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Abstract: Electric vehicles (EVs) are pivotal in addressing the escalating environmental crisis. While
EV drivetrains excel compared to those of vehicles with internal combustion engines (ICE), their
energy storage systems are hampered by limited range, lifespan, and lengthy charging times.
Hybrid energy storage systems (HESS) present a viable current solution to these issues. This review
thoroughly explores state-of-the-art in the emerging field of multisource EVs that utilize HESS,
incorporating any combination of batteries (BTs), supercapacitors (SCs), flywheels (FWs), fuel cells
(FCs), and/or transmotors. In addition, the paper systematically categorizes and evaluates different
hybrid configurations, detailing potential topologies and their respective advantages and
limitations. Moreover, the paper examines diverse control algorithms used to manage these
complex systems, focusing on their effectiveness and operational efficiency. By identifying current
research gaps and technological challenges, this study aims to delineate future research directions
that could enhance the deployment and optimization of multisource EVs, thereby addressing critical
challenges such as energy density, system reliability, and cost-effectiveness.

Keywords: multisource electric vehicles; hybrid energy storage systems; energy management
control algorithms; batteries; supercapacitors; flywheels; transmotor

1. Introduction

Electric vehicles (EVs) predate cars with internal combustion engines (ICEs), having been
developed first during the 1800s, before becoming largely supplanted by ICE vehicles in the early
20th century due to the invention of the electric starter, primarily due to the absence of rechargeable
batteries (BTs), high cost of acquisition and their limited range. However, as the environmental crisis
became more apparent, concerns escalated among relevant authorities due to the eminence of ICE
vehicles in global emission share. By the 1950s, legislation began to emerge recommending the
adoption of EVs as a mean to reduce air pollution [1]. Nowadays EVs have a major role in the
automotive market in comparison to previous years [2]. Despite significant advancements in battery
(BT) technology, particularly lithium-ion BTs, EVs still face challenges related to BT lifespan, range,
and charging times, which deter widespread adoption compared to the rapid refueling capabilities
of Internal Combustion Engine Vehicles (ICE Vehicles) [3]. A transitional solution has been hybrid
electric vehicles (HEVs), which typically combine gasoline engines with electric motors and BTs. The
first hybrid car, developed by Porsche in 1900, featured hub motors [4], technologically advanced for
its time. HEVs are categorized into mild hybrid EVs (MHEVs), full hybrid EVs, and plug-in hybrid
EV (PHEVs), all of which include ICEs while mitigating their environmental pollution by balancing
while leveraging their benefits. This is achieved by utilizing the efficiency of electric motors, which
is around 96%, significantly higher than the 40% efficiency of ICEs, especially outside the limited high
efficiency speed regions of ICEs [5,6].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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To further address the limitations of BT technology, which is the main reason of incorporating
an ICE in the vehicle in the first place, hybrid energy storage systems (HESS) have been introduced,
combining BTs, supercapacitors (SCs), fuel cells (FCs), and flywheels (FWs). Unlike BTs, FCs are not
energy storage devices; they generate electricity from hydrogen stored in tanks, necessitating a
storage system for the fuel. For the purposes of this paper, when referring to FCs combined with their
hydrogen storage tanks, they will be treated as a storage system. These systems allow for a main
power source, such as a BT or FC, to support cruising speeds, while a secondary power source, like
SCs or FWs, manages high-demand situations such as acceleration [7]. This arrangement leverages
the high energy density of the primary source and the high power density of the secondary sources,
facilitating rapid energy delivery, necessary for functions like regenerative braking [8]. EVs that use
BTs as their primary power source are called BT Electric Vehicles (BEVs), and those that use FCs are
called Fuel Cell Electric Vehicles (FCEVs). Collectively, these can be categorized under the broader
term of multisource EVs. Recent research into transmotors, which distribute power magneto-
mechanically among components like FWs and BTs, further enhances HESS capabilities [9].

As the complexity of these systems increases, so does the need for sophisticated control
algorithms to ensure they meet the power demands of EV drivetrains while maintaining vehicle
safety. Control algorithms are categorized into rule-based, optimization-based, and learning-based.
Both rule-based and optimization-based algorithms can function as online or offline methods. A new
category is proposed in this paper, called hybrid and focuses on combining some of the previous.

Past works, such as the following reviews [7,8,10-12], highlight the significance of HESS in EVs.
However, some of these studies have become obsolete due to rapid advancement, others focus only
on HEVs with ICEs, and some do not cover all possible HESS configurations. Additionally, some
studies exclusively address topologies [13] or focus only on energy management algorithms [14]. Yet,
the overall efficiency of the drivetrain depends on both factors of topology and energy management
algorithms, making it crucial to consider a comprehensive overview of the subject to define the most
suitable path for implementing this technology.

By identifying current research gaps and the most critical technological challenges, this study
aims to delineate future research directions that could enhance the deployment and optimization of
multisource EVs, thoroughly addressing factors such as energy density, system reliability, and cost-
effectiveness. To achieve this, the review examines HESS topologies and energy management
algorithms in EVs powered exclusively by electric motors, foregoing the current ICE hybrid as a
“band-aid fix”. Understanding the working principles of each HESS component is crucial for
determining their ideal roles and exploring the state-of-the-art technologies in these power sources
to address their weaknesses through hybridization. Furthermore, the configuration of these
components, the number of DC/DC converters used, and the inclusion of regenerative braking
capabilities significantly impact the system's efficiency and performance. Therefore, gathering all
possible topologies with their respective advantages and disadvantages is essential. Managing the
energy flow within these topologies is critical to effectively meet the power demands of the drivetrain
and the needs of the driver.

This paper is organized as follows. Firstly, it briefly reports on the current research status of
HESS and projected future trends. It then critically summarizes the topologies commonly used in
BEVs and FCEVs. Additionally, the latest energy management strategies for both types of EVs are
classified. To the best of their ability, the authors made an effort not to repeat any reviewed work,
but rather provide an outline and create a web of relevant citations while reviewing newer
publications. The purpose of this paper is to serve as a reference, guiding researchers in the right
direction for studying and implementing HESS in EVs.

Section 2 provides the definition of HESS and the current research status. Section 3 reviews
transmotor technologies and topologies to date. Section 4 describes the topology classification of
multisource EVs. Section 5 summarizes, concludes, and categorizes the energy management
strategies. Finally, Section 6 offers the conclusion and suggestions.
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2. Hybrid Energy Storage System (HESS)

Over the last years, the urgent need to reduce air pollutants and protect the environment has led
to rapid advances in the energy sector [15]. New requirements have emerged regarding the storage
of the generated energy, necessitating upgrades to energy storage system (ESS). Those systems are
being deployed in a vast range of technological areas such as electric vehicles, microgrids and
renewable energy-based applications [16]. In electromobility, their primary purpose is to secure the
supply of power to the electric motor. Additionally, specific types of ESSs, such as batteries, are
utilized in certain applications such as the Vehicle-to-Grid (V2G) to regulate and control the vehicle's
energy flow towards the grid. ESS can be classified by energy type, resulting in mechanical,
electrochemical, chemical, electrical, thermal and hybrid systems. This broad categorization paves
the way for the introduction of Hybrid Energy Storage Systems (HESS), which integrate these various
types into a cohesive unit. A HESS is comprised of a combination of the energy storage technologies
of BTs, SCs, FWs, and FCs. Since a FC is not a storage system but a power generator, it requires a tank
to store the necessary fuel to function effectively as a storage system. For clarity, any references to
FCs in this paper will assume the inclusion of a storage tank system. These energy sources collectively
supply power to the vehicle's drivetrain by converting or transferring stored energy into electrical
form to power the electric motor of the EV. This chapter will analyze these systems to elucidate the
concept of hybridization in EV storage systems.

2.1 Battery (BT)

The most widely used energy storage device (ESD) is the battery, found in almost every existing
technology with energy supplying requirement, such as mobile phones, residences, electric vehicles
etc. [17]. It directly converts chemical energy into electrical energy, offering the vice versa possibility
in case of rechargeable technology. The fundamental construction part of an accumulator is the cell.
Every cell contains three active materials, two electrodes and one electrolyte. There are two
electrodes, one positive-cathode and one negative-anode, between which the electrolyte is
interposed. The electrolyte creates a conductive environment that facilitates the chemical rection,
responsible for producing DC energy, as shown in Figure 1a [5].

Load

— g {for ex., electric motor, traction baltery)
—
® i Catalytic coating Catalytic coating
U i of the anode of the cathode
1 e o
Fuel flow e Alr flow
4 supply (H.) supply
I 1 .
N : —Li*
Li* e
v : i
E ] E% g 0:
- s
] 1 =
o U | Hz —qe
o= | = H:0
] % R;}:::;:I’ Excess of air flow
1 fuel (H,) ) selp- Steam and heat
! / ! N ’
Li FePO Electroly‘te Li,Q Anode plate / Cathode plate
(1-X) 4 PEM Membrane
(a) (b)

Figure 1. (a) Composition of BT cell from current: Li-ion LFP type cell [18]; (b) A functional diagram
of a FC of PEM type [19].

Over the past two decades, the predominant BT technologies have been lead-acid, nickel-metal
hydride (NiMH), and lithium-ion BTs, with the latter being the primary focus of research and the
most commonly used in EVs. Lithium-ion BTs are now fundamental to modern EVs due to their high
energy density, effective thermal management and longevity, surpassing other BT types. They are
also notable for their recyclability using sustainable methods and materials, which lessens their
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environmental footprint [20]. However, challenges such as relatively low energy density when
compared to gasoline/diesel or hydrogen high production costs, which increase the price of EVs,
performance degradation over time, and safety concerns related to thermal runaway are prompting
researchers and engineers to reconsider their viability [21]. Ongoing research is exploring alternative
BT chemistries like Metal-Air, including Lithium-air and Zinc-air and Nickel-Based BTs, which offer
higher energy densities [22,23]. Another promising advancement in EV BT technology is the
transition from liquid to solid electrolytes. Solid-state BTs are expected to provide higher energy
densities, quicker charging times, and significantly improved safety by reducing fire risks.
Overcoming the hurdles of complex manufacturing processes and high production costs will be
crucial for their successful adoption in EVs [24]. Therefore, it is evident that BT technology alone
cannot adequately support EVs for the foreseeable future; they require supplementary power sources
to mitigate their limitations.

2.2 Fuel Cell (FC)

A FC is a device that transforms the chemical energy of fuel and an oxidizing agent to electrical
one through the redox reaction, following the same principle of operation as the chemical BT. The
Proton Exchange Membrane (PEM) FC, which uses hydrogen as the fuel and air as the oxidizing
agent, is one of the most common types of FCs used in automotive applications [25]. In a BT, the
reactive chemicals are pre-installed in each cell [8]. Once the active chemicals are depleted, the cell is
dead and must be recharged from an external source. In contrast, a FC is continuously supplied with
the necessary reactive chemicals from elements provided outside the cell, such as a tank, which is the
main storage in EVs. If the supply of reactants is maintained, the FC can produce electrical energy.
This continuous supply mechanism makes it similar to ICE which produces mechanical energy as
long as it is fueled. FCs are more efficient than ICEs, as their energy conversion is not bound by the
limitations of the Carnot cycle. They also offer the advantages of rapid refueling and higher energy
storage capacity, akin to a conventional fuel tank, compared to chemical BTs. Structurally, a FC
resembles a cell within a chemical BT array [26] (see Figure 1b).

The fuel and oxidizing agent are continuously and separately supplied to the anode and cathode
electrodes, where they are ionized. The presence of an electrolyte is also essential, which is used to
transfer positive ions from the anode to the cathode, and at the same time, to transfer electrons from
the anode to the cathode through an electrical load [5].

A single FC has a very low voltage. In practice, an array consisting of FCs may consist of
hundreds of individual cells connected in series with each other. A FC stack requires auxiliary
components to support its operation. These can include a pump responsible for air circulation, a
pump for circulating coolant, an exhaust fan, a fuel supply pump, and some electrical control devices.
Part of the energy produced by the FC used to support the operation of these auxiliary components
[26].

FCs appear to be a promising technology for clean energy due to direct chemical-to-electric
energy conversion, which can reach up to 60% efficiency. Furthermore, the byproducts are only water
and heat, making them environmentally friendly and contributing to improved air quality in urban
areas, especially when compared to traditional combustion-based power sources —a critical
concurrent issue [27]. Additionally, FCs tend to have a longer lifespan than BTs and do not degrade
significantly with use [28]. On the other hand, extensive use of platinum in FCs makes them quite
expensive, and the gas tanks required for storing hydrogen at high pressure is a significant addition
to the cost. Moreover, most hydrogen is currently produced from natural gas, which undermines
some of the environmental benefits. While the production of green hydrogen through electrolysis is
cleaner, it is also more costly [19]. FCs also exhibit a slow response time and lack support for
regenerative braking, necessitating an auxiliary power source for sudden accelerations and for
capturing energy from regenerative braking processes [5].

Future research is focused on developing alternative catalysts, such as carbon-coated nickel and
transition metal nitrides, to replace platinum and reduce costs. Efforts are also underway to scale up
green hydrogen production using renewable energy sources [29]. Increasing investment in hydrogen
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refueling infrastructure is essential; governments and private entities are actively expanding the
network of hydrogen stations [28]. Additionally, the integration of FCs with BTs and SCs in hybrid
systems is being explored to enhance efficiency and performance. This approach aims to provide a
more balanced power supply for EVs, ultimately reducing costs. Research on regenerative FCs, which
could produce hydrogen from regenerative braking and improve overall efficiency, is also promising
[30]. If these advancements are realized, FCs should become a promising alternative for BTs.

2.3 Supercapacitor (SC)

SCs, also known as ultracapacitors, are capacitors characterized by their substantial energy
storage capacity despite their comparatively compact size. Some state-of-the-art SCs utilize high
surface area regions for charge storage per unit of material, employing materials such as ruthenium
dioxide (RuO2) and carbon electrodes [1,31]. However, ruthenium is extremely expensive and
available only in very limited quantities [12].

A SC stores energy by physically separating positive and negative charges. This separation
occurs when a voltage is applied at its terminals, prompting the movement of ions within the
electrolyte [8]. The charges are stored on two parallel plates separated by an insulator. Since there are
no chemical reactions in the electrodes, SCs have a long lifespan but are characterized by low energy
density [26]. Figure 2 illustrates the structure of an individual SC, specifically the electrical double-
layer one. The potential applied to the positive electrode attracts negative ions in the electrolyte, while
the potential at the negative electrode attracts positive ions. The most used SC technologies in EVs
include Electric Double-Layer Capacitors (EDLCs), pseudo capacitors and hybrid capacitors [32].

7 £

+

L
- Electrolyte

Collector
00O 000
Collector

NEI(—:%I dou blders
Activated carbon

Figure 2. Schematic representation of electrical double-layer capacitor (EDLC) [33].

The power density of SCs is significantly higher than the one of BTs, attributable to their ability
to physically store charge on the surface of their electrodes and retain it electrostatically. This method
of energy storage enables SCs to charge and discharge much faster than BTs, making them highly
suitable for transients in electric propulsion applications. SCs excel in recovering energy from
regenerative braking—typically lost as heat—and can significantly reduce losses in the vehicle’s
drivetrain. In urban driving scenarios, characterized by frequent “starts and stops”, the overall power
requirement remains relatively low, making SCs ideal for capturing and instantaneously providing
electrical energy for vehicle acceleration due to their rapid charge-discharge rates [12]. Additionally,
their low internal resistance enhances efficiency, although there is a risk of high currents if the SC is
charged at a very low state of charge (SoC). The voltage at the terminals of an SC is directly
proportional to its SoC, yet the development of electronic interfaces has enabled SCs to operate
effectively across their whole voltage range [7].

BTs exhibit higher energy density compared to SCs, whereas SCs have a higher power density.
The longer lifespan and low maintenance requirements of SCs contribute to cost savings. In hybrid
electric vehicle applications, combining SCs and BTs can optimize the benefits of both storage types,
with each compensating for the other's shortcomings [34].

Researchers are exploring various methods to increase the surface area of electrodes, aiming to
enhance the weakness in energy storage capacity of SCs [35]. Development efforts are also underway
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for new electrode materials such as graphene, carbon nanotubes, and metal oxides to improve the
energy density and performance of SCs. Currently, there are five SC technologies under
development: carbon/metal fiber composites, foamed carbon, carbon particulate with a binder, doped
conducting polymer films on carbon cloth, and mixed metal oxide coatings on metal foil [36].

If the previously mentioned minor drawbacks of SCs are addressed, they could significantly
enhance the functionality of EVs. An innovative idea proposed by ref. [37] suggests that as SCs age,
they could be repurposed for second applications with lower demands, akin to a recycling cycle.
Increasing the energy density of SCs will greatly enhance the range of EVs.

2.3 Flywheel (FW)

The FW is an energy storage device that stores mechanical energy in a high inertia rotating
wheel. FWs employed in EVs are typically high-speed. FWs can deliver large amounts of power
quickly, making them ideal for applications requiring short bursts of high energy, such as
accelerating vehicles. Unlike chemical BTs, FWs do not degrade significantly over time, allowing for
millions of charge-discharge cycles with minimal maintenance. This longevity reduces the overall
cost and environmental impact [38]. FWs offer high round-trip efficiency, up to 85%, due to low
internal friction, which is further enhanced in systems that use magnetic levitation to reduce bearing
losses [10]. There are two approaches of using the FW in traction applications [12,26].

The first approach, depicted in Figure 3.a addresses the challenge of applying the mechanical
energy of the FW directly to vehicle propulsion by proposing the connection of a high-speed electric
motor to the FW, creating a "mechanical BT." This allows the FW to be charged and discharged
through the electric motor. The primary advantage of a FW system lies in its high energy capacity
and low environmental dependency, particularly with respect to temperature variations. However,
the high speeds required necessitate the use of high-strength materials and specially designed
bearings, such as magnetic bearings. Additionally, the high speeds characteristic of the FW generates
vortices that reduce the aerodynamic performance of the FW -electric machine system. One possible
solution is to house the FW in a sealed environment with significantly reduced air pressure,
effectively creating a vacuum. This requirement, however, makes the integration of FWs into electric
propulsion applications quite demanding.
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Figure 3. (a) Structure and components of FW [39]; (b) Transmotor- FW powertrain system.

The second approach employs a novel technology, the transmotor, to connect the FW directly to
the drive shaft, as shown in Figure 3b. In this method, the energy from the FW can be charged or
discharged magneto-mechanically, meaning that the mechanical (kinetic) energy stored in the vehicle
can be transferred directly to the FW without significant energy loss during its conversion to electrical
form. This principle also holds during the reverse conversion. Additionally, this approach is
considered more efficient compared to the first one. Due to the complexity of the transmotor, the
keen interest from the research community, and the potential of this approach, the transmotor will
be discussed in section 3 [40].
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A summary of previous mentioned HESS is presented in Table 1.
Table 1. Summary of Hybrid Energy Storage Systems.
. .. Future
Storage System Advantages Disadvantages Power Source Efficiency Trends
High energy High Production 80%+ Solid state
BT density costs depending
[5,18-24] Effective thermal Degradétion over Main on the Nickel-Based
management time technology
Availability Safety risks [41] Metal-air
Devel t
. . Expensive due to evelop m.en
High efficiency . of alternative
platinum
catalysts
FC Longer lifespan Slow response .
M Up to 609
[8,26,27,29,30,42,43]  than BTs time am Pto60% o ling up
No support of green
Instant resupply regenerative hydrogen
braking
High-st th
High efficiency 1g. i reng.
materials required
Complex Improvement
FW Low maintenance inte rI;tion in materials
[1,7,8,12,26,31,32,34— Durabilit & Supplementary Up to 85% and
37] Y Safety concerns integration
Ideal for s .
. with high-speed techniques
regenerative .
. rotation
braking
. Increasing
High POWEE Low SISy Approx. electrode
SC density density
Supplementary 70-85% surface area
[10,12,26,38—-40]
Fast . [44] New
. High costs .
charge/discharge materials

3. Transmotor

The Transmotor is a dual-rotor electrical machine, comprised of an inner rotor and an outer
rotor. Each of these rotating elements is connected to one of the mechanical ports (axles), allowing
each rotor to independently receive or deliver mechanical power. The electrical port controls the rate
of energy transfer between the two mechanical ports by adjusting the current in the windings [26].
Additionally, the electrical frequency of the currents applied to the windings should be equal to the
relative speed of the rotors multiplied by the number of pole-pairs, ensuring effective magnetic
coupling between the two rotating parts.

Transmotor’s operating principle resembles that of a conventional electric machine with its dual
mechanical shafts resulting in two mechanical torques. According to Newton's third law, the torques
produced on both shafts have the same magnitude but opposite directions. The mathematical
equations governing the angular velocity of the transmotor’s port or the frequency of the currents
applied to the windings, the torque, and the power [45] are presented in equations (1) — (3)
respectively:

Welee =N * (Wi — Wor) 1)
|Terecl = |Tirl = |Tprl, ()

eing = (VX B) %1 ®)
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Where:

e clec refers to the electrical port;

e jrrefers to the inner rotor;

e  or refers to the outer rotor.

®  Weec is the electrical frequency of the currents applied to the windings;
e n is the number of pole pairs of the Transmotor;

®  w; isthe rotating speed of the inner rotor;

®* W, isthe rotating speed of the outer rotor;

o Ty is the electrical Torque;

e T, is the inner rotor’s Torque;

e T, is the outer rotor’s Torque;

®  gjnq is the electromotive force induced in the conductor;
e v is the velocity of the conductor’

e B isthe Magnetic field;

e lis the length vector of the conductor.

The functionality of the transmotor across various scenarios can be understood through detailed
breakdowns [45] as explained below, and summed in Table 2:

1. Scenario A: The vehicle aims to accelerate. When the inner rotor (FW) spins faster than the outer
rotor (drive shaft), the transmotor's clutch function engages to transfer kinetic energy from the
FW to the drive shaft. Simultaneously, its generator function converts excess kinetic energy from
the FW into electrical energy, charging the BT. As a result, the vehicle accelerates using
mechanical energy from the FW, enhancing the BT ‘s charge. Interestingly, this topology is
unique as it charges the BT instead of draining it during acceleration demands.

2. Scenario B: The vehicle also intends to accelerate, but in this scenario, the outer rotor (drive
shaft) moves faster than the inner rotor (FW). Here, the transmotor's clutch function aids in
managing power transfer from the BT to the drive shaft, and its electric motor function converts
electrical energy from the BT into mechanical energy, assisting in drive shaft acceleration.
Consequently, the vehicle harnesses additional power from the BT for acceleration.

3. Scenario C: The vehicle decelerates with the outer rotor (drive shaft) moving faster than the
inner rotor (FW). The transmotor engages its clutch to manage the deceleration process and
transfer excess kinetic energy from the drive shaft to the FW. Its generator function then converts
this excess kinetic energy into electrical energy, recharging the BT. The outcome is vehicle
deceleration accompanied by BT charging.

4.  Scenario D: The vehicle needs to decelerate, and the inner rotor (FW) is spinning faster than the
outer rotor (drive shaft). The transmotor's clutch function engages to manage the power transfer
from the BT, providing braking power. Then the transmotor will work as a generator charging
the BT system.

Table 2. Power Flow of Transmotor-Based Powertrain [45].

Scenario Inner Rotor gs:s; Speed Transmotor Power Flow BT Status
Speed (FW) Speed (DS) Command Role Direction
Mechanical (FW)
N Generator & > Electrlcal.(BT) .
. Faster Slower  Increase & Mechanical Charging
Acceleration Clutch
(FW) &
Mechanical (DS)
Electric
B. Electrical (BT) -> __. .
1 F I M Disch
Acceleration Slower aster ncrease otor & Mechanical (DS) ischarging

Clutch
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Mechanical (DS)
-> Electrical (BT)
C . Slower Faster = Decrease Generator & Mechanical (DS)  Charging
Deceleration Clutch .
-> Mechanical
(EW)
D Electric  Mechanical (DS)
. Faster Slower Decrease  Motor & -> Charging
Deceleration

Clutch Electrical (BT)

Nima et al [46] discuss a kinetic energy recovery system (KERS), utilizing an active
electromagnetic slip coupling mechanism that efficiently transfers energy between the vehicle and a
lightweight FW. Essentially, it's a simpler, more economical version of a transmotor, focusing on
maximizing energy recovery efficiency and suited for a broader range of EVs. The concept has been
experimentally verified using a SC instead of a BT, which proved successful for the proof of concept.
However, the control algorithm was not analyzed in detail. It would also be interesting to see the
actual behavior with a BT, which differs from the SC case, and compare the scenarios in various
driving situations. Moreover, in the case study, the vehicle cruising at 216 km/h is not representative
of the broader range of EVs that it aims to address, since the suggested system’s performance is not
evaluated at lower speed ranges. Also, testing how the system performs under a wider range of
operational scenarios, including varying speeds, loads, and environmental conditions, would help in
understanding the limits and full capabilities of the transmotor. Finally, a lifespan study would be
meaningful to determine how the FW reduces the charge/discharge cycles of the BT.

Ramin et al [45] proposed a transmotor-based power system for high-performance EVs,
demonstrating a significant reduction in acceleration time needed to reach the maximum speed by
34%, as well as enhanced deceleration and gradeability. Additionally, the effectiveness of
regenerative braking was shown to improve, attributed to increased energy absorption, particularly
at higher speeds, due to the availability of maximum deceleration torque at any desired speed. These
enhancements were demonstrated through computer simulations and emulation tests. However, the
control algorithm, a frequently discussed topic regarding transmotor challenges, was not clearly
described in their study.

In Ref. [9], an innovative approach is proposed and experimentally validated. When the vehicle
is cruising, indicating no need for aggressive acceleration or deceleration, the transmotor functions
similarly to a conventional Permanent Magnet Synchronous Motor (PMSM) as depicted in Figure 4.
This is achieved by activating a lock on the FW axle and disengaging the clutch, thereby locking the
windings and preventing rotation, which reduces electrical losses. Consequently, only the outer rotor
(drive shaft axle) rotates freely. This method allows for precise control of the output torque by
managing the winding currents, reducing the load on the BT and optimizing energy usage to
maintain a constant vehicle speed. Essentially, the transmotor-based KERS effectively utilizes the FW
system during periods of high energy exchange (acceleration and deceleration) while disengaging it
during steady-state cruising to minimize unnecessary energy losses. This strategy enhances energy
efficiency, reduces BT load, and optimizes vehicle performance. The substantial reduction in volt-
ampere of braking and electrical storage capacity in Ah by factors of 2.7 and 8, respectively, positions
this system as an excellent candidate for HESS. This efficiency eliminates the need for a large, heavy,
and costly BT pack, especially when supplemented with an SC as an assistant.

Ramin et al proposed a transmotor-FW powertrain assisted by SCs [47]. The concept is highly
innovative, and the results confirm its effectiveness. Utilizing a Proportional-Integral (PI) controller
along with a rule-based, deterministic state machine and hysteresis control, they managed to reduce
the BT pack rating by 80% and significantly enhance energy recovery from regenerative braking.
However, the paper focuses on regenerative braking energy; the testing was only conducted in
braking situations. The outcomes discuss using the BT in low-demand scenarios, such as cruising. To
implement this concept in a real-world scenario, a control algorithm must be designed to address the
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complexity of this system and verify its implementation. The latter point is commonly observed in
literature and is promising for future work.
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Figure 4. (a) Passive cascade BT and SC configuration; (b) Active Cascade System (Active cascade
UC/ BT configuration).

Nima et al suggested an improvement to their initial idea [48], proposing a FW-Based All-Wheel-
Drive Electric Powertrain. They successfully managed to meet both acceleration and deceleration
power demands using only the FW. In practice, rather than charging the BT, the excess energy is
directly transferred to another PMSM. This approach further reduces the BT’s charging and
discharging cycles, with the BT being used solely for cruising, thereby enhancing its lifespan and
performance. Although the concept has been evaluated for journeys at a consistent speed of 160 km/h,
it has not been tested under conditions of reduced or variable speeds. A comprehensive study should
consider speeds that adhere to the legal limits prevalent in various regions, including both urban
centers and highways. Additionally, no specific information was provided about the simulation
program or the conditions under which it was conducted, nor about the control algorithms used. An
economic survey regarding the lifespan of the BT would be beneficial to mathematically substantiate
the results.

It is evident that the transmotor can function as a coupling device between the FW and the
driveshaft, enabling the direct transfer of mechanical energy without the need for converting it
between different forms. This capability significantly enhances the overall efficiency of this drivetrain
scheme in EVs. Additionally, the required BT power rating is reduced, particularly when a SC is also
utilized. The transmotor is capable of transferring more mechanical power than its electrical rating
might suggest—up to twice the rated electrical power, limited only by the structural integrity of the
machine itself [45]. If the implementation challenges of the transmotor are overcome and a real-time
control system is established [49], then the transmotor is poised to play a significant role in the
practical application of FWs in EVs.

4. Multisource EVs

The study and evolution of hybrid vehicles have led to the emergence of a new category:
multisource electric vehicles (MEVs) [40]. While some researchers may view MEVs as a subcategory
within the broader hybrid vehicle framework, they actually represent a distinct classification that
relies on hybrid vehicle principles. MEVs are electric cars equipped with an electric engine and a
HESS [26]. Specifically, MEVs include BT electric vehicles (BEVs) enhanced with SCs or FWs, or both,
and FCEVs supplemented with SCs or BTs or FWs, or a combination of them [7,8]. EVs equipped
with transmotor technology, as mentioned in the previous section, are also characterized as
multisource, as they feature an electric motor a HESS, primarily consisting of FW. This section will
explore the unique characteristics of MEVs, emphasizing on how they integrate electric propulsion
with hybrid energy management to enhance vehicle efficiency and performance.

4.1 Topologies of HESS

A HESS for MEVs is a storage system that combines two or more energy technologies. The
primary objective of implementing a HESS is to blend the high energy density of one storage
technology with the high-power density of another. Power density refers to the amount of power that
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a storage system can deliver, per unit volume or mass, while energy density refers to the amount of
energy that can be stored in a storage system, per unit volume or mass. The result of this combination
can lead to a higher delivered power and energy density from the energy system, improved overall
performance of the EV and better fuel consumption, achieving greater autonomy [40]. This
combination ultimately extends the lifespan of each energy source by reducing the induced strain
from unfavorable demands, such as high rate of discharge from batteries or reaching the SC lower
voltage limit frequently [26].

However, the way these sources are integrated —the topology of the system—significantly
impacts their performance and cost. Factors such as the necessity for control systems, the use of a
DC/DC converter or a multi-converter, play a crucial role in their performance. An appropriate power
management algorithm, leveraging the strengths of each component, is essential to control the power
flow between these sources in a way that results in a better application. In this subsection, all the
plausible topologies that have been discussed in previous works will be presented while detailing
their advantages and disadvantages, which are summarized in Table 3. The next section will be
focused on energy management algorithms [50].

4.1.1. BEV

In the modern era, EVs primarily rely on BTs. However, BT technology alone is often insufficient,
as it struggles to meet the demands for high energy performance, low cost, and both high volumetric
and gravimetric energy densities. Additionally, BTs face challenges in applications requiring high
charging and discharging rates, which can lead to unsatisfactory lifespans when frequently subjected
to such conditions. SCs, characterized by their high power density (approximately 5-10 kW/kg), and
FWs can deliver high-efficiency energy and currents quickly and efficiently, significantly extending
BT life. However, both have limited energy storage capacity. Thus, the combination of BTs with SCs
or FW forms a promising solution. Such a HESS can deliver high power and store sufficient energy
to ensure substantial driving autonomy. Furthermore, hybridizing BTs with SCs or FW alleviates the
strain on BTs while potentially also enhancing acceleration and performance in high-load situations,
expanding their lifetime [51]. Finally, due to their rapid charging capabilities, SCs or FWs can assist
BTs in capturing energy from the vehicle’s regenerative braking systems [52].

Firstly, the HESS that consists of BTs and SCs is presented. There are several topologies
depending on how BTs and SCs are configured within the vehicle. The configurations include:

1. Passive cascade BT and SC configuration: In this setup, SCs are connected in parallel with the
BT as depicted in Figure 4.a to enhance the power performance capability of the system. A
bidirectional converter links the SCs to the DC-link, controlling the power flow either sourced
from or fed into the SCs. Despite significant voltage fluctuations at the SC terminals, the voltage
at the DC-link is maintained nearly constant due to the regulation by the bidirectional converter.
However, the BT voltage is equal to the DC-link voltage, as there is no control mechanism
between the BT and the SC. The current from the BT must both charge the SC and provide power
to the load. A major disadvantage of this placement is its inefficiency in utilizing the stored
energy in the SC [8,13,26,40,53].

2. Active Cascade System (Active cascade UC/ BT configuration: Similar to (1), this system
includes a DC/DC current converter between the BT array and the SC as shown in Figure 4.b,
allowing for lower SC voltage relative to the BT, which matches the DC-link voltage. This setup
enhances the system's maximum power output but is plagued by frequent BT charging and
discharging cycles and inefficient storage of energy from regenerative braking in the SC
[8,26,40,53].

3. Active Cascade System with Reverse BT -SC Connectivity (Active cascade BT/UC
configuration): In this configuration, presented in Figure 5.a, the BT voltage is lower than that
of the SC, which aligns with the DC-link voltage. The BT voltage is boosted to a higher level,
allowing for a reduction in current which reduces the BT's capacity requirements and,
consequently, the cost of the application. Additionally, this setup allows more efficient control
of the BT current compared to setup (1). The BT provides average power, while the SC handles
instantaneous demands and captures energy quickly from regenerative braking. The downside
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is that the BT cannot be charged from the braking energy or from the SC due to the one-way
boost converter [8,26,40,53].

4. Parallel Passive Cascade System with Two DC-DC Converters: In this system, the SC and the
BT are connected in parallel to the DC-link through bidirectional converters, as seen in Figure
5.b, allowing the SC to deliver 100% of its stored energy. Unlike previous configurations, the BT
and SC voltages, which are lower than the DC-link voltage, are adjusted based on power
requirements. This setup permits separate control of power flow to and from each storage unit,
enhancing flexibility in power management. The converters moderate fluctuations in BT current,
significantly reducing strain. Integrating the two DC/DC converters into a single unit could
further reduce cost, size, and control complexity [8,13,26,40,53].
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Figure 5. (a) Active Cascade System with Reverse BT -SC Connectivity (Active cascade BT /UC
configuration); (b) Parallel Passive Cascade System with Two DC-DC Converters. .

5. Multiple Converter Configuration: This configuration, explained at Figure 6.a, employs
individually controlled DC-DC converters to link each energy source to the DC-link, requiring
the voltages of the BT and SC to match the DC-link voltage. This setup, however, necessitates
two full-power converters, substantially increasing the application's cost and size [8,26,40,53].

6. Multi-Input Converter Configuration: This configuration aims to reduce the costs associated
with the multiple converters in (5). It connects the BT and SC to a common inductor with parallel
switches, each paired with a diode to prevent short-circuit. A bidirectional DC/DC current
converter controls power flow between the inputs and loads, operating in boost mode when
powering loads and in buck mode during energy recovery from braking. The setup
demonstrated in Figure 6.b uses a common inductor for all energy sources if additional inputs
are present. It addresses the disadvantages of previous topologies by reducing costs and weight
while enhancing performance, though it involves a more complex control and power
management strategy [8,13,26,40,53].
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Figure 6. (a) Multiple Converter Configuration; (b) Multi-Input Converter Configuration.

7. Proposed Hybrid ESS Configuration: According to Ref. [8], a hybrid topology is proposed
where a higher-voltage SC directly connected to the DC-link to cover maximum power
demands, while a lower-voltage BT is connected through a power diode or a controlled switch.
This system operates in four modes: low power, high power, braking, and acceleration. During
low load conditions, the SC primarily powers the load, with the BT contributing when greater
power is needed. Energy generated from regenerative braking can be directed solely to the SC
for rapid charging, or it can be distributed to both the BT and SC for a more thorough charge

Regarding the systems involving BT-FW, and BT-FW-5C, we have discussed the latest research
in Section 3, where the transmotor plays a crucial role in the topology of these systems. Topologies
that include BT and FW, but exclude a transmotor, have been covered in previous works such as [54—
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56]. Based on the holistic review, future research is expected to focus on transmotor coupling due to
its ability to handle variable gear ratios, which significantly enhances the overall efficiency of the
drivetrain. Additionally, the transmotor addresses the challenge of converting mechanical and
electrical energy to charge or discharge the BTs.

4.1.2. Fuel Cell Electric Vehicle (FCEV)

A FCEV employs a hydrogen FC as its primary power source. These vehicles are considered
environmentally friendly because the only byproduct of the chemical reaction between hydrogen and
oxygen is water. Hydrogen, used as an energy source, is economically, socially, environmentally, and
climatically sustainable, primarily because of its abundant availability in water [53]. Vehicles
equipped with FCs offer long driving ranges and require short refueling times, making them
significantly more fuel-efficient compared to those with ICEs especially when their efficiency is
considered. While FCEVs have been tested in several pilot applications, they face challenges in
widespread implementation. Safety concerns, particularly regarding the concurrently pressurized
storage of the highly flammable hydrogen, which can form explosive mixtures with air, pose major
hurdles. Additionally, the environmental benefits of FCEVs are compromised if the hydrogen is
sourced from fossil fuels. There are two types of FCEVs: the basic FCEV, which shares the same
architecture as an electric vehicle, and the hybrid FCEV (FCHEV), which includes a secondary energy
storage system (ESS) such as BTs or SCs or FWs [12]. In this review, we will primarily focus on the
second configuration as the novel, more promising application.

In FCHEVs, various types of ESS are employed. A common configuration includes pairing FCs
with SCs, where the SCs capture energy generated from regenerative braking and provide additional
power during acceleration phases [7]. Generally, SCs alone do not possess enough stored energy to
power the vehicle at low speeds. Optimal vehicle performance is typically achieved by maintaining
a constant sum of the vehicle’s kinetic energy and the energy stored in the SC [57].

There two ways of connecting the SC to the DC-link of the FCEV.

1. Direct Parallel Connection/Semi-active Topology: In this setup, the SC is connected directly to
the DC-link without a DC/DC converter while the FC is connected to the DC-link with a non-
bidirectional DC/DC converter as depicted in Figure 7.a. This direct connection simplifies the
circuitry and control strategies, enhancing cost-effectiveness by eliminating the need for a
DC/DC converter and enabling faster response times to power demands. However, this
arrangement can lead to a voltage mismatch between the SC and the DC-link, particularly as the
SoC of the SC changes. There is no precise control of the power flow between the SC and the
system, which could lead to instability under varying operational conditions and increased
wear, ultimately reducing their lifespan [58-60].

2. Indirect Parallel Connection/Active Topology: In this configuration, Figure 7.b, the SC is
connected through a DC/DC converter to the DC-link, while the FC is connected to the DC-link
with a non-bidirectional DC/DC converter. This arrangement allows for voltage regulation,
ensuring optimal charging/discharging of SCs and maintaining a stable system voltage, a
necessity given the voltage variation of SC according to its SoC [60]. Precise control of the power
flow is achievable, using SCs under optimal conditions and ensuring their longevity. The
converters can act as a buffer, protecting SCs from sudden voltage spikes. On the other hand,
the complexity of the systems increases the requirement of sophisticated management
algorithms, while converters raise the manufacturing cost [26,58,59].
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Figure 7. (a) Direct Parallel Connection/Semi-active Topology; (b) Indirect Parallel Connection/Active
Topology.

The most widespread configuration includes pairing FCs with BTs. In a hybrid vehicle equipped
with both FCs and a BT, the BT functions to store energy from regenerative braking, supplies
additional power during acceleration, and drives the vehicle at low speeds [61]. This prevents
operating the FC at low power, which falls within its low-efficiency range. Charging the BT using the
FC is generally inefficient due to losses from DC/DC converters and internal BT inefficiencies. It is
advisable to only charge the BT when its SoC falls below 50%. Simulation results presented in [7]
indicate that it is more efficient to rely solely on the BT’s power when the percentage of current
demanded from the FC is less than 7.55% of the total. An FC designed for automotive use is capable
of transitioning from an idle state to full power in less than four seconds. It is important to note that
during regenerative braking, if the SOC of the BT exceeds 98%, it does not accept energy from
regenerative braking and primarily serves as mechanical braking.

There are four ways of connecting the BT to the DC-link of the FCEV.

1. Direct Parallel Connection of both: In this configuration, Figure 8.a, both the BT and the FC are
connected directly to the DC-link without any DC/DC converters. Clearly, this setup is the most
cost-effective, simplest, and easiest to implement in a FCEV. However, the risks associated with
backward current flow due to the uncontrollable DC voltage at the DC-link, and the limitations
in controlling power flow, are significant drawbacks that render this topology unsuitable for
implementation in an FCEV [59,60]. The issue of backward current flow can be mitigated by
using diodes, but this solution reduces the overall efficiency [62]. Finally, regenerative braking
is not feasible with this topology.

2. Direct Parallel Connection of FC: In this setup, the BT is connected through a bidirectional
DC/DC converter to the DC-link, while the FC is connected directly to the DC-link [60], as
depicted in Figure 8.b. The FC regulates the DC-link voltage, which can exhibit significant
variations due to the stochastic nature of the vehicle. This variability can reduce the overall
performance of the vehicle [62]. The DC/DC converter facilitates the capture of energy from
regenerative braking [59], which helps to offset the efficiency reduction incurred by the
implementation of the DC/DC converter.
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Figure 8. (a) Direct parallel connection of FCs and BT; (b) Direct parallel connection of FC.

3. Direct Parallel Connection of BT: In this configuration, Figure 9.a, the FC is connected through
a non-bidirectional DC/DC converter to the DC-link, while the BT is connected directly to the
DC-link [51]. Contrasting with scenario (2), voltage fluctuations at the DC-link are now reduced
due to the DC/DC converter and the stable voltage behavior of the BT, which does not vary
significantly in comparison to FC behavior. This stability enhances the overall efficiency of the
powertrain. The BT also controls the DC-link voltage, and its characteristics play a significant
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role in maintaining the voltage within acceptable limits [62]. However, this topology does not
support capturing energy from regenerative braking [60]. According to a comparison of FCEV
topologies in ref. [58], this setup is the most cost-effective one, owing to its efficiency capabilities.

4. Indirect Parallel Connection of both: In this topology, FC and BT are connected through a
DC/DC converter to the DC-link, while the BT connection is supporting a bidirectional power
flow [51,58], as shown in Figure 9.b. This configuration is more complicated than the previous
ones, it presents ripple currents that damage the BT system and require a larger filter, which
along with the dual DC/DC converters makes this system the costliest. Voltage regulation
achieves a stable DC-link voltage [59], alleviating the need of matching power source
characteristics. Regenerative braking is enabled in this configuration [60].
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Figure 9. (a) Direct parallel connection of BT; (b) Indirect parallel connection of FCs and BT.

The most promising topology is the FC, BT and SC combination. In this architecture, SCs are
primarily used to manage transient power demands, including those associated with acceleration
and braking. This ensures high performance and durability of the SCs, which are fully exploited and
contribute to extending the lifespan of the BTs by minimizing their exposure to high-current charging
and discharging cycles. The slower aging of the BTs presents a significant advantage of this topology.
Moreover, this strategy does not necessitate voltage control of the SCs [7]. If the voltage of the SCs is
high and the vehicle decelerates, then the BTs can absorb the energy generated from regenerative
braking. Conversely, if the voltage of the SCs drops to their lower limit, BTs can supply the additional
energy needed. Same situation happens when BT’s SoC is high, then SUC can absorb the energy
generated from regenerative braking and when BT’s SoC is low, SUC can supply the additional
energy needed [7,12].

There are four ways of connecting the BT and SC to the DC-link of the FCEV. This power source
combination is proving to be the most challenging to research in literature, possibly due to its
complexity, which makes it difficult to effectively document and compare the characteristics of each
configuration. This indicates potential future research explosion in this field, as the technology
involved becomes more readily available, and simulation capabilities increase.

5. BT and FC Parallel Direct Connection: In this topology, both the FC and the BT are directly
connected to the DC-link, while the SC is connected through a bidirectional DC/DC converter
[63], as depicted in Figure 10.a. The SC enhances energy recovery from regenerative braking,
improving overall efficiency. The FC manages the average load, while the BT handles only high-
power demands. This method requires a simple control strategy and features reduced
complexity in power electronics. The direct connection of the FC is crucial for managing rapid
changes in voltage and current in the DC bus [62]. However, the lack of control over the BT and
FC does not explicitly yield the best efficiency from the power sources, and could potentially
shorten their lifespan.

6. SC Parallel Direct Connection: In this topology, as shown at Figure 10.b both the FC and the BT
are connected through DC/DC converters, with the BT being bidirectional, while the SC is
directly connected to the DC-link [64]. In this arrangement, the BT captures energy from
regenerative braking, and the SC provides immediate power for dynamic demands due to its
direct connection, thus protecting the BT and FC. This setup integrates high power and high
energy sources [59]. However, it involves more complex power electronics, while a sophisticated
control strategy is required. The cost is higher than in the first topology, and the FC and BT
might respond to load changes in delay [62].
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Figure 10. (a) BT and FC parallel direct connection; (b) SC parallel direct connection.
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7. BT Parallel Direct Connection: In this configuration, both the FC and the SC are connected
through DC/DC converters, as depicted in Figure 11.a, with the SC being bidirectional, while the
BT is directly connected to the DC-link [60]. The regenerative braking energy is captured by the
SC and the lifespan of the FC is enhanced due to the stabilization that is provided by the DC/DC
converter. The BT handles steady-state and low dynamic loads but experiences more stress due
to the absence of a DC/DC converter [62].

8.  Parallel Indirect Connection of BT, SC and FC: As presented Figure 11.a in this topology, all
power sources are connected to the DC-link, with the SC and BT connected through a
bidirectional converter [60]. This configuration allows for the most effective control of energy
due to the management of all power sources, thereby improving overall system efficiency [51].
The system can dynamically balance power among the SoC of each power source and regulate
the DC-link voltage [59]. For example, both BT and SC can support regenerative braking,
depending on which source has the capacity to absorb it. Additionally, given the multiple power
sources, in the event of a failure of one source, the system can maintain its performance.
However, a highly sophisticated control strategy is required to effectively use this system, and
it is the most cost-effective topology. Considering a multi-input converter, as in the Multi-Input
Converter Configuration, is surmised to be worthwhile to undergo a financial analysis.
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Figure 11. (a) BT parallel direct connection; (b) Parallel indirect connection of BT, SC and FC.

The last topology for FCEVs incorporates an FC and a FW Energy Storage System (FESS). This
combination, as discussed in several sources [65], offers significant advantages. Firstly, the FC
provides a stable power source, which is substantially augmented by the FESS's capacity to handle
load variations, including energy recapture during vehicle decelerations [66]. This configuration
facilitates a reduction in the overall size of the FC, optimizing the system for enhanced efficiency and
cost-effectiveness [67]. Moreover, FESS provides a very high cycle life and efficiency, making it a
reliable and effective partner for the FC in terms of operational readiness [68]. This setup not only
boosts energy efficiency by managing transient energy demands effectively but also minimizes
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environmental impact due to its emission-free and chemical waste-free nature, which starkly
contrasts with traditional BT systems [68].

Two distinct topologies are outlined in the archive:

At ref. [68], the hybrid powertrain topology includes an innovative arrangement where the FC
is divided into multiple stacks as shown in Figure 12, each controlled independently to operate
around its optimal efficiency point. This system is supported by a FESS that compensates for the slow
dynamic response of the FC, efficiently managing power transients. The control strategy is designed
to optimize energy efficiency by dynamically adjusting the number of active FC stacks based on the
state of charge of the FESS. This approach allows for significant downsizing of the FESS while
maintaining system responsiveness and efficiency. However, the increased complexity of the control
strategy may lead to higher costs and potential maintenance challenges due to the sophisticated
system requirements. Despite these challenges, the benefits in terms of energy efficiency, emission
reduction, and operational adaptability make this topology a compelling choice for urban transit
applications.
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Figure 12. Independent Control of Multiple FC Stacks in Hybrid Powertrain Topology.

Ref. [67] details a sophisticated hybrid power system that integrates a hydrogen FC and a FESS
as demonstrated in Figure 13. In this topology, the FC serves as the primary, steady source of
electricity, converting hydrogen into power, while the FESS efficiently manages peak energy
demands and captures energy during braking phases. The system includes power converters (C1)
that facilitate the transfer and modulation of energy between the FC, FESS, and the in-wheel traction
motors (MT) via power and control buses. This arrangement enhances overall efficiency by allowing
the FC to operate continuously near its optimal efficiency point, with the FESS compensating for
transient loads and smoothing out power delivery. The control system (CS) orchestrates the entire
operation, ensuring that power distribution is dynamically managed according to real-time vehicle
demands. This topology not only optimizes power usage, making the system more efficient and
reducing operational costs, but also supports the vehicle's responsiveness and stability in urban
transit scenarios, where frequent starts and stops is a common situation. Additionally, this setup
supports environmental goals by maintaining zero emissions throughout its operation, contributing
to cleaner urban air quality. However, the system's complexity and cost are elevated due to the
sophisticated control systems required to manage the interactions between the FC and FESS, leading
to higher initial investment and maintenance expenses. Technological maturity is another hurdle, as
integrating these systems into commercial vehicles is completely untested and may encounter
unforeseen technical challenges.
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Figure 13. Integrated Hybrid Power System with FC and FESS in Urban Transit Application.

In general, the topologies involving FC and FW cannot be distinctly categorized like the previous
configurations. To the best of the authors’ knowledge, there is a scarcity of published works that
could support a well-defined categorization. More exploration into FC and FW combinations should
be conducted, particularly for private, consumer-grade EVs. Additionally, investigating the
integration of a transmotor into one of these topologies should yield interesting research insights.

Table 3. Summary of Topologies of BEVs and FCEVs.

Power
EVs Sources Topology name  Advantages Disadvantages Comments
Involved
Ineffici
. Enhanced . ne 1<?1ent
Passive Cascade ower Significant voltage  utilization of
BT and SC P fluctuations at SC  stored energy in
. . performance .
configuration capabilit terminals SCs, complex
P y control needed.
Allows for Frequent BT =~ Enhances system's
Active Cascade better charging/dischargin power capability
System maximum g cycles, inefficient but increases wear
power output SC energy storage on BTs.
Active Cascade Efficient control Impossible BT PI"O.VldES more
. of BT current, . efficient control,
BEV BT-5¢ System with reduces BT's charging from though limits
7] [8,13,26,40,50— Reverse BT -SC capacit braking energy or ro eierative
53] Connectivity paclty from the SC & s
requirements capabilities.
. Separate . s
Parallel Passive control of Requires additional Offers individual
Cascade System components,
. power flow, . ) control over BTs
with Two DC-DC increasing
enhances _ and SCs.
converters e complexity and cost
flexibility
Individual
ltipl 1 of
Multiple control o High cost, increased Promising if cost
Converter power flow to

. . complexit is reduced
Configuration each storage P y

unit



https://doi.org/10.20944/preprints202408.0386.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024

d0i:10.20944/preprints202408.0386.v1

19

Reduces costs

Multi-I
wit-input and weight,

More complex

Common inductor
used for all energy

Converter control strategy
, . enhances sources to manage
Configuration needed
performance power flow
Covers
maximum
power Operates in four
demands with modes: low
Proposed Hybrid higher—\fo.ltage Relies heavily on power, high
. . SC, efficient  control strategy for power, braking,
ESS Configuration . .
energy efficiency and acceleration,
distribution optimizing power
during various and energy use
driving
conditions
Simplifi
Direct Parallel clir;lz;c:es Potential for Cost-effective, no
Connection/Semi- Y voltage mismatch, DC/DC converter
. enhances . .-
FC-5C active Topology response Hmes instability needed
[7,12,26,53,57- S
60] Indirect Parallel © age Increases system Uses DC/DC
. . regulation, . .
Connection/Active complexity, higher  converters for
stable system .
Topology cost precise control
voltage
Simpl trol
Direct Parallel Efficient ~ Lack of control over S;:i © C(:jrilrz(Zt
Connection of  averageload BT and FC may gy' .
. connection crucial
both management reduce efficiency .
for rapid changes
Manages DC-  FC regulates DC- DC/DC converter
Direct Parallel ~ link voltage, link voltage, facilitates energy
Connection of FC reduces leading to potential  capture from
variability = performance issues braking
FC-BT Stabilizes DC- Does not support
[7,51,58-62] . link voltage, PP Direct connection
Direct Parallel energy capture .
FCEV . enhances . stabilizes voltage
Connection of BT . from regenerative
powertrain . but stresses BT
. braking
efficiency
Dynamic Highly Supports
Indirect Parallel balance of sophisticated regenerative
Connection of  power among  control strategy braking, maintains
both SoC, regulates  required, most performance
DC-link voltage costly despite failures
Streamlines
ower Simplistic approach Focuses on
BT and FC Parallel P P P p managing rapid
management may not yield

Direct Connection:
for average

optimal efficiency

changes in power
demand

FC-BT-SC loads
[7,12,51,59,60, Immediate
62-64] power for
SC Parallel Direct ~ dynamic
Connection demands,
protects BT and

FC

More complex
power electronics
Sophisticated
control required

Enhances energy
recovery from
braking, improves
overall efficiency



https://doi.org/10.20944/preprints202408.0386.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024 d0i:10.20944/preprints202408.0386.v1

20

Enhances  Limited support for Prioritizes steady-

BT Parallel Direct - .
. stability of dynamic power state and low
Connection .
power supply management dynamic loads
Maximizes

Parallel Indirect Comprehensive Requires advanced efficiency through

Connection of BT, management of control systems, sophisticated
SC and FC energy sources  increased cost energy
management
I
ndependent Manages load o
Control of R Complexity in _
. variations . . . Reduces FC size,
Multiple FC . integration, high- .
. . effectively, . optimizing
Stacks in Hybrid speed rotation .
. captures efficiency
FC-FW Powertrain brakine ener safety concerns
[65-68] Topology g energy
Integrated Hybrid = Optimizes High initial Suitable for
Power System  power usage, L
investment and applications

with FC and FESS reduces

. . . maintenance requiring frequent
in Urban Transit  operational d 8 'red

.. expenses stops and starts
Application costs P p

5. Energy Management Algorithms for Multisource EVs

As previously mentioned, an EV powered by multiple energy sources requires their effective
cooperation to achieve optimal autonomy, balance, and performance. This is facilitated through
appropriate algorithms implemented in the energy management system.

5.1 Energy Management System (EMS)

A multisource EV is a nonlinear dynamic system with multiple objectives, including achieving
optimal fuel economy while meeting the driver's needs, and reducing emissions. To maximize the
performance of energy flow and the engines in conjunction with the energy storage network, a central
unit is essential. This central unit, known as the Energy Management System (EMS), controls all
functions of these various units [69]. Moreover, the EMS must adapt to each driver's behavior and
the vehicle’s driving conditions relative to the SoC of the energy storage systems. Some fundamental
functions of the EMS include:

e  Electrical management: Manages the charging and discharging processes to avoid voltage and
current inequalities between cells, tailored to the parameters of each energy storage system.

e  Thermal management: Ensures the balance of temperature among cells, maintaining the correct
operating temperature for all components.

e  Safety management: Evaluates sensor outputs and initiates the shutdown of components that
are in a high-risk state, such as during a collision [53,70].

5.2 Optimization Control Strategies of a Multisource EV

Choosing the EMS is crucial for efficiently powering the drivetrain system and providing the
required power as demanded by the driver, while keeping the preservation of the SoC limits and the
health status of the energy storage systems in mind. In the literature, various works have been written
about the energy management of an EV powered by multiple energy sources [7,14,42,59,60].

The classification of EMS algorithms includes three major groups:

e  Rule-based algorithms
e  Optimization algorithms
e  Artificial intelligence-based algorithms

Rule-based algorithms utilize deterministic or fuzzy rules. Although suitable for real-time

applications, they are specifically designed for certain vehicle architectures and heavily rely on
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individual driving profiles to set rules and limits, leading to time-consuming development.
Additionally, they do not allow for optimization, and the computational demands of the extensive
fuzzy ruleset needed are too high for real-time application [57].

Most of the research is focused on optimization algorithms, both offline and online, because they
can balance execution, safety, and performance. Execution is crucial as the EMS must operate in real
time, ensuring that control variables are adjusted quicker than the dynamics of the disturbance inputs
with limited computing resources, while staying robust to outliers in the ever-shifting search space
during operation. Safety is paramount as the EMS must adhere to the system's physical limits, such
as the maximum current of the BT or the maximum voltage of the SCs. Performance is necessary to
ensure that the EMS is as close to the optimal solution as possible. These criteria are interdependent,
leading to extensive studies to solve problems bound by real-time constraints. Among all methods,
the Equivalent Cost Minimization Strategy (ECMS) is the most widely studied and applied [60].

Finally, artificial intelligence-based (Al-based) algorithms have faced significant development
due to the growing capabilities of artificial intelligence and neural networks which results from the
recent research focus. These systems use historical data, real-time sensor inputs, and environmental
conditions to make adaptive decisions about energy distribution and drivetrain control. They offer
advantages such as improved fuel economy, increased driving range for hybrid or electric vehicles,
enhanced performance, and better driving capability compared to the previous mentioned
algorithms. The adaptive control adjusts to the driving style of each driver and the current driving
conditions, optimally utilizing regenerative braking and energy recovery systems [60].

5.3 Rule Based Algorithms

Rule-based algorithms for EMS in hybrid power systems are valued for their simplicity,
reliability, and ease of implementation. These algorithms utilize predefined rules to manage the
distribution of energy between various power sources and loads, ensuring both system stability and
efficiency. A key advantage of these systems is their straightforward implementation, which supports
real-time control and basic adaptability to changing power demands and conditions. For instance,
ref. [71] demonstrated effective power allocation and DC-link voltage stabilization in a BT/SC hybrid
energy storage system using a rule-based EMS, which operated without power sensors and relied
solely on current estimations. Additionally, ref. [72] highlighted how these systems can extend
component lifetimes by integrating SoC management and specifically avoiding overuse in the ruleset.
However, as pointed out by [73], their lack of dynamic adjustment based on predictive analytics, as
Al based algorithms are capable to do so, or optimization algorithms is a notable limitation, which
can result in suboptimal performance under certain conditions. Despite these limitations, rule-based
EMS remain popular due to their reliability, low computational requirements, and ease of
implementation by the system designer.

5.3.1. Deterministic Rules

Deterministic rules are designed to enhance fuel economy, minimize losses, and reduce
emissions by optimizing the performance mapping of electric motors. These rules are formulated
based on the collection and analysis of data from past experiences, aiming to identify optimal
operating points. Deterministic rules can be classified into optimal working condition-based methods
and frequency-decoupling methods.

1. Optimal working condition-based methods

Rule-based deterministic optimal working condition methods are widely used in various
applications to ensure optimal performance and efficiency. These methods leverage predefined rules
and conditions to control systems in a deterministic manner, ensuring consistent and predictable
outcomes. For electric vehicles, an adaptive thermostat control method based on working condition
prediction optimizes the operational power of auxiliary power units, enhancing BT life and reducing
noise and vibration. Additionally, the development of electric vehicle control units using state
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machine deterministic rule-based approaches ensures optimal power and energy management by
adapting to various driving conditions [74].

Thermostat strateqy (ON/OFF): It maintains the SoC of the BT within predetermined limits and
power splits effectively the energy through the HESS [59]. However, its major drawback is its
inability to deliver the required power for all vehicle functions. This strategy is primarily used in
series hybrid architectures and is suitable for city driving conditions, which involve frequent start-
stop cycles [60].

State machine (multimode) strategy: This strategy operates in a specific given state of the vehicle
through a decision tree algorithm based on constant conditions. This strategy is also known as the
multimode strategy.

Hajer et al. [52] proposes a strategy for a FC and SC EV, aiming to enhance overall stability
during transient states. The simulations were conducted in MATLAB-Simulink environment, and the
findings suggest that this algorithm is easy to implement as well as robust enough for real-time
applications. However, testing the algorithm in a real-world scenario would be necessary to confirm
its effectiveness, as the maximum speed in the simulation was only 64.4 km/h, indicating a potential
unexplored territory for this algorithm at non-urban speeds. Additionally, SoC of the SC was
maintained between 20-80% to optimize lifespan, raising the question of how the system would
perform under boundary conditions if deemed necessary in a more complex scheme. Investigating
these conditions could reveal whether the system remains consistent under non-linear power
demands and unpredictable EV behavior, which are common in real-world scenarios.

A state machine control algorithm was proposed to ensure efficient power distribution between
the FC and the SC, and to protect the FC from overloading [72]. The algorithm successfully reduced
input current ripple, increased efficiency, minimized the volume of the inductors, and ensured
operation in degraded mode, with all these outcomes established through numerical simulations in
MATLAB/Simulink. However, even though rule-based algorithms typically respond to current
conditions, incorporating predictive elements, such as forecasting power demands based on driving
patterns, could make the EMS more proactive and efficient. Future work could also validate these
approaches experimentally to confirm their effectiveness in real-world scenarios, thereby enhancing
the promise of this algorithm's practical implementation.

2. Frequency-Decoupling Method

In this strategy, the frequency of the load demand is divided into low and high frequency
components. The frequency decoupling occurs through a low-pass filter, a high-pass filter, a sliding
mean strategy, and wavelet transformation. The high-frequency component is supplied to the fast-
acting power sources, while the low-frequency components are supplied to the slow-acting sources.
A comprehensive review paper [5] discusses the use of EMS that aim to optimize power splitting
through the employment of filters, typically low-pass filters, to manage the distinct power
characteristics of BTs and SCs. However, the adaptability of the system is limited due to the constant
frequency of the filter, which can impact the safety and efficiency of the power sources. To overcome
these limitations, some studies have suggested the integration of rule-based strategies with other
control methods, such as fuzzy logic and optimization algorithms, to enhance the efficiency,
adaptability, and overall performance of the EMS.

5.3.2. Fuzzy-Logic

The fuzzy logic strategy is based on “if-then” rules. The effectiveness of this strategy depends
on the appropriate choice of membership functions and the precise formulation of fuzzy rules. The
advantage of this method is its robustness, regardless of the mathematical model, and its high
adaptability. Fuzzy logic can be divided into three categories, as follows:

1. Basic Fuzzy Logic (BFL):
This subcategory includes systems that use basic fuzzy rules and membership functions without

any advanced optimization or adaptivity features. It involves direct application of fuzzy arithmetic
for making decisions based on broader input definitions.
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Authors of [5,75] implement this kind of algorithm in a FC-SC EV in MATLAB/Simulink, with
no real life experiment. Their results were very encouraging in city and preurban driving cycles, but
in highway conditions, the implemented rules didn’t allow the total respect of the constraints which
is a major disadvantage of fuzzy logic, as they also point out. An improvement can be accomplished
if an optimization based off-line derivative genetic algorithm is implemented in the fuzzy algorithm
in order to adjust the membership functions and fuzzy rules. Inclusion of BT in the system is also
promising.

In ref. [50], a similar logic algorithm was employed in a BT and SC FCEV, and its performance
was compared to a proportional integral derivative control (PID) method. The simulation results
confirmed that the fuzzy logic controller significantly enhanced the optimization of the energy
storage control strategy, improving both its dynamic and static characteristics. While the technical
aspects of the EMS are comprehensively addressed, the discussion on the cost implications of
integrating such systems into mass-produced vehicles is limited. Future research could beneficially
include a detailed cost-benefit analysis to evaluate the manufacturing and operational costs
associated with these systems. A promising fuzzy logic controller successfully extended BT life by
reducing the BT current RMS value by 12% in a BEV equipped with SCs [76]. This work was validated
through experimental proof and simulations, yielding encouraging results regarding the reduction
of energy consumption in the EV. A cost analysis comparing the integration of SCs with the benefits
of size reduction would further enhance this research.

2. Optimized Membership:

Fuzzy logic, when tuned by an optimization algorithm, is called optimized fuzzy logic. The
membership function in optimized fuzzy logic is optimized by an algorithm such as the Dividing
Rectangles (DIRECT), Particle Swarm Optimization (PSO), Genetic Algorithm (GA), and Bee
Algorithm. This strategy is used to reduce fuel consumption, lessen emissions, maintain the BT’s SoC,
and improve driving performance.

Authors of [77] present an energy management strategy for EVs equipped with FC and BTs,
aiming to ensure a continuous power supply, optimize power distribution between the two sources,
and enhance the vehicle’s overall performance. Although they achieved these objectives, the
outcomes were not as of this time evaluated in a real-world scenario through experimentation.
Additionally, the speed-time graphs covered only 60 seconds, and the maximum speed of the car was
30 km/h, which may raise questions about the reliability of the results in real world scenarios. The
paper categorizes its use of fuzzy logic as an "Al system," suggesting a sophisticated application
where the rules and membership functions are specifically tailored to manage the complexities of a
hybrid energy system in electric vehicles. The optimization likely involves fine-tuning the fuzzy logic
parameters to closely align with the specific characteristics and performance targets of the FC system.

In [78], a fuzzy logic control system, whose rule weights are optimized by the PSO algorithm to
minimize BT current and power peak fluctuations, thereby enhancing its capacity and lifespan, is
presented. The HESS is comprised of a BT and SC, and the EMS was simulated in MATLAB/Simulink
with the GM EV1 vehicle model integrated into the ADVISOR platform. Comparative results show
that the optimized Fuzzy Logic Controller (FLC) significantly lowers the BT temperature from 31°C
to 25.5°C and reduces the peak BT current by 51%, from 240 A to 116.3 A. This minimizes thermal
risks and mechanical stress on the BT, and improves the capacity fade of the BT, demonstrating a
5.4% better retention rate. However, the applicability of the optimized FLC and PSO might require
adjustments for different vehicle models or energy storage configurations, highlighting a need for
broader validation across various systems. Additionally, comparing the FLC with other optimization
algorithms would be meaningful for future work, and it would be even more beneficial if all of these
could be experimentally validated.

3. Adaptive Fuzzy Logic Control:

This strategy has the ability to self-adjust based on various power demands such as load current,
battery voltage etc. [79]. It is configured by combining an artificial neural network and fuzzy logic.
The adaptive neural fuzzy inference system can maximize fuel economy and maintain SoC within
permissible limits. It requires prior knowledge or data. The review papers [5,14,80] discuss adaptive
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fuzzy logic-based EMS for EVs, emphasizing their role in optimizing power distribution between BT
and SCs across different driving profiles. These systems utilize adaptive fuzzy strategies to enhance
performance by dynamically adjusting to varying power demands, reducing BT strain, and
maintaining system reliability. However, the effectiveness of these strategies is somewhat limited by
their inability to incorporate variables like driver behavior and road conditions, which are crucial for
enhancing prediction accuracy and overall system adaptability.

4. Predictive Fuzzy Logic Control:

This strategy predicts the state of the drive system and acts in real time. This process uses the
Global Positioning System (GPS) to monitor the vehicle and determine the duration of the trip.
Finally, the travel information is already known. No relevant research was found in the literature
review conducted for this work, indicating a point of interest.

5.4 Optimization Based Algorithms

EMS optimization algorithms continuously search for the optimal solution based on an objective
function and the constraints provided. Objective functions can be either maximized or minimized,
depending on the quantity. However, the main goals of the cost function are to minimize fuel
consumption, reduce emissions, and maintain the SoC of the BT within desired limits. The
effectiveness of these algorithms in achieving these goals depends on previous data and information
from the driving cycle. Optimization algorithms can be categorized offline and online.

5.4.1. Online Algorithms

An online strategy does not require prior knowledge of the driving cycle, nor does it guarantee
optimized solutions for real-time adaptation. An example of an online learning strategy includes the
Equivalent Consumption Minimization Strategy (ECMS) and the Model Predictive Control (MPC).

1. Equivalent Consumption Minimization Strategies (ECMS):

ECMS serves as an online application of Pontryagin's Minimum Principle (PMP) and is used in
parallel topology of HEVs to maintain charge-sustaining conditions. This algorithm adapts PMP for
local optimization, aiming to minimize equivalent fuel consumption. Otherwise, it can be based on
reinforcement learning, aiming to different scopes [60].

Model Predictive Control Strategies (MPC):

MPC represents an improvement over Dynamic Programming (DP), which demands
comprehensive prior information including road conditions, vehicle status, and trip duration—data
that is often unrealistic to obtain comprehensively.

In reference [81], an adaptive MPC algorithm was validated in a FC-BT- SC EV. The algorithm
was tested through simulation and experiment, resulting in reduced FC consumption and
maintained peak current, which are promising outcomes for this algorithm. However, the overall
scenario was limited to speeds below 50 km/h, and all power sources operated under ideal conditions.
It would be beneficial to extend this research to non-urban speeds and investigate the lifespan of the
power sources when operating under their boundary conditions, to better understand the robustness
and applicability of the algorithm in more dynamic driving environments.

Authors in ref. [52] also utilized a predictive MPC in a BTEV equipped with SC. They achieved
extended BT life through better power splitting and improved overall efficiency. Although the paper
may be somewhat outdated, its outcomes remain significant. However, a newer version is essential,
given that the experiments used lead-acid BTs. A comparison with modern control strategies, such
as those based on machine learning, could yield interesting results.

In [82], three topologies were tested in an EV with two propulsion machines, where BT, UC, and
FC combination achieved the longest All-Electric Range (AER), demonstrating the highest energy
efficiency. The proposed optimization-based power split strategy is real-time implementable.
However, it would be more beneficial to consider in the BT lifetime estimation the impacts of
high/low temperatures and BT calendar aging effects.

2.  Model Predictive Control Strategy with Differential Evolution:
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The proposed strategy optimized power distribution between lithium-ion BTs and SC [83]. By
minimizing power losses and stabilizing the DC bus voltage, they achieved an approximately 13%
increment in the efficiency of the HESS. Additionally, optimizing the power split reduced stress on
the BT, helping in extending its life and improving its performance. This strategy was compared to
other control strategies and proved superior; it can be implemented online in EVs, a capability that
was confirmed through simulation and experimentation. Future work could involve integrating
machine learning algorithms or Vehicle-to-Everything (V2X) communication to predict the speed of
the EV, refining the MPC algorithm to improve the prediction horizon and the accuracy of the energy
demands.

Nonlinear MPC:

Authors of [84] utilized a NMPC, demonstrating significant improvements in instantaneous
power capacity, BT stress reduction, and overall system efficiency. Due to the incorporation of this
strategy with EV velocity, the proposed algorithm concerning vehicle prediction also fits well here
and promises improved results compared to this work.

3. Others:

Robust Algorithm: Robust control is specifically designed to maintain performance in the
presence of model inaccuracies and external disturbances.

Authors of [82] explored the implementation of a nonlinear control strategy for a FCEV with SC.
The main goal was to achieve better DC bus voltage regulation, efficient reference tracking of FC and
SC currents, and global stability of the system, objectives they successfully demonstrated through
both simulation and experimentation. However, the effectiveness of the control strategy heavily
depends on accurate mathematical modeling of the HESS components. Variations in parameters such
as inductance, resistance, and capacitance values can significantly affect the control performance.
This issue could potentially be addressed by employing machine learning approaches, which
represent a promising direction for future research.

Multi-Mode Control (MMC)

Authors of [86] employed the Gray Wolf Optimization (GWO) algorithm within an MMC
strategy to adjust weight coefficients for two optimization objectives: BT capacity degradation and
energy loss in a BEV with SCs. They achieved significant reductions in BT capacity degradation—
37.89% for aggressive driving styles and 21.95% for cautious driving styles. Additionally, energy loss
in the HESS was considerably reduced by 56.11% and 12.45%, respectively. However, the study did
not account for temperature variations during BT operation, a critical factor of degradation [87].
Furthermore, in the decision-making process for the NMC mode selection module, if the SoC lithium-
ion BTs (SOClib) is lower than the SOClib_low limit, the power output from the BT and the SC is set
to zero. While completely cutting off power can protect BT life, this approach could compromise
passenger safety in real-world scenarios; thus, limiting rather than completely cutting off power
might be a safer alternative. The method used to generate driving data, though creative, focused
solely on urban conditions—highway conditions should also be included to broaden applicability.
Specific simulation data details were not disclosed. Lastly, although the algorithm functions in real-
time, it lacks adaptability to new data. Integrating adaptive control strategies could enhance the
energy management system, making it more responsive and efficient.

These strategies highlight the complex interplay between real-time operational demands and
the need for advanced control systems in modern energy management scenarios for vehicles.

5.4.2. Offline Algorithms

This EMS is non-causal and offers solutions applicable to multiple scenarios, but it requires
information from previous states of the driving cycle. The power flow paths vary depending on the
vehicle's topology. For instance, in a vehicle with a series topology, the optimization might focus on
the energy required from the vehicle as the objective function. Conversely, in a vehicle with a parallel
topology, the optimization might aim to minimize fuel consumption as the cost function. The
constraints typically considered include power requirements, the BT’s SoC, and the vehicle's driving
capabilities. The algorithm is designed to find a widely applicable solution for the sequence of gear
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changes or for distributing power between the ICE and the electric motor. The offline strategies are
categorized into specific groups based on their application and methodology.

1. Direct Algorithms:

Direct algorithms are a well-known optimization approach in EMS, requiring prior knowledge
about the vehicle's driving cycle, hence referred to as deterministic dynamic programming (DDP).
An appropriate cost function is established at each step. The primary challenges associated with DDP
include extensive computation time, the curse of dimensionality —which involves handling a
multitude of variables to optimize the problem—and the necessity of prior information about the
driving cycle.

Ref. [5] discusses the application of DDP in optimizing EMS for EVs with hybrid sources such
as BTs and SCs. DDP approaches the optimization problem by dividing it into smaller segments over
time, aiming to minimize a cost function at each discrete interval. Despite its theoretical benefits, DDP
faces significant challenges in practical applications, including high computational demands and the
inability to adapt in real-time including varying driving conditions, traffic, and load, which are
crucial for extending BT life. The text references various studies that attempt to address these
limitations by integrating DDP with other strategies or adapting it to different contexts, such as
employing stochastic dynamic programming (SDP) to accommodate random driving profiles and
traffic conditions. However, these methods still grapple with issues like high setup costs, complexity,
and limited adaptability, hindering their widespread adoption in real-time EMS applications.

2.  Derivative-Free Algorithms (DFAs)

DFAs are highly effective and useful when derivatives of the objective function are unavailable
or indeterminable. DFAs can convert a solution into an optimized solution for broad use, contrasting
with gradient algorithms, which tend to provide local solutions. Frequently mentioned DFAs in
literature include simulated annealing (SA), genetic algorithms (GA), multi-objective GA (MOGA),
particle swarm optimization (PSO), and direct algorithms. These strategies primarily employ
stochastic methods that focus on selecting the best candidates and deriving solutions based on the
objective function. However, due to their stochastic nature, methods like SA cannot ensure an
optimized solution for broad applications. Additionally, the metaphorical process of repeated
annealing—used to balance exploration and exploitation in the search space—can slow down the
algorithm computationally. To mitigate these issues, engineers often use SA in conjunction with
complementary algorithms such as rule-based, PMP, and GA.

Particle swarm optimization (PSO):

Authors of [88] present a robust framework for optimizing the sizing and cost of HESS in EVs
powered by lithium-ion BTs and SCs using metaheuristic algorithms. Specifically, the PSO and
Firefly Algorithm (FA) were used to determine the optimal configuration and cost-effective solution
for the HESS, with the BMW i3 model used for validation in a MATLAB/Simulink environment. PSO
demonstrated superior accuracy and computational efficiency compared to FA and the study
highlighted a significant improvement in the sizing and cost of the HESS compared to conventional
LIB-only systems, with approximately a 21% improvement in optimal sizing. However, the
optimization process is static, meaning that the system’s performance could be impacted in
unpredictable environments. Additionally, an experiment could establish their outcomes, which
could be addressed in future work.

Genetic Algorithm (GA):

As paper [5] DFAs such as GAs solve optimization problems without derivatives by simulating
evolutionary processes like reproduction, crossover, and mutation. These algorithms are useful for
complex optimization issues, including nonlinear and time-based problems. Applications in EMS for
EVs utilize GAs to optimize power management between hybrid sources such as FCs and BTs/SCs to
enhance performance, reduce consumption, and stabilize power, though often overlooking the
impact on BT lifecycle. Some other studies integrate fuzzy logic control with GA to minimize
fluctuations and extend the lifespan of power sources, yet frequently fail to address long-term BT
health, highlighting a gap in ensuring the safety and durability of the sources.


https://doi.org/10.20944/preprints202408.0386.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024 d0i:10.20944/preprints202408.0386.v1

27

3. Indirect Algorithms:

Pontryagin's Minimum Principle (PMP) is a notable indirect algorithm. PMP optimizes solutions
by fulfilling the necessary conditions outlined in the Hamilton-Jacobi Bellman equations. Its key
feature is the ability to simplify a comprehensive optimization problem into a local Hamiltonian
minimization issue. This method involves an iterative process across various driving cycles, with the
main drawback being the high computational demand and the challenge of dimensionality.

Authors of [89] employed this strategy to optimize the distribution of propulsion power and
regenerative braking energy between the BT and the SCs. The goal was to minimize electricity usage
and maximize BT efficiency. Although specific details about the simulation environment were not
provided —only that it was conducted on a computer interface—the percentages based on the final
BT SoC values are considered questionable. Despite these concerns, the PMP-based strategy
successfully reduced the BT’s RMS current, which is crucial for extending BT life.

In paper [90] a nonlinear optimization technique based on the Euler-Lagrange principle, a
strategy that aligns with the variational principles used in PMP, was employed. The primary
objective was to optimize the energy distribution between the FC and SC of a FCEV while
maintaining the SoC of the SC. This goal was successfully achieved and validated through
MATLAB/Simulink. Despite its obvious disadvantage of being an offline algorithm without real-time
adaptability, an experiment could still validate the outcomes that were presented

In ref. [91], a Coyote Optimization Algorithm (COA)-based EMS was utilized in a HEV that
combines FCs, BTs, and SCs with the main goal of reducing hydrogen consumption. Through
simulations conducted in MATLAB/Simulink, they achieved a significant reduction in hydrogen
usage, up to 59.86% less in grams, and enhanced the overall efficiency, reaching 81.29%, which is
higher than that achieved by other traditional methods to which the authors compared their
approach. This very promising work needs experimental validation in order to be applied in real-
world scenarios and fully ascertain the practical applicability and robustness of the COA-based EMS.

4. Gradient Algorithms:

These algorithms are designed to reduce computation time and provide more robust
optimization solutions. They utilize the derivative of the cost function, applying conditions such as
differentiation and the Lipschitz condition, to address the optimization challenge. Types of gradient
algorithms include Linear Programming (LP), Quadratic Programming (QP), Sequential QP (SQP),
and Convex Programming (CP). LP is applied when both the objectives and constraints are linear,
QP is suitable when objectives are quadratic and constraints are linear, and CP is employed for
convex objective constraints and concave unequal constraints. In LP, the problem is structured as a
convex non-linear issue with constraints emerging through a set of linear matrix inequalities. QP
formulates a quadratic cost criterion subject to linear constraints, while CP considers simplified
vehicle models to ease the complex convex nature of the optimization function, modeling the HEV
with a series of quadratic equations [42].

Review paper [5] states that optimization algorithms are crucial in enhancing EMS for EVs with
hybrid sources. These algorithms, which are gradient-based and often use derivatives of objective
functions, aim to improve the robustness of solutions by ensuring continuity and differentiability. LP
and QP are particularly notable; LP handles linear constraints and objectives, while QP deals with
quadratic objectives. Research like that utilizes LP for efficient power allocation in hybrid systems,
integrating strategies like online PID for dynamic control, despite challenges in defining optimal
power sharing solutions. Another work on a QP-based EMS for BT-SCs systems highlights
improvements in BT management but also underscores the exclusion of BT SoC, impacting overall
BT safety and lifespan.

5. Other Algorithms:
An advanced EMS for a HESS combining solid-state lithium BTs and reversible FCs was
presented in [92]. The proposed EMS algorithm integrated two optimization algorithms, the Chimp

and the Levy Walk, aiming to optimize power distribution between these components to enhance
overall efficiency, reliability, and lifespan of the system. Through numerical simulations in
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MATLAB/Simulink and tests on a laboratory power emulator, the EMS achieved a 19% improvement
in BT lifetime compared to a mono-source system using a conventional high-power Lithium-Ion BT,
while maintaining required power levels for both transient and steady-state scenarios, demonstrating
its robustness and efficiency. However, while reversible FCs are described as a novel addition to
HESS, it remains unclear whether the reversible function was utilized in the specific EMS, as this
detail is not mentioned in the paper. For future work, demonstrating various driving profiles would
help establish the adaptability of the EMS algorithm.

These diverse algorithmic strategies are integral to managing the complex energy demands of
hybrid and electric vehicle systems, ensuring efficient operation while aiming to minimize
environmental impacts.

5.5 Learning Based

The Learning-Based Energy Management System (LB EMS) utilizes comprehensive data
analysis, incorporating both historical and real-time information. This system, while not requiring
highly precise data, involves a labor-intensive process that typically extends the time required to
deliver solutions. Its effectiveness is wholly contingent on the quality of data provided and the
efficacy of the machine learning techniques employed.

1. Reinforcement Learning (RL):

In this method, an agent continuously interacts with its environment to collect model
information at each instance. The agent's decisions, influenced by the adopted control policy, strive
to maximize the expected cumulative reward over time, which can be optimized through adequate
training. RL-based EMS has been effectively applied in series HEVs, PHEVs, and parallel topology
HEVs.

The review paper [93] discusses the application of RL algorithms to manage the energy in HESS
of EVs. It highlights that traditional rule-based and optimization algorithms, although beneficial, fall
short in dynamically managing complex energy systems in real-time. RL is proposed as a superior
alternative due to its ability to adapt and optimize energy management in response to changing
conditions without requiring a predefined model. The paper elaborates on various RL strategies, their
implementation in EVs, and the selection criteria for state and action spaces along with reward
functions in RL-based EMS. This approach promises enhancements in the efficiency and performance
of EVs by intelligently managing power flow and storage in HESS.

Authors of [94] proposed a Double Deep Q-Learning (DDQL) EMS strategy for a FCEV equipped
with BTs. The primary goal was to optimize hydrogen consumption and extend the service life of the
FC system by addressing the degradation effects on the FC. Using MATLAB/Simulink, they achieved
better fuel economy, enhanced mean efficiency of the FC system, and improved performance in
reducing FC degradation compared to traditional ECM-based strategies. Additionally, the DDQL-
based EMS maintained the SoC of the lithium-ion BT within a stable range. For future work, it would
be interesting to explore how the integration of a SC could further aid in reducing FC degradation or
what effects might arise if it replaced the BT.

2. Supervised Learning

This approach involves training the algorithm on a dataset to refine its predictive accuracy and
decision-making capabilities. The process continues until a pre-defined level of accuracy is attained,
with the system adapting and correcting errors through continuous learning. The control algorithm
processes the training data, utilizing specified parameters to accurately simulate the desired
performance

In reference [95], a novel and effective concurrent learning (CL)-based energy management
strategy for HESS in PHEVs was presented. The CL-based method was compared to the Deep
Deterministic Policy Gradient (DDPG). The CL-based approach required significantly less training
time compared to DDPG, achieving a 90.77% reduction in training time, which indicates a major
improvement in convergence speed and computational efficiency, especially important for EV
applications. Simulations conducted using MATLAB/Simulink showed a reduction in energy loss by
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17.3% during training and 18.7% during validation compared to the DDPG-based method. These
results are very encouraging, particularly for real-time applications, but they also require
experimental validation. Additionally, as the authors also mentioned that future work on the effects
of component sizing on performance and upgrades in vehicle model quality is necessary.

Neural Network Learning (NNL):

Neural networks simulate the functioning of human neural pathways, linking numerous
neurons across multiple layers to form an intricate network capable of executing a wide array of
behaviors. Parameters within these networks are adjusted to achieve the desired outputs. Specific
applications include the Elman neural network, which is utilized to maintain the SoC of BTs, and
backpropagation neural networks, which are commonly applied in HEVs.

In ref. [96], a Supervised Artificial Neural Network, trained with results from convex
optimization, was proposed for a BEV equipped with a BT and a FC. A feedforward neural network,
specifically a Multi-Layer Perceptron (MLP), was utilized, managing to extend the estimated BT life
by 4.2 years—a highly encouraging result for the BT’s lifespan and improve the overall efficiency of
the vehicle. However, this algorithm cannot perform online in the EV, meaning it cannot adjust its
weights with new data collected during vehicle operation, a limitation that presents an interesting
opportunity for future research.

3. Unsupervised Learning;:

This technique aims to infer general rules from data without specific outcomes, focusing on
reducing redundancy and organizing data more efficiently. It does not typically have a direct
objective function, rather it aims to uncover the underlying structures of the data [97].

In [98], an advanced EMS for FCHEVs was developed, incorporating driving behavior
recognition to optimize power distribution among fuel cells, batteries, and ultracapacitors. This
strategy aimed to enhance fuel efficiency, reduce hydrogen consumption, and extend the lifespan of
the power sources. An adaptive soft deep Q-learning algorithm was employed to learn optimal
power distribution based on driving behavior, while an adaptive ECMS dynamically adjusted the
equivalent factors based on driving patterns to optimize energy usage. An unsupervised clustering
method was used to identify and classify different driving behaviors, complemented by a heuristic
self-learning labeling algorithm that accurately labeled and recognized driving behaviors. This
complex system, requiring extensive data, achieved a 49.9% reduction in hydrogen consumption and
a 31.4% total cost reduction compared to the benchmark ECMS method. The unsupervised learning
component specifically focused on learning driving behavior, potentially categorizing the system as
potentially hybrid.

Tzu-Chia Chen et al. [99] explore various machine learning techniques for optimizing energy
management in HESS in EVs. They specifically discuss k-nearest neighbors’ algorithm (K-means), a
clustering-based algorithms used to identify distinct driving patterns, enabling more tailored energy
management strategies. This approach allowed for better adaptation of the HESS to varying driving
conditions. Additionally, a technique called Principal Component Analysis (PCA) was employed to
reduce the dimensionality of the data while preserving most of the variance by filtering out noise.
Although PCA shows promise, interpreting high-dimensional data remains challenging.

4. Hybrid

In the scope of this review paper a new category of EMS algorithms is proposed. Hybrid
algorithms combine two or more of the previously mentioned algorithms or optimization techniques
and usually achieve better overall performance. In the review paper [100], more of this hybrid
algorithms are mentioned, and described as combined.

A control strategy combining wavelet transform, neural networks, and fuzzy logic was
employed to optimize power allocation between the BT and SC in real time [101]. The Neural
Network Model (NNM) was initially trained offline using a dataset derived from the wavelet
transform, after which a fuzzy logic-based supervisory controller was developed to maintain SC
voltage within a specified range. Through robust simulation and well-established experimental
validation, this strategy achieved a 30.66% improvement in energy efficiency. Additionally, the BT’s
life cost was reduced by 18%, and 44.22% more regenerative braking energy was recovered compared
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to conventional filtration-based control strategies. Comparative studies with more hybrid algorithms
could further validate the superiority of this specific approach.

In paper [102], a novel and effective Learning-based Robust Model Predictive Control (LRMPC)
was proposed for a FCEV equipped with BTs. LRMPC utilizes machine learning models trained
offline to create precise state observers for the SoC of the BT and to facilitate MPC for state prediction
and control in real-time. Additionally, a deep forest algorithm was employed to predict future EV
speed. This combination demonstrated superior energy-saving potential and robust real-time
application capabilities compared to traditional MPC, validated through simulations using
MATLAB/Simulink. The results indicated reduced hydrogen consumption and improved SoC
management of the BT under various driving conditions. If the above work were validated in a real
experimental scenario, it could represent a very encouraging development towards establishing the
implementation of a HESS.

The review paper [100] mentions several hybrid algorithms, described as combined methods. It
highlights the use of DP for strategy learning, specifically noting improvements in fuel economy
through terrain-informed deep reinforcement learning (DRL) strategies. The paper also details
various real-time EMS approaches, such as the model predictive control (MPC) for power sharing
between FCs and BTs, and the integration of MPC with radial basis function neural networks (RBF-
NN) to minimize costs associated with BT degradation and fuel consumption. These models employ
advanced predictive algorithms, although they face challenges in maintaining accuracy under
variable driving conditions. Further innovations in velocity prediction are explored through methods
like particle swarm optimization and vehicle-to-vehicle (V2V) communications to adapt to sudden
traffic changes. The overall emphasis is on leveraging the strengths of diverse methodologies to
achieve optimized, flexible, and cost-effective energy management solutions for EVs, acknowledging
the ongoing need for improvements in predictive accuracy and real-time adaptability.

The continual advancement in EMS technologies underscores the critical importance of
integrating cutting-edge algorithms to optimize energy usage and operational efficiency in hybrid
and electric vehicles.

Table 4 is a summary of the above EMS algorithms while the various categories are shown in

Figure 14.
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6. Conclusions

This comprehensive review has explored the integration and optimization of multisource EVs
with HESS, shedding light on various topologies and control algorithms that enhance the operational
efficiency and energy management of these vehicles. The analysis underscored the critical role of
combining multiple energy storage technologies—such as BTs, FCs, SCs, and FWs—to address the
inherent limitations of single-source systems in EVs, in an intelligent and comprehensive way.

The study demonstrated how hybrid configurations can significantly extend the range and
durability of EVs while minimizing environmental impact. Each component within the HESS brings
unique benefits, balancing energy density with power density to meet the dynamic demands of
vehicle operation. This balance is crucial for improving the overall performance and sustainability of
EVs, and is surmised to be the focus of future work in this domain.

Particularly noteworthy is the transformative potential of the transmotor technology in HESS
configurations. This innovative component has been proved to significantly improve the energy
transfer efficiency between different storage systems, such as BTs and FWs. By facilitating direct
mechanical-to-electrical energy conversion, transmotors reduce energy losses and enhance vehicle
performance during high-demand scenarios like acceleration and deceleration. The application of
transmotors also opens new paths for real-time control and energy flow management in multisource
EVs, ensuring optimal utilization of each component's strengths.

Looking forward, exploring cutting-edge materials and technologies for HESS could
significantly enhance their capacity and longevity. Specifically, scaling up green hydrogen
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production using renewable energy sources makes FCs highly promising. Integrating multisource
EVs with renewable energy sources could boost the sustainability of the transportation sector by
eliminating the fossil fuel requirements of ICEs. Regarding transmotor technology, further research
into control algorithms and their integration with vehicle speed estimation algorithms presents a
promising direction. Additionally, there appears to be a research gap in topologies combining FCs
with FWs, so more research in this area, especially incorporating transmotor applications, could be
promising.

As multisource EVs evolve, implementing advanced machine learning techniques for predictive
energy management could revolutionize how these systems adapt to user behavior and
environmental changes. Many papers suggest that vehicle speed estimation will significantly
improve existing algorithms. Additionally, Vehicle-to-Everything (V2X) communication, which
enables interaction with other vehicles, infrastructure, networks, and pedestrians, could provide real-
time data crucial for predictive algorithms. This integration may lead to more precise and efficient
control strategies, adapting to various driving conditions and thereby maximizing energy
conservation and performance of EVs. Especially, exploring Vehicle-to-Grid (V2G) technologies
could reveal how multisource EVs might interact with the grid, providing energy storage solutions
that help stabilize and increase renewable energy sources integration. As individual components of
their application evolve, such as computational power, network architectures, and data acquisition,
works that continuously explore and reevaluate the Al space are highly valuable.

As the automotive industry continues to evolve, the deployment of multisource EVs equipped
with HESS will play a pivotal role in achieving a sustainable transportation ecosystem. Future
research should also consider the economic aspects of these technologies, ensuring that they are cost-
effective and accessible to a broader market. By advancing these technologies and exploring new
integrations, we can move closer to realizing the full potential of electric vehicles in a low-carbon
world.
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