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Abstract

Hybrid Energy Storage Systems (HESSs) have emerged as an inevitable solution in modern
power systems and transport electrification. An HESS combines two or more complemen-
tary storage technologies—such as Batteries (BTs) with Supercapacitors (SCs), or BTs with
thermal or mechanical energy storage, etc., to leverage their virtues. The robustness of
HESS configurations is of utmost importance for exploring failure analysis and resilience
approaches in BT-SC-based HESSs, which are crucial for long-term reliability, safety, and
contributions towards future decarbonization goals. Hence, based on this motivation, this
work focuses on the study of conventional and advanced HESS configurations, together
with a method of configuration selection. Subsequently, the review aims to obtain a sys-
tematic identification, characterization, and understanding of the reasons behind HESS
failures. This paper thus defines what HESS failures are and their possible mitigations,
discussing many state-of-the-art research studies that may help researchers in finding
correct and updated literature content concerning this research area. Finally, future trends
and developments in BT-SC-based HESSs are discussed.

Keywords: battery–supercapacitor systems; control strategies; energy management
strategy; failure analysis of converters; Hybrid Energy Storage Systems (HESSs); power
electronics converters; reliability of converters

1. Introduction
Energy Storage Systems (ESSs) are a key technology in modern energy infrastructure

that addresses the most significant challenges in grid flexibility, integrating renewable
energy sources, and ensuring a steady supply of electricity. The diverse portfolio includes
batteries, pumped hydro, flywheels, and even thermal storage, each with unique features
designed for specific applications in energy management from grid stabilisation and backup
power to managing the fluctuations of renewable generation. This makes their role highly
important in recent times as governments around the world accelerate their shift to cleaner
energy to achieve net-zero emissions and resilient power systems. Recent research has
established a clear link between ESS deployment and enhanced grid stability, renewable
integration, and operational performance in the top energy markets [1–3]. However, even
if ESSs have been extensively applied, no single technology can simultaneously address the
diverse power, energy, and lifecycle requirements of modern power systems, and therefore,
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it is necessary to focus on complementary and integrated approaches. In addition to
power system applications, ESSs play a major role in modern transportation electrification.
Thereby, ESSs enable higher efficiency, lower emissions, and robust integration between
power grids and electric mobility. Currently, lithium-based batteries are the best selection
for light-duty transportation because of their improved life cycle and high energy density,
while the state-of-the-art research focuses on the importance of selecting appropriate
storage technologies and configurations based on both power and energy demands, cost,
and degradation characteristics. At the system level, ESSs in buses and other vehicles fulfill
the dynamic power demands of specific driving cycles, while also facilitating regenerative
braking and grid support functions like load leveling and vehicle-to-grid (V2G). This makes
ESSs an important link between transportation and energy systems. On the other hand, for
heavy-duty vehicles and trains, a single ESS technology may fail to fulfil the steady-state
and dynamic power and energy demands [4].

Therefore, Hybrid Energy Storage Systems (HESSs) have emerged as an inevitable
solution. By combining complementary technologies, such as Batteries (BTs) with Super-
capacitors (SCs) or thermal/mechanical energy storage, HESSs benefit from both high
energy density and high-power density. This synergy offers both faster response and a
continuous energy supply for Electric Vehicles (EVs) and other transportation applications,
along with grid support and renewable energy integration, as summarised in Figure 1.
These HESSs deliver enhanced cost-effectiveness, more operational flexibility, and broader
application scopes. Existing research emphasises HESS as facilitators of new grid ser-
vices, multi-sector energy coupling, high-penetration renewables integration, and, more
importantly, transportation electrification (like hybrid EVs and fuel cell-powered vehicles),
particularly in systems that intend to pursue ambitious decarbonization targets [5,6]. A
possible classification of ESS technologies is given in Figure 2, and some well-known types
of HESS are presented in Figure 3.

Figure 1. Benefits of HESSs in stationary applications.
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Figure 2. Classification of ESS technologies.

Figure 3. Classification of hybrid energy storage systems.

Among various HESS configurations, BT-SC systems are particularly noteworthy due
to their effectiveness and versatility. This synergy combines the battery’s high energy
density with the supercapacitor’s high-power density, extending the overall lifetime. In
fact, these hybrid systems enhance tolerance to sudden power fluctuations, prolong battery
lifetime, and improve overall system reliability. These key features make them ideally
suited for grid support, electric vehicle, and renewable energy integration applications.
Further experimental and industrial research has demonstrated that they perform well
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for short-duration peak power and medium-duration energy storage applications, thus
becoming essential for power systems, transportation, and industrial uses.

This growing interest in the commercialisation of BT-SC HESSs also highlights the tech-
nological advancements of these devices. CRE’s (Wuxi CRE New Energy Technology Co.,
Ltd.) hybrid Lithium/Supercapacitor is one of the significant technological breakthroughs
in the field. It is suitable for short-term operation and high-current applications of a few
hundred amperes [7]. NASA has achieved another milestone: the Marshall Space Flight
Center has unveiled a solid-state supercapacitor that exhibits high capacity and battery-like
discharge characteristics, aimed at aerospace safety applications [8]. Similarly, American
Lithium Energy Corporation has developed a lithium-based supercapacitor hybrid cell
with high capacity to facilitate rapid energy release and quick charging–discharging cy-
cles without suffering shattering degradation [9]. Another class of technology involves
the use of hybrid supercapacitors, such as lithium-ion capacitors and solid-state hybrid
ultracapacitors [10]. These devices aim to provide the same benefits as batteries but with
higher power densities. Unlike systems that rely solely on batteries, using these different en-
ergy storage technologies in combination with each other increases performance in both the
energy and power domains. Such an improvement is beneficial in applications that require
significant power, such as marine propulsion systems. The noteworthy advancement in
battery technologies includes Lithium Iron Phosphate (LFP) and Nickel–Manganese–Cobalt
(NMC) batteries, which are two of the most common types of batteries still in use today.
Both offer a good balance of energy density, cost, and cycle life. LFP batteries last longer
and are safer, whereas NMC batteries offer more energy, making them better suited for
high-energy applications such as electric mobility. However, Lithium Titanate Oxide (LTO)
batteries also offer a much longer cycle life and can be charged very quickly, although
at a higher cost and with less energy density. Thus, they are best suited for high-power
HESSs [11]. Sodium-ion batteries, on the other hand, are becoming a cheap and plenti-
ful alternative [12,13]. They are well-suited to applications where cost and sustainability
are prioritized, such as grid and marine energy systems. Emerging technologies include
solid-state batteries, which are the most recent technology considered in the battery indus-
try. Solid-state batteries offer greater energy densities and are safer than existing battery
chemistries, but they are still in their infancy in terms of commercialization [14]. In an
attempt to increase the energy limits of standard Li-Ion Capacitors (LICs), [15] utilized
silicon-based anodes of a micrometer size paired with highly activated carbon that featured
a highly porous cathode. This resulted in a maximum energy level of 400 Wh/kg, but with
a degradation of the battery and increased voltage ranges due to the tendency of the Si
particles to peel off from the anode. However, by limiting the voltage range to 2.0 to 4.0 V,
the authors were able to achieve excellent cycling stability with only an 88.6% reduction in
energy after 2000 cycles. Details of some of the state-of-the-art batteries and supercapacitors
are given in Table 1. These innovations in battery and supercapacitor technologies mark
a significant step towards fault-resilient and high-performance HESS technologies. Of
particular interest, reliability and fault tolerance are major research problems in managing
the unique failure and degradation processes of hybrid configurations as HESSs move from
lab prototypes to real-time applications.

The installation of ESSs has now reached record-high levels worldwide, underscoring
its strategic importance. In 2025, China surpassed 100 GW of grid-scale battery energy
storage, with vast expansion also in the United States and across Europe. Latin America,
Asia-Pacific, and the Middle East are rapidly closing the gap with developing markets on the
strength of amicable policies, renewable energy aspirations, and increased investment [5].
Furthermore, the European Union (EU) has published its net-zero emissions pathway
based on its climate policy, which sets decarbonization ambitions for key sectors, in which
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HESSs will play a key role. Particularly, the two key directives dealt with by the EU are as
follows [16]:

1. Renewable Energy Directive III (REDIII): This requires grid operators to consider
energy storage in their planning activities, and it increases the renewable energy target
to 42.5% by 2030.

2. Energy Efficiency Directive (EED): EED is supportive of intelligent demand-side
energy solutions, improving ultimate savings and thereby indirectly contributing to
the development of HESS technologies.

For HESSs to properly align with the decarbonization objectives of the European Union,
it is essential to incorporate the principles of the circular economy into these systems, as
well as to have a strategy in place for the management of these ESSs at the end of their lives.
Since ESSs require critical raw materials such as lithium, cobalt, aluminum, and nickel,
there is a need to incentivize the recycling of these materials. Recent European policies
that relate to the circular economy and critical raw materials aim to fulfill this need. For
example, the Circular Economy Act and the Critical Raw Materials (CRM) Act both provide
incentives for the recycling of critical raw materials. Furthermore, the end-of-life of battery
materials are now regulated by the 2023 EU Batteries Regulation. This regulation intends
to increase the safety and circularity of batteries and includes a mandate of recovering
certain raw materials from these batteries. For instance, ESSs must contain at least 6% of
recycled lithium and nickel, as well as 16% of recycled cobalt by the year 2031. Additionally,
a digital battery passport is to be utilized to keep track of the performance and lifespan of
batteries. Future research should focus upon creating ESSs that are sustainable, recyclable,
and scalable, including investigating potential CRM-free chemistries for these systems [16].

This present global expansion underlines the transformative potential of ESS and
HESS technologies, compelling researchers and engineers to learn from and respond
to system-level failures, to address performance degradation and safety concerns more
quickly. In addition, it is essential to explore failure analysis and mitigation approaches
for battery–supercapacitor-based HESSs to ensure long-term reliability, safety, and con-
tributions to future decarbonization goals. Hence, motivated by this, the present work
primarily addresses the study of BT–SC-based HESS failures, aiming to systematically
identify, characterise, and understand their causes. Upon studying the general faults in
HESSs in terms of degradation, overvoltage, communication failure, and thermal runaway,
good designs, improved maintenance planning, and proper fault detection and mitigation
strategies can be determined. Additionally, failure analysis facilitates the enhancement of
the operational robustness of HESS topologies for challenging applications. This paper also
discusses state-of-the-art research studies about the reliability and failure analysis of HESSs
that may help researchers to find the relevant and up-to-date literature in this research
area. Finally, future trends and developments, along with future directions in BT- SC-based
HESS configurations, are discussed. This new contribution makes the study stand out by
its broad scope.

The manuscript is organised as follows. Section 2 introduces the methodology used
to carry out the literature review. Section 3 classifies battery–supercapacitor HESS archi-
tectures, followed by Section 4 that presents the failure analysis of existing HESS con-
figurations. Then, Section 5 examines emerging trends, recent developments and future
perspectives. Finally, Section 6 provides the conclusion of the paper.
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Table 1. State-of-the-art developments in BT-SC systems.

Storage
Category &

Type

Energy
Density
(Wh/kg)

Power
Density
(W/kg)

Nominal
Voltage (V)

Charge/
Discharge

Time

Cycle
Life Efficiency Cost

($/kWh) References

1. Batteries

LFP Battery 150–210 200–300 3.2 Minutes to
hours 3000–6000 ~85–90% 70–150 [12,17]

NMC Battery 240–350 200–300 3.6–3.7 Minutes to
hours 1000–2000 ~85–90% 100–130+ [12,18]

Sodium-Ion 100–175 200–300 3 Minutes to
hours

4000–
10,000+ ~85–90% 50–120 [12,13]

LTO Battery ~70–90 60–120 2.4 Minutes to
hours

10,000–
20,000 ~85–90% 150–200 [11,17]

Solid-State
Battery

(Emerging)
300–500+ 200–300 ~3.7–4.0 Minutes to

hours 1000–5000 ~85–90% 140 [14,19,20]

2. Supercapacitors

Pure Electric
Double-Layer

Capacitor
(EDLC)

5–10 >10,000 2.7
(standard) Seconds >1,000,000 >95 - [19]

Adv. SCs
(MXenes

Metal–Organic
Frameworks

MFOs)

20–50 40–over 98 - Seconds to
minutes - - - [19,21,22]

3. BT-SC Hybrids

Hybrid SC
(Li-Ion

Capacitor, LIC)
20–80 100–300 ~3.8–4.0

Fast
charge/Slower

discharge

50,000–
200,000 - - [8,19,23]

Solid-State
Hybrid

Comparable
to batteries 400–500 1

Fast
charge/Slower

discharge
- - - [8,19]

Advanced
Lithium

Capacitor
Corporation

>100 32 2–4
Fast

charge/Slower
discharge

>10,000 88.6% - [15]

2. Review Methodology
The flowchart depicted in Figure 4 illustrates the step-by-step process conducted

throughout the literature review of basic HESS configurations, their failure analysis, and
mitigation approaches. First, the procedure involves specifying appropriate keywords to
define the research domain. Then, the relevant literature content is searched for across
key academic databases, including Google Scholar, ScienceDirect, and IEEE Xplore. A
three-step screening-based selection of high-impact, relevant papers relies on citation count,
research importance, and journal quality. Over 140 highly relevant publications were
selected through this process. The deep analysis phase covers basic HESS configurations,
control strategies, modes of failure, mitigation techniques, and recent developments in
this field. Finally, the methodology aims to evaluate new technologies to assist in the
development of modern HESSs and to suggest a future research path in this domain.
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Figure 4. Flow chart of the research method employed for drafting this literature review.

3. Classification of Battery–Supercapacitor HESS Architectures
As previously mentioned, HESSs meet the system power demand by decoupling

energy and power supply through integration of two or more distinct ESSs, i.e., a high-
energy-density with a high-power-density device. Consequently, a BT-SC hybrid design
yields superior performance characteristics, including enhanced power capability, longer
battery lifespan, and improved system efficiency, when compared to a single ESS solution.
The configuration and performance of a BT-SC HESS are fundamentally governed by its
control strategy and power converter configuration.

Various architectures exist, each with distinct advantages and disadvantages. The
various configurations of HESSs, with batteries and supercapacitors as energy sources, can
be classified as shown in Figure 5. The selection of an optimal configuration is application-
dependent and is generally dictated by specific requirements for power density, energy
density, efficiency, and cost.
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Figure 5. Classification of HESS configurations.

3.1. Passive Topology

The passive topology (Figure 6) is the most straightforward approach, where the
battery and the supercapacitor are connected in parallel without any additional power
electronics [24]. This topology is inexpensive and easy to implement. Still, it cannot control
the power flow between the energy sources, resulting in suboptimal utilisation of the
energy sources and a potentially short battery life. In this configuration, the battery usually
handles the steady-state power supply, while the SC handles the high-power demand due
to its voltage characteristics and low internal impedance. Since no active control is required,
this configuration has the advantage of low complexity and cost. This topology suffers
from the inflexible power distribution (no regulation capability), and voltage coupling is
necessary, i.e., both BT and SC must share the same voltage rating. Passive configuration is
hazardous in case of faults because no fault tolerance mechanism is available [25].

Figure 6. Passive HESS configuration.

Passive topology has been used and analysed by various authors in the available
literature [26]. Among them, ref. [27] investigated the direct correlation between hybrid
lithium–SC ESSs. The research looks at whether a direct coupling of dissimilar ESSs has the
potential to increase lifespan, power, and energy density compared to an individual ESS.
Based on the findings, the energy and power density of the hybrid system heavily depend
on the voltage-level compatibility of both ESSs. They also discussed the performances of
a pure lithium-based Battery Energy Storage System (BESS) compared to an HESS of the
same volume and weight, finding that the HESS had a 22% increase in power density and
a 15–30% reduction in load. Following ref. [27], ref. [28] conducted behaviour analysis of
the HESS made up of a lithium BT and SC for various driving cycles and temperatures of
different EVs. The results indicate that integration of an SC with a BT can help EVs start at
shallow temperatures.
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ESSs during discharge: An additional drawback of the passive topology was pointed
out by [29], who explained that 64% of the stored energy of SCs remained unused; the
size is comparatively greater than other HESS configurations, and also passive topology
is incapable of utilizing the full high-power-density feature of SCs. This topology pro-
vides cost effectiveness, low weight, and high reliability, but compromises efficiency and
power performance. While smart balancing resistances can improve the performance, they
compromise energy efficiency further.

3.2. Semi-Active Topology

The main drawback of the passive topology is that the power flow between the energy
storage systems (ESSs) is not controlled. This issue is resolved by introducing semi-active
topologies (Figure 7). In these configurations, a DC-DC converter is added to connect one
of the energy storage devices to the DC-link, while the other device is directly connected to
the DC-link. Although the inclusion of the power electronic converter increases the cost
and takes up more space in the system than a passive topology, the system can control
and deliver the needed energy to the load in a far more suitable manner [30]. These
configurations offer significant improvements in the management of power and battery
life, despite the increased complexity and cost of the system [24,31]. Depending on which
of the devices is to be actively controlled, this topology can take two different forms.

Figure 7. (a) BT semi-active HESS configuration and (b) SC semi-active HESS configuration.

In the BT semi-active configuration, the battery is the device that is connected to the
DC-link via the DC-DC converter. In this configuration, the supercapacitor is directly
connected to the DC-link. This configuration allows the DC-DC converter to control the
battery and protect it from voltage transients that may be directly delivered to the battery
from the DC-link. The supercapacitor will absorb any transients directly. The drawback to
this configuration is that the supercapacitor is directly connected to the DC-link, limiting
the range of the supercapacitor’s voltage.

In the SC semi-active configuration, the supercapacitor is the device connected to
the DC-link via the DC-DC converter. The battery is directly connected to the DC-link.
This is the most widely used of the two configurations. The DC-DC converter controls the
voltage delivered to the supercapacitor to control the rate of delivery of power from the
supercapacitor. The drawback of this configuration is that the battery cannot accommodate
the same range of voltage as the supercapacitor. However, the benefits of this configuration
allow it to be used in applications as presented in [32], where the power delivered from
the supercapacitor to the battery was controlled to improve the performance of the energy
storage system and extend the battery life.
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A nonlinear Model Predictive Control (MPC) approach is presented in [33] for the
real-time usage of a BT semi-active HESS by using a bidirectional DC-DC converter. The
results show that this coupling makes the DC-link voltage approximately constant. Later
on, using the same approach, ref. [34] validated the improvements in EV performance and
battery life span without considering the operational hurdles and the system efficiency
under variable DC-link voltage. This drawback is overcome in [35] by employing the
same HESS topology to analyse the size and operation of lithium-capacitor and lithium-ion
battery HESSs in EVs through dynamic programming. The authors concluded that the
topology provides a good trade-off among control complexity, cost, and weight, as well as
acceptable energy and power performance.

A BT semi-active HESS topology comprising a boost converter and an Estimator
Adaptive Sliding Mode Control (e-ASMC) strategy has been suggested in [36]. The solution
provides robust current control in practice by taking special battery safety precautions
through designing a robust current tracking control. From this research, ref. [36] experimen-
tally validated the topology put forward by [37] for a lithium-ion battery hybridized with a
lithium-ion capacitor. The research aimed at analysing the low-temperature performance
of the HESS. It was observed from the findings that, at −20 ◦C, a battery-only system was
unable to satisfy the power requirements of a typical driving cycle. On the other hand, the
hybrid system with higher energy-density and power-capacity batteries was able to satisfy
load demands and, significantly enhance vehicle range compared to a BT–SC HESS. The
study also remarked that to manage the vehicle load demands over a particular driving
cycle, the volumetric sizing ratio between the individual energy storage components (i.e.,
the battery and the supercapacitor) must be carefully optimized. However, despite the
advantages, this configuration could not provide optimal battery state-of-charge (SoC)
balancing. Moreover, the direct connection of the supercapacitor to the naturally fluctu-
ating DC-link voltage may lead to unnecessarily high voltage levels and, thus, endanger
connected loads [38].

To overcome these shortcomings, ref. [39] presented a novel HESS solution using
lithium-ion and lead-acid batteries with semi-active topology inspired by the lead-acid
battery used in a utility light EV application. This HESS provided competitive costs
comparable to a discrete lead-acid system, with performance benefits from a lithium-ion
ESS. The test results recorded a 17% range increase and a 23% efficiency gain over a
continuous 24 km/h test cycle. Yet, the authors noted that batteries inherently possess
slow dynamic performance, making them ineffective in taking or delivering the rapid peak
currents needed during acceleration or regenerative braking. The observation justifies the
need for judicious hybridization strategies to optimize the dynamic response of HESS in
vehicular applications.

A few researchers have used SC semi-active HESS topologies. One study has employed
this topology to achieve an adaptive power split strategy, diverting unfavorable loads to the
SC for battery protection [40]. Another study has used the same configuration to analyse
an Adaptive Pontryagin’s Minimum Principle (APMP)-based control strategy for optimal
energy sharing [41]. However, although both studies employ adaptive power-splitting
methods, both reported limitations in the impact of the topology on battery lifetime.

To alleviate these problems, ref. [42] suggests a real-time charge–discharge rate control
strategy based on adaptive algorithms that take into account battery dynamic performance
and previous operation. The results indicated a battery lifespan extension up to 37.7% with
a moderate increase in cost compared to the utilization of a single battery system. Subse-
quently, ref. [43] introduces a control strategy for minimizing the electrochemical energy
storage system stress, temperature, and power losses. Although the results show reduced
stress and temperature, it did not account for the degree of battery lifespan extension.
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A model has been introduced to expand HESS studies by integrating thermal
behaviour, enabling progressive degradation analysis by incorporating electrothermal
effects [44]. The results show good accuracy in modelling; however, equal temperature be-
haviour for both battery and HESS are assumed, which may limit general applicability [44].
Others extended this effort in hybridising the battery with Superconducting Magnetic En-
ergy Storage (SMES) to reduce peak currents and short-term cycling for off-grid renewable
systems [45].

To overcome the above-mentioned limitations, researchers suggested a multispeed
electrified powertrain with a battery and SC for enhancing dynamic performance, energy
efficiency, and driving range without battery size growth [46]. Then, an integrated analysis
of battery cost, temperature variation, and SC size with an SC semi-active HESS topol-
ogy are presented, achieving a 12% cost reduction compared to traditional battery-only
configurations [47].

In the meantime, ref. [48] analysed real-time energy management strategies, i.e.,
lambda control and rule-based control, for BT-SC HESSs. Particularly, ref. [29] suggests an
enhanced reconfigurable semi-active topology with more power converter switches, which
provided enhanced battery current control and regenerative braking energy harvesting at
reduced costs. Yet, ref. [49] stated the topology had reduced charging efficiency because of
converter losses and lack of filtering of the DC-link voltage ripple.

Authors have tried to address the energy loss problem by developing a regenerative
braking system, in which the SC is kept at a higher voltage level than the battery through a
DC-DC converter, resulting in enhancing the regenerative braking efficiency by 20% and
extending the driving range by five cycles [50]. Similarly, ref. [51] analyses the trajectories of
energy flows in HESS under braking and accelerations, demonstrating that an appropriate
control strategy has the potential to reduce battery stress and extend its lifespan.

In concurrent developments, ref. [52] suggests a lithium-ion battery and a lithium-ion
capacitor in a semi-active HESS for Plug-in Hybrid Electric Vehicles (PHEVs). It optimized
power distribution, improved regenerative braking energy recovery, and minimized losses.
But ref. [53], which subsequently applied the same system to electric buses using pure
electricity, suffered from underutilization of the supercapacitor and from system instability
caused by high voltage swings, even though a 16% improvement in battery lifetime and a
30% decrease in battery size have been achieved.

The experimental validation of an SC semi-active HESS with a bidirectional DC-
DC converter, which provides a compromise between system control complexity and
performance, has been discussed by [54]. The authors in [55] also validated these findings
by applying the same topology to a nickel–cadmium BT-SC electric bus, where the battery
current and overheating were halved. However, DC-link voltage variation still posed a
challenge to battery lifetime [54]. To overcome this issue, ref. [56] compared the merits
of [54,55] topologies through simulations based on the United States high acceleration
aggressive driving cycle (US06). They offered a 21.5% enhancement of the range of vehicles
and a clear decrease in battery charging times, again highlighting the function of SCs in
enhancing operation efficiency.

Overall, while semi-active HESS topologies achieve considerable improvement in
the context of battery protection, energy improvement, and system efficiency, several
challenges remain, such as converter losses, system complexity, voltage fluctuation issues,
and underutilization of certain components. Further refinement in control strategies and
comprehensive thermal–electrical modelling are necessary to advance HESS design for
future employment.
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3.3. Active Topology

The active topology employs two dedicated bidirectional DC-DC converters, one for
the BT and one for the SC (Figure 8), enabling independent voltage regulation and precise
power flow control for each energy source [32]. As the most complex and costly among the
four HESS configurations, it nonetheless delivers superior performance in energy efficiency,
power management, and battery lifespan, representing the current state-of-the-art in terms
of HESS topology [32]. This fully active architecture provides maximum flexibility for
dynamic voltage matching and optimal battery protection, significantly reducing battery
stress and extending its lifespan by directing fluctuating power demands to SC while
maintaining steady loading on the batteries [57–59]. Such capabilities make this topology
particularly advantageous for EVs and renewable energy applications characterized by
variable power profiles [58,60,61].

Figure 8. (a) Cascade fully active HESS configurations. (b) Parallel fully active HESS configuration [62].

3.3.1. Cascade Active Configuration

In a cascade active configuration, only one bidirectional DC-DC converter is placed in
series with the battery and ultracapacitor (UC), with only one of the two energy storage
devices directly interfaced with the main DC-link. Within this configuration, there are two
sub-types: battery-cascaded and ultracapacitor-cascaded, shown in Figure 8a. The main
advantage of this configuration is that only one DC-DC converter is required to reduce the
system cost, weight, and volume. The main disadvantage of this configuration is that the
power from the cascaded energy storage device must travel through the terminals of the
DC-link facing energy storage device [62].

3.3.2. Parallel Active Configuration

In a parallel active configuration, each of the battery and ultracapacitor is directly
interfaced with the main DC-link through its own dedicated DC-DC converters as shown
in Figure 8b. This configuration offers the most freedom in the control of each of the energy
storage devices. By decoupling each of the energy storage devices from the DC-link and
from each other, their operation can be perfectly controlled to ensure that the DC-link
voltage is regulated to provide the desired level of output from the system while also
maximizing the lifespan of each of the energy storage devices. The main disadvantages
to this system are physical and economic in nature; two DC-DC converters are required
to provide such freedom in the control of each of the energy storage devices, increasing
the system cost, and control complexity [62]. The dual bidirectional DC-DC converters
are used in active HESS structures to regulate power transfer between batteries and SCs
independently to support dynamic power splitting, voltage decoupling, and high efficiency
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(92–97%) in applications using wide-bandgap devices (SiC/GaN) [63]. The structure,
however, introduces several significant failure modes that must be addressed to ensure
system reliability.

Recent advancements in this area of research include robust control strategies, such as
sliding mode control, exponential state observers, and linear active disturbance rejection
control, that optimize power sharing, estimate unmeasured variables, and ensure stable
operation under uncertain conditions [57,64–66]. Furthermore, sophisticated sizing and
power allocation methods, grounded in technical and economic analysis, can enhance
affordability and reduce both storage requirements and operational costs [30,61,67]. Fur-
thermore, the implementation of adaptive inertia control, which utilizes the fast-responding
components of each HESS to mimic the inertial characteristics of traditional generators to
smooth out frequency fluctuations, along with the optimized Energy Management Systems
(EMSs) for each HESS, contributes to these improvements [60,67,68]. Current research
focuses on advanced modeling, co-optimization with multi-energy systems, and refined
load management strategies to balance performance, cost, and reliability while enhancing
overall system efficiency and sustainability [40,60,68].

The fully active topology was applied to power management in pure EVs, as demon-
strated in [69]. This framework can achieve effective load current sharing and voltage
stabilization of energy sources through achieving both buck and boost converter function-
alities. The effectiveness of this approach is confirmed in [70], demonstrating its potential
in enhancing power transfer and protecting the battery from high current peaks during
charging and discharging. Both studies, however, highlighted the limitations of rule-based
control methods in regulating current splitting with high precision.

To solve the above issue, ref. [71] proposes an improved control scheme using the
same active structure to minimize peak current stress on the battery for driving cycles of
neighborhood EVs. The results indicate possible energy savings and improved battery
lifetime, although the control strategy is not detailed. Furthermore, ref. [72] also employed
a parallel active HESS topology in EVs, where the battery and the supercapacitor are
connected to the DC bus through DC-DC converters to provide enhanced control freedom.
Although this configuration maximizes the lifespan of the battery and supercapacitor, it
inherently introduces some drawbacks, including increased complexity, higher hardware
costs, and greater power losses in the system. Despite these drawbacks, the performance
benefits are significant; for instance, ref. [73] successfully employed a similar parallel
active topology to manage and deliver the high power and energy capacity required for
demanding e-mobility applications.

In a subsequent study [74], real-time fuzzy logic control is applied to a battery–SC
HESS to further establish the method. While effective, the system had cost and effi-
ciency disadvantages. Ref. [75] addressed these shortcomings by optimizing the topol-
ogy, adding feedback regulation to restrict battery stress, and making it a flexible option.
Lastly, ref. [76] introduced a nonlinear control technique for an HESS consisting of a fuel
cell and SCs to strictly regulate DC-link voltage, track SC current, and maintain stable
closed-loop performance.

3.4. Multilevel and Multi-Modular Configurations

Multilevel and multi-modular HESS configurations enable effective integration of
batteries with supercapacitors in various applications. For instance, a converter-based
HESS configuration incorporates supercapacitors directly into the DC bus of a medium-
voltage distribution network and integrates battery units within the converter’s sub-
modules. This type of architecture distributes energy and power from the battery–
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supercapacitor units across many blocks, even allowing for balancing of the SoC of the
individual components [77].

Multilevel HESS concepts hierarchically organize energy storage systems. More
specifically, the system may include a battery bank to supply energy to the electrical system
under normal operation, a second battery bank, and a supercapacitor bank to handle
power surges in the system. In one example configuration for use with photovoltaic (PV)
systems that feed into a microgrid, the primary battery bank is split into primary and
secondary battery bank modules to which the supercapacitor is connected. The layered
storage system is constructed in such a way that the supercapacitor handles high-frequency
power fluctuations, and the battery bank is protected from deep cycling operations. The use
of this configuration reduces wear on the battery bank and extends its operational lifetime,
while maintaining the size of the power converters and the supercapacitor bank [78,79].

Within the multi-modular HESS, small BT-SC units are replicated to form many
independent storage system modules. Each module is connected to the electrical system
through a DC-DC converter or through a modular multilevel converter (MMC). One
example configuration of such a system includes connecting battery units to the submodules
of the MMC and connecting a bank of supercapacitors to the DC-link of the MMC. This
configuration provides separate pathways for energy supplied by the battery bank and
by the supercapacitor module. Such a system is useful in providing virtual inertia to
the electrical system, performing primary frequency regulation, and switching between
different operating modes of the electrical system. Furthermore, the modular nature of
the system also allows for individual module failures without impacting the remainder
of the storage system [19,77]. In an effort to further minimize the volume, weight, and
number of components required for the system, novel highly integrated HESS architectures
have been proposed in the literature [77,80–82]. For instance, ref. [77] have developed a
novel system that utilizes a Three-Level Neutral-Point-Clamped (NPC) converter instead
of utilizing split capacitors to provide the DC-link for the NPC converter (see Figure 9).
Also, ref [77] integrated an SC to the high side capacitance of the DC-link of NPC and a
battery to the other split of the DC-link. The NPC converter employs different PWM and
voltage equalization algorithms [80,83] that permit the NPC converter not only to provide
the AC power to the load, but also to control the power that is distributed to each of the
two energy storage devices [77,81]. Thus, no DC-DC converters are required to enable the
distribution of power to each of the energy storage devices, minimizing the size, weight,
and complexity of the system.

Some of the potential studies that have used these topologies include the Triple Active
Bridge (TAB) and multi-input DC-DC converters to enable simultaneous and bidirectional
power exchange among supercapacitors, batteries, and the load. These topologies are
particularly valuable in applications with variable power demands, such as electric and
hybrid electric vehicles Hybrid Electric Vehicles (HEVs). For example, ref. [84] deals with
multiport converters, specifically with the TAB topology and its advantages in EV fast
charging and reduced hardware complexity. In another study, the authors have presented
a coordinated control for a multiport bidirectional converter interfacing an HESS for EVs
with emphasis on dynamic response improvement, voltage regulation, and efficiency [85].
Similarly, another study uses TAB converters in all-electric ships for onboard battery
quick charging [86]. A NPC-based TAB converter has been proposed for isolated battery
charging systems, giving advantages like lower voltage stress and better controllability.
The converters also facilitate mode switching (e.g., SC-dominant, hybrid, battery-dominant
modes) based on real-time conditions, which is critical in dynamic operations, such as
marine or off-grid applications [86].
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Figure 9. Highly integrated BT-SC HESS.

These works demonstrate the utilization of different kinds of power converters, such
as MMCs, cascaded H-bridges, and multi-output multilevel converters, and innovative
control and modulation techniques to enable the management of the power of each of these
heterogeneous storage units in an HESS.

3.5. Generalized Approach of HESS Topology Selection

The topology selection process of an HESS is indicated in Figure 10. The flowchart
directs the selection process based on key system design parameters of cost, power rating,
reliability, and scalability. The decision starts by taking into consideration whether ultra-low
cost is required. If so, a passive HESS configuration is suggested owing to its low cost and
structural simplicity. If cost is not the major constraint, then the question is whether the high
power and medium voltage level are required [87]. At or below that, the flow considers
the high reliability need, and the outcome is either an active or a semi-active topology.
For high-power applications the method considers whether modularity or scalability is
required, recommending an MMC for modular topologies and a Multilevel Converter
(MLC) for non-modular ones. The systematic method enables the best topology to be
chosen to fit given performance, cost, and scalability requirements.

4. Failure Analysis and Mitigation Techniques
The performance of an HESS is heavily dependent on the topology of its power

conversion structure, which determines energy flow distributions, dynamic performance,
and efficiency. This section critically evaluates the state-of-the-art topologies of HESSs in
terms of failures occurring in real-world applications, and discusses advanced mitigation
techniques intended to enhance reliability, performance, and safety. Some common failures
in the HESS topologies are given in Figure 11.
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Figure 10. HESS topology selection flow chart.

4.1. Failures in Passive Configuration

Uncontrolled Power Sharing: In a passive HESS, batteries and supercapacitors
are directly paralleled to each other such that the power sharing between them is
uncontrolled [88–90]. The supercapacitor in this configuration acts as an RC low-pass
element whose charge and discharge characteristics are only dictated by the resistance and
capacitance of the battery and the supercapacitor itself [88]. Thus, the entire system forms
an uncontrolled HESS whose operational characteristics depend solely upon the parameters
of the energy storage system components [90]. The inherent impedances of the battery and
supercapacitor may lead to a large share of the load current to flow through the battery,
which limits the operational capabilities of the supercapacitor by forcing it to remain within
its higher current limits [29,88,89]. Furthermore, the voltage of the supercapacitor is forced
to remain within the narrow voltage range of the battery, limiting its energy extraction
capabilities and leading to further jeopardy in its utilization in the HESS [29]. These dis-
advantages of a passive HESS can only be mitigated indirectly through the proper sizing
and selection of the parameters of the battery and supercapacitor components (resistance,
capacitance, voltage range) to improve current sharing and reduce battery stress [29,88,89].
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Figure 11. HESS topology failures.

Voltage Mismatching: The BT voltage remains relatively stable, while the SC voltage
varies rapidly with its state-of-energy (SoE). At low SoE values, the SC stops contributing
to the load supply. This may lead to an insufficient energy transfer, which negatively
affects system performance. Particularly, a reverse current flows from the battery to the
SC may further overload the battery [91–93]. This voltage mismatching problem is one of
the reasons many recent works favor semi-active or fully active HESS architectures with
DC–DC converters and coordinated control, which can decouple battery and SC voltages,
stabilize the DC bus, and allocate power while keeping SC voltage within a desired range
and limiting battery current stress.

Thermal Stresses on Battery: The battery may be subjected to high current transients
suddenly. Continuous overloading may result in thermal overstress on the battery, which
results in an increase in its internal resistance and capacity fading [94]. To mitigate such
thermal stresses, battery systems rely on protective current limitation and thermal manage-
ment, where real-time temperature monitoring is essential to detect abnormal heating and
prevent thermal runaway [95,96]. A range of sensor technologies, including thermocouples,
thin-film or flexible temperature sensors, and fiber-optic or resistive temperature detectors,
have been demonstrated for the measurement of the in situ or operando temperature (often
in conjunction with the measurement of pressure and strain) of the components of interest,
allowing the process to be monitored [95,96].
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Fault-Recovery Mechanism: Passive HESS configurations lack a fault detection mech-
anism because of the lack of converters, sensors, and specific algorithms. Hence, SC short
circuits and battery overcurrent generally go unnoticed, and the system continues to op-
erate in the unsafe zone [97]. Voltage and current sensors with alarms can play a part.
Although manual maintenance is suggested, this is not a solution at dynamic operation.

4.2. Failures in Semi-Active Configuration

Battery Overcurrent in SC Semi-Active Configuration: In this topology, converter
failure can cause the overloading of the battery, because failure of the converter isolates the
SC, and sudden load current spikes thus occur on the battery. This results in a temperature
increase, which directly affects the lifespan of the battery. This risk can be mitigated by
using a current-limiting circuit and BT SoC monitoring to prevent deep discharges.

Converter Failure in SC Semi-Active Configuration: There can be several reasons
for converter failure, including switching device failure, and a considerable drop in the
DC-link side voltage can cause an imbalance in power sharing between the SC and the
BT, hence destabilising the whole system [98]. When a failure occurs on the converter
interfacing the SC, it is excluded from the HESS and suddenly burdens the battery, which
largely degrades its lifespan [54,58,59,99]. In the SC semi-active HESS configuration, the
effectiveness of mitigation measures differs significantly between short-circuit and open-
circuit converter faults due to the battery’s direct connection to the DC bus. Short-circuit
faults are catastrophic: they cause immediate DC bus voltage collapse and uncontrolled
currents that propagate directly to the battery, requiring fast-acting fuses for rapid isola-
tion. During this transition, the battery experiences immediate overcurrent stress, and
duty cycle reduction in redundant switches is required for their protection. Open circuit
faults are non-catastrophic: the converter remains operational, but the SC cannot supply
transient power to the load. Redundant switches connected in parallel with the original
converter switches can automatically replace the faulty switch and clear the open-circuit
fault in less than one switching period, while the battery continues normal operation.
However, a robust fault-tolerant design requires a combined approach to handle both types
of faults [98,100,101]. Advanced control methodologies such as adaptive Linear Quadratic
Gaussian (LQG) controllers, sliding mode, and Lyapunov-based controllers can adapt
dynamically to converter faults and provide fast current tracking and voltage regulation
even under fault operations [90,102]. Power management algorithms, such as dynamic
power sharing, filtering, and fuzzy logic-based real-time energy management, may re-
duce battery stress and provide system stability during converter failures [54,59,99,103].
A state-of-the-art study proposes a fault-tolerant control mechanism for the multiphase
DC-DC converters using a master–slave configuration [104]. SC-side converter failure in a
semi-active HESS can have serious consequences on voltage stability and battery protection.
A comprehensive fault-tolerant design combining redundant switches, fast-acting fuses,
and advanced control can simultaneously address both fault modes, though SC faults
impose significantly higher current stress on the battery during transition and require
careful fuse selection with duty cycle adaptation to prevent battery degradation [101,105].

Control Loop Instability: Instability of control loops in a semi-active HESS config-
uration typically arises due to a poorly designed and/or tuned control system of the
bidirectional DC-DC converter. Underdamped system dynamic evolutions may cause
voltage and current oscillations if control parameters such as regulator gains or control
loop bandwidths are not properly set. Long regulation times of PI controllers and large
ripple currents at low frequencies produced by MPC approaches are some of the reasons
for instability [106,107]. These fluctuations induce unstable power flow, increased rip-
ple currents, and stress to the battery and related power electronic devices [108]. In the
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meantime, unstable DC-link voltage caused by constant-bandwidth low-pass filters slows
down the response of the battery current control loop, leading to instability [109]. This
instability may lead to performance degradation, decreased component life, and system
protection mechanism activation. Advanced, adaptive, and hybrid controller schemes,
such as hybrid fuzzy logic, and rule-based and adaptive LQG controllers, can effectively
allocate high-frequency power and low-frequency power components to the SC and BT,
respectively [90,110]. Furthermore, ref. [108] uses an advanced tuning technique by com-
bining PI regulators with MPC, and then incorporates fuzzy logic to account for the SoE
of the supercapacitor within the control system. They found that the resulting system
exhibited a reduction in current ripple through the system, indicating improved stability of
the system in operation [108].

4.3. Failures in Active Configurations

Multiple Failure Points: Unlike the passive and semi-active topologies, this configu-
ration uses separate converters for BT and SC; hence, the probability of multiple converter
failures inevitably increases [111,112]. Active HESS configurations are susceptible to power
semiconductor device (IGBTs/MOSFETs) and DC-link capacitor faults. Overcurrent, gate-
driver fault, and thermal stress may lead to catastrophic short-circuit or open-circuit faults
of switching devices [113]. DC-link capacitors also age over time because of the drying up
of electrolyte, resulting in increased Equivalent Series Resistance (ESR) and eventual failure.
A detailed DC-link capacitor failure has been discussed in [114]. To avoid simultaneous
failures, modular design, host-swappable converters, and redundant parallel converters
can be useful. Redundant parallel converters (N+1 architecture) have been explained by
the authors in [115] to prevent single-point failures. In another study, the application
of wide-bandgap (WBG) semiconductors such as SiC and GaN was proposed for effi-
ciency maximization and failure rate minimization since they exhibit superior thermal
and switching characteristics [113]. Ref. [114] has mentioned the condition monitoring of
DC-link capacitors using capacitance and ESR measurements to prevent the drying up of
the DC-link capacitors.

Instabilities in Control System (Desynchronization and Oscillations): In a fully
active topology, synchronization of the two independent converter control loops during
dynamic load changes (e.g., rapid acceleration) is typically achieved through a hierarchical
or master–slave control architecture. In this setup, one converter (usually the battery)
regulates the steady-state DC-link voltage, while the other (the supercapacitor) utilizes a
fast inner current loop to rapidly track transient power demands. However, such a control
system relies upon the integrity of communication between the two controllers. Both PI
and MPC controllers are vulnerable to the issues related to communication between the
distributed controllers. For instance, it is known that delays in the CAN bus communication
systems can cause instability in the system [116,117]. In the case of MPC controllers,
although the stability of the system is slightly better than for PI controllers, uncompensated
delays in the communication between the distributed controllers make the system operate
in a suboptimal state. The operation of both the battery and supercapacitor systems
experiences ripples in their output voltages of up to ±15%, which can significantly reduce
their lifespan [118,119]. To overcome these drawbacks, various control and communication
approaches have been suggested in the literature. One suggestion is to use a Time-Triggered
Control strategy that incorporates hardware synchronization between the distributed
controllers [120]. To increase the robustness of the control system against dynamic loads
and packet losses in the communication system between controllers, researchers have
proposed the use of adaptive control algorithms instead of PI or MPC controllers. For
instance, adaptive algorithms based on event-triggered programming or Lyapunov-based
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sliding mode control strategies have been published in the scientific literature [121,122].
Furthermore, implementing redundant communication networks between the distributed
controllers, such as using two CAN buses or an Ethernet-based communication protocol,
can significantly increase the robustness of the system, as it avoids the desynchronization of
the controllers that may occur as a result of time delays in the communication system [123].
Beyond purely compensatory techniques, still further avoidance of the problem is achieved
using autonomous architecture based on the DC bus. The autonomy of the fast control
loops eliminates any possibility of communication delays or packet loss issues occurring at
the fast transient time scales and limits the impact of such issues to the slower control layer
of the system.

Sensor and Measurement Faults (SOC Estimation Errors): Estimation of SOC with
accuracy is quite necessary for the proper and efficient operation of HESSs. Hall-effect
current sensors were noted to display temperature drift of as much as ±3%/◦C, causing
SOC estimation inaccuracies up to ±5%, which again could lead to overdischarge or
overcharge of battery and supercapacitor modules [124]. In addition, analog-to-digital
converter (ADC) noise can add distortion to the current and voltage sensing signals,
leading to the loss of system reliability. These pitfalls can be overcome by several mitigation
methods proposed in the literature. Notably, many sensor combinations based on the
Kalman filter have already been implemented for achieving improved SoC estimation
accuracy through a variety of sensor signals, thus minimizing the noise and temperature-
dependent drift effects [125,126]. For example, by integrating a temperature-dependent
fractional-order model with a Dual Fractional-Order Adaptive Unscented Kalman Filter
(DFOAUKF), recent methodologies have demonstrated exceptional robustness against
thermal fluctuations. Quantitatively, this adaptive co-estimation strategy restricts the
terminal voltage root mean square error (RMSE) to within 0.039 V, while maintaining
SoC and State-of-Health (SoH) estimation errors to strictly less than 1.25% and 0.64%,
respectively, across all temperature levels and battery aging degrees [127]. In addition,
triple-redundant sensor configurations using voting logics have also been applied to detect
and isolate faulty sensors in real-time to achieve drastic improvement in fault tolerance
and ruggedness [128]. In addition, regular calibration of sensors is advisable in order to
compensate for the slow aging of sensors, as well as to correct measurement drift due to
long-term environmental and thermal stresses [129].

Thermal Management Failures (Overheating and Aging): As high-power-density
electronic converters are used, the failure of the cooling system leads to high temperatures
at the junction of the IGBTs. In the event of a cooling malfunction, these temperatures
can lead to a thermal runaway reaction in the battery pack [130]. To combat these thermal
management failures, there are various techniques available to improve the cooling of
the IGBTs. For example, the use of heat pipes can decrease the thermal resistance of
the IGBT by around 60%, which leads to a drop in the junction temperature of around
14 ◦C [131]. Another technique involves the use of microchannels in the IGBT to allow for
the even spreading of the coolant, which can reduce the thermal resistance by around 75%.
Furthermore, spray cooling techniques have been implemented in various IGBTs to allow
for a rapid reduction in the temperature of the devices from around 70 ◦C to around 55 ◦C in
around 75 s, which represents a 21.4% reduction in temperature [130]. Internal temperature
sensors allow for the monitoring of the IGBTs, and shutdowns can be initiated when the
temperature reaches specific limits. Furthermore, implementing Artificial Intelligence (AI)
and predictive maintenance models to scan the status of the IGBTs will allow operators to
proactively respond to the signs of aging of these components. These digital maintenance
strategies have been shown to be able to accurately predict IGBT failures with 95% accuracy,
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leading to an improvement of the availability of the electronic converter by 5% to 15%, and
reducing the costs of maintaining these components by 18% to 25% [131,132].

Communication System Failures (CAN Bus Errors and EMI): HESSs in EVs rely
on instantaneous communication between controllers and are susceptible to CAN bus
jitters, packet loss, and Electromagnetic Interference (EMI) due to high-frequency switching.
Such disturbances can desynchronize control loops, causing power imbalances [133–135].
Fiber-optic communication provides immunity to noise in environments with high EMI.
Error-checking protocols (cyclic redundancy checks, checksums) detect and recover from
erroneous data. Redundant communication buses introduce redundancy, allowing the
system to continue even if a channel fails [133].

An active HESS has improved energy management but still requires robust fault-
mitigation strategies. Emerging technologies, i.e., AI-based predictive maintenance (like
using long short-term memory networks) [136] and self-healing materials (microcapsule-
based solder healing) [137], show promising results for enhanced reliability. Standardized
fault detection frameworks and digital twin-based health monitoring are the priority areas
of research in the future, in the interest of enhanced reliability.

4.4. Failures in MMC and MLC-Based Configurations

In the context of battery–supercapacitor HESSs, MMCs and MLCs are utilized to en-
able high-power and high-energy exchange between the storage elements. Although MMCs
have a higher component count, they can produce more localized component faults. These
configurations are inherently more fault-tolerant than centralized configurations [138,139].
Because the energy storage elements are distributed across the individual submodules of
the MMC, any faulty packs or damaged switches can be dynamically bypassed without
interrupting the operation of the converter [77]. Consequently, HESSs can be more “dis-
tributed” within these converters, so that some can be bypassed when needed, increasing
system reliability and availability compared to the other HESS configurations. A small
variation in capacitance or internal resistance across different submodules can cause severe
SoC and voltage imbalances with MMC-based HESSs. This voltage imbalance causes the
unequal power sharing between the BT and SC stacks. Consequently, such energy storage
units undergo more frequent charging and discharging cycles than other units; hence their
aging accelerates more significantly. To mitigate these imbalances without prematurely
aging the distributed battery and supercapacitor modules, advanced control solutions are
required. Methods such as reduced switching frequency control [140], analytic estimation
models [141], and sliding mode control [138] have been successfully implemented to ac-
tively balance the voltage levels across all MMC submodules, thereby ensuring an extended
operational lifetime for the HESS.

The failures that can occur in the MMC-MLC incorporating an HESS can be divided
into three main categories: semiconductor switch faults (which can be either open- or short-
circuit on switches or diodes), capacitor faults (which can be either partial or complete
breakdown), and sensor faults (which can be erroneous voltage or current measurements).
Each of these fault categories could impact the operation of the whole system; for example,
each type of fault can alter the capacitor-balancing algorithm that is implemented within the
MMC system, force the MMC control system to excessively cycle some of the submodules
or the SC bank or to overload them, or contribute to the degradation of those components.
For instance, short-circuit faults on the MMC switches increase the circulating currents
that pass through the battery and the SC bank, which can lead to an increase in the heat
generated by those components and potentially to the shutdown of the HESS [139,142–144].

In an effort to address these challenges, some of the most recent work on MMC-based
HESSs has proposed the integration of fault-diagnosis and fault-tolerant control systems
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that allow for the detection of faults within the system submodules (individually within
its devices and sensors), as well as the ability to reconfigure the MMC arm to bypass the
faulty submodule and ensure that the remaining ones do not reach their operating limits.
Furthermore, studies that simulate the failures of various system components within an
MMC-based HESS propose designs that account for the failure of those components, as well
as for minimizing the lifetime cost of batteries, supercapacitors, and semiconductor devices.
Thus, MMC/MLC failures are still a problem that encompasses device, control, and system
levels of the HESS, indicating the importance of considering such failures for both grid and
transportation applications [138,142,143,145]. Although MMCs are often highlighted for
their fault tolerance (provided through the safe-failed operation of the bypassing of faulty
submodules and through the use of redundant submodules within the MMC), the fault
tolerance of MMCs does introduce certain trade-offs into the operation of those converter
modules. The faulty and bypassed SMs within MMCs, for instance, introduce physical
asymmetry into the MMC module, which leads to various undesirable dynamics within the
MMC (such as unequal power distribution between each arm of the MMC, and the injection
of fundamental and harmonic circulating currents within the DC-link of the MMC) [87].
These circulating currents can lead to additional losses within the MMC (reducing the
efficiency of the MMC), as well as impact the power quality of both the AC and DC sides of
the MMC. Thus, to provide fault tolerance to MMCs without impacting the power quality
of the MMC, complex control countermeasures must be implemented to mitigate these
internal dynamics of MMCs created from the faulty submodules.

In order to provide a clear overview of the trade-offs between the system architecture
and the reliability of the HESS configurations discussed, Table 2 illustrates the mathematical
formulations of the reliability metrics for some important configurations of HESS used in
EVs [146]. In each of these formulations, the symbol λ represents the failure rate of a specific
component of the HESS (such as λbatt for the battery pack, or λBC for one of the bidirectional
DC-DC converters), and the Mean Time To Failure (MTTF) of the system’s components
is inversely proportional to the sum of all of the failure rates of those components that
are active within the system. Table 2 indicates that active and semi-active topologies
are significantly more reliable than passive configurations, even though they have more
components. While adding DC-DC converters may introduce additional points of failure
into the system, the reduction in stress on the battery results in a reduction in the battery
failure rate (λbatt) which is the dominant failure rate of the system. For the configurations
that include active switching electronics, the Markov model indicates that the cascaded
system that includes the ultracapacitor in the middle of the system is the least reliable of the
three configurations; a failure in either of its series-connected converters leads to complete
system failure. The active and battery-middle cascaded system, however, has the highest
reliability of the three active HESS configurations; the failure of only one of the system’s
converters will not result in the failure of the entire system [146]. Active and semi-active
topologies are significantly more reliable than passive configurations, even though they
have more components. While adding DC-DC converters may introduce additional points
of failure into the system, the reduction in stress on the battery results in a reduction in
the battery failure rate (λbatt), which is the dominant failure rate of the system. Since a
specific and comprehensive reliability analysis of the HESS is not available in the literature,
potential research is recommended in this area. A detailed table with pros and cons of the
failure modes is given in Table 3.
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Table 2. HESS configuration, fault tolerance, and quantitative reliability assessment [146].

HESS Configuration Fault Tolerance
Mechanism

Reliability Function
R(t)

System MTTF
Formulation Reliability Ranking Complexity

Passive
Uncontrolled power

flow; battery
overcurrent

N/A No switching
electronics N/A Low

Cascaded
(UC Middle)

Bypassing faulted
converter e−(λbatt+λBC1+λBC2)t 1

λbatt+λBC1+λBC2
3 (Least Reliable) Medium

Cascaded
(Battery Middle)

Bypassing faulted
converter e−(λbatt+λBC2)t 1

λbatt+λBC2
1 (Most Reliable) Medium

Active
(Parallel)

Hardware
redundancy/bypass e−(λbatt+λBC2)t 1

λbatt+λBC2
1 (Most Reliable) High

Multiple-Input
Converter (MIC)

Single-point
converter isolation e−(λbatt+λMIC)t 1

λbatt+λMIC
2 (Medium) Medium-High

Table 3. Horizontal comparison of mitigation strategies for HESS faults.

Fault Category Mitigation
Strategy

Main
Advantages Main Limitations Scenarios Implementation

Difficulty References

SOC estimation
error

Kalman-filter-
based

multi-sensor
fusion

Improves SOC
accuracy under
noisy, biased, or

partially
degraded

measurements;
robust state
estimation.

Requires accurate
model and filter

tuning;
performance
depends on

sensor quality.

Battery systems
with noise

measurement,
temperature

variation, and
limited sensor

drift.

Medium–high. [126,127,129]

SOC estimation
error

Triple-redundant
sensor voting

logic

Strong fault
masking; simple

and intuitive
fail-safe structure.

Increases
hardware cost,

wiring
complexity, and
weight; does not

improve SOC
estimation itself.

Safety-critical
systems where

hardware
redundancy is

acceptable.

Medium. [128]

Passive HESS
faults:

uncontrolled
power sharing,

voltage mismatch,
thermal stress

Passive topology
selection and
proper sizing

Lowest control
complexity; fewer

active failure
points; simple
and low-cost
architecture.

Limited
controllability;

battery stress can
remain high

under dynamic
operation.

Low-cost systems
and mild-duty

profiles.
Low. [88,89,92,97,105,

146]

Semi-active HESS
faults: battery
overcurrent,

converter failure,
control-loop
instability

Semi-active
power-split

control

Better power
regulation than
passive HESS;

reduced battery
stress; good

trade-off between
cost and

performance.

Still susceptible to
converter faults

and control
instability.

EVs and
renewable

systems require
improved

controllability
with moderate

complexity.

Medium. [29,58,93,94,99,
147]

Fully active HESS
faults:

multi-failure
nodes, control
desynchroniza-

tion

Fully active
bidirectional

control

Highest flexibility
for power flow
management;

strong
degradation

mitigation; best
dynamic

performance.

More
components,

higher cost, and
more fault-prone

nodes.

High-dynamic
traction and
performance-

oriented
applications.

High. [58,59,90,98,101,
103]
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Table 3. Cont.

Fault Category Mitigation
Strategy

Main
Advantages Main Limitations Scenarios Implementation

Difficulty References

Converter switch
failure

Fault-tolerant
DC/DC

reconfiguration

Maintains
operation after
switch faults;

improves
resilience.

Needs fault
detection,

supervisory logic,
and

reconfiguration
capability.

Dual active
bridge and

similar
converter-based

HESSs.

High. [101]

DC-side faults in
converter-based

HESS

Cascaded
multilevel

converter with
auxiliary power

loop

Strong DC-side
fault tolerance;

improved
survivability.

Higher hardware
count and more
complex control

design.

High-power
HESS with
converter-
dominant

architecture.

High. [98,138]

Sensor and
measurement

faults

Redundant
sensing and
advanced

diagnostic logic

Improves
detection of
abnormal

measurements
and supports

safer operation.

Adds sensors,
communication
overhead, and

validation effort.

Systems requiring
high

measurement
reliability.

Medium. [95,96,129,144,
145]

Thermal
management

faults

Temperature
monitoring and
warning system

Early detection of
overheating;

enables protective
shutdown.

Monitoring alone
does not remove
heat; only limits

damage.

Battery packs and
converters
exposed to

thermal stress.

Low–medium. [95,96,129,130]

Thermal
management

faults

Advanced
cooling: heat

pipes,
microchannels,
spray cooling

Substantially
lowers thermal
resistance and

junction
temperature.

Higher cost,
packaging

complexity, and
system

integration effort.

High-power-
density

converters and
fast-charge

battery systems.

High. [130,131]

Communication
system faults

Robust
communication

and fault-tolerant
control

Helps maintain
coordinated

operation despite
signal delay or

disturbance.

Requires extra
protocol design
and validation.

Networked HESS
and distributed

converter
systems.

Medium–high. [117,121–
123,133,134]

Aging and early
failure prediction

AI-based
predictive

maintenance

High fault
prediction
accuracy;
improves

availability and
reduces

maintenance cost.

Needs data,
training, and
deployment

infrastructure.

Fleet-scale or
industrial HESS

with rich
operational data.

Medium–high. [129,132,136,137,
145]

5. Emerging Research Trends, Recent Developments and Challenges in
HESS Technologies

The new research directions focus on ESS technologies to improve their real-time per-
formance. Key emerging and broad areas of research in ESS include aging-aware control of
batteries and supercapacitors, hybrid supercapacitors, adaptive energy management strate-
gies, Multi-Agent Reinforcement Learning (MARL), deep learning and fuzzy logic control
for range extension, optimization-based strategies, advanced EMS, decentralized and dis-
tributed control, and multilevel and multimodal topologies. Several papers explaining
these technologies are discussed in detail below.

5.1. Aging-Aware Control of Batteries and Supercapacitor

Aging-aware control techniques are being applied more frequently in different ap-
plications to extend the lifetime of energy storage devices without any loss in system
performance. Batteries experience capacity loss and increase internal resistance with age,
whereas supercapacitors deteriorate, particularly in terms of leakage current and ESR.
Therefore, new control techniques are being used that include real-time SoH estimation
and adaptive operating limits. Particularly, by incorporating aging models into energy
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management and control strategies, optimal performance can be achieved while also
minimizing degradation.

The impact of supercapacitor aging on HEVs has been addressed by [148]; namely
aging-aware control schemes are proposed to enhance performance and efficiency. An
analytical impedance model of the system for simulation in MATLAB/Simulink has been
used in combination with impedance spectroscopy to validate the model in the frequency
domain. But the model is complex for time domain simulations. Another study defines an
aging model for lithium batteries and supercapacitors, emphasizing active energy man-
agement to control aging effects [149]. The approach ensures efficient functionality of the
HESS through optimal power sharing and minimized degradation. These methods adopt
the thermo-electrical and HESS aging model development and vehicle dynamic simula-
tion using MATLAB/Simulink. It has been observed that temperature affects component
parameters and lifespan [149]. Another paper reports an aging-aware control strategy
for a lithium-titanate BESS, with degradation effects included in optimization for load
leveling [150]. The proposed technique minimizes battery aging by referring to a 280-kWh
lithium-titanate BESS [150].

Ref. [151] presents an aging-aware control using empirical models of aging for regu-
lating the power split between batteries and ultracapacitors within an HESS. This control
approach regulates degradation by optimizing the power distribution to increase the life-
time of ESSs with low energy consumption without any losses. The cycle counting method
for the determination of the aging model has been used, as well as simplified models for the
EMS. It is found that aging-aware control extends battery lifetime compared to conventional
load-levelling control, and a trade-off between battery lifetime and energy efficiency exists.
However, the simplified models do not always account for all aging dynamics [151].

In [152], an aging-aware energy management strategy is proposed that ages batter-
ies and supercapacitors equally, minimizing degradation and energy consumption. The
strategy achieved a 28.2% increase in battery lifetime, while suffering only a 7.0% de-
cline in energy efficiency. A control-oriented aging model has been used to model and
simulate various aging-aware energy management strategies [152]. On the other hand,
reference [153] focuses on an aging-aware adaptive control strategy specifically tailored
for lithium batteries supplying smart grid flexibility services. Rather than relying on static
bounds, this approach continuously evaluates the battery’s SoH and dynamically updates
its allowable peak power limits in response to real-time aging, ensuring both reliable grid
performance and an extended operational lifespan [153]. Another study models battery
aging for optimal control of stationary batteries, considering that aging costs can recoup
battery investment and increase battery lifespan by 345% compared to unaware and mildly
aging-aware controllers [154].

5.2. Advanced Hybrid Supercapacitors and Lithium–Sulfur Batteries

A key area of research in HESS technologies is novel battery technologies and efficient
supercapacitors. Studies indicate that lithium–sulphur batteries and hybrid supercapac-
itors (also known as battery–supercapacitor hybrids) can achieve high energy density,
acceptable cycling stability, and enhanced electrochemical performance by utilizing ad-
vanced materials and hybrid electrode structures that combine the strengths of batteries
and supercapacitors [8,11,19,23]. Some of the studies highlight the recent advances in the
development of electroactive metal–organic frameworks for supercapacitors and batteries.
The synthesis and design of these frameworks (pure, hybrid, and composite) are considered
based on their structural tunability through various organic linkers and metal salts for the
development of hybrid capacitors and lithium–sulphur batteries [155,156].
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5.3. Adaptive Energy Management System

Adaptive EMSs have emerged as the core method for the control of HESSs, especially
those including SC and BT. Unlike static rule-based approaches that apply pre-determined
thresholds to make the power split, an adaptive EMS dynamically adjusts the control
parameters as a function of time-varying system states like load demand, SoC, temper-
ature, and component degradation. One of the most promising approaches within this
framework is the MPC, which is forward-looking for future load demands over a finite
horizon and computes optimal control actions to minimize targets, such as energy waste or
component wear. Recent trends focus on the integration of machine learning, MPC, and
multi-agent coordination to enhance decision-making EMSs for electric vehicles, smart
grids, and HESSs.

5.4. Multi-Agent Reinforcement Learning

MARL is becoming more popular as a new paradigm for managing ESSs in both
smart grid and transportation systems. A real-time, multi-objective and adaptive EMS
based on MARL with Twin Delayed Deep Deterministic Policy Gradient (TD3) methods
has been used to monitor and maximize EV performance in real time [157]. The EMS
maximizes front and rear electric drive mode balance, manages cell balancing of batteries,
and minimizes battery aging, while minimizing overall vehicle inefficiency. The proposed
system displays a terminal SoC with only a 0.3% deviation compared to the optimal DP
solution, indicating high accuracy in power management and battery usage [157]. This
EMS effectively balances battery cells and optimizes temperature, suppressing long-term
battery aging, and it performs better than the winning method of the 2021 Motor Vehicle
Challenge [158].

5.5. Deep Learning and Fuzzy Logic for Range Extension

Combining Deep Learning (DL) and Fuzzy Logic (FL) in electric transportation sys-
tems is a compelling way to extend vehicle range, energy efficiency, and driving flexibility.
DL-based algorithms are uniquely adapted to handle complex, high-dimensional data, such
as driver behaviour and road terrain, while FL approaches enable an adaptive system to
define its actions in uncertain situations, ideal for controlling the HESS in extended-range
EVs. Together, these approaches are making next-generation electric mobility solutions
more intelligent, responsive, and customized.

In this regard, a Long Short-Term Memory (LSTM) network for pattern matching
between three driving patterns has been utilized to enhance condition recognition accuracy
for extended-range EVs [159]. Gray Wolf Optimization (GWO) is utilized to optimize the
nodes of the hidden layer, training time, and learning rate of the LSTM, whereas a genetic
algorithm is utilized to optimize the coordinates of the vertex of the FL control membership
function in the adaptive energy management strategy. The GWO-LSTM network achieved
a high accuracy (97.7%) in recognizing working conditions, outshining the classical LSTM
network (just 88.9%). The fuel saving by the adaptive energy management approach
is 11.9% compared to the baseline of the conventional FC-based energy management
approach, which indicates a measurable improvement in the fuel economy as a result of
the integration between DL and FL techniques [159].

5.6. Optimization-Based Strategies

Optimization-based methods are the future of ship navigation control and energy
management, as the industry moves towards greater fuel efficiency, reduced emissions, and
autonomous operations. These methods utilize mathematical modeling, real-time analysis,
and advanced control algorithms to optimize propulsion efficiency, route planning, and
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energy consumption. Recent advances are directed towards the integration of multi-
objective optimization, MPC, and ML methods to address the complex trade-offs related to
ship operations under varying environmental and load conditions [160]. In this context, an
optimization-based EMS for a hybrid electric ship has been introduced, which is based on
a double Proton Exchange Membrane Fuel Cell (PEMFC), batteries, and ultra-capacitors,
where the Equivalent Consumption Minimization Strategy (ECMS) method is employed in
distributing power, aided by a map search engine to enhance efficiency. Further, an adaptive
co-state method is employed to distribute power to energy storage devices according to
their real-time SoC. The incorporation of this regulation into the topology has resulted in a
peak efficiency of 0.505 for the system in the simulation relative to specific rule-based EMSs
and other approaches for splitting power to each PEMFC unit [160].

In ref. [161], the ECMS there proposed effectively reduces energy consumption in
all-electric ships, while simultaneously curbing harmful emissions and preserving battery
health, demonstrating its capability to handle high uncertainty in load profiles. The
performance of the ECMS controller was evaluated with various load profiles in a series of
tests, where it proved to be flexible and high-performing in managing different mission
profiles and ensuring optimal energy management compared to other state-of-the-art
control methods.

5.7. Advanced Energy Management Systems

Advanced EMSs (AEMSs) are at the forefront of next-generation power and mobility
technologies through smart control and coordination of multiple loads and energy sources.
Grounded in predictive analytics, real-time monitoring, and adaptive optimization, AEMSs
offer high reliability, efficiency, and sustainability to applications from smart grids to electric
transportation systems.

An AEMS for a hybrid power system has been proposed in [162], which includes a fuel
cell and an HESS. The authors provide an Adaptive ECMS (A-ECMS) with the support of an
FL controller to adjust the equivalent factor online for optimal power distribution and grid
stability. A feedback-based variable low-pass filter from the ultracapacitor SoE enhances
dynamic response [162]. A control architecture for a parallel-hybrid energy storage system
consisting of batteries and ultracapacitors is proposed in [163]. It features a disturbance
observer and Nonlinear State Feedback Controller (NLSFC) for enhanced traction motor
speed control under external disturbances and nonlinearities. A non-inverted buck–boost
H-bridge converter is used for bidirectional power flow and regenerative braking. An
AEMS distributes power based on dynamic demand and energy source conditions in real-
time. Simulation results show improved performance over standard PI control schemes,
reducing the steady-state speed error and the maximum acceleration overshoot [163].

On the other hand, RL-based EMS approaches, such as Deep Q-Networks (DQN),
are being researched to enable directly learning optimal power management policies
from experiencing the system environment without an explicit model. As an example,
ref. [164] proposes a deep reinforcement learning-based EMS capable of adapting to various
driving cycles and aging profiles with improved performance compared to traditional EMS.
Adaptive EMSs are increasingly integrated with BT and SC health monitoring systems
for making real-time decisions based on operational efficiency, system reliability, and
safety. Another study focuses on AEMSs for EVs, including predictive control algorithms,
adaptive charging strategies, vehicle-to-grid integration, and HESSs [165]. Enhanced energy
efficiency and performance can also be achieved in transportation applications, including
marine propulsion. The study projects an estimated energy efficiency gain of 97% and a
reduction in charging time by up to 15%, which highlights the very high potential of these
solutions for transport applications. The study also points out that EVs now have their
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range increased by approximately 45 miles and reduced charging times by 15% compared
with the previous year, showing overall performance improvements through implementing
AEMSs [165].

A review of some of the latest AEMS for EVs and marine electric propulsion systems,
specifically focusing on fuel cell hybrid electric vehicles, highlights the dynamic nature of
electrochemical energy sources and the need for optimal power allocation using different
power management strategies [166]. In this regard, recent advancements in AEMS involve
the integration of AI-based algorithms, cyber-physicality, and decentralization to counter
the mounting demands of decentralization and the dynamics of energy systems.

5.8. Decentralized and Distributed Control

Distributed and decentralized control systems are also becoming increasingly impor-
tant to handle the scalability and fault tolerance of complex systems, such as smart ships or
microgrids. In this regard, a decentralized system uses one local controller for each module
of the HESS, while a central control system relies on one global controller for the whole
system. This approach allows modular expansion, better fault isolation, and a reduction in
communication overhead.

State-of-the-art studies in decentralized and distributed approaches include ref. [167]
which proposes a decentralized fault-tolerant control approach for multilevel Cascaded H-
Bridge (CHB) inverters using a multiband hysteresis modulation that enables independent
module operation, load balancing, and fault tolerance in medium-voltage applications
with minimal communication. In [168], where the European Economic Area Electricity
Network Benchmark (EEA-ENB) has been considered, a large multi-area power network
model has been used to facilitate the development and testing of distributed control
methods, specifically distributed MPC. It addresses challenges in controlling renewable
energy sources, whose variability may destabilize power grids, by integrating ESSs as
frequency regulators. These ESS also improve reliability and security by eliminating single
points of failure and can switch seamlessly from grid-forming to grid-following mode
and vice versa, depending on system needs. The research trend includes integrating
privacy [169], real-time optimization, and scalable learning algorithms to enable optimal
operation under both physical and communication constraints. Other viable research
studies for different applications of decentralized and distributed control, focusing on MPC,
are given in [168–175]. The summary of the advanced emerging research and methods with
related references is given in Table 4.

Future trends in SC–BT HESS control topologies are influenced by the advancements
in digitalization, intelligent control, self-healing materials for power electronic compo-
nents, and cybersecurity. One of the future trends is the use of digital twins (real-time
virtual replicas of battery and supercapacitor systems) that enable predictive control by
simulating thermal, electrical, and degradation behaviour. Such models enable closed-
loop control and fault diagnosis at an early stage. Simultaneously, edge computing and
the adoption of IoT are transforming HESS architectures. IoT-enabled BMS and SCMS,
combined with smart sensors, will enable edge AI-based processing, reducing latency and
further enhancing remote diagnostics and analytics. Finally, there is the unified power
management concept that integrates power sources like batteries, supercapacitors, fuel
cells, flywheels, and renewables into one. This will require a highly adaptive EMS that can
optimize system performance in real time with respect to a set of efficiency, response time,
and operating constraints.
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Table 4. Summary of emerging research and authors’ contributions to the field.

Emerging Topic Research Methods Systems References

Aging-Aware Control of BT and SC

Aging-aware control schemes in a
hybrid electric vehicle HEV [148]

Thermo-electrical and HESS aging
model development and vehicle

dynamics simulation
EV [149]

Aging-aware control strategy for a
lithium titanate battery energy storage

system

280-kWh lithium-titanate
BESS [150]

Aging-aware control using empirical
models of aging in regulating power

between battery and ultracapacitor ESS
BT and SC ESS [151]

Control-oriented aging model for
energy storage devices BT and SC ESS [152]

Ageing-aware adaptive control Lithium BESS [153]

Battery aging for optimal control of
stationary batteries BESS [154]

Advanced Hybrid Supercapacitors and
Lithium–Sulphur Batteries

Electroactive metal–organic
frameworks (MOFs) BT and SC ESS [155,156]

Multi-Agent Reinforcement Learning
(MARL)

MARL architecture with Twin Delayed
Deep Deterministic Policy Gradient

(TD3) methods to monitor and
maximize system performance in real

time

EVs and grid [159]

Deep Learning and Fuzzy Logic for
Range Extension

Long Short-Term Memory (LSTM)
network for pattern matching used for

range extension with the use of
optimization algorithms

EVs [160]

Optimization-Based Strategies

Equivalent Consumption Minimization
Strategy (ECMS) in power distribution

with MSE for improved efficiency

Hybrid electric ship with
double proton exchange

membrane fuel cells
(dPEMFCs), BT, and SC

[161]

Equivalent Consumption Minimization
Control Strategy (ECMS) All-Electric Ships [162]

Advanced Energy Management
Systems

Adaptive Equivalent Consumption
Minimization Strategy (A-ECMS) with
the support of a fuzzy logic controller

HESS [166]

Adaptive Energy Management
Strategies (AEMS) Fuel Cell HEVs (FCHEVs) [163]

Disturbance observer and Nonlinear
State Feedback Controller (NLSFC) for
enhanced traction motor speed control

under external disturbances and
nonlinearities

BT-SC HESS for
parallel-hybrid energy

storage EVs
[164]

Deep reinforcement learning-based
EMS BT-SC HESS-based EVs [167]

Decentralized and Distributed Control Decentralized fault-tolerant control Multilevel CHB inverters [84]

Distributed Model Predictive Control
(DMPC) and MPC - [86]

Despite the promise of intelligent frameworks, emerging HESS control approaches
are challenged by the high latency introduced by cloud servers. Edge AI computing offers
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lower latency and less dependency on data communication with the cloud. Furthermore,
the lack of available datasets with ESS fault conditions limits the development of fault
diagnosis algorithms. A lightweight AI algorithm with publicly available datasets can ease
the development of fault diagnosis for ESSs [176–179].

6. Future Perspectives on Reliability Assessment of HESS
While the literature surveys the benefits of HESS mitigation strategies at the surrogate

level, there is a lack of studies attempting to evaluate the reliability of these strategies prior
to and after their implementation. Furthermore, as most of the existing literature has relied
upon simulations and laboratory testing of these components, it is difficult to determine
the statistical efficacy of these strategies without the performance of studies that test for
reliability under extended periods of real-world application. Thus, conducting studies that
aim to establish standardized protocols for testing the reliability of these components over
time will help to fill this existing gap in the literature. Accordingly, future studies should
focus on measuring the statistical failure rates of these components during their operation,
particularly under complex and dynamic conditions, to provide a more accurate measure
of their reliability.

In the context of reliability assessment, a recent study has been conducted for the
standalone ESS, which comprehensively reviews reliability assessments [3]. This study
establishes that Markov models and multi-state assessments are highly effective for eval-
uating standalone ESSs; however, applying these methodologies to HESSs introduces
significant structural complexity. Unlike standalone systems, HESS architecture exhibits
dynamic stress-shifting; for instance, the failure of a supercapacitor-interfacing converter
dynamically accelerates the degradation rate (λ) of the battery pack. Consequently, evalu-
ating HESSs requires advanced combinatory probabilistic models. As noted in the recent
literature, approaches like the Universal Generating Function (UGF) are particularly ad-
vantageous for hybrid systems, as they allow for the mathematical aggregation of diverse
performance distributions from chemically distinct storage components. Expanding these
UGF and multi-state Markov models to account for the specific topological redundan-
cies of active and semi-active HESS configurations remains a critical frontier for future
research [3]. Figure 12 depicts the generalized process (following the procedure used by )
of the reliability assessment for HESSs, that can be followed for the future reliability studies
of HESSs.

Figure 12 presents the general framework of the reliability assessment of the HESS,
which is obtained by adapting the conventional framework for evaluating the reliability of
the ESS by considering the integration of the different types of energy storage technologies
that comprise the HESS. The framework includes steps for defining the topology of the
HESS, modelling the reliability of each of the components of the HESS (the battery, the
supercapacitor, and the power electronic converters), integrating those components to form
the HESS according to its topology and operational requirements, and applying reliability
assessment methods (such as UGF, Markov process, Monte Carlo method, and FTA) to
the HESS to evaluate metrics that indicate the reliability of the system (such as system
reliability, failure rate, availability, power capability, and degradation).
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Figure 12. Generalized framework for the reliability assessment of HESSs.
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7. Conclusions
Hybrid Energy Storage Systems (HESSs) have emerged as an indispensable solution

to plug performance gaps inherent in a single energy storage technology, especially in
high-energy and high-power applications like electric vehicles, renewable energy source
integration, and marine propulsion systems. This review has widely explored the various
HESS configurations, including failure mechanisms, mitigation strategies, and future
technologies, and vibrant directions of research, while discussing in detail the recent
commercial developments and their future development in marine transportation.

Failure analysis has reported a range of problems in HESS configurations, such as
thermal runaway, overcharge/overdischarge, power imbalance, and converter failure.
These are usually exacerbated by mismatched control logic, real-time communication delay,
and sensor accuracy. Mitigation strategies, including fault-tolerant control, state-of-health-
aware energy scheduling, separator and converter design optimizations, and integrated
thermal management, have demonstrated considerable potential for enhancing reliability
and robustness of HESS operation. This work focuses on some future control topologies,
such as centralized, decentralized, and hierarchical, showing that the effectiveness of an
HESS depends largely on intelligent coordination among diverse subsystems. In fact,
the control topologies are vital in enabling maximum power flow, enhancing efficiency,
prolonging battery lifetime, and ensuring stability of the system in a wide range of operating
conditions. Yet a definitive and comprehensive quantitative study and reliability assessment
of these mitigation techniques in the HESS before and after implementation is unavailable in
the literature. Therefore, in future studies and reviews this gap can be filled by performing
the reliability assessment and quantitative analysis of the mitigation strategies before and
after their implementation in HESS.

The heart of new technologies are the combinations of machine learning, multi-agent
reinforcement learning, fuzzy logic, and deep learning-based predictive models that will
drive a step change in adaptive energy management. The result will be intelligent systems
that can optimize performance in real-time, responding to dynamic and uncertain condi-
tions, thus unlocking greater autonomy, scalability, and resiliency for HESS architectures. In
addition, emerging materials such as metal–organic frameworks and solid-state electrolytes
are continuing to expand the functional envelope of energy storage components making
up such hybrid systems. Future HESS research will cover co-design of hardware and con-
trol architectures, standardization of system evaluation protocols for benchmarking, and
development of plug-and-play modular HESSs for a wide range of applications. Special
attention must be given to cybersecurity, interoperability, and lifecycle management issues
as they will be increasingly integrated into digital and grid-connected infrastructures.

In conclusion, the development of HESS technology is an interdisciplinary effort that
includes material science, control theory, data-driven intelligence, comprehensive system-
level integration, and market analysis. With continuous innovation and collaboration,
HESS is expected to play an enabling role in next-generation sustainable and intelligent
energy systems and the transition to a new power system era. These intelligent systems
offer real-time optimization and responsiveness against dynamic and uncertain conditions,
giving way to more autonomous, scalable, and resilient architectures.
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