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Abstract: The current worldwide energy directives are oriented toward reducing energy consumption
and lowering greenhouse gas emissions. The exponential increase in the production of electrified
vehicles in the last decade are an important part of meeting global goals on the climate change.
However, while no greenhouse gas emissions directly come from the operations of the electrical
vehicles, the electrical vehicle production process results in much higher energy consumption and
greenhouse gas emissions than in the case of a classical internal combustion vehicle; thus, to reduce
the environment impact of electrified vehicles, they should be used for as long as possible. Using
only batteries for electric vehicles can lead to a shorter battery life for certain applications, such as in
the case of those with many stops and starts but not only in these cases. To increase the lifespan of
the batteries, couplings between the batteries and the supercapacitors for the new electrical vehicles
in the form of the hybrid energy storage systems seems to be the most appropriate way. For this,
there are four different types of converters, including rectifiers, inverters, AC-AC converters, and
DC-DC converters. For a hybrid energy storage system to operate consistently, effectively, and safely,
an appropriate realistic controller technique must be used; at the moment, a few techniques are being
used on the market.

Keywords: vehicle batteries; supercapacitors; electrical vehicles; hybrid energy storage systems;
electrified vehicle energy management

1. Introduction

Globally, energy consumption has increased significantly, as has people’s level of well-
being all over the globe and, consequently, the number of vehicles. According to data now
available, there are approximately 1.5 billion automobiles on the planet, and it is anticipated
that by 2030, this number will exceed 2.5 billion [1]. To meet the world’s energy needs,
global energy directives urge us to transition to sustainable, renewable energy sources
instead of fossil fuels. Their use in the commercial, industrial, and residential sectors
has been pointed out in [2]. The rapid development of power electronics, which enables
the total control of renewable energy sources constrained by stochastic environmental
circumstances, is another factor supporting this direction [3].

Now, at the beginning of the 21st century, sustainability is an important aspect of our
lives. Our society is transforming and changing at a faster pace than in the past. Finding
new ways of increasing the sustainability of the used solutions is a priority nowadays [4].

Electrical vehicles (EVs) are gaining major popularity because soaring greenhouse
emissions imply some serious health problems for the population and severe climate
changes, inevitably leading to the necessity of solving these issues [5]. The transportation
industry is to blame for almost a third of the total emissions of carbon dioxide, whilst
over 70% of emissions in the transport industry are ascribed to vehicle transportation [6].
Compared to internal combustion engine (ICE) vehicles, EVs are the most suitable solution
in the transport sector for the zero-emissions objective (while they are used) to comply
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with modern world pollution demands [7]. Although EVs have significant energy storage-
related challenges, such as driving distance, battery expense, charging period, volume, and
weight [6]. These are some of the reasons that have led to the adoption of hybrid energy
storage systems (HESSs) that incorporate batteries and supercapacitors (SCs) for EVs and
other electric propulsion (transport) applications.

Some of the most wide-spread objectives of HESSs are regenerative-breaking recovery
and to meet the acceleration performance and the capability requirements of driving cy-
cles [8,9], as well as energy loss, battery life, system efficiency, and dynamic performance,
while overall weight, volume, and price are taken into consideration when choosing to
develop an optimal energy management strategy in HESSs for EVs [10]. An electric car’s
production process leads to significantly increased energy demand and greenhouse gas
emissions than in the case of an internal combustion (IC) vehicle, although it has a signifi-
cantly lower overall environmental impact during operation. The process used to make
battery packs is primarily to blame. Therefore, EVs should be used for as long as possible
to minimize the harmful effects of the production process on the environment [11]. Other
energy storage systems (ESSs) are incapable of delivering all the features required by EVs to
perform at the highest standards. To optimize features, such as power density, energy den-
sity, discharge rate, life cycle, and cost, HESSs combine two ESSs that have complementary
characteristics, as a result, assuring the best possible performance of ESSs [12].

Mostly, batteries are distinguished by a relatively high specific energy, whereas SCs
have a relatively lower specific energy and substantially high-power density [13]. The
batteries lose their performances over time due to peak usage; thus, when EVs require
unexpected energy use while accelerating, the battery pack alone cannot perform this
requirement. Furthermore, high currents are generated during regenerative breaking
which can also shorten the batteries’ lifespans [8]. Due to the different values of operating
voltage between the batteries and the SCs and to take advantage of the two, the connection
is established using a bidirectional DC-DC converter within an HESS [14].

HESSs can be configurated according to passive, semi-active, and active topologies,
based on the energy demand and the configuration of the DC-DC converters. In the passive
configuration, the energy storage systems (ESS) are linked to the load in parallel with no
power control circuits involved, while for the semi-active hybrid, a single DC-DC con-
verter is employed. In active hybrids, two DC-DC converters are used for the circuitry
configuration [15]. In addition, regarding the energy management system (EMS), there
are two types of strategies [16]. The “on-line” strategy (the rule-based control strategy,
the fuzzy logic control strategy, the model predictive strategy, and the filtration-based
strategy), also known as the “all or nothing” control strategy, is simple to implement in
real-world application. Since these online approaches are frequently developed empirically,
they are unable to reach global optimization performances or the “off-line” strategy (the
Pontryagin’s minimum principle, the dynamic programming approach) that can accom-
plish globally optimal performances, although due to their high-computing costs, these
technologies are challenging to use in practical applications [17].

In this study, the most recent developments in terms of energy storage, power con-
verters, energy management techniques, and control algorithms used in automobiles are
pointed out. All the current and most widely used EV-related technologies will be covered.
Additionally, the purpose of this study is to present the actual state of the art of a niched
domain, namely battery-supercapacitor energy storage systems for electrical vehicles. The
reason is that during the discharge of the battery, non-monotonic power consumption
emerges, which is accompanied by frequent changes. This can be extremely harmful to
the battery’s electrochemical process, and a viable solution is to combine the battery with
a supercapacitor, which is essentially an electrochemical cell with a similar architecture
but with higher speed capability and better cyclability. The study begins with the state
of the art of the batteries for electrified vehicles, followed by the state of the art for the
supercapacitors for electrified vehicles. Then, the hybrid energy storage systems are pre-
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sented together with battery-SC HESS topologies and the energy management necessary
for these systems.

2. Batteries for Electrified Vehicles

Batteries used for EVs are the most known and commonly used application for power
systems due to their ability to transform a chemical energy source into electrical energy
and the other way around [18–24]. The batteries are appraised for their energy and power
capacities; therefore, the most important characteristics that should be considered when
designing an HESS are battery capacity measured in ampere-hours (Ah) with values
between 0.02–40 depending on the BEV type [21], the amount of energy packed in a battery
measured in watt-hours (Wh) with specific energy ranging between 30–180 Wh/kg [22,24],
and the useable state-of-charge (SOC) of the battery which indicates the percentage of
energy currently contained within the battery [21].

On the market, there are numerous battery varieties depending on their chemical
structure. Currently, lead-acid batteries, nickel-metal hydride (Ni-MH), and lithium-ion bat-
teries are the three the most common rechargeable battery types used in EVs [18–20,22–27].
Table 1 provides some of their characteristic values.

Table 1. Characteristic comparisons of the primary types of batteries used in EVs [21–24,28].

Energy Storage Type Specific Power
(W/kg)

Specific Energy
(Wh/kg) Life (Years) Cycle Efficiency

(%) Cost ($/kWh)

Lead-acid battery 50–180 30–50 3–15 500–4500 70–90 50–200

Ni-based battery 50–1000 30–70 15–20 100–40,000 50–90 150–2400

Li-based battery 250–400 90–190 ~15 500–18,000 80–95 100–2000

2.1. Lead-Acid Batteries

Lead-acid batteries are rechargeable electrochemical products which have been em-
ployed in both domestic and industrial settings. Lead-acid batteries provide several advan-
tages, including low capital costs, high-energy efficiency (>80% [21,24]), quick response
times, and minimal rates of self-discharge of only 2% of rated capacity per month (at 25 ◦C).
However, lead-acid batteries have a poor specific energy density 30–50 Wh/kg [21] and
a short cycle life of maximum 1500 [18]. The use of lead-acid batteries has been rising,
which is why the disposal of the parts are increasing. Lead is dangerous and has negative
environmental impacts [22,23,29].

2.2. Nickel-Based Batteries

There are four different types of nickel-based batteries: nickel-iron, nickel-cadmium
(NiCd), nickel-metal hydride (NiMH), and nickel-zinc (NiZn) [18]. All three varieties utilize
nickel hydroxide as the positive electrode and a potassium hydroxide aqueous solution
mixed with the electrolyte being primarily lithium hydroxide. The NiCd type employs
cadmium hydroxide as the negative electrode, the NiMH type uses a metal alloy, and the
NiZn type uses zinc hydroxide [24]. The maximum energy densities for alkaline batteries
are often higher than those for lead-acid batteries, and their specific energy densities vary
from 50 Wh/kg to 95 Wh/kg. With up to up to 10,000 cycles [18,21,24], NiCd batteries have
more extended average operating and cycle lives than lead-acid batteries.

2.3. Lithium Batteries

Lithium batteries (LiBs) are the most appropriate energy storage system for automotive
use because of their low mass, high specific energy, high specific power up to 4000 W/kg,
and high energy density up to 250 Wh/kg [9,21,22,24,26,27]. Additionally, LiBs have no
memory effect and contain no toxic elements, such as lead, mercury, or cadmium [21]. To
achieve the desired capacity and voltage for automotive applications, LiBs are made up
of numerous electrochemical lithium-ion cells that are incorporated into modules before
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being added to a battery pack [28]. The main disadvantage of LiBs is their price compared
to other types of batteries. LiBs are made up of interconnected cells that vary in length,
width, and height, as well as shape (pouch, prismatic, and cylindrical, as shown in Figure 1)
depending on the manufacturer [30].
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The health of LiBs is directly impacted by the parameters of their operation. Degra-
dation arises during charging and discharging, according to the aging process and while
being, stored according to the calendar aging [31]. In electric vehicles, battery deterioration
causes capacity fade, which limits the vehicle’s practical range, and impedance rise, which
reduces the battery’s usable power output [26,28]. Due to chemical, electrochemical, and
mechanical aging of LIBs cells, a steady decline in driving range is projected over the life of
a battery pack (up to 25% after around eight years or around 140,000 km) [32].

The number of battery cycles considered practical in the literature ranges between
1000 and 3000 cycles, whichshould assure a long battery life. The lower value of the range
(1000 cycles) for an EV with an electrical driving range of 200 km is easily achieved by
manufacturers nowadays, and the car would still be able to be driven 200,000 km before
the battery’s life was up [30]. People in Europe expect a driving range of approximate
300 km, which is not easily achieved by using batteries alone [32]. The EV driving range
is one of the major barriers for limiting consumers’ choices for adopting sustainable road
transport [33]. Thus, adopting the hybrid energy storage by combining the batteries and
SCs for better performances could overcome this problem and more, and more people
would choose to buy EVs.

Developments to the battery packs’ engineering and chemical elements will be es-
sential. The proportion of inactive components in the cell, module, or pack’s overall
weight and volume should be minimized, and the effectiveness of cell production should
be as high as possible. To transcend the existing storage limits of the LIB packs, signif-
icant improvements in the chemistry/formulation of the electrolyte and electrodes are
required [34]. The difficulty for battery research in the coming years will be to develop
greater electrochemical/thermal stability electrolytes. To assure a sustainable future for
BEVs, a protracted change to battery chemistries, such as Li-S and metal-air, appears
unavoidable, as evidenced by life-cycle assessments [32]. To advance further, new cell
chemistry and technology will be required as battery performance limits are predicted to be
reached by 2030 [30]. Although, as shown in Figure 2, we can observe a major improvement
in recent years regarding the energy density for batteries, especially for Li-Ion batteries.

Although there have been substantial improvements in battery performance over the
past few years, peak utilization is still the main issue. In EVs, this problem persists since
several factors, including driving technique, the road, etc., produce abrupt variations in the
power usage [8]. To overcome this problem HESSs represent an optimal solution by combining
two ESSs with complementary qualities (batteries and supercapacitors) to enhance the performances
of EVs.



Energies 2022, 15, 5683 5 of 13Energies 2022, 15, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 2. Evolution of energy density in the last decades in batteries with various cell chemistries. 

Although there have been substantial improvements in battery performance over the 
past few years, peak utilization is still the main issue. In EVs, this problem persists since 
several factors, including driving technique, the road, etc., produce abrupt variations in 
the power usage [8]. To overcome this problem HESSs represent an optimal solution by combin-
ing two ESSs with complementary qualities (batteries and supercapacitors) to enhance the perfor-
mances of EVs. 

3. Supercapacitors for Electrified Vehicles 
The terms “supercapacitors”, “ultracapacitors” and “electrochemical double-layer 

capacitors” (EDLCs) are frequently used to refer to a group of electrochemical energy stor-
age technologies that are suitable for energy quick release and storage [35–37]. Similar in 
structure to the normal capacitors, the supercapacitors (SCs) store energy by layering two 
solid conductors with an electrolyte solution. Due to the SCs’ significantly higher capaci-
tance compared to traditional capacitors, they have energy storage capacities that can be 
up to 20 times higher [18,21,22]. The SCs offer great power density, a quick charging–
discharging time, and almost infinite cycle lives [7,38]. In industrial and transportation 
applications, supercapacitors are being utilized more frequently as high-power buffers, 
either alone or in conjunction with different electrochemical batteries [38,39]. In contrast 
to batteries, supercapacitors can handle higher power rates and can deliver the same vol-
ume with 100 to 1000 times more power; however, they cannot hold the same volume of 
energy as batteries, which is typically three to thirty times less. Because of this, superca-
pacitors can be used in applications where power bursts are needed but large amounts of 
energy storage are not [35,37,39]. Traditional capacitors don not perform well for future 
applications because of their inflexible and heavy structures. For multifunctional con-
sumer electronics, slimmer, lighter, more flexible, transparent SCs with a variety of unique 
features and functions are needed [40]. 

Currently, electric double-layer capacitors (EDLC), pseudocapacitors, and hybrid ca-
pacitors are the three types of SC technologies employed in electric vehicles [18,21]. The 
benefits and drawbacks of capacitor energy storage are listed, and some of these are com-
pared in Table 2. 
  

Figure 2. Evolution of energy density in the last decades in batteries with various cell chemistries.

3. Supercapacitors for Electrified Vehicles

The terms “supercapacitors”, “ultracapacitors” and “electrochemical double-layer
capacitors” (EDLCs) are frequently used to refer to a group of electrochemical energy
storage technologies that are suitable for energy quick release and storage [35–37]. Similar
in structure to the normal capacitors, the supercapacitors (SCs) store energy by layering
two solid conductors with an electrolyte solution. Due to the SCs’ significantly higher
capacitance compared to traditional capacitors, they have energy storage capacities that
can be up to 20 times higher [18,21,22]. The SCs offer great power density, a quick charging–
discharging time, and almost infinite cycle lives [7,38]. In industrial and transportation
applications, supercapacitors are being utilized more frequently as high-power buffers,
either alone or in conjunction with different electrochemical batteries [38,39]. In contrast to
batteries, supercapacitors can handle higher power rates and can deliver the same volume
with 100 to 1000 times more power; however, they cannot hold the same volume of energy
as batteries, which is typically three to thirty times less. Because of this, supercapacitors can
be used in applications where power bursts are needed but large amounts of energy storage
are not [35,37,39]. Traditional capacitors don not perform well for future applications
because of their inflexible and heavy structures. For multifunctional consumer electronics,
slimmer, lighter, more flexible, transparent SCs with a variety of unique features and
functions are needed [40].

Currently, electric double-layer capacitors (EDLC), pseudocapacitors, and hybrid
capacitors are the three types of SC technologies employed in electric vehicles [18,21].
The benefits and drawbacks of capacitor energy storage are listed, and some of these are
compared in Table 2.

Table 2. Advantages and disadvantages of electric double-layer capacitors, pseudocapacitors, and
hybrid capacitors [21,40–42].

Electric Double-Layer Capacitor Pseudocapacitor Hybrid Capacitor

High voltage and high power operation
Low-voltage functioning is restricted by
electrochemistry and the solvent’s solvent
decomposition voltage.

Increased cell voltage

Electrode’s substance of choice is carbon. Materials utilized as electrodes are metal
oxides and conducting polymers.

Consisting of materials containing either
conducting polymers or metal oxides in the
carbon
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Table 2. Cont.

Electric Double-Layer Capacitor Pseudocapacitor Hybrid Capacitor

The creation of an electrochemical double layer
serves as a charge storage mechanism,
non-Faradaic process.

Redox reactions, faradaic process allow the
charge to be stored.

Both faradaic and non-faradaic processes store
the charge.

3.1. Electric Double-Layer Capacitors

The two charged layers that develop at the electrode/electrolyte interfaces are referred
to as electric double layers (EDL), and the ensuing potential-dependent charge storage
capability is related to electric double-layer capacitance [40,43,44]. Therefore, these SCs are
known as electric double-layer capacitors (EDLCs). Compared to electrostatic capacitors,
EDLCs have a much higher capacitance because they use nanoporous materials with high
specific surfaces as active electrode materials [37,42].

3.2. Pseudocapacitors

Pseudocapacitors improve energy density and specific capacitance more than EDLCs
because they store the charge by electrosorption, oxidation–reduction reactions, and in-
tercalation mechanisms, which are known as faradaic processes [37,42,44]. The ability of
electrodes to produce the pseudocapacitance effect is influenced by the electrode pores’
sizes and shapes, as well as the materials’ chemical affinities to the ions adsorbed on the
electrode surface. The provided voltage increases the charge storage linearly [40,42].

3.3. Hybrid Capacitors

In recent years, hybrid supercapacitor systems with greater voltages and improved en-
ergy density have been created by combining some battery-type electrodes with supercapacitor-
type electrodes. According to some researchers, “hybrid” supercapacitor systems are techni-
cally “asymmetric” supercapacitor systems since they are built on two separate supercapacitor-
type electrodes [40,44].

The electric double-layer capacitor and the pseudocapacitor are two mechanisms that
many of the currently available SCs use [8]. It has been noted in a number of publica-
tions [18,39,43] that SCs can operate longer than any other ESSs. High power and high
energy supply systems for EVs cannot be achieved simultaneously by ultracapacitors. As
a result, the ultracapacitors handle short-term power requirements, while the batteries
supply the vehicle’s long-term autonomy [21]. An active HESS enables ultracapacitors and
batteries to operate at their full capacity to satisfy the dynamic EV demand. Due to the
active HESS configuration’s use of the energy from the ultracapacitors, there is improved
fuel efficiency and increased energy security [7].

4. Hybrid Energy Storage Systems

The dual-source HESS can overcome the drawbacks of using a solitary source of
energy by combining two energy sources in the vehicle electric propulsion system [18].
HESS adoption presents several benefits, such as lengthening of system and storage life,
cost and volume savings compared to using a single storage system, and an improvement
in overall system effectiveness [45]. These often integrate high-energy and high-power
storage components with an overall improvement in power density and energy density
being the main benefit of such hybrid systems [45,46]. In addition, there are numerous
additional potentials energy storage configurations based on SMES, CAES, or flywheel [45]
managing solar and wind energy on a large scale [39,47] and microgrids systems where
local loads are powered by distributed power supplies, storage devices, controllable loads,
and power-conditioning equipment [48,49]. In the literature, there are several dual source
combinations, including battery and SC, battery and magnetic energy storage, battery
and flywheel, battery and hydraulic accumulators, battery and fuel cell, SC and fuel
cell, compressed air energy storage and battery, compressed air energy storage and fuel
cell, etc. [50]. More research is being done on the combined usage of battery and SC
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storage to improve the HESS’s overall performances, even if other configurations also
offer certain distinctive advantages [47]. Hence, the battery–SC combination can make
use of each other’s complementing qualities. Due to its similar operating concept, wide
availability, and affordable initial cost, this combination has gained popularity [25,49].
Four varieties of converters are available, including rectifiers, inverters, AC-AC converters,
and DC-DC converters.

4.1. Battery–SC HESS Topologies

The distribution of power among diverse power sources is coordinated using appro-
priate energy management systems (EMSs) and topologies for HESSs. Additionally, by
properly distributing output power throughout the system, these methods improve system
economy and efficiency while extending the lifespan of HESSs [51]. The HESS can either
be linked to the DC bus or the AC bus using a separate DC-AC converter. To utilize both
and minimize their drawbacks, HESS is typically developed by connecting the superca-
pacitor and battery through a bidirectional DC-DC converter [14]. There are three types of
interconnection topologies: passive, semi-active, and active [7,8,13,15,38,39,49,51–54]; their
structure is shown in Figure 3. Based on the system requirements and the functions of the
energy management system, a wide range of topologies can be chosen.
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In active HESS topologies, two bidirectional DC-DC power converters are used to connect
the ESS elements to the DC bus and actively manage the flow of their power [7,8,38,51,53,54].
The energy storage devices’ voltage can be distinctive from the DC bus voltage due to DC-
DC converters [52]. In EV applications, DC bus voltages must remain constant during the
driving duration; therefore, a fully active topology is the primary option for these kinds of
applications [51]. A fully operational HESS can be used to implement the optimal control.
However, this design compromises the efficiency, cost, and component size of the HESS. The
design is also more complex than a passive design [8].

There are two types of active topologies: parallel and series [15,49]. By inserting a
DC-DC converter between the supercapacitor and the load, parallel topology eliminates
the drawbacks of ultracapacitor voltage fluctuations and matching, making it by far the
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best active hybrid. By putting a DC-DC converter between the battery and the DC link, it
is possible to achieve both virtually the battery’s steady current flow and the load’s and
the battery’s voltage differences [15]. High power storage and high energy storage are
cascaded in the series architecture along with a power converter to isolate it from the DC
bus. Since this topology requires the power converter to meet the HESS’s overall power
rating, it is frequently disregarded [55].

For passive topologies the ESS devices’ electrical characteristics only influence the
power-sharing mechanism and responsiveness for the terminals that are directly linked to
the DC bus [7,15,38,39,51,53,54]. The impedance ratio determines how the load is divided in
the passive architecture, which is similar to synchronous generators running in parallel. The
load is distributed similarly based on the ESS’s output characteristics and internal resistance.
Temperature and the current state of charge have significant impacts on resistance in this
situation [39,49,52].

Due to its limitations, such as lack of controllability and variable power sharing
dependent on source impedance, and due to their direct connection to the system, ESSs
are susceptible to cascading failure during emergencies, and the DC bus voltage or load
voltage should exactly match the voltage of the ESS [15,38,51,52].

One energy storage unit connects straight to the DC connection, while the other is
connected via a DC-DC converter in a semi-active HESS setup [7,51], which compared to
fully active and passive HESSs, is a decent trade-off between system price and efficiency.
Additionally, the semi-active topology can be used to execute the majority of control
techniques [16,17]. Semi-active structures with regulated SCs and batteries have been
examined in the literature [16].

In the supercapacitor semi-active topology, the battery is directly coupled to the DC
bus while the SC is coupled in series with a bidirectional DC-DC converter to take use of
its wide voltage range [8,38,54]. Because the battery is linked directly, the voltage of the
DC bus is stable. Therefore, choosing and designing a converter that can handle strong
currents and significant voltage variations adds to the price [39].

In the battery semi-active topology, the SC is directly connected to the DC bus while
the battery is connected in series with a bidirectional DC-DC converter [39,54]. Since the
battery is disconnected, the convertor can configure the battery current profiles to be very
smooth. High values of current variations during emergency acceleration and deceleration
can be absorbed by the ultra-capacitor. However, because of the ultra-direct capacitor’s
connection, the DC bus voltage will fluctuate [38].

Therefore, the topology most suitable for vehicular applications is the semi-active
one which is typically chosen as the ideal topology as a balance between expenses and
complexity of control technique [39]. Among the two types of semi-active topologies there
are distinctions, such as energy savings where SC/battery semi-active HESS can save more
energy compared to the battery/SC design [56].

4.2. Energy Management

A complex system management plan must be created to ensure the greatest possible
advantage of each ESS in the HESS [51]. The ESSs must be protected from harsh environ-
ments, have robust system operations under all conceivable loading circumstances, and
have their usable lifetimes increased [8,54]. Power capacity, timing of controller response,
controller cost, reduction of power fluctuation, and hybridization structure are only a few of
the factors that affect the choice of an appropriate control strategy for HESS. For the HESS
to operate consistently, effectively, and safely, an appropriate realistic controller technique
must be used [49].

The EMS can be broadly branched into two levels. The low-level control system adjusts
the DC bus voltage and regulates the flow of the current into and out of the ESS components
in accordance with the reference signals produced by the high-level control system. The
high-level control system carries out a power-allocation approach, SoC monitoring and
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control, and other innovation and environmental management strategies to accomplish the
desired control objectives [49,54].

Simple power allocation methods may not be adequate to efficiently distribute the
energy storage system’s component energy demand in the HESS due to the complicated and
non-linear properties of the battery and supercapacitor during the charging/discharging
operation. Advanced EMS supervisory control algorithms have been developed as a
result [54]; therefore, rule-based control methods and optimization-based control methods
constitute the majority of their classification [10,39].

Rule-based control (RBC) methods directs the power exchange of the HESS using
rules derived from mathematical models and practical knowledge. Based on a sequential
decision-making procedure involving the control aim, RBC was established [49,54]. The
RBC methods primarily consist of the fuzzy logic approach [57], finite state machine [58],
sliding mode control [59], and thermostat control strategy [54].

Optimization-based control (OBC) methods utilize modern optimization algorithms,
including linear programming, dynamic programming, evolutionary techniques, such as
the genetic algorithm, simulated annealing, and particle swarm optimization [54]. Global
(“off-line”) and real-time (“on-line”) optimization are two categories under which the OBC
technique can be categorized [10,60]. The “on-line” strategy, also known as the “all-or-
nothing” control strategy, is simple to implement in real-world applications. Since these
on-line strategies are often empirically built, they are unable to reach global optimization
performances. The “off-line” strategy can accomplish globally optimal performances, al-
though due to their high-computing costs, these technologies are challenging to use in prac-
tical applications [17]. The OBC techniques mainly include model predictive control [61],
dynamic programming [62], stochastic dynamic programming [63], genetic algorithm [64],
particle swarm optimization [60], and robust control [65]. A brief classification of these
methods is structured in Figure 4.
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The dynamic programming (DP) EMS is regarded to be ideal for vehicular applications;
as a result, the method with the best optimization efficiency is one that is closest to the
DP outcome. For this strategy it is necessary to be aware of the operational conditions in
advance [39].

Since most of the topologies and EMSs are simulated using acquired working condition
data or by direct measuring data during the functioning of the HESS, it strongly depends
on the vehicle type and its operating conditions, for instance, urban buses where HESSs
provide a significant amount of quickly delivered power optimal for accelerating, braking,
and motor-starting processes for each route stop [66], trams where HESSs must support
bursts of energy supply in each substation where they charge in a short period of time [67],
and electric cars where customers need better prices and driving ranges [33].
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Each type of topology and EMS for HESSs has its advantages and disadvantages. With
further research we can overcome these. Cao et al. [53] proposed a new HESS which can
fully utilize the power capacities of SC without the need for a matching power DC-DC
converter. Son et al. [68] investigated the relationship between driving cycle characteristics
and the combined optimization outcomes of HESSs, including both optimization issues
for SC size and on-line EMS. The findings demonstrate that for various driving cycles, the
ideal SC size and on-line EMS are directly determined by how intensely the driving cycles
consume energy from HESSs. Bambang et al. [69] proposed a model predictive control
strategy with hysteresis used for tracking the reference current which can maintain the DC
bus voltage in accordance with the reference value and limit the slope of the battery and
fuel cell currents. Sinha et al. [48] suggested a novel adaptive fuzzy logic control method,
which, when compared to the traditional fuzzy logic control algorithm, had successful
results in reducing the downsides of over or underutilizing an ESS to maximize the usage
of multiple ESSs in HESSs.

5. Conclusions

An extensive review on the most recent developments in terms of energy storage,
power converters, energy management strategies, and control algorithms used in vehicles
was performed in this study.

Despite significant advancements in battery technology, available batteries at this time
do not fully meet the energy requirements of EV electricity consumption. The principal
issue is the battery discharge process where the non-monotonic power consumption is
accompanied by frequent changes. This is extremely harmful to the battery’s electrochemi-
cal process, and a viable solution is to combine the battery with a supercapacitor, which
is essentially an electrochemical cell with a similar architecture but with higher speed
capability and better cyclability.

The study begins with a review of the batteries used in the electrified vehicle industry
that points out the fact there have been substantial improvements in battery performance
over the past few years, but the peak utilization is still the main issue. In the electrified
vehicle case, this problem persists since several factors, including driving technique, the
road, etc., produce abrupt variations in the power usage, and this will lead eventually to
the irremediable deterioration of the batteries.

Lithium batteries are the most used at this moment but to transcend the existing storage
limits of the lithium batteries packs, significant improvements in the chemistry/formulation
of the electrolyte and electrodes are required. In this regard, the challenge for battery research
in the future years will be to develop greater electrochemical/thermal stability electrolytes.

To assure a sustainable future for batteries for electrical vehicles, a long-term transition
to battery chemistries, such as Li-S and metal-air, appears unavoidable, as evidenced by
life-cycle assessments. To advance further, new cell chemistry and technology will be
required as battery performance limits are predicted to be reached by 2030.

In contrast to batteries, supercapacitors can handle higher power rates and can de-
liver 100 to 1000 times more power in the same volume, but they cannot hold the same
quantity of energy as batteries, which is typically three to thirty times less. The ultraca-
pacitors handle short-term power requirements, while the batteries supply the vehicle’s
long-term autonomy.

High power and high energy supply systems for electrical vehicles cannot be achieved
simultaneously by ultracapacitors. As a result, the ultracapacitors handle short-term power
requirements, while the batteries supply the vehicle’s long-term autonomy. An active
hybrid energy storage system enables ultracapacitors and batteries to operate at their full
capacity to satisfy the dynamic electrical vehicle demand. Due to the active hybrid energy
storage system configuration’s use of the energy from the ultracapacitors, there is improved
fuel efficiency and increased energy security.

For the future, to increase the lifespan of the batteries a coupling between the batteries
and the supercapacitors for the new electrical vehicles seems to be the most appropriate
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way, at least for the vehicles destined for more start/stop operations. Given the fact that
the process used to produce batteries and supercapacitors is primarily to blame for the
higher energy consumption and the greenhouse gas emissions, electrified vehicles should
be used for as long as possible to minimize the harmful effects of the producing process on
the environment.
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2019. Available online: https://www.researchgate.net/publication/337898468 (accessed on 15 June 2022).
2. Ellabban, O.; Abu-Rub, H.; Blaabjerg, F. Renewable energy resources: Current status, future prospects and their enabling

technology. Renew. Sustain. Energy Rev. 2014, 39, 748–764. [CrossRef]
3. Olabi, A.G.; Abdelkareem, M.A. Renewable energy and climate change. Renew. Sustain. Energy Rev. 2022, 158, 112111. [CrossRef]
4. Zoldy, M.; Csete, M.S.; Kolozsi, P.P.; Bordas, P.; Torok, A. Cognitive Sustainability. Cogn. Sustain. 2022, 1, 1–7. [CrossRef]
5. Lelieveld, J.; Klingmüller, K.; Pozzer, A.; Burnett, R.T.; Haines, A.; Ramanathan, V. Effects of fossil fuel and total anthropogenic

emission removal on public health and climate. Proc. Natl. Acad. Sci. USA 2019, 116, 7192–7197. [CrossRef]
6. Sanguesa, J.A.; Torres-Sanz, V.; Garrido, P.; Martinez, F.J.; Marquez-Barja, J.M. A Review on Electric Vehicles: Technologies and

Challenges. Smart Cities 2021, 4, 22. [CrossRef]
7. Kachhwaha, A.; Rashed, G.I.; Garg, A.R.; Mahela, O.P.; Khan, B.; Shafik, M.B.; Hussien, M.G. Design and Performance Analysis of

Hybrid Battery and Ultracapacitor Energy Storage System for Electrical Vehicle Active Power Management. Sustainability 2022,
14, 776. [CrossRef]

8. Kouchachvili, L.; Yaïci, W.; Entchev, E. Hybrid battery/supercapacitor energy storage system for the electric vehicles. J. Power
Sources 2018, 374, 237–248. [CrossRef]

9. Burke, A.F. Batteries and Ultracapacitors for Electric, Hybrid, and Fuel Cell Vehicles. Proc. IEEE 2007, 95, 806–820. [CrossRef]
10. Yu, H.; Tarsitano, D.; Hu, X.; Cheli, F. Real time energy management strategy for a fast charging electric urban bus powered by

hybrid energy storage system. Energy 2016, 112, 322–331. [CrossRef]
11. Wieczorek, M.; Lewandowski, M.; Jefimowski, W. Cost comparison of different configurations of a hybrid energy storage system

with battery-only and supercapacitor-only storage in an electric city bus. Bull. Pol. Acad. Sci. Tech. Sci. 2019, 67, 1095–1106.
[CrossRef]

12. Hannan, M.A.; Hoque, M.M.; Mohamed, A.; Ayob, A. Review of energy storage systems for electric vehicle applications: Issues
and challenges. Renew. Sustain. Energy Rev. 2017, 69, 771–789. [CrossRef]

13. Song, Z.; Li, J.; Han, X.; Xu, L.; Lu, L.; Ouyang, M.; Hofmann, H. Multi-objective optimization of a semi-active bat-
tery/supercapacitor energy storage system for electric vehicles. Appl. Energy 2014, 135, 212–224. [CrossRef]

14. Sadeq, T.; Wai, C.K.; Morris, E.; Tarboosh, Q.A.; Aydogdu, O. Optimal Control Strategy to Maximize the Performance of Hybrid
Energy Storage System for Electric Vehicle Considering Topography Information. IEEE Access 2020, 8, 216994–217007. [CrossRef]

15. Kuperman, A.; Aharon, I. Battery–ultracapacitor hybrids for pulsed current loads: A review. Renew. Sustain. Energy Rev. 2011, 15,
981–992. [CrossRef]

16. Song, Z.; Hofmann, H.; Li, J.; Hou, J.; Zhang, X.; Ouyang, M. The optimization of a hybrid energy storage system at subzero
temperatures: Energy management strategy design and battery heating requirement analysis. Appl. Energy 2015, 159, 576–588.
[CrossRef]

17. Song, Z.; Li, J.; Hou, J.; Hofmann, H.; Ouyang, M.; Du, J. The battery-supercapacitor hybrid energy storage system in electric
vehicle applications: A case study. Energy 2018, 154, 433–441. [CrossRef]

18. Li, Z.; Khajepour, A.; Song, J. A comprehensive review of the key technologies for pure electric vehicles. Energy 2019, 182, 824–839.
[CrossRef]

19. Łebkowski, A. Studies of Energy Consumption by a City Bus Powered by a Hybrid Energy Storage System in Variable Road
Conditions. Energies 2019, 12, 951. [CrossRef]

20. Divya, K.C.; Østergaard, J. Battery energy storage technology for power systems—An overview. Electr. Power Syst. Res. 2009, 79,
511–520. [CrossRef]

https://www.researchgate.net/publication/337898468
http://doi.org/10.1016/j.rser.2014.07.113
http://doi.org/10.1016/j.rser.2022.112111
http://doi.org/10.55343/cogsust.7
http://doi.org/10.1073/pnas.1819989116
http://doi.org/10.3390/smartcities4010022
http://doi.org/10.3390/su14020776
http://doi.org/10.1016/j.jpowsour.2017.11.040
http://doi.org/10.1109/JPROC.2007.892490
http://doi.org/10.1016/j.energy.2016.06.084
http://doi.org/10.24425/bpasts.2019.131567
http://doi.org/10.1016/j.rser.2016.11.171
http://doi.org/10.1016/j.apenergy.2014.06.087
http://doi.org/10.1109/ACCESS.2020.3040869
http://doi.org/10.1016/j.rser.2010.11.010
http://doi.org/10.1016/j.apenergy.2015.08.120
http://doi.org/10.1016/j.energy.2018.04.148
http://doi.org/10.1016/j.energy.2019.06.077
http://doi.org/10.3390/en12050951
http://doi.org/10.1016/j.epsr.2008.09.017


Energies 2022, 15, 5683 12 of 13

21. Tie, S.F.; Tan, C.W. A review of energy sources and energy management system in electric vehicles. Renew. Sustain. Energy Rev.
2013, 20, 82–102. [CrossRef]

22. Sun, X.; Li, Z.; Wang, X.; Li, C. Technology Development of Electric Vehicles: A Review. Energies 2019, 13, 90. [CrossRef]
23. May, G.J.; Davidson, A.; Monahov, B. Lead batteries for utility energy storage: A review. J. Energy Storage 2018, 15, 145–157.

[CrossRef]
24. Hadjipaschalis, I.; Poullikkas, A.; Efthimiou, V. Overview of current and future energy storage technologies for electric power

applications. Renew. Sustain. Energy Rev. 2009, 13, 1513–1522. [CrossRef]
25. Xu, H.; Shen, M. The control of lithium-ion batteries and supercapacitors in hybrid energy storage systems for electric vehicles: A

review. Int. J. Energy Res. 2021, 45, 20524–20544. [CrossRef]
26. Camargos, P.H.; dos Santos, P.H.J.; dos Santos, I.R.; Ribeiro, G.S.; Caetano, R.E. Perspectives on Li-ion battery categories for

electric vehicle applications: A review of state of the art. Int. J. Energy Res. 2022, in press. [CrossRef]
27. Li, W.; Garg, A.; Xiao, M.; Peng, X.; Le Phung, M.L.; Tran, V.M.; Gao, L. Intelligent optimization methodology of battery pack for

electric vehicles: A multidisciplinary perspective. Int. J. Energy Res. 2020, 44, 9686–9706. [CrossRef]
28. Pelletier, S.; Jabali, O.; Laporte, G.; Veneroni, M. Battery degradation and behaviour for electric vehicles: Review and numerical

analyses of several models. Transp. Res. Part B Methodol. 2017, 103, 158–187. [CrossRef]
29. Horkos, P.G.; Yammine, E.; Karami, N. Review on Different Charging Techniques of Lead-Acid Batteries. In Proceedings of the

2015 Third International Conference on Technological Advances in Electrical, Electronics and Computer Engineering (TAEECE),
Beirut, Lebanon, 29 April–1 May 2015.

30. König, A.; Nicoletti, L.; Schröder, D.; Wolff, S.; Waclaw, A.; Lienkamp, M. An overview of parameter and cost for battery electric
vehicles. World Electr. Veh. J. 2021, 12, 21. [CrossRef]

31. Barré, A.; Deguilhem, B.; Grolleau, S.; Gérard, M.; Suard, F.; Riu, D. A review on lithium-ion battery ageing mechanisms and
estimations for automotive applications. J. Power Sources 2013, 241, 680–689. [CrossRef]

32. Safari, M. Battery electric vehicles: Looking behind to move forward. Energy Policy 2018, 115, 54–65. [CrossRef]
33. Li, W.; Long, R.; Chen, H.; Geng, J. A review of factors influencing consumer intentions to adopt battery electric vehicles. Renew.

Sustain. Energy Rev. 2017, 78, 318–328. [CrossRef]
34. Thackeray, M.M.; Wolverton, C.; Isaacs, E.D. Electrical energy storage for transportation—Approaching the limits of, and going

beyond, lithium-ion batteries. Energy Environ. Sci. 2012, 5, 7854–7863. [CrossRef]
35. Pandolfo, A.G.; Hollenkamp, A.F. Carbon properties and their role in supercapacitors. J. Power Sources 2006, 157, 11–27. [CrossRef]
36. Yaïci, W.; Kouchachvili, L.; Entchev, E.; Longo, M. Dynamic Simulation of Battery/Supercapacitor Hybrid Energy Storage System

for the Electric Vehicles. In Proceedings of the 8th International Conference on Renewable Energy Research and Applications
(ICRERA), Brasov, Romania, 3–6 November 2019.

37. González, A.; Goikolea, E.; Barrena, J.A.; Mysyk, R. Review on supercapacitors: Technologies and materials. Renew. Sustain.
Energy Rev. 2016, 58, 1189–1206. [CrossRef]

38. Jing, W.; Lai, C.H.; Wong, W.S.H.; Wong, M.L.D. A comprehensive study of battery-supercapacitor hybrid energy storage system
for standalone PV power system in rural electrification. Appl. Energy 2018, 224, 340–356. [CrossRef]

39. Wang, Y.; Wang, L.; Li, M.; Chen, Z. A review of key issues for control and management in battery and ultra-capacitor hybrid
energy storage systems. eTransportation 2020, 4, 100064. [CrossRef]

40. Poonam; Sharma, K.; Arora, A.; Tripathi, S.K. Review of supercapacitors: Materials and devices. J. Energy Storage 2019, 21,
801–825. [CrossRef]

41. Zhi, M.; Xiang, C.; Li, J.; Li, M.; Wu, N. Nanostructured carbon–metal oxide composite electrodes for supercapacitors: A review.
Nanoscale 2013, 5, 72–88. [CrossRef]

42. Conway, B.E. Transition from “supercapacitor” to “battery” behavior in electrochemical energy storage. J. Electrochem. Soc. 1991,
138, 1539–1548. [CrossRef]

43. Zhang, S.; Pan, N. Supercapacitors Performance Evaluation. Adv. Energy Mater. 2015, 5, 1401401. [CrossRef]
44. Wang, Y.; Song, Y.; Xia, Y. Electrochemical capacitors: Mechanism, materials, systems, characterization and applications. Chem.

Soc. Rev. 2016, 45, 5925–5950. [CrossRef] [PubMed]
45. Bocklisch, T. Hybrid energy storage approach for renewable energy applications. J. Energy Storage 2016, 8, 311–319. [CrossRef]
46. Zimmermann, T.; Keil, P.; Hofmann, M.; Horsche, M.F.; Pichlmaier, S.; Jossen, A. Review of system topologies for hybrid electrical

energy storage systems. J. Energy Storage 2016, 8, 78–90. [CrossRef]
47. Qi, N.; Yin, Y.; Dai, K.; Wu, C.; Wang, X.; You, Z. Comprehensive optimized hybrid energy storage system for long-life

solar-powered wireless sensor network nodes. Appl. Energy 2021, 290, 116780. [CrossRef]
48. Sinha, S.; Bajpai, P. Power management of hybrid energy storage system in a standalone DC microgrid. J. Energy Storage 2020,

30, 101523. [CrossRef]
49. Babu, T.S.; Vasudevan, K.R.; Ramachandaramurthy, V.K.; Sani, S.B.; Chemud, S.; Lajim, R.M. A Comprehensive Review of Hybrid

Energy Storage Systems: Converter Topologies, Control Strategies and Future Prospects. IEEE Access 2020, 8, 148702–148721.
[CrossRef]

50. Hemmati, R.; Saboori, H. Emergence of hybrid energy storage systems in renewable energy and transport applications—A review.
Renew. Sustain. Energy Rev. 2016, 65, 11–23. [CrossRef]

http://doi.org/10.1016/j.rser.2012.11.077
http://doi.org/10.3390/en13010090
http://doi.org/10.1016/j.est.2017.11.008
http://doi.org/10.1016/j.rser.2008.09.028
http://doi.org/10.1002/er.7150
http://doi.org/10.1002/er.7993
http://doi.org/10.1002/er.5600
http://doi.org/10.1016/j.trb.2017.01.020
http://doi.org/10.3390/wevj12010021
http://doi.org/10.1016/j.jpowsour.2013.05.040
http://doi.org/10.1016/j.enpol.2017.12.053
http://doi.org/10.1016/j.rser.2017.04.076
http://doi.org/10.1039/c2ee21892e
http://doi.org/10.1016/j.jpowsour.2006.02.065
http://doi.org/10.1016/j.rser.2015.12.249
http://doi.org/10.1016/j.apenergy.2018.04.106
http://doi.org/10.1016/j.etran.2020.100064
http://doi.org/10.1016/j.est.2019.01.010
http://doi.org/10.1039/C2NR32040A
http://doi.org/10.1149/1.2085829
http://doi.org/10.1002/aenm.201401401
http://doi.org/10.1039/C5CS00580A
http://www.ncbi.nlm.nih.gov/pubmed/27545205
http://doi.org/10.1016/j.est.2016.01.004
http://doi.org/10.1016/j.est.2016.09.006
http://doi.org/10.1016/j.apenergy.2021.116780
http://doi.org/10.1016/j.est.2020.101523
http://doi.org/10.1109/ACCESS.2020.3015919
http://doi.org/10.1016/j.rser.2016.06.029


Energies 2022, 15, 5683 13 of 13

51. Hassan, M.; Paracha, Z.J.; Armghan, H.; Ali, N.; Said, H.A.; Farooq, U.; Afzal, A.; Hassan, M.A.S. Lyapunov based adaptive
controller for power converters used in hybrid energy storage systems. Sustain. Energy Technol. Assess. 2020, 42, 100853. [CrossRef]

52. Choi, M.E.; Kim, S.W.; Seo, S.W. Energy Management Optimization in a Battery/Supercapacitor Hybrid Energy Storage System.
IEEE Trans. Smart Grid 2012, 3, 463–472. [CrossRef]

53. Cao, J.; Emadi, A. A New Battery/UltraCapacitor Hybrid Energy Storage System for Electric, Hybrid, and Plug-In Hybrid Electric
Vehicles. IEEE Trans. Power Electron. 2012, 27, 122–132. [CrossRef]

54. Jing, W.; Lai, C.H.; Wong, S.H.W.; Wong, M.L.D. Battery-supercapacitor hybrid energy storage system in standalone DC
microgrids: A review. IET Renew. Power Gener. 2017, 11, 461–469. [CrossRef]

55. Cohen, I.J.; Wetz, D.A.; Heinzel, J.M.; Dong, Q. Design and Characterization of an Actively Controlled Hybrid Energy Storage
Module for High-Rate Directed Energy Applications. IEEE Trans. Plasma Sci. 2015, 43, 1427–1433. [CrossRef]

56. Min, H.; Lai, C.; Yu, Y.; Zhu, T.; Zhang, C. Comparison Study of Two Semi-Active Hybrid Energy Storage Systems for Hybrid
Electric Vehicle Applications and Their Experimental Validation. Energies 2017, 10, 279. [CrossRef]

57. He, H.; Xiong, R.; Zhao, K.; Liu, Z. Energy management strategy research on a hybrid power system by hardware-in-loop
experiments. Appl. Energy 2013, 112, 1311–1317. [CrossRef]

58. Wang, Y.; Sun, Z.; Chen, Z. Energy management strategy for battery/supercapacitor/fuel cell hybrid source vehicles based on
finite state machine. Appl. Energy 2019, 254, 113707. [CrossRef]

59. Wang, B.; Xu, J.; Wai, R.J.; Cao, B. Adaptive Sliding-Mode with Hysteresis Control Strategy for Simple Multimode Hybrid Energy
Storage System in Electric Vehicles. IEEE Trans. Ind. Electron. 2017, 64, 1404–1414. [CrossRef]

60. Chen, Z.; Xiong, R.; Cao, J. Particle swarm optimization-based optimal power management of plug-in hybrid electric vehicles
considering uncertain driving conditions. Energy 2016, 96, 197–208. [CrossRef]

61. Song, Z.; Hofmann, H.; Li, J.; Hou, J.; Han, X.; Ouyang, M. Energy management strategies comparison for electric vehicles with
hybrid energy storage system. Appl. Energy 2014, 134, 321–331. [CrossRef]

62. Santucci, A.; Sorniotti, A.; Lekakou, C. Power split strategies for hybrid energy storage systems for vehicular applications. J.
Power Sources 2014, 258, 395–407. [CrossRef]

63. Moura, S.J.; Fathy, H.K.; Callaway, D.S.; Stein, J.L. A Stochastic Optimal Control Approach for Power Management in Plug-In
Hybrid Electric Vehicles. IEEE Trans. Control Syst. Technol. 2011, 19, 545–555. [CrossRef]

64. Poursamad, A.; Montazeri, M. Design of genetic-fuzzy control strategy for parallel hybrid electric vehicles. Control Eng. Pract.
2008, 16, 861–873. [CrossRef]

65. Dhaouadi, R.; Hori, Y.; Huang, X. Robust Control of an Ultracapacitor-based Hybrid Energy Storage System for Electric Vehicles.
In Proceedings of the 2014 IEEE 13th International Workshop on Advanced Motion Control (AMC), Yokohama, Japan, 14–16
March 2014.

66. Li, J.; Zhang, M.; Yang, Q.; Zhang, Z.; Yuan, W. SMES/Battery Hybrid Energy Storage System for Electric Buses. IEEE Trans. Appl.
Supercond. 2016, 26, 5700305. [CrossRef]

67. Barrero, R.; van Mierlo, J.; Tackoen, X. Energy savings in public transport. IEEE Veh. Technol. Mag. 2008, 3, 26–36. [CrossRef]
68. Song, Z.; Hou, J.; Xu, S.; Ouyang, M.; Li, J. The influence of driving cycle characteristics on the integrated optimization of hybrid

energy storage system for electric city buses. Energy 2017, 135, 91–100. [CrossRef]
69. Amin; Bambang, R.T.; Rohman, A.S.; Dronkers, C.J.; Ortega, R.; Sasongko, A. Energy management of fuel cell/battery/supercapacitor

hybrid power sources using model predictive control. IEEE Trans. Ind. Inform. 2014, 10, 1992–2002. [CrossRef]

http://doi.org/10.1016/j.seta.2020.100853
http://doi.org/10.1109/TSG.2011.2164816
http://doi.org/10.1109/tpel.2011.2151206
http://doi.org/10.1049/iet-rpg.2016.0500
http://doi.org/10.1109/TPS.2014.2370053
http://doi.org/10.3390/en10030279
http://doi.org/10.1016/j.apenergy.2012.12.029
http://doi.org/10.1016/j.apenergy.2019.113707
http://doi.org/10.1109/TIE.2016.2618778
http://doi.org/10.1016/j.energy.2015.12.071
http://doi.org/10.1016/j.apenergy.2014.08.035
http://doi.org/10.1016/j.jpowsour.2014.01.118
http://doi.org/10.1109/TCST.2010.2043736
http://doi.org/10.1016/j.conengprac.2007.10.003
http://doi.org/10.1109/TASC.2016.2527730
http://doi.org/10.1109/MVT.2008.927485
http://doi.org/10.1016/j.energy.2017.06.096
http://doi.org/10.1109/TII.2014.2333873

	Introduction 
	Batteries for Electrified Vehicles 
	Lead-Acid Batteries 
	Nickel-Based Batteries 
	Lithium Batteries 

	Supercapacitors for Electrified Vehicles 
	Electric Double-Layer Capacitors 
	Pseudocapacitors 
	Hybrid Capacitors 

	Hybrid Energy Storage Systems 
	Battery–SC HESS Topologies 
	Energy Management 

	Conclusions 
	References

