for multiple applications like electric
vehicles, fuel cell systems, and renewable energy integration. Additionally,
in the proposed topology, the results showed that it could charge a 2000F UC
from a 300V source from 40% to 100% in just 400s and from a 150V battery
from 20% to over 90% in just 200s due to the single inductor present in the
charging path. Moreover, the load voltages are below 2% in all operational
modes when either one or two sources are driving the load. Future research
may focus on refining control algorithms to further enhance system efficiency
and expand its applicability across different sectors.

Keywords: Ultra capacitor (UC), hybrid energy storage system (HESS),
multi-input single-output (MISO) converters.

1 Introduction

Developments in renewable energy-based power systems, hybrid vehicles,
and aerospace systems, have brought about a revolutionary change in DC-
DC energy conversion systems. These systems have several input sources
connected to a DC-DC converter to produce a desired output at the limit. In
the conventional structure [1], multiple sources are connected at a common
DC bus, separate DC-DC conversion stages are used for individual sources,
and converters are controlled independently. This type of structure involves
several stages working independently, so complexity and cost also take a high
turn while implementing this type of structure. So, there have been lots of
researches that propose the use of multi-input converters which can com-
bine different types of power sources such as photovoltaic cells, fuel cells,
batteries, ultracapacitors, and other renewable energy sources regardless of
their characteristics. Many topologies have been proposed. Two types of
multi-input (MI) converters are mentioned in [1]. The isolated converters use
transformers to separate the primary and secondary sides, and non-isolated
converters provide a direct electrical connection between input and output.
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Among the proposed topologies, the MI converters are a must for combining
several energy sources whose power handling capacity or voltage levels are
different to achieve a desired output voltage. However, isolated converters
are costly and less efficient due to the extra burden of transformers and the
complexity of the control mechanism. In the MI topologies mentioned in [2–
6, 16, 18–20, 23, 24]; bi-directional power flow is not considered, and energy
exchange between two sources is not possible. In [22], the energy exchange
between the main and auxiliary sources is mentioned, but bi-directional
power exchange is not considered.

In the proposed MI converter topologies at [8–10, 15], different power
sources can simultaneously drive the load. However, a significant amount
of power switches and a complicated gate drive circuit are necessary, thus
enhancing the complexity and cost of the topology. In [11], the proposed
MI DC-DC converter topology can handle bi-directional energy exchange
but fails to address power sharing among energy storage systems. Moreover,
the proposed topology comprises a large number of switches which can
be detrimental to energy efficiency. A soft-switched non-isolated high step-
up multiport converter is introduced in [12], enabling distinct power paths
between input sources and the output, making it suitable for hybrid energy
applications where the energy storage device can be charged from both
energy generation sources and the output DC link. The converter achieves
high integration by sharing components in different operating modes and
employs four soft switching techniques to ensure smooth operation without
compromising functionality. However, in this schematic, many inductors are
required, making the system bulky. Alomari et al. [13] introduced a multi-
port DC-DC converter integrating PV cells and battery based on a flyback
converter, which consists of a transformer, inductors, and switches, but it
cannot handle bi-directional power flow which is an obvious drawback in
modern hybrid energy storage system (HESS). In [7, 14, 17]; the proposed
converters can effectively manage bi-directional power flow and energy
exchange among inputs with minimal components. He et al. [7] proposed
a methodology that integrates an ultra-capacitor (UC) as an energy storage
element and the extension of multi-ports is possible without altering the oper-
ation. The major drawback of this strategy is that it uses a separate inductor
for each source and due to the presence of two inductors when the battery is
required to charge the UC, the charging time of UC significantly increases.
In [14], the proposed converter does not address power sharing between
the load and the main source. In addition to that, this topology does not
support buck-boost operation when the main source or the auxiliary source is
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driving the load, which is not desirable in all cases. Rasoul Faraji et al. [21]
demonstrated a soft-switched single inductor-based Multiport Bidirectional
Power Converter. Although the converter is designed to minimize switching
losses for the main switches, the auxiliary switches (used to enable ZVS)
can still experience switching losses, particularly if their operation is not
perfectly timed. It also introduces higher voltage and current stress on some
of the components, particularly the switches and inductors. This increases the
need for high-quality components, which can drive up the overall cost of the
converter.

A novel topology for MI bidirectional DC-DC converter has been intro-
duced in this paper. It provides positive output voltage, without any additional
transformer. It can operate bi-directionally without any need for additional
converters. However, a single inductor is used for different inputs which
also provides a low inductance path for the fast charging of UC. Due to
the incorporation of a single inductor and low-impedance charging path,
the number of switches used in this topology is greater but this topology
works in a series connection of sources when powering the output via the
available sources, which allows more inherent voltage regulation than parallel
connection. Table 1 summarized the comparison among some of the recently
proposed MI converters.

The main contributions of the paper are as follows:

(a) Novel Multi-Input DC-DC Converter Topology: The paper introduces
a new topology that combines a battery and UC in a HESS, utilizing
a single inductor to support multiple input sources. This configuration
reduces the system’s complexity and cost compared to conventional
converters.

(b) Fast Charging for UC: Unlike previous topologies, this converter facil-
itates fast charging of the UC through a low-inductance path, thereby
improving the system’s response time and making it highly efficient for
applications requiring quick bursts of power.

(c) Multiple Operational Modes: The converter offers six operational modes
to accommodate varying energy demands, allowing for seamless switch-
ing between the battery and UC, as well as between charging and
discharging modes.

Table 1 summarizes the comparison among some of the recently proposed
MI converters.

The rest of the paper is organized as follows. Section 2 presents the pro-
posed topology and its working mechanism. Section 3 presents the simulation
results and discussions and Section 4 concludes the article.
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Table 1 Comparison matrix among the MI converters

Reference
No

Bi-directional
Power Flow

Capacity

Energy
Exchange
Among
Multiple
Sources

No Switches
Used

No Inductors
Used

Expandability
to

Multi-input
Ports

7 Yes Yes 6 for 2 inputs 3 for 2 inputs Yes

11 Yes No 6 for 2 inputs 4 for 2 inputs Yes

12 Yes Yes 5 for 2 inputs 6 for 2 inputs No

14 Yes Yes 3 for 2 inputs 2 for 2 inputs No

15 No No 4 for 4 inputs 4 for 4 inputs Yes

16 No No 4 for 2 inputs 1 for 2 inputs No

17 Yes Yes 4 for 3 inputs 2 for 3 inputs No

18 No No 5 for 2 inputs 4 for 2 inputs No

19 No No 3 for 2 inputs 1 for 2 inputs Yes

20 No No 2 for 2 inputs 2 for 2 inputs Yes

21 Yes Yes 6 for 3 inputs 1 for 3 inputs No

22 No No 4 for 2 inputs 1 for 2 inputs No

23 No No 3 for 2 inputs 1 for 2 inputs Yes

24 No No 10 for 2 inputs 2 for 2 inputs No

This Paper Yes Yes 8 for 2 inputs 1 for 2 inputs Yes

2 Proposed Methodology

Generally, a hybrid system is supposed to have several sources of power
supply. The conventional series-connected converter has a certain voltage
limit at the output and a parallel converter is complex for designing [1].
Both of them use a large number of components which in turn increases
complexity and cost. And not to forget, they are not capable of dealing with
bi-directional power flow. Keeping in mind that a converter has to be efficient
in terms of power flow, cost-effective, smaller in size, and provide extension
of multi ports. Figure 1 depicts the methodology for hybrid energy storage
system operational modes. The flowchart outlines a decision-making process
for operating different modes in a HESS. The proposed converter needs to
be controlled at different modes by adjusting the duty cycles of the switches
associated. The operation sequence of various modes is to be performed by
the following flow chart. Based on the flowchart, here are the experimental
steps that can be followed:

Step 1: Power on the system and ensure all components (battery, UC,
converters) are functioning correctly.
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Step 2: Measure the voltage load (V-Load) and determine if it’s greater than
400V.

Step 3: If V-Load > 400V:

• Further measure if V-Load is less than 450V.

◦ If V-Load < 450V, check the battery’s State of Charge (SoC).

Step 4: Check Battery SoC (State of Charge):

• If the battery’s SoC is greater than 70%, Operate in Mode-2.
• If the battery’s SoC is less than 15%, Operate in Mode-6.
• If the battery’s SoC is neither, Operate in Mode-5.

Step 5: If V-Load ≤ 400V:

• Measure the SoC of the battery.
• If the SoC of the battery is greater than 30%, check if the SoC is less
than 50%.

Step 6: If Battery SoC < 50%:

• Check the SoC of the UC.
• If the UC’s SoC is greater than 60%, Operate in Mode-4.
• If the UC’s SoC is less than 60%, display a low charge warning and set

a timer to stop the process.

Step 7: If Battery SoC > 50%:

• If the SoC of the UC is greater than 40%, Operate in Mode-3.
• If the SoC of the UC is less than 40%, Operate in Mode-1.

Our proposed converter has a battery as the main source, an UC as an
auxiliary source, several switches (can be any bidirectional switch), a single
inductor, and the DC Link, as shown in Figure 1. A capacitor is provided
to reduce ripple in the output. Extension of multi ports is possible here by
adding additional sources.

Compared to the other topologies, this paper introduces a series of
connected sources when multiple sources are working together. Thus, the
proposed topology has the advantages of series-connected converters. Based
on load requirements, several modes are presented for the working of the
converter. The switch S8 is needed when more than two sources are connected
to the inductor. The operation and control of different modes are tabulated
below:

Table 2 mentions the operation in different modes. Several more opera-
tional modes can be achieved by the proposed configuration. For our purpose,
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Figure 1 HESS operational modes.

 

Figure 2 Topology of the proposed hybrid converter.
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Table 2 Different operational modes
Mode Operation Mode Function Summary
1 Battery drives the

DC link
When only battery
is available.

Confirm the energy supply from the
battery during standalone operation.

2 Battery drives the
UC

When the battery is
available but no
load.

Maintains system readiness by
balancing energy between the
battery and UC.

3 Battery and UC
drive the DC link

When both sources
are available.

Combines energy sources to meet
high load demands efficiently.

4 UC drives the DC
link

When only UC is
available.

Provides temporary power when the
battery is not available.

5 DC link charges the
battery

When Regeneration
is on and the
battery needs to be
charged.

Maximizes energy recovery by
storing regenerated energy in the
battery.

6 DC link charges the
UC

When Regeneration
is on and the UC
needs to be charged

UC energy storage is promptly
restored for upcoming peak power
demands.

these six operation modes are presented. The switching sequence for the
associated mode of operation is given below:

Table 3 Switching sequence in different modes
Mode Inductor Charge Cycle (Switch ON) Inductor Discharge Cycle (Switch ON)
1 S1, S4 S6, S7

2 S1, S4 S2, S4, S7

3 S1, S2, S5 S6, S7

4 S2, S3, S5 S6, S7

5 S6, S7 S1, S4

6 S6, S7 S2, S3, S5

In mode-1 the DC link voltage is greater than the battery voltage and so
the battery voltage is boosted to supply the DC link. In the first half-cycle, the
inductor L is charged via S1 and S4 and it is then discharged at the DC link
via S6 and S7 during the second half-cycle. So, during each of the cycles, the
voltage across the inductor can be found by –

VL = Vin in the first half cycle.
VL = Vout in the second half cycle.

The output voltage as such can be given by the following equation from the
inductor Volt second balance equation:

VL ·D1Ts + VL ·D2Ts = 0 (1)
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Here, TON is the time taken for inductor charging when the switches of the
first cycle are on, and D1 is the duty ratio of these switches. TOFF is the time
taken for inductor discharging when the switches of the second cycle are on,
and D2 is the duty ratio of these switches, D2 = 1 − D1. Ts is the switching
period. Using the relations of VL from the first and second half cycle, we
can easily deduce the steady state input and output relation of the proposed
converter. It is given by:

Vout =
D1

1−D1
· Vin (2)

In mode 1, Vin is the battery voltage and Vout is the voltage at the DC
link. The battery drives the DC link by operating the first cycle switches at a
duty ratio of over 0.5. Like a conventional DC-DC buck-boost converter, the
inductor ripple current in continuous current mode can be given by,

∆IL =
D1 · Ts

L
· Vin (3)

Where, ∆IL is the ripple current. The minimum capacitance to limit the
output voltage ripple is:

Cmin =
D2

1 · T 2
s

L.∆Vout
· Vin (4)

The operating modes mentioned in Table 2 work similarly. In the first half
cycle, the inductor is charged from the source power and then it is discharged
at the load in the second half cycle. Equation (2) gives the input-output
relation in the steady-state operation of all the modes. In mode 4, the UC
drives the DC link in case of unavailability of the battery in the same way as
mode 1 operates. In mode 3, both the battery and the UC power the DC link
by operating the switches at a duty ratio of over 0.5. Conversely, when there
is excess power at the DC link due to some regeneration, it is dissipated at

 
(a) (b) 

Figure 3 (a) Charge cycle of the inductor in mode-1; (b) Inductor discharge cycle in mode-1.
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Figure 4 Simulink model used for simulation.

either the battery or the UC by keeping D1 < 0.5. This sums up the operation
in mode 5 or mode 6. In mode 2, the battery charges the UC by operating D1

at less than 0.5. This action takes place when there is sufficient charge in the
battery and regeneration is taking place but the power is low.

3 Simulation Results and Discussions

The proposed circuit was simulated in MATLAB/SIMULINK 2020a to eval-
uate its performance under conditions typical for an electric vehicle (EV)
load. The desired reference output voltage for the circuit was set at 300 V, a
common DC link voltage for EV power systems. The system was designed to
deliver 150 kW of output power, simulating the power demand of an electric
vehicle under load. This power corresponds to a 500 A load current. A 2000
Farad (F) UC with a rated voltage of 125 V was used in the design to meet
the requirements of rapid power delivery. Ultra-capacitors are chosen for
their ability to provide bursts of high power for short durations. The 2000 F
capacitor was sized to serve a 500 A load during sudden demand surges,
essential for applications like electric vehicles that may require a quick boost
of power for acceleration. The inductor value in the system was selected as
9 µH. The inductor works to smooth out the current ripple in the power flow
from the UC and battery, ensuring stable power delivery.

DC Link Modeling for Modes I, III, and IV

• In these modes, the DC link (which helps in stabilizing the voltage
across the load) was modeled using a 12.5 mF capacitor and a 0.6 Ω
resistor. The capacitor acts as an energy storage component, ensuring
a steady voltage at the DC link, while the resistor models the internal
losses or resistance in the DC circuit.
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Battery Model

• The battery used in the simulation was modeled as a lithium-ion battery
sourced from the built-in Simulink power library. Lithium-ion batteries
are commonly used in electric vehicles due to their high energy density
and long cycle life.

• The battery had a nominal voltage of 150 V and was rated at 2000
Ampere-hours (Ah). This capacity allows the battery to supply 500 A
of current continuously for up to 4 hours, making it suitable for
powering the EV over a typical driving cycle.

Switching and Control Mechanism

• Switches: The simulation utilized the ideal switch module from the
Simulink library. These ideal switches are used to model power elec-
tronic components like IGBTs, TRIACs, and MOSFETs which are
typically used for controlling the power flow in converters.

• A switching frequency of 5 kHz was chosen for the simulation. The
switching frequency determines how often the power electronic switches
(like IGBTs or MOSFETs) turn on and off, which in turn controls the
power conversion process.

Modes 5 and 6:

• In mode 5 and mode 6, the DC link was modeled as a constant
voltage source of 300V. This implies that, in these operating modes, the
voltage is regulated externally to ensure that it remains constant, which
is essential for stabilizing the system during certain operations.

• The initial OC for the battery was set at 20% in mode-5, simulating
a nearly discharged battery scenario. This tests the performance of the
system in low-battery conditions, which is critical for understanding the
system’s behavior during depletion.

• In mode-2, the initial voltage of the UC was set to 25 V and in mode-
6, it was set to 50 V. This lower initial voltage simulates the condition
where the UC starts in a partially discharged state and assesses how the
UC helps during power surges.

3.1 Control of Duty Cycle (D)

The value of the duty cycle (D) is crucial to control the output voltage of
the converter. A proper control mechanism adjusts D to regulate the output
voltage and current to the desired level. However, in this particular study,
developing a control system was beyond the scope, so pre-determined D1



166 Monowar Mahmud et al.

Table 4 Duty cycle values in different operating modes
Mode Value of D1 (%) D2 = 1−D1 (%)
1 65 35
2 45 55
3 55 45
4 75 25
5 40 60
6 30 70

values were used to illustrate the converter’s operation in different modes.
The values of D1 (duty cycle in different modes) were chosen to ensure the
output voltage met the desired target and were presented in Table 4 to show
how the converter behaves under various conditions.

Figure 5 depicts the simulation results of mode 1. In mode 1, the load
voltage waveform oscillates between 288 V and 293 V with a high frequency.
This ripple in the load voltage may be caused by the switching operation
of the converter. The slight oscillation indicates that the output voltage is
close to the set reference of 300 V, as per the design. The load current also
fluctuates within a small range of 479 A to 489 A, which suggests that the
load is being served at a relatively constant current, consistent with the target
500 A load. The high-frequency switching action in the converter also causes
the ripple in current. The inductor voltage waveform alternates between
positive and negative values (approximately +200 V and −300 V). This is
a typical behavior for an inductor in a Buck-Boost converter, where it stores
energy when the switch is on (positive voltage) and releases energy when the
switch is off (negative voltage). The sharp changes indicate high switching
frequency, which is typical for power converters. The inductor current has
a triangular ripple pattern, oscillating between 250 A and 2500 A. This
indicates that the current through the inductor is ramping up and down within
each switching cycle. The triangular shape is characteristic of the charging
and discharging cycles of an inductor in switching power supplies, where
the current ramps up when the switch is closed and ramps down when the
switch is open. Load Voltage and Current both are close to their target values
(around 300 V and 500 A) but show some ripple due to the switching behavior
of the converter. The inductor shows the expected behavior of a converter
in continuous conduction mode (CCM), with the inductor voltage switching
between positive and negative, and the inductor current oscillating with a
triangular waveform. The presence of ripples in the waveforms is normal for
power electronics circuits, especially those operating with high-frequency
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switching. The ripple values are within acceptable limits, indicating that
the system is operating as expected. The battery voltage starts at around
175 V and gradually decreases over time, indicating a steady decline in
the battery’s voltage as it is discharged. The overall trend shows the typical
behavior of a battery discharging under load. The voltage oscillates between
approximately 160 V and 162.5 V, reflecting this repetitive load pattern. The
current plot shows a cyclic pattern, with spikes going up to 2500 A and
dropping to 0 A. This indicates a steady current drawn from the battery
over the period. The state of charge decreases gradually, starting at 100%
and moving downward, as the battery depletes. This linear decrease suggests
that the load and discharge rates are relatively steady.

Figure 6 depicts the simulation results of mode 2. In mode 2, the UC
voltage increases steadily from 25 V to 125 V over a span of 200 seconds,
which corresponds to a rise in the SoC from 20% to 90%. Once it reaches a
steady state, the UC voltage fluctuates between 114 V and 134 V. Initially, the
charging current is very high at 10 kA, but it gradually decreases and stabi-
lizes at 2500 A. The inductor’s voltage also exhibits notable behavior, peaking
at 155 V and dropping as low as -140 V. The inductor current increases
linearly from 800 A to 2400 A and then falls, completing a full charge-
discharge cycle. Interestingly, the initial inductor current is quite large,
exceeding 10 kA, which is attributed to the abrupt operation of switches. The
battery exhibits similar characteristics to those observed in mode 1, where its
voltage gradually decreases from 175 V to 160 V, and the current declines
from 10 kA to 2 kA. The SoC of the battery steadily decreases as well,
indicating a consistent discharge rate.

Figure 7 depicts the simulation results of mode 3. In mode 3, both the
battery and the UC are supplying power to the load, which occurs when there
is an increase in load current. The load and inductor currents follow a pattern
similar to that seen in mode 1. The load voltage, in a steady state, oscillates
between 318 V and 325 V. The load current initially increases from 530 A to
541 A, then drops over a full cycle. The voltage across the inductor alternates
between −310 V and 290 V, while the inductor current fluctuates between
−400 A and 2700 A. In this mode, the battery voltage stabilizes at 165.5 V,
and its current surges from 0 to 2800 A. The UC voltage reaches a steady
value of 110 V, and the UC current follows a similar pattern to that of the
battery.

In mode 4, when the battery is unavailable, the UC alone powers the load.
The steady-state waveforms of both the load and the inductor resemble those
observed in mode 1, albeit with reduced values. The UC voltage and SoC
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Figure 5 Battery, load, inductor voltage, current, and SoC analysis in mode-1.

Figure 6 Battery, inductor and UC voltages, currents, and the corresponding SoC of battery
and UC in mode-2.

settle at 30 V and 30%, respectively, and the output voltage falls below 100 V
(Figure 8). Despite this drop, the UC provides a driving current of 335 A to
the load. Modes 5 and 6 deal with the dissipation of power generated during
regenerative processes. In mode 5, the battery is charged with a current of
2.2 kA, and its SoC increases linearly from 20% to over 90% within 400
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Figure 7 Battery and UC discharging characteristics with inductor and load profile in
mode 3.
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Figure 8 UC discharging voltage & current & load and inductor profile in mode 4.

seconds. During this time, the battery voltage rises from 160 V to 214 V. In
mode 6, the inductor current oscillates between −1100 A and 900 A, and the
UC is fully charged from an SoC of 40% to 100% over 400 seconds. Proper
control mechanisms of the duty cycles of every switch will enable better
voltage and current regulation at the output. UC charging characteristics in
Mode 5 and the battery charging characteristics in Mode 6, as depicted in
Figure 9.

3.2 Discussion

Modes 5 and 6 focus on the dissipation of power generated during regen-
erative processes. In Mode 5, the battery has been charged with a current
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Figure 9 Battery and UC charging characteristics in mode 5 and mode 6.

of 22 kA, and its SoC increased linearly from 20% to over 90% within 400
seconds. Simultaneously, the battery voltage increased from 160 V to 214 V.
In Mode 6, the inductor current oscillated between −1100 A and 900 A,
while the UC charged fully, with its SoC rising from 40% to 100% over 400
seconds. Appropriate control mechanisms for the duty cycles of each switch
are crucial for achieving better voltage and current regulation at the output.
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The different modes of operation reveal critical insights into the perfor-
mance and behavior of the power converter system, predominantly in terms
of voltage, current, and SoC dynamics across the battery and UC. Each mode
demonstrated specific characteristics that are crucial for understanding how
the system responds to varying load demands, switching frequencies, and
energy storage mechanisms. In Mode 1, the oscillations in both load voltage
and current, though minimal, indicate that the system is operating close to
its design setpoints of 300 V and 500 A, respectively. These fluctuations
are expected in systems with high-frequency switching, such as converters
using pulse-width modulation (PWM) techniques. The ripple in voltage and
current is within acceptable limits, suggesting effective regulation despite the
switching-induced perturbations. The inductor’s triangular current waveform
is a hallmark of continuous conduction mode (CCM), where energy is con-
tinuously transferred to the load, preventing discontinuities in current flow.
The inductor voltage alternating between positive and negative values further
validates that the system is effectively managing energy storage and release
during each switching cycle. These results suggested that the converter
performances are adequate as expected, and maintained stable operation
while providing consistent power to the load. The battery’s gradual voltage
decreases and linear SoC reduction reflect a typical discharging behavior
under load, reinforcing the system’s ability to supply power over time.

In Mode 2, the linear rise in UC voltage and SoC during the charging
phase highlights the system’s capacity for energy storage. The high initial
charging current, which tapers off as the UC approaches a full charge, indi-
cates the rapid energy absorption capability of ultracapacitors, particularly
when they are in a low-charge state. The stabilization of current and voltage
at higher SoC levels underscores the system’s ability to manage charging
efficiently, preventing overcharging and ensuring the longevity of the storage
component. The observed behavior of the inductor, with its voltage and cur-
rent responding in tandem to the charging and discharging cycles, aligns with
expectations for energy transfer between the UC and the load. The battery’s
performance in this mode mirrors that of Mode 1, with a consistent decline
in voltage and SoC, further confirming the steady discharge characteristics
under sustained operation.

Mode 3 introduces a more complex scenario where both the battery and
the UC supply power to the load. The ability of the system to dynamically
share the load between the two energy storage components is evidenced
by the fluctuations in current and voltage across both the battery and UC.
The load voltage remains relatively stable, oscillating within a narrow range,
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while the load current experiences minor fluctuations. This indicates that the
system is effectively distributing power based on the demand, ensuring that
neither the battery nor the UC is overburdened. The behavior of the inductor,
with its voltage alternating between negative and positive values, and the
current oscillating between −400 A and 2700 A, suggests that energy is being
efficiently transferred between the UC and load. The gradual decrease in SoC
for both the battery and UC reflects a slow energy depletion, indicating a
balanced discharge rate that supports sustained power delivery.

In Mode 4, where the UC alone powers the load, the system demonstrates
its ability to rely solely on the UC when the battery is unavailable. The trian-
gular sawtooth waveform in the UC voltage and current is a clear indication
of the charging and discharging cycles typical of switching converters. The
slow decline in both voltage and SoC over time indicates a gradual depletion
of energy from the UC, which is expected when the load is entirely supported
by the UC. The load voltage and current oscillations remain within acceptable
bounds, suggesting that the UC can maintain stable power output despite the
absence of the battery. The inductor’s sawtooth waveform further highlights
the continuous energy transfer and the gradual decline in current indicates a
smooth discharging process.

Modes 5 and 6 focus on regenerative processes, wherein energy is fed
back into the battery and UC for storage. In Mode 5, the charging of the
battery with a current of 22 kA leads to a linear increase in SoC, with the
battery voltage rising from 160 V to 214 V. This steady increase in both
voltage and SoC underscores the system’s efficiency in managing regenera-
tive energy. In Mode 6, the inductor current oscillates between −1100 A and
900 A, highlighting the dynamic nature of energy transfer during regenerative
braking or similar processes. The UC’s SoC increases from 40% to 100%
within 400 seconds, confirming that the system can fully charge the UC under
regenerative conditions. Table 5 provides the summary of the output ripples
observed in the various operational modes.

Overall, the ripple observed in the voltage and current waveforms across
all modes is consistent with typical behavior in power electronic systems
that utilize high-frequency switching. While the ripple introduces small
fluctuations, the system’s performance remains well within design specifi-
cations, ensuring stable operation and efficient energy transfer. These results

Table 5 Inductor and output ripple quantity at steady state
Mode 1 2 3 4 5 6
Output Voltage Ripple (%) 1.38 16 1.55 1.93 7.32 11.54
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demonstrate the system’s robustness in handling different load conditions,
switching dynamics, and energy storage states, making it suitable for appli-
cations where reliable power delivery and energy efficiency are paramount.
The gradual declines in battery voltage and SoC, coupled with the stable
operation of the UC, highlight the complementary roles of these energy
storage components. The UC provides fast response and high power density,
while the battery ensures a long-term energy supply. Together, they form a
resilient energy management system capable of adapting to various opera-
tional demands, whether in steady-state operation, high-demand situations,
or during regenerative braking. This comprehensive analysis of each mode’s
behavior provides valuable insights into the design and functionality of power
converters, demonstrating how such systems can be optimized for reliable and
efficient energy management across a wide range of operating conditions.

4 Conclusions

This study proposes a HESS that integrates a battery and an UC, leveraging
the strengths of both energy storage technologies. The battery, known for
its high energy density, provides a long-term energy supply, while the ultra-
capacitor, with its high power density, handles rapid charge and discharge
cycles. This combination allows for enhanced performance in energy storage
and delivery, addressing both energy capacity and quick power response
needs. The hybrid system is coupled with a versatile power converter that can
operate in three different modes: buck, buck-boost, or boost mode, depending
on the switching control strategy employed. The converter’s operation in buck
mode allows for voltage step-down, while in boost mode, it enables voltage
step-up. In buck-boost mode, it provides both functionalities, depending on
the power requirements at a given moment. The converter’s bidirectional
power flow capability ensures that power can be efficiently transferred
between the battery, ultracapacitor, and load, making it ideal for systems that
require flexible energy management. Simulation results demonstrate that the
converter maintains a steady DC link voltage of 300 V under varying load
conditions, with load voltage fluctuations confined to ±5 V, ensuring stable
performance. The system satisfies the requirements common to electric car
applications by supporting a high load of 150 kW and a current of up to
500 A. While the battery shows steady discharge behavior and maintains a
steady power output, the ultra-capacitor charges quickly, reaching 90% State
of Charge (SoC) in about 200 seconds. The effectiveness of energy recovery
is further demonstrated by the battery’s SoC rising from 20% to over 90%
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in 400 seconds during regenerative operations. Likewise, the ultra-capacitor
showcases its rapid reaction capabilities by reaching full charge (40% to
100% SoC) in the same amount of time. The suggested system’s applica-
bility for applications needing dependable and dynamic energy management,
such as renewable energy systems and electric cars, is confirmed by these
performance metrics.

Furthermore, it can be used in distributed energy resources (DERs), smart
grids, and microgrids, where different energy sources, such as solar panels,
wind turbines, or fuel cells, need to be integrated and managed. The hybrid
storage system can also benefit battery management systems, ensuring opti-
mal performance and longevity by distributing power delivery between the
battery and the ultracapacitor based on demand. Future research in this area
may focus on developing an advanced control scheme to optimize the opera-
tion of the switches within the converter. This would ensure proper regulation
of voltage levels and charging currents, enhancing the overall efficiency and
reliability of the system. A well-designed control algorithm could improve
the dynamic response, reduce energy losses, and ensure stable power delivery
across various operating conditions, further expanding the applicability of the
hybrid system in real-world energy management scenarios.
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