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ABSTRACT

This thesis is part of the results of cutting-edge research conducted by the Electrotechnical Engineer-

ing Laboratory on efficient energy management in electric and hybrid vehicles. The thesis mainly focuses

on an innovative energy management and monitoring system for hybrid energy storage systems, which in-

cludes fuel cells and ultracapacitors. Firstly, improved energy storage devices were carefully designed and

simulated to match the characteristics of fuel cells. Furthermore, the behavior of hybrid electric systems

has been significantly enhanced, primarily by utilizing advanced fuzzy logic control (FLC) as the funda-

mental controller, ensuring efficient meeting of load demands. This developed approach is based on the

overall vehicle speed and the state of charge of the supercapacitor (SOC). Furthermore, a robust nonlinear

control strategy is designed by integrating backstepping and super-twist sliding mode control techniques.

This strategy ensures smooth operation and continuous coordination of the hybrid electric system. It

specifically addresses the output of converter, setpoint generation, and power supervision, ensuring ex-

ceptional performance. The study concluded with a comprehensive numerical simulation conducted with

two proposed scenarios: The first one testing and comparing a backstepping super sliding mode controller

(BS STSMC) with fuzzy logic with a typical proportional-integral (PI) controller with a rule-based deter-

ministic energy management system. The simulation used an extra-urban driving cycle (EUDC) and New

European Driving Cycle (NEDC) tests scenario for fuel cell electric vehicles (FCEVs). Secondly, an en-

ergy management through energy sharing test scenario was used with the proposed back-stepping sliding

super sliding mode controller (BS STSMC). The analysis results convincingly demonstrated that the pro-

posed control strategy effectively reduces the hydrogen consumption by the fuel cell while maintaining a

consistently high state of charge in the supercapacitor.

Keywords: Fuel cell , Supercapacitor, energymanagement, hybrid electric vehicle. Fuzzy Logic ,Control

(FLC) , State of Charge (SOC), Hybrid Power Systems (HPS)



RESUMÉ

Cette thèse fait partie des résultats d’une les résultats d’une recherche de pointe menée par le Labo-

ratoire de génie électrotechnique (LGE) sur la gestion efficace de l’énergie dans les véhicules électriques

et hybrides. La thèse se concentre principalement sur un système innovant de gestion et de contrôle de

l’énergie pour les systèmes de stockage d’énergie hybrides, qui comprennent des piles à combustible et

des supercondensateurs. Tout d’abord, des dispositifs de stockage d’énergie améliorés ont été soigneuse-

ment conçus et simulés pour correspondre aux caractéristiques des piles à combustible. En outre, le

comportement des systèmes électriques hybrides a été considérablement amélioré, principalement par

l’utilisation d’un contrôle logique flou avancé (FLC) comme contrôleur fondamental, garantissant une

réponse efficace aux exigences de la charge. Cette approche est basée sur la vitesse globale du véhicule

et l’état de charge du supercondensateur (SOC). En outre, une stratégie de contrôle non linéaire robuste

est conçue en intégrant des techniques de contrôle par mode coulissant de type backstepping et super-

twist. Cette stratégie garantit le bon fonctionnement et la coordination continue du système électrique

hybride. Elle traite spécifiquement la sortie du convertisseur, la génération du point de consigne et la

supervision de la puissance, ce qui garantit des performances exceptionnelles. L’étude s’est terminée par

une simulation numérique complète réalisée avec deux scénarios proposés : Le premier testait et com-

parait un contrôleur backstepping super-twisting (BS STSMC) intégrant un algorithme flou par rapport

à un contrôleur proportionnel-intégral (PI) typique avec un système de gestion de l’énergie détermin-

iste basé sur des règles. La simulation a utilisé un cycle de conduite extra-urbain (EUDC) et un nou-

veau cycle de conduite européen (NEDC) pour les véhicules électriques à pile à combustible (FCEV).

Deuxièmement, un scénario d’essai de gestion de l’énergie par partage de l’énergie a été utilisé avec le

backstepping super-twisting sliding mode controller (BS STSMC) proposé. Les résultats de l’analyse ont

démontré de manière convaincante que la stratégie de contrôle proposée réduit efficacement la consom-

mation d’hydrogène par la pile à combustible tout en maintenant un état de charge constamment élevé

dans le supercondensateur.

Mot clé: Pile à combustible , Supercondensateur, Gestion energie, véhicule électriuqe hybride. Logique

floue, L’état de charge (EDC), Systemes de puissance Hybrid
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GENERAL INTRODUCTION

Context:

Energy is a necessary currency for success. Humans have relied on a number of energy sources to meet

their demands throughout our civilised history, including fossil fuels and solar power generation [19].

However, energy production and use also have negative environmental consequences, including global

climate change, acid rain, air pollution, smog, radioactive waste, and habitat destruction [20].

As global electricity consumption continues to increase and fossil fuel power plants remain significant

contributors to greenhouse gas emissions, it is crucial to transition to alternative energy sources that

generate little or no greenhouse gases. Doing so can help mitigate the environmental impact of energy

production and use and ensure the long-term sustainability of human civilization [21].

Transport is one of the principal contributors to global emissions, after electricity and heat generation,

followed closely by manufacturing, construction and agriculture [22].In many countries, cities are expe-

riencing rapid growth, which has resulted in an increased usage of cars and other private vehicles. This

fast-paced urban expansion and the subsequent rise in driving activity are significant contributing fac-

tors to air pollution [23,24].New powertrains, which are based on electric motors and batteries, have led

to significant reductions in both fuel consumption and emissions. However, batteries have encountered

several challenges, such as limited range, slow recharging, and a heavy weight. In order to tackle these

issues, the use of hydrogen fuel cells in urban transportation has emerged as a potential solution. Fuel

cells have the ability to provide clean energy for automobiles, effectively addressing the aforementioned

drawbacks [25, 26].

Hydrogen gas is a renewable fuel source that can be produced through various methods. There are two

main methods of producing hydrogen: grey and blue hydrogen, which rely on non-renewable sources of

energy and produce greenhouse gas emissions, and green hydrogen, which is produced using renewable

energy sources and does not produce harmful emissions [27]. The proton exchange membrane fuel cell

(PEMFC) technology is a crucial component of fuel cell electric vehicle (FCEVs). FCEVs powered by

PEMFCs offer exceptional efficiency, low emissions, and a low environmental impact.

This is because PEMFCs convert the chemical energy of hydrogen gas into electrical energy through

an electrochemical reaction with oxygen, producing only water vapor as a by-product [28]. As a result,
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FCEVs are considered a cleaner and more sustainable alternative to traditional gasoline-powered vehicles

[29].

The increasing popularity of PEMFCs in energy conversion and storage systems highlights the poten-

tial of this technology in addressing the world’s energy challenges [30].Clean energy technologies have

enabled the development of low-carbon hydrogen production methods.

To improve overall performance and address the issue of slow fuel cell dynamics, it is recommended

to combine it with a high specific energy storage solution such as supercapacitors. This is because super-

capacitors have fast dynamics and can complement the fuel cell’s shortcomings [31].

Formulating a Research Problem:

Effective energy management is crucial for electric vehicles that coexist with fuel cells and supercapacitor

(SC) energy storage systems. This is necessary to ensure an efficient distribution of power that takes into

account the strengths and weaknesses of each energy storage system.

Themain issue being investigated is how to keep the unwanted effects of reduced fuel cell performance

at aminimumwhile the fuel cell is operating. It is essential tominimise the impact of load variations on the

fuel cell while reducing fuel consumption. Secondly, it is important to maintain a power balance between

the energy storage units and the demand, and to improve transient performance for better responsiveness.

Then, for stable operation, reduce steady-state errors as well as keeping the SOC of the supercapacitor in

a suitable range.

Motivation:

The slow start-up and warm-up times of fuel cells, as well as their ability to handle high dynamic power,

are also limited. As a result of these shortcomings, it is not suitable as the only source of energy for

vehicles. To address these issues, it is common practice to integrate energy storage systems (ESS) with

fuel cells in the design of fuel cell hybrid electric vehicles (FCHEVs). This integration aims to solve

the drawbacks of fuel cells by improving their performance through the capabilities of energy storage

systems.Moreover, this type of configuration complicates the FCHEV powertrain and poses a challenge

to the design of the energy management strategy.

Finding an effective energy management approach is required to maximize the performance of each

power source and achieve particular targets such as reducing hydrogen consumption, increasing the aver-

age lifespan of power sources, and promising continuous energy storage.

2
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The non-linear behaviour of power sources, converters and loads adds complexity to the hybrid elec-

tric system. While the power management system plays an important role in the generation of traction

energy, it does not always succeed in solving the problems related to the power flow. Therefore, the de-

velopment of a robust control strategy becomes the second task in the design of the power management

system for fuel cell vehicles.

Overview of the contributions:

This thesis aims to develop an efficient electrical energy management strategy for an electric traction

application. The focus is on the challenges of integrating different energy sources, managing energy

flows between components and reducing energy consumption. A systems approach is used to develop

models and enhancement strategies to overcome these challenges.

This thesis aims to contribute to the implementation of energy management strategies based on fuzzy

logic. It is based on LGE laboratory work on the control of electrical energy in electric vehicles. By

taking into account the power demand and the state of charge of the supercapacitor, the appropriate per-

formance domain for each energy source can be determined. However, relying only on Fuzzy Logic does

not always allow the power demanded by the load and the storage units to be distributed efficiently, espe-

cially under real driving conditions. Robust control of the converters linked to each source is crucial to

ensure that safety limits, such as the state of charge, are respected during driving. The thesis focuses on

the development of strategies to improve energy management by adjusting the scaling factor on the basis

of specific indicators related to the energy storage units, in particular the state of charge and the vehicle

speed.

The research will concentrate on two major topics. The first is concerned with the investigation and

modeling of the behavior of the different dual-source system components, as well as the size of the power-

train and electrical energy sources. The second section tries to investigate and create energy management

systems that take into consideration the dynamics of electrical energy sources and their operational con-

dition.

The motivation and main contributions of this thesis are introduced in this chapter. The remaining

sections of the thesis are structured as follows:

3
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Structure of the thesis

InChapter 1 , State of theArt onHybrid Electric Vehicles and EnergyManagement, we provide a detailed

introduction to fuel cell electric vehicles (FCVs) and their complex characteristics. The chapter discusses

the fundamental architecture of FCVs, examines the integration of hydrogen fuel cells with various energy

sources such as electrical energy, and explores different design approaches for hybrid hydrogen vehicles.

Additionally, it analyzes potential synergies between hydrogen and other energy sources, as well as the

integration of various electrical energy sources.

In Chapter 2, a synthetic description of PEM fuel cell systems is provided, offering a valuable

overview of the fundamental concepts and principles of this technology. The chapter also discusses

supercapacitors, expanding the scope of applications and exploring potential advances and integration

opportunities in this field. These insights contribute to the sharing of existing knowledge and highlight

the significance of renewable energy technologies.

In Chapter 3, titled "Exploring the Essentials of the Design Process," we delve into the entire process

of designing a fuel cell hybrid electric vehicle (FCHEV) that meets road traffic requirements. We then

examine the mathematical models employed to choose our energy sources. Additionally, we provide

clear diagrams depicting the theoretical and functional layout and investigate different energy conversion

configurations.

Chapter 4 presents the research carried out in this thesis on energy management methodologies,

focusing on the design of base layer and secondary layer controls that aim to steer the flow of energy

from sources to load. The main objective of this chapter is to outline the control objectives that aim to

optimize energy distribution within a storage device. To this end, two scenarios have been proposed,

the first using fuzzy logic control (FLC) and the second applying frequency distribution, which have been

presented and evaluated at a high level in the field of energy management. Next, the use of a backstepping

sliding mode approach is explored as a low-layer control. In addition, the integration of an additional

technique, Super-Twisting, is examined to assess its ability to improve the robustness of backstepping in

Boost converter calculations. This comprehensive approach not only improves overall system efficiency,

but also contributes to the advancement of energy management techniques.

We finish our contribution with a conclusion , and a peek into the future of our work.

List of Publications and Conferences

The main body of this thesis is based on the following papers:
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Chapter 1

State of the art on: Hybrid Electric Vehicles
and Energy Management

The objective of the initial chapter is to provide an introduction to the diverse clean energy sources

employed in an electric propulsion system, including the fuel cell and supercapacitor.First we will in-

troduce environmental and economic challenges related to electric vehicles and hybrid electric vehicles.
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Chapter 1: State of the Art on: Hybrid Electric Vehicles and Energy Management

1.1 Introduction

This chapter provides a comprehensive and detailed overview of fuel cell electric vehicles (FCVs) and

analyzes their complex characteristics. The chapter begins with an explanation of the architectural foun-

dations that define fuel cell electric vehicles. Subsequently, we consider the integration of hydrogen fuel

cells with different energy sources, with a special focus on the combination of electrical energy sources.

In addition, the chapter examines different design schemes for hybrid hydrogen vehicles and explores the

area covered by other potential synergies between hydrogen and simple energy sources. Finally, we deal

with the smooth integration of many electrical energy sources. We also provide an overview of the scien-

tific literature on energy management strategies and examine the various proposed control mechanisms,

including both classical methods and those based on non-linear models.

1.2 Fuel Cell Electric Vehicles Architecture

A fuel cell, a hydrogen storage unit, a battery, a unidirectional DC-DC converter for the fuel cell side,

a bidirectional DC-DC converter for an auxiliary unit , a motor drive converter, and an electric motor

comprise the energy transfer chain for FCEVs. Figure 1.1 illustrates the power-train configuration of a

Fuel Cell Electric Vehicle (FCEV). During the operation of an FCEV, the Fuel Cell (FC) stack serves

as the energy source for the DC-bus and maintains the required voltage level . The DC-DC converter

unidirectional , directly connected to the FC, plays a crucial role in maintaining a constant DC-bus voltage

and transferring the generated energy to the motor drive converter. The DC-AC converter, also known as

an inverter, is responsible for supervising the motor speed and torque to ensure safe operation. Lastly, the

electric motors, under the supervision of the drive controller, convert the electrical energy into mechanical

energy.

1.3 Hydrogen Fuel Cell Electric Vehicles

Regarding the field of transportation, the use of hydrogen-electric vehicles has grown significantly to

almost 35,000 FCEV all over the world, with close to 600 hydrogen refueling points getting ready by the

last quarter of 2020 [1].Figure 1.2 is a pie chart illustrating the pattern of FCEV use in industrial nations

up to the end of 2020. It shows that the South Korean government is the first country in the world to use

FCEVs, as well as China, the USA, Japan and Europe.

FCEVs are the fruit of years of research and the development of many generations of electric and

hybrid vehicles. Despite the technological similarities, the energy sources used are different.The energy
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Figure 1.1: Main diagram of an FCEV power conversion structure, including auxiliary power supplies

Figure 1.2: the pattern of FCEV use in industrial nations up to the end of 2020 [1]

from a fuel cell can be used immediately to power the vehicle’s traction motor, or stored in a battery

or supercapacitor. Regenerative braking is only possible if a storage system (batteries or capacitors) is

installed. In the presence of such a storage system, the vehicle is described as a FCHEV (Fuel Cell Hybrid

Electric Vehicle) [32]. From a technical standpoint, both electric vehicles (EVs) and fuel cell vehicles

(FCVs) fall under the category of electric vehicles. EVs utilize electricity stored in a battery as their power

source, whereas FCVs use a fuel cell that produces electricity from hydrogen [33]. While FCVs have the

advantage of offering refuelling times comparable to those of petrol internal combustion engines, they

face challenges such as limited infrastructure, high fuel costs and technical complexities related to storing

hydrogen on board in a non-high pressure form. In addition, hydrogen production requires processes such

as reforming, gasification or electrolysis [34].
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1.3.1 Fuel Cell and Energy Sources Combination

Figure 1.3 depicts the categorization of Fuel Cell Electric Vehicles(FCEV) based on the utilized energy

units. In FCEVs, the primary energy generation unit is the Fuel Cell (FC), accompanied by auxiliary

power supply components. In hybrid configurations involving FCs , various energy generation and stor-

age units are incorporated to complement the FC stacks. These additional energy sources include bat-

teries, speracapacitors(SC), superconducting magnetic energy storage (SMES), photovoltaic panels, and

flywheels. They serve as supplementary energy providers in FCEVs.

Figure 1.3: Types of energy sources combination systems implemented in FCEVs

Fuel cell powered vehicles can be classified into two main types: fully FC vehicles and hybrid FC

vehicles. Various combination architectures can be found in the literature to accommodate these classifi-

cations. The categorization of FC-powered vehicles is as follows:

• Fully FC vehicles

• FC + Battery Hybridization

• FC + SC Hybridization

• FC + Battery + SC Hybridization

• FC + Battery + PV

• FC + Flywheel Hybridization
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• FC + SMESSMES Hybridization

1.3.2 Fully Fuel Cell Vehicles

This type of vehicle uses a FC stack as a source of energy [35].The schematic 1.4 illustration shows the

general configuration of a fully functional FCEV. It is based exclusively on the FC stack as the primary

energy source, without any auxiliary energy sources. It has a simple structure consisting of a fuel tank, FC

cell, DC-DC power converter, inverter and electric motor. These vehicles have a number of advantageous

features, including long range, fast charging time, high efficiency, cold start capability, silent operation

due to the absence of moving parts, uninterrupted power supply and low emissions. Complete FCEVs

find suitable applications in a variety of fields, including low-speed vehicles such as forklift trucks, buses,

trams andmarine vehicles.In themodern day, fuel cells have also found their way into high-speed vehicles.

To create high-speed vehicles, many adaptations can be made to the fundamental structure of the power-

train. Major automakers such as Honda, Toyota and Hyundai are actively engaged in the development of

high-performance fuel cells. Various energy management strategies are being implemented, focusing on

aspects such as fuel efficiency, reducing energy losses and improving overall vehicle efficiency [36,37].

Figure 1.4: The drive train of a complete FCEV (Type I) [2]

1.3.3 Fuel Cell and Battery Hybridization

The most commonly used configuration for FCEV hybridization is the coordination of FC and battery

units, called Type II . In this configuration, the FC is connected to the DC bus via a unidirectional DC-DC

converter, while the battery is connected to a bidirectional DC-DC converter [38–41] , as shown in Figure

1.5. During the FC + battery hybridization operational process, initial start-up is facilitated by the battery

to prevent the FC from operating in the low-efficiency range. This ensures that a high current is supplied

to prime the electric motor [42]. Once the vehicle has been initially started, the FC is activated to keep

the electric motor running. At the same time, the battery is charged to the required state of charge.
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Figure 1.5: The FC + Battery combination drivetrain (Type II) [2]

1.3.4 Fuel Cell and Supercapacitor Hybridization

Instead of a battery, the Type III arrangement employs a supercapacitor as illustrated in figure 1.6 . The

FC + supercapacitor combined typically serves to meet transitory power needs in emergency scenarios .

Supercapacitors, however, are not ideal for long-term energy and power provision because to their poor

energy density [43]. Voltage variations are common when charging and draining the supercapacitor.

Impedance components must be introduced into the system to reduce these fluctuations while increas-

ing the complexity of the system design. Furthermore, the increased complexity creates difficulties in

regulating the power sources, limiting the practical uses of this architecture [44–46].

Figure 1.6: The FC + SC combination drivetrain (Type III) [2]

1.3.5 Fuel Cell ,Battery and Supercapacitor Hybridization

Differing from earlier hybrid configurations, the architecture involving FC + battery + supercapacitor

(type IV) as illustrated in figure 1.7 features a primary power source (FC) alongside two supplementary

components (battery and supercapacitor). This design combines the advantages of both FC + battery and

FC + supercapacitor arrangements, ensuring a consistent power supply while also enhancing the FC’s

rapid response during transient conditions. Nonetheless, the diverse power sources necessitate intricate

vehicle design and intricate control systems, which introduce complexity to the execution of this topology

[47].
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Figure 1.7: The FC + Battery + SC combination drivetrain (Type IV) [2]

1.3.6 Fuel Cell ,Battery and Photovoltaic Hybridization

Recently, photovoltaic panels have been combined with FC for FCHEVs. Photovoltaic panels provide

electricity that varies according to the intensity of solar radiation, the temperature and the direction of the

light. In this configuration, the FC acts as a primary energy source, while the photovoltaic panel acts as a

supplementary energy source [48] [49].In addition, as shown in figure 1.8the DC bus connects the FC and

the photovoltaic panel via unidirectional converters, while the DC bus connects the battery bidirectionally

[48].In addition, the integration of photovoltaic (PV) panels, fuel cells (FC) and an auxiliary battery

in a hybrid electric vehicle (HEV) enables high levels of energy and exergy efficiency to be achieved

compared with systems without photovoltaic panels. As a result, this innovative vehicle power system has

the potential to serve as an exemplary propulsionmechanism for environmentally conscious vehicles in the

near future, addressing the concerns of technological progress and environmental preservation [50].The

photovoltaic (PV) system, according to [51], recovers a total of 561 grams of hydrogen over a continuous

driving time of 3 hours at a maximum power of 98.32 kW. This corresponds to around 11.2% of the tank’s

hydrogen storage capacity.

Figure 1.8: The FC + Battery + PV combination drivetrain (Type V) [2]
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1.3.7 Fuel Cell and Flywheel Hybridization

In the comparative context of the previous topologies, Type VI presents a new FC + flywheel structure

as illustrated in figure 1.9 . The current generator functions as the main energy source, as in the case of

Type II, while the flywheel replaces the battery for energy storage. Flywheels offer higher charging speed,

efficiency and performance than batteries [52].The Flywheel Energy Storage System FESS incorporates

essential components like an electric machine, a bidirectional converter, a bearing, a DC link capacitor,

and a substantial disk. Its principal advantage, setting it apart from other energy storage systems (ESS),

resides in its impressive efficiency range spanning 90% to 95%. In the context of hybrid electric vehicles

(HEVs) and electric vehicles (EVs), the flywheel functions as an energy reservoir, proving especially

valuable during instances of demanding acceleration, particularly in scenarios involving steep inclines

[50].The principal drawbacks of flywheels are as follows:

• Excessive weight and space requirements

• Inability to store energy over long periods of time

Figure 1.9: The FC + Flyweel combination drivetrain (Type VI)

1.3.8 Fuel Cell and Superconducting Magnetic Energy Storage System
Hybridization

The powertrain of a FC + SMES hybrid (Type VII) is shown in Figure 1.10 . The Superconducting Mag-

netic Energy Storage System (SMES) uses a superconducting coil and direct current to generate a robust

magnetic field for energy conservation [53]. A typical SMES installation comprises three fundamental

elements: an energy conduction subsystem, a refrigeration and vacuum subsystem, and a unit containing

the superconducting coil [54]. This technology relies on superconductors to eliminate resistance and en-

able efficient energy storage in the magnetic field. This approach enables efficient energy storage with

short charge/discharge cycles and rapid energy conversion, making it a promising option for a variety of

14



Chapter 1: State of the Art on: Hybrid Electric Vehicles and Energy Management

applications [55].However, superconducting magnetic energy storage represents the most costly storage

technology [56].

Figure 1.10: The FC + SMES combination drivetrain (Type VI)

1.4 Hybridization Hypothesis for Electrical Power Sources

The present work is concerned with demonstrating the hybridization structure of two or more electrical

energy sources. Active and passive combination are the two approaches used to merge electrical energy

sources into a system made up of several energy sources. This combination can be achieved using one

or more converters . The integration of electrical energy sources in a multi-source system involves two

approaches: active and passive combinations. This integration can be achieved by using one or more con-

verters [57,58]. The size of such an energy storage system is done based on unique operating conditions,

taking into consideration many needs and establishing a balance between them. It is critical to guarantee

that stored energy is used efficiently by avoiding divergent behavior of the energy storage system. To

address these problems, hybrid energy storage systems containing several forms of energy storage have

been created to better suit the diverse needs [59, 60]. In most instances, power is supplied by a single

power source module that is directly linked to the powertrain through a DC bus, as seen in figure1.11a.

Depending on whether a single traction motor or in-wheel motor systems are used, the power train may

incorporate one or more inverters.Moreover, a large number of modules in series poses particular risks

in terms of voltage balance. To reduce the number of modules, a DC-DC converter is usually installed

between the power source and the drive train, as shown in figure 1.11b . This type of configuration also

guarantees that the DC bus voltage is controlled by the DC-DC converter. The majority of systems stud-

ied in scientific research have been classified into two classes: passive hybrid energy storage systems

(P-HESS) and active hybrid energy storage systems (A-HESS) .
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(a) without DC bus control

(b) with DC bus control

Figure 1.11: Configuration without an energy storage system

1.4.1 Passive Hybridization of Power Sources

The simplest hybridization solution involves combining two or more independent cell technologies di-

rectly in parallel. Figure 1.12 shows an example of this passive hybrid energy storage systems P-HESS

using a combination of fuel cell storage and SC.The fuel cell and SC are passively coupled, without the

need for an intermediate power electronic converter [44,45].The sum of the piussance of both devices in

the energy storage systemPf c and Psc is equivalent to the Power Load (Plaod) .In earlier studies [61, 62]

HESS were investigated in which a SC is linked directly to a battery.The topology described is cost-

effective, space-saving and lightweight, as it requires no additional power electronics. However, the dy-

namic response, voltage range and power distribution of the two power sources in this configuration are

not optimized. [63]

Figure 1.12: Exemple Passive hybrid energy storage systems [3]
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1.4.2 Semi- Active- Parallel Topology

This configuration employs a single DC-to-DC converter associated to just one of the individual ESSs,

with the other ESS directly connected to the DC- bus. An extra power electronic system increases the cost

and takes up more space. This system, on the other hand, can regulate and release the energy required

for applications [64–66]. A DC-DC converter is used to control the power output of the fuel cell with an

appropriate control algorithm (see Fig. 1.13). The power exchanged by the HESS with this topology is

given by:

phess = κ p f c + psc (1.1)

Here, κ refers to the HESS control factor and defines the power share of the supercapacitor.The sys-

tem’s peak power requirements is met by the supercapacitor and the remaining need is met by the fuel

cell [67].. Despite providing some flexibility, it has certain drawbacks:

Figure 1.13: Semi active hybrid energy storage systems

• When a supercapacitor is directly coupled to the system, the DC bus voltage changes.

• When connected to a supercapacitor, the DC-DC converter must be built for mitigating high power

peaks [67].

1.4.3 Active Hybridization of Power Sources

It is necessary to isolate the energy storage devices so that they operate as efficiently as possible and meet

their individual specifications. DC-DC converters are used in this configuration in order to control both

the fuel cell, known as the High Power Sourcehigh power source HPS, and the supercapacitor, known as

the High Energy Source HES as shown in figure 1.14. This configuration allows for easier to operate both

power generation systems, improving the energy supply control strategy and lowering operating costs.

Furthermore, this architecture assures that the energy management approach may take use of the comple-

17



Chapter 1: State of the Art on: Hybrid Electric Vehicles and Energy Management

menting qualities of HPS and HES. Furthermore, energy management systems provide an opportunity to

use a variety of control processes. All these benefits, nevertheless, come at the penalty of higher power

conversion losses and higher converter prices [67]. The power transferred by HESS with this topology

may be calculated as follows:

phess = κ p f c +β psc (1.2)

where κ and β denot the controllability of HPS and HES respectively. At present, this topology has

been widely used in hybrid energy storage applications.There are two ways of using these converters:

in parallel and in cascade [68].The architecture with parallel converters is more attractive in terms of

efficiency. HPSpower flows through a single converter, whereas it has to pass through two converters in

the cascaded converter architecture. Dimensioning in relation to the cascade converter structure is less

advantageous than that of the parallel converter architecture.

Figure 1.14: active hybrid energy storage systems

Electric traction applications have seen a considerable increase in the use of active parallel topology.

This topology offers a number of advantages, including

• Greater adaptability thanks to independent control of high-power and high-energy sources.

• The possibility of applying a variety of control techniques

• Independence of ESS voltage levels from system voltage.

• The system can tolerate malfunctions by separating the ESS from the system via converters.

To facilitate the implementation of energy management methods, the use of a parallel architecture

is desirable. Consequently, the hybrid systems analyzed will be built on this particular structure. Bidi-

rectional DC-DC converters, in particular Buck-Boost converters, are used to interface with high-power

sources. A boost converter is connected to the fuel cell, which serves as a high-power source. In this
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study, particular attention is devoted to multi-source systems involving two independent power sources

and adopting a parallel design.

1.5 Energy Management Strategies

The fuel cell hybrid system overcomes challenges such as the slow dynamic response and inability to

recover braking energy encountered by conventional pure fuel cell vehicles [69]. The EnergyManagement

System (EMS) is responsible for intelligently distributing the energy flow and pathways of each energy

source. The fundamental roles of the EMS are to meet energy requirements for normal driving and to

ensure equitable energy distribution. Consequently, it is essential to meticulously refine the design and

control strategies of the energy management system to optimize the various objectives [70].

In fuel cell electric vehicles, energy management involves the management of DC-DC converters and

the integration of fuel cells, batteries, supercapacitors and solar energy. These methodologies aim to

distribute energy efficiently between these different sources, guaranteeing optimum vehicle performance

and autonomy. They also help to manage fluctuations in energy demand and ensure a stable, consistent

supply of the various components of the electric propulsion system [71].

In a recent review by Mohammed et al. [72], various Energy Management Systems (EMS) that have

been widely acknowledged for achieving this objective are examined. Additionally, Li et al. [73] intro-

duced a novel approach in their paper, integrating the EMS with the State Machine Strategy (SMS) to

implement droop control for the FC-SC hybrid tramway. This innovative process not only enhances the

system’s hydrogen consumption but also significantly boosts its overall efficiency. In the paper [74],

a comprehensive examination is provided for a Power Management Control (PMC) system developed

specifically for electric vehicles. This system’s crucial target is to guarantee a continuous power supply,

and it contains two different algorithms. The first approach focuses on to controlling power flow via differ-

ent storage sources, whilst the second algorithm is specifically designed to recover extra power from fuel

cells. These results’ practical importance has been shown by their effective implementation in real-time

applications. In the paper [75], an FCEV design integrating a fuel cell, a supercapacitor and a battery is

presented. The battery is directly connected to theDCbus and acts as an energy buffer. To distribute power

between the different sources, the technique uses a frequency-division approach. The authors provide ex-

perimental results demonstrating the effectiveness of this online power distribution method. Considerable

work has gone into exploring the efficiency that fuzzy logic control can bring to Hybrid Energy Storage

Systems (HESS), in particular for their ability to integrate multiple energy storage technologies, thereby

improving overall performance. In the paper by Naderi et al. [76], the researchers detailed the devel-
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opment of a lab-scale Hybrid Battery-Supercapacitor Storage (HBSS) system and conducted an analysis

of its experimental integration within a lab-scale hybrid microgrid. The study’s outcomes offered valu-

able insights into the viability and practicality of HBSS in real-world power systems, particularly micro-

grids. As a result, this research contributes significantly to the existing literature on implementing energy

storage systems in microgrids, which plays a crucial role in advancing sustainable and efficient power

systems [77]. Fuzzy logic, renowned for its efficacy in controlling nonlinear and intricate systems, has

gained widespread usage. In various applications, recent advancements in fuzzy logic controllers have

emerged. For instance, the Fuzzy 1+Proportional+Derivative-Proportional +Integral F1PD-PI controller

was introduced in a recent study by [78]. Another notable controller is the genetic-based fuzzy logic es-

timator proposed in [79], specifically designed to mitigate the impact of saturated-regulator operation in

brush-less DCmotors. Additionally, the Fuzzy Logic Estimator (FLE) was developed as an expert control

approach to reduce the current ripple of the brush-less DC motor drive, as stated in [80]. The authors of

the article [81] have proposed a series fuzzy control strategy SFCS, which uses fuzzy control to reduce

the rate of load variation in FCs and limit their degradation. Based on the simulation results, SFCS is

capable of maintaining the load changing rate of FCs within acceptable limits without compromising ve-

hicle operating costs. The study also found that by optimizing fuzzy control, it is possible to enhance the

fuel efficiency of vehicles.

In paper [82], an energy management technique for series-parallel hybrid electric vehicles was put

forward. The strategy is based on intelligent fuzzy logic and considers torque demand, battery state

of charge, and regenerative braking as primary inputs. By regulating torque, the engine and motor are

maneuvered to operate efficiently. The study presents simulation and experimental results to support the

proposed strategy. An adaptive energy management of a battery-supercapacitor energy storage system

for electric vehicles is presented in [83]. The approach is based on flexible perception and a neural

network and aims to reduce the operating cost of the hybrid battery/SC storage system while responding

to real-time driving conditions. Simulation results show that the EMS can achieve a cost optimization

efficiency of over 97% compared to offline benchmarks. the neural network element of the technique,

on the other hand, necessitates a huge quantity of training data and is susceptible to overhead. A basic

strategy for ensuring effective power distribution in fuel cell electric vehicles is the fuzzy logic controller.

In paper [84] the usage of an FLC in connection with an EV is discussed, with motor current, DC link

voltage, and SC voltage as inputs and battery power and SC power as outputs. A fuzzy technique was

employed to achieve the battery/SC energy storage system. Moreover, a Back-stepping Direct Torque

control BS-DTC method as well as a (Space Vector Modulation)(SVM) technique were presented to
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enable decoupled torque and flux control of the PMSM machine.

Figure 1.15 provides a classification of the power management strategies involved .The following

section reviews the objectives of process and the methods used to improve the efficiency of energy man-

agement systems.

Figure 1.15: Classification of Energy Management Strategies

1.5.1 Rule-Based Methods

The rule-based methods (RBM) typically relies on a rule table and system state parameters to determine

power distribution. The rule table is typically constructed based on experimental findings, engineer-

ing expertise, or mathematical models [85].Generally, this form of EMS offers benefits like low com-

putational complexity, strong real-time performance, and independence from driving condition informa-

tion [72].These advantages have contributed to the extensive adoption of rule-based EMS in commercial

Fuel Cell Hybrid Electric Vehicles (FCHEVs), including models like Toyota Mirai [86]. Rule-based tech-
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niques are further classified based on rule features into frequency separation methods (FSMs) [87] , fuzzy

logic methods [88] , and deterministic approaches [89].

The Fuzzy Logic Control (FLC) method employs IF-THEN rules and membership functions, giving

it the benefit of being model-independent and flexible. despite the absence of significant technical knowl-

edge, control performance could have limitations and differentiate from desired outcomes. A rule-based

Energy Management System (EMS) is suitable for real-time power generation and distribution, but it sig-

nificantly relies on calibrating parameters and thresholds, limiting its usefulness in real-time conditions.

Furthermore, because this rule-based EMS does not take into account a variety of operating situations,

the fuel cell’s lifespan is reduced [90].

In Energy Management Systems (EMS), the deterministic rule-based method generates control rules

for input/output variables within a table, which it utilizes to govern energy flow . The thermostat control

strategy TCS and power follower control PFC are two notable examples of this method. This deterministic

rule-based technique is often regarded as the most practicable approach to energy management due to its

simple rule construction.

The power frequency approach is centered around utilizing a series of frequency-based filters to effec-

tively allocate traction power among the various sources within a vehicle. The determination of the cut-off

frequency for these filters is rooted in the analysis of source responses. Once this allocation frequency

is established, a reference signal is generated. The purpose of this signal is to maintain source responses

within their prescribed limits, and this is achieved through the use of frequency separation methods [91].

In Literature [91], the authors propose and evaluate a new online Energy Management System (EMS)

based on the improved power frequency method. This system’s principal goal is a couple of things: first,

to guarantee that load requirements are satisfied, and second, to increase the operating efficiency of a

fuel cell electric vehicle (FCEV).Meanwhile, [87], on the other hand, focuses on a crucial component

of energy management, notably the appropriate size of hybrid energy storage systems. This is done by

implementing a strategic energy management method based on the frequency separation principle.

1.5.2 Energy Management Technique Based on Optimization

Due to the constraints of RBM, experts have decided to use an optimization-based energy management

strategy OEMS in order to fulfill FCHEV’s significant working objectives. Using the optimization-based

energy management technique, an optimization framework consisting of one or more objective functions

restricted by multiple operational constraints is commonly utilized [92].However, an optimization-based

EMS becomes necessary when the ultimate objective is to decrease fuel consumption, alleviate fuel cell
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deterioration, and even minimize the total operating expenses of the hybrid power system [90].This spe-

cific form of EMS essentially creates a target function by leveraging the operational traits of the hybrid

electric system. It uses the system’s state variables as constraints and then seeks to minimize this objective

function through an optimization technique [93]. There are two main approaches: global optimization,

which includes widely used methods like dynamic programming, and local optimization, which encom-

passes techniques like the standard equivalent consumption minimization strategy and model predictive

control.

The use of Dynamic Programming (DP) as a global optimization technique for creating EMS in Fuel

Cell Hybrid Electric Vehicles (FCHEVs) is common. DP is often applied to minimize fuel consumption

and handle sources degradation in FCHEVs. However, it’s acknowledged that DP is better suited for spe-

cific driving cycles with high predictability due to the computational burden and inconsistent performance

when applied to various driving cycles [94].

At the local optimization , approaches such as Equivalent Energy Consumption(EEC), Pontryagin’s

Minimum Principle (PMP) and Predictive Horizon (PH) provide achievable methods for approximating

the performance of global Optimal Energy Management Systems (GOEMS) . These local approaches of

EMSs have easier topologies, lower processing requirements and are easier to deploy online [4].

1.5.3 Learning-Based Methods

The Energy Management System (EMS) that relies on learning incorporates neural networks (NN) and

reinforcement learning (RL). To create the NN, NN-based EMSs must choose typical characteristics in

various operating situations as model inputs and efficient power management as model outputs [90,95].It

is essential to guarantee a constant and reliable supply of data in a variety of driving conditions and

environments. In addition, the systemswould require sophisticated algorithms and computing capabilities

[96–98].

In contrast to neural network-based energy management systems, reinforcement learning RL-based

energy management systems are capable of rapidly deriving appropriate energy management systems,

even when working with limited data [90]. The rise of Reinforcement learning as a notable trend in en-

ergy management, outranking conventional methodologies, emphasizes its emulation of human learning

strategies and its dependence on accumulated experience to enhance the performance of decision-making

systems [99]. When using the typical reinforcement-learning approach, the agent acquires its behavior

through a process of trial and error in interactions with a dynamic environment. The agent receives feed-

back about the environment’s state and then selects an action to produce as an output. This chosen action
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Figure 1.16: In the reinforcement learning framework, an agent performs a sequence of actions, with each
action resulting in both a reward and a new state

modifies the environment’s state and is further reinforced by a value. The agent’s task is to select actions

that maximize the long-term sum of reinforcement values, and it can learn to do this through systematic

trial-and-error processes and a variety of algorithms [100].The basic reinforcement learning process is

shown in figure 1.16 .

The merits and demerits of the methods are summarised in Table 1.1 .

1.6 Fuel Cell Hybrid System Controllers

The Energy Management System (EMS) acts as a master controller, attempting to maintain the current

performance of the FCHEV at an optimum level in terms of fuel utilization and source depletion. The

converter controller, on the other hand, is responsible for ensuring stable and efficient vehicle perfor-

mance [101]. This secondary control system provides accurate supervision of the EMS reference signals.

Several control mechanisms are proposed, ranging from classical methods to approaches based on non-

linear models.

1.6.1 Classical Methods

The hybrid power system encounters challenges due to the non-linear behavior of power sources, con-

verters, and loads. While the EMS is responsible for generating traction power, it faces difficulties in

addressing power flow concerns [102]. Consequently, researchers are actively exploring various control

strategies for multi-source hybrid power systems. One such proposed linear control strategy, introduced

in [103], implements a PID control strategy to regulate the output power of the battery and supercapac-

itor within the HESS. However, this approach has limitations as it does not consider the influence of

temperature and polarization on the battery state, potentially leading to decreased control performance

in scenarios where there are significant speed variations during vehicle operation due to local lineariza-
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Table 1.1: Merits and Demerits of the approaches in existing literature

Methode Merits Demerits
Rule-based Fuzzy logic With real-time parameter-

sthe robustness of the sys-
tem is ensured

Extended operating time

Effective for reasoning in
physical frameworks

There are only a few input
parameter

Low hydrogen consump-
tion

Requiring expert knowl-
edge to define fuzzy rules

Deterministic rule Easy and simple to use
control

A table of rules with
human reasoning under
perfect circumstances is
needed

Low initial cost Lack of precision
Optimization based Online localize the total opti-

mization issue
High computation times

reduce fuel consumption Requirement for an accu-
rate cost function

Appropriate for real-time
analysis

Offline Costs of fundamental
techniques reduced

May not be suitable for
complex powertrain sys-
tems

Improved performance on
complex problems

Not appropriate for real-
time analysis

Calculation costs reduced Driving cycles data neces-
sary

Learning-based Learning Unnecessary absolute
knowledge model

Precise data mining is dif-
ficult and time-consuming

tion [104]. Designing a non-linear strategy can enhance effectiveness, particularly when integrated into

a real-time controller [105].

1.6.2 Model Predictive Control Methods

For industrial applications, Model Predictive Control (MPC) has proved to be a wise choice among ad-

vanced control techniques, which go beyond standard PID control [106]. Indeed, MPC is now widely

adopted in the industrial sector as an effective means of solving complex multi-variable constrained non-

linear control problems [107]. Among the features of these controllers is the fact that they rely on a

system model to predict the future behaviour of variables over a predefined time horizon, in order to

guide optimal actions by minimising a cost function [106].One of the main advantages of MPC is its
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Figure 1.17: MPC operating concept entails employing a discrete converter model [4]

ability to function effectively despite the stringent constraints of a real controller. However, the downside

of MPC’s advanced algorithm is that it takes longer to operate when compared to other controllers [108].

The following steps should be followed to design a finite MPC control set for the control of a power

converter [106]:

• Modeling of the power converter identifying all possible switching states and its relation to the

input or output voltages or currents.

• Defining a cost function that represents the desired behavior of the system.

• Obtaining discrete-time models that allow one to predict the future behavior of the variables to be

controlled.

Each switch comprises two switching states , and the combined number of all possible states is equal

to the total number of switching states within the power converter.Typically, the total number of switching

states N is:

N = xy (1.3)

where x represents the number of possible states for each converter leg, and y denotes the number of

phases, or converter legs. as seen in Figure 1.17 The primary operating concept entails employing a

discrete converter model to anticipate the states along the whole switching horizon (2n switching states;

n=switches). The cost function is calculated by comparing the measured states to the reference signals

(from the EMS), allowing the least costly switching state to be selected in real time.

1.6.3 Nonlinear Methods

Various control design techniques rely on Lyapunov stability, and among them, the backstepping method-

ology stands out as a systematic approach for creating control tasks that track desired reference signals
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Figure 1.18: Typical backstepping concept employed as a secondary controller [4]

by selecting suitable Lyapunov function candidates [109]. To mitigate chattering, an undesirable be-

havior in numerous frameworks, a higher-order sliding mode controller called Super-twisting can be em-

ployed [110]. In paper [105], the authors used global sliding-mode integral control and a fast reaching law

to derive the output of a boost converter interfaced with a PEMFC. Simulations were carried out, followed

by experimental testing. The results showed that the integral global sliding-mode controller exhibited su-

perior robustness to the other controllers tested during dynamic changes. This is evident in the better

overshoot and undershoot values obtained by the global sliding mode integral controller. The paper [111]

introduces a backstepping super-twist sliding mode control (BS STSMC) controller tailored for a four-

phase interleaved boost converter (IBC) integrated with a proton exchange membrane fuel cell PEMFC.

The controller comprises two loops: an inner loop employing a backstepping algorithm to ensure inductor

current reference tracking, and an outer loop generating the reference current using a super-twisted slid-

ing mode algorithm (STSMC). The sliding region is determined by the discrepancy between the output

voltage and the reference voltage. Figure 1.18 displays a general representation of a backstepping-based

secondary controller.As shown in Figure 1.18, a stabilized Lyapunov controller is first used to minimize

the error between a reference signal and a controlled state, thus obtaining a corresponding residual state of

the system. Next, a virtual controller is selected according to the system state, supported by an embedded

controller. This total stabilization results in a viable duty cycle, which is modulated and converted into a

digital signal before being fed into the matching converter.

1.7 Conclusion

In the end, this chapter has offered a thorough introduction to fuel cell electric vehicles (FCVs) and its

complex properties. We began our investigation by explaining the fundamental architecture that defines

FCVs. Following that, we explored the integration of hydrogen fuel cells with diverse energy sources,

with a focus on electrical energy sources. The present chapter additionally reviewed several hybrid hydro-

gen vehicle design schemes and investigated potential interactions between hydrogen and simpler energy
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sources. We also reviewed a simple integration of various electrical energy sources and provided a review

of the current academic work on energy management systems. Additionally, we reviewed a number of

potential control strategies, including both.As this research progresses, the following chapters will build

on this foundation, delving deeper into these areas and offering useful insights into the current state of fuel

cell electric vehicles. The aim is to contribute to the growth of knowledge in this field, while highlighting

future prospects and problems.In the next chapter, we will give an overview of fuel cells and go into their

detailed description. Practical applications and potential future developments will be presented.
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Chapter 2

Overview of Fuel Cells and Supercapacitors

In this chapter, we embark on an fascinating path through the history and diverse applications of fuel

cell technology. From early discoveries to cutting-edge developments, fuel cells continue to shine as the

engine of sustainable energy for a greener, cleaner future.
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2.1 Introduction

Three decades ago, hydrogen was recognized as a central and indispensable component of a decarbonized

and sustainable energy system, offering safe, cost-effective and environmentally friendly energy solutions.

Today, hydrogen is considered by energy experts to be the least secure and least influential factor in

the global energy landscape. Despite its potential as a viable alternative fuel, hydrogen is perceived as

having unfulfilled promises and limited tangible results. Nevertheless, hydrogen remains poised to play

an important role in achieving low-carbon energy goals [112].

Both fuel cells and batteries transform chemical energy into electrical energy, require an electrolyte

and an external load, and may be stacked to enhance power and voltage. Their key distinction is the

type of their electrodes. Batteries employ metal anodes and metal oxide cathodes, whereas fuel cells

use external agents and do not consume any of the cell’s parts. Batteries must be recharged or replaced

because their anode and cathode become empty, but fuel cells do not require recharging as long as the

reactant is available. Because of the constant charging and discharging, batteries have a shorter lifespan

than fuel cells [113].

2.2 History of Fuel cell

Fuel cells, batteries, and supercapacitors are crucial in meeting humanity’s energy requirements. In order

to gain valuable insights into the development of current and future energy technologies, a review of the

history and progress of fuel cells will be presented in the following paragraphs.

2.2.1 19th Century: The Beginnings:

German chemist Christian Friedrich Scho nbein carried out the first scientific study of the fuel cell phe-

nomenon in 1838, and his findings were published in the January 1839 issue of Philosophical Magazine.

In contrast, the author claims in reference [114, 115] that Sir William Robert Grove invented the hydro-

gen fuel cell. Sir William Robert Grove experimented with electrolysis and discovered the possibility of

producing electricity by reacting hydrogen and oxygen. The process of decomposing water into hydrogen

and oxygen using electricity (water electrolysis) was identified years before the fuel cell, by British sci-

entists Sir Anthony Carlisle and William Nicholson in 1800 [115].The Figure 2.1 above appear on page

272 of the Philosophical Magazine and Journal of Science, 1843, with William Grove’s letter "On the

Gas Voltaic Battery." [116]
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Figure 2.1: William Grove’s drawing of an experimental "gas battery" from an 1843 letter [5]

2.2.2 The Evolution of Fuel Cell Technology in the 20th Century

In the late 19th and early 20th centuries, WilliamW. Jacques and Emil Baur were two leading researchers

in the field of fuel cells. In 1921, Baur achieved a first milestone by building the first molten carbonate

fuel cell. Meanwhile, Jacques focused on the development of high-power systems, including a 1.5 kW

fuel cell . In the 1930s, Baur conducted experiments on high-temperature solid oxide electrolytes. Their

contributions played a key role in the advancement of fuel cell technology at that time [115].

At the beginning of 1933, the advances made by Thomas Francis Bacon marked a milestone in the

development of the fuel cell. Bacon succeeded in developing the first functional fuel cell using hydrogen

and oxygen to generate electricity in a practical way. This electrochemical device converts oxygen and

hydrogen directly into electricity. Bacon’s research initially focused on alkaline fuel cells, establishing the

foundations for this promising technology [115]. In 1955, Thomas Grubb, a scientist at the General Elec-

tric Company (GE), improved on the initial idea of the fuel cell. His method involved using a membrane

of ion-exchange sulfated polystyrene as the electrolyte. Three years later, Leonard Niedrach, another GE

scientist, devised a method for placing platinum on the membrane [115].

The work of G.V. Elmore and H.A. Tanner introduced a phosphoric acid fuel cell in 1961.The elec-

trolyte composition included 35% phosphoric acid and 65% silicon dust fixed on Teflon. They found

that, compared with acid batteries, electrochemical degradation did not build up during operation of the

fuel cell itself. Moreover, the fuel cell can be powered by air instead of pure oxygen. They claim that

their phosphoric acid fuel cell can function for 6 months at 90 mA/cm2 and 0.25 V without any apparent

deterioration [115]. In 1960, when NASA was looking for an alternative energy source for space flight,

the development of proton exchange membranes marked the renaissance of fuel cells. The first fuel cells
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faced difficulties such as their small size, high cost and limited availability. Despite this, NASA’s interest

and the energy crisis of 1973 revitalised fuel cell research and paved the way for their successful im-

plementation in a variety of applications [117]. NASA’s Jet Propulsion Laboratory, jointly developed in

1990 in conjunction with the University of Southern California, features a battery of methanol [115].

2.2.3 The 21st Century: Present Day

Numerous companies are now working on applying fuel cell technology in numerous areas, notably au-

tomotive applications [113]. Fuel cells are widely utilized in aircraft, ships, trains, buses, automobiles,

motorcycles, trucks, and even forklifts. Furthermore, the market for fuel cells in mobile phones, lap-

tops, and other portable electronic equipment is expanding. Furthermore, larger-scale organizations such

as hospitals, police stations, and banks are using fuel cell systems to produce electricity on their argu-

ments [115].

2.3 The Different Applications of Fuel Cell Technology

Fuel cell technology has found numerous applications in a variety of sectors. Indeed, fuel cells are rev-

olutionizing the way energy is produced, whether in vehicles, portable appliances or high-volume con-

struction. In addition to reviewing the many uses of fuel cell technology, the following section describes

some of the ways in which fuel cells are being used in the automotive, communications, electronics and

infrastructure sectors.

2.3.1 Stationary Power Plants

Fuel cells are critical in power production for residence, commercial, and industrial uses. They are utilized

for both grid-independent (stand-alone) and turbine-assisted power generation. Stationary fuel cells are

used in emergency power supply , and distributed generation of energy or steam [118]. figure 2.2 show a

Convion C50 biogas Solid Oxide Fuel Cell (SOFC) system has been installed at Collegno, Italy, marking

the commencement of Convion’s demonstration of their fuel-flexible C50 SOFC co-generation unit at an

industrial biogas facility. This milestone represents a significant step towards the commercialization of

the product.The SOFC is expected to produce approximately 175 kW of electricity. It will be deployed at

the SMAT Collegno Waste Water Treatment Plant 1in the Turin area and will provide around 30% of the

site’s electrical consumption and almost 100% of its thermal requirements [6, 119].
1The Collegno waste water treatment plant is a medium sized facility serving a population of approximately 180 000
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Figure 2.2: First Convion C50 SOFC module [6]

2.3.2 Transportation Applications

The transport industry is one of the key factors in the advancement of green energy technologies. In-

deed, the transportation sector is responsible for 17% of global greenhouse gas emissions each year. It

is predicted that over 50% of new public and freight vehicles will be powered by fuel cells and batteries.

However, given current technical complexity, the production cost of a medium-sized FCEV is still around

50% higher than that of its internal combustion engine equivalent [120].During the previous 30 years,

most manufacturers have been actively involved in fuel cell car research and development . Because

of autonomous control and optimal operating points and the cold start capabilities of fuel cells under

low-temperature settings , the proton exchange membrane fuel cell appears to be the ideal option for car

applications [121]. Hyundai, Toyota, and Honda, among others, have stated that they will produce a large

number of FCEVs in 2020. Hyundai Nexo produced 63% of total sales in 2019, Toyota Mirai 32%, and

Honda Clarity Fuel Cell under five percent. In the applications in the public transportation the bus is

the most potential vehicle type for large-scale adoption of fuel cell technology in the automotive indus-

try.Figure 2.3 provide a cutaway model of the popular fuel cell vehicles on the market, the Toyota Mirai

and the Hyundai Nexo fuel cell electric vehicle. The key advantages of buses over automobiles are their

power requirements, operation schedule, available space, and proximity to refueling stations. Because of
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the large size of a conventional bus, massive volumes of hydrogen may be easily stored onboard, often on

the roof [121].

(a) A cutaway model of the Toyota Motor Corp. Mirai fuel cell electric vehicle.
Photographer: Toru Hanai/Bloomberg

(b) A cutaway model of the Hyundai Nexo fuel cell electric vehicle

Figure 2.3: Fuel cell vehicles models

2.3.3 Portable Applications

The rising importance of telecommunications, computers, the Internet, and social networks in today’s

society, highlighting the necessity for a steady electrical supply. Because of its advantageous properties

such as high energy density, durability, and cost-effectiveness, fuel cells have been recognized as potential

portable power systems. Portable fuel cell applications are primarily focused on two markets: Portable

power production for personal outdoor activities and consumer electronics. The major markets are per-

sonal outdoor activities, modest commercial purposes, and disaster relief operations. Fuel cells are a

greener alternative to typical generators, with no environmental effect and noise pollution. Fuel cells are
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seen as potential in the second market for powering numerous consumer electrical devices in the future

because to their versatility and high energy density [122]. Today, fuel cell-powered systems have proved

extremely useful for a variety of drone applications as shown in figures 2.4 and 2.5, due to their greater

reliability than small internal combustion engines. These mechanisms also offer other advantages, in-

cluding lower maintenance requirements and enhanced safety measures, enabling them to fly longer than

battery-powered drones.

Figure 2.4: surveillance drones

Figure 2.5: Scan Eagle3 UAV [7]

2.4 Fuel Cell Types

Fuel cells are classified according to electrolyte material, operating temperature, fuel type and appli-

cation location (stationary or mobile). The most popular categorization approach, however, is based on
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electrolyte material.The following are the most prevalent commercial types of electrolyte-based fuel cells:

• Proton Exchange Membrane Fuel Cell (PEMFC), ∼ 80◦C

• Alkaline Fuel Cell (AFC), ∼ 100◦C

• Phosphoric Acid Fuel Cell (PAFC),∼ 200◦C

• Molten Carbonate Fuel Cell,∼ 650◦C

• Solid Oxide Fuel Cell (SOFC),∼ 650e1000◦C

• Direct Methanol Fuel Cell (DMFC),∼ 80◦C

2.4.1 Proton exchange membrane

PEM is classified into two types: high-temperature PEM and normal-temperature PEM. The significant

benefit of high-temperature PEM is that the Top can reach temperatures of 120◦C or more. As water

exists as a gas in an atmosphere of over 100◦C (1atm), it completely eliminates the problems created by

the presence of liquid water in the FC, and water management is no longer necessary. However, the proton

conductivity of high-temperature PEMs is currently quite low, and their lifetime is very short.As a result,

the PEM on the market today is normal temperature PEM. Because the electrochemical reaction produces

water, there is a high volume of liquid water in the FC at room temperature, making water management

a critical challenge in the development of PEMFC [123].

2.4.2 Alkaline Fuel Cell

Bacon invented the first Alkaline Fuel Cell alkaline fuel cellAFC in 1939 [124]. Power output can range

from 1-5 kW, however recent findings of stationary fuel cell testing have reached 200 kW . Alkaline

fuel cells are no different from proton exchange membrane fuel cells (PEMFC). The general operating

principle of an alkaline fuel cell, which uses a liquid or polymer electrolyte [125]. Alkaline fuel cells

(AFCs) are gaining popularity as the first practical and efficient fuel cell capable of supplying sufficient

power, which has greatly improved the field of transportation. In fact, it delivered electrical power to the

Apollo missions to the Moon, the Space Shuttle orbiter and the Gemini spacecraft [126].

2.4.3 Phosphoric Acid Fuel Cell

The electrolyte in a Phosphoric Acid Fuel Celll cell ( PAFC) is concentrated phosphoric acid. Platinum or

similar metals are often used as electrodes, acting as catalysts in the creation of electricity [121,127].Fig-
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ure 2.6 gives an illustration of the phosphoric acid fuel cell concept. A high operating temperature is

necessary to ensure good electrolyte conductivity, as the chemical stability of phosphoric acid decreases

above 225◦C . This type of fuel cell has similar characteristics to high-temperature PEMs, including the

risk of acid loss and a limited service life due to the high risk of chemical corrosion. In addition, PAFC

fuel cells are also sensitive to traces of sulfur and require careful temperature monitoring [128].However,

what prevents the future use of PAFCs requires intervention. PAFCs, for example, are characterized by

low power density and an unstable electrolyte, both of which are major obstacles that need to be over-

come [121].

Figure 2.6: Phosphoric acid fuel cell concepts [8]

2.4.4 Solid oxide Fuel Cell SOFC

A typical SOFC consists of a cathode, an anode and an electrolyte that form a single cell. These single cells

are stacked to form a larger unit that produces more energy. SOFCs can operate at higher temperatures

in the range 600 to 1200 degrees Celsius, creating high-quality heat as a by-product, actively stimulating

rapid electrocatalysis with non-precious metals and enabling internal restructuring. In addition to O2 ion

transport, the SOFC can operate with high-purity hydrogen for proton transport [129].

2.4.5 Molten Carbonate Fuel Cell MCFC

Researchers have focused on the molten carbonate fuel cell (MCFC), because of its high-temperature

operation(650◦C), fuel flexibility, long-term operational stability and efficiency for high-capacity station-

ary applications. However, these advantages are not offset by MCFC’s poor performance, limited service

life and high production and operating costs [130]. The MCFC can be practically applied for a service life
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exceeding 40,000 hours. However, because of the rapid evaporation of the carbonate electrolyte, dam-

age to the cell structure and depletion of the electrode material at such high operating temperatures, it is

impossible to meet this target [130].The following electrochemical procedures take place via the MCFC

electrodes [131]:

Anode

H2 +CO−2
3 → H2O+CO2 +2e− (2.1)

Cathode

CO2 +1/2O2 +2e−→CO−2
3 (2.2)

2.4.6 Direct Methanol Fuel Cells DMFC

Direct methanol fuel cells (DMFCs), in particular, could be suitable for small, portable devices. As liq-

uid methanol can be fed directly to the anode, a fuel treatment device is not required. Methanol is less

expensive than hydrogen, has a lower energy density and is easier to store and transport . A perfluoro-

sulfonic acid (Nafion) polymer membrane is now used in DMFCs. Nafion stands out for its chemical and

mechanical stability, as well as its excellent proton conductivity at temperatures of around 80°C [132].

The operating principle of this fuel cell involves the direct oxidation of a solution containing methanol as

fuel and oxygen as oxidant. The physico-chemical reaction of this process can be described as follows:

Anode

CH3OH +H2O→CO2 +6H++6e− (2.3)

Cathode

3
2

O2 +6H++6e−→ 3H2O (2.4)

Total reaction

CH3OH +
3
2

O2→CO2 +2H2O (2.5)

Table 2.1 provides an overview of the primary fuel cell types and their fundamental characteristics.

Among these fuel cell types, PEM fuel cells exhibit considerable potential due to their high efficiency
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Table 2.1: Principal fuel cell technologies [15]

PEMFC PAFC SOFC MCFC AFC

Electrolyte Polymer Phosphoric Ceramics Molten Potassium
acid carbonate hydroxide

Primary fuel H2 H2 H2 biogas H2 biogas cracked
reformed reformed H2 methane methane ammonia

Mobile ion H+ H+ O2− CO2−
3 OH−

Temperature ◦C −40120 150−200 500−1000 600−700 50−200
Efficiency (%) up to 65 - 72 up to 45 up to 65 up to 60 up to 70

(reaching up to 65-72), low operating temperature, and safe handling. Additionally, PEM fuel cells offer

high power density and rapid start-up times, making them user-friendly.

2.5 Fuel Cell Modules

The primary element within a PEM fuel cell is known as themembrane electrode assembly MEA. This

assembly consists of a polymer electrolyte membrane positioned between the anode and cathode elec-

trodes. These electrodes consist of three layers: the Catalyst Layer (CL), the Microporous Layer (MPL

MPL), and the Gas Diffusion Layer (GDL ). To create the fuel cell, the MEA is sandwiched between two

Bipolar Plates (BP), which have grooved or placed gas flow channels (GFC) [133]. You can see the main

components of a PEM fuel cell illustrated in Figure 2.7.

Figure 2.7: Ingredients of a fuel cell: A view of the Nth individual cell in a fuel cell technology stack,
displaying the various parts of an expandedMEA [9]
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2.5.1 The Bipolar Plate

In proton exchange membrane fuel cells (PEMFCs), the bipolar plate, also known as the current collec-

tor plate, is critical. It facilitates gas movement, prevents hydrogen and oxygen collisions, and creates

a current route between the anode and cathode. Bipolar plates make for a major amount of the entire

volume and cost of the PEMFC stack, determining the technology’s large-scale industrial applicability.

As a result, limiting thickness to a minimum is critical for reducing volume and saving money. Further-

more, the bipolar plate flow field design is critical since it has a direct influence on the power production,

longevity, water consumption, and thermal management of PEMFCs [134]. The following points are

essential considerations for the bipolar plate in a PEMFC [134]:

• The bipolar plate plays a crucial role as the structural backbone of the entire PEMFC, provid-

ing mechanical support to the MEA. As a result, it is essential for the plate to possess adequate

strength. Moreover, for enhanced power density, it is advisable to opt for materials with higher

specific strength.

• The surface of the bipolar plate must incorporate a processing flow field to act as a conduit for gas

and water. Therefore, maintaining a high standard of processing performance is essential.

• Since the bipolar plate is responsible for collecting and conducting current, it is imperative for it to

exhibit excellent conductivity.

• To prevent contact between the oxidizer and the reducing agent, the bipolar plate needs to effectively

segregate them, necessitating low gas permeability.

• Due to the PEMFC’s acidic electrolyte, the bipolar plate must have commendable chemical and

electrochemical corrosion resistance to ensure a prolonged service life.

2.5.2 Electrodes

Electrodes are composed of up of two layers: the gas diffusion layer (GDL) and the catalyst layer (CL).

The GDL is composed of two layers: a macroporous layer (MPL) comprising carbon powder and hy-

drophobic/hydrophilic agents, and a carbon paper or carbon fabric backing layer. The electrodes must

constantly enable electrons to pass from the anode to the cathode in addition to functioning as electro-

chemical reaction areas [135] the electrode structure is presented in figure 2.8 . Electrodes must therefore

address three important aspects.

• the electrode must contain appropriate pores for the reagents.
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• the electrode must have a chemical catalyst capable of breaking links between fuels, producing

more reactive ions to develop.

• the electrode must transfer electrons to the external circuit.

Figure 2.8: The simple design of a PEMFC electrode

2.5.3 Gas Diffusion Layer

PEMFCs contain the GDL as one of their main components. Located midway between the BP and the

CL, and linking them together, the GDL supports not only the AME, but also the flow of reagents; the

GDL must meet the criteria mentioned below [136].

• The gas diffusion layer (GDL) in proton exchange membrane fuel cells (PEMFC) is distinguished

by its high gas conductivity and pore structure.

• The the GDL has to let gas to pass along in order for the catalysts on each side of the membrane to

function effectively in the electrochemical process.

• the GDL must be well hydrated to maintain high proton conductivity.

• The GDLmust also have excellent electrical and thermal conductivity to decrease ohmic losses and

contact resistance, as well as quickly dissipate heat generated during cell operation.

• The GDL additionally needs to have enough rigidity to support the stack assembly and protecting

concerning elements.

2.5.4 Catalyst layer

Typically, catalyst layers have been joined along both sides of the membrane, functioning as anodic and

cathodic electrodes. The basic function of the CL is to accomplish two essential tasks. Firstly, it improves
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the passage of reactants and products through the porous electrode. Secondly, it modulates electrochem-

ical processes within the LC, promoting hydrogen oxidation on the anode side and oxygen reduction on

the cathode side. Furthermore, the CL is also responsible for monitoring the mobility of protons and

electrons inside the MEA [137–139].

At the anode and cathode, the catalytic layers consist of platinum (Pt) particles or Pt-based catalytic

composites, combined with carbon grains. This latter usually takes the form of Pt/C masses enveloped

by ionomer thin films. To enhance the mechanical strength of Pt particles, a carbon support is commonly

added [140] . Figure 2.9 shows the microstructure of the catalyst layer in schematic form.

Figure 2.9: microstructure of the catalyst layer

2.5.5 A membrane

In the operational concept of a membrane (acid) fuel cell, protons are generated by the breakdown of

hydrogen. These protons then pass through the ionomer membrane and proceed to the cathode, where

they engage in the reduction of oxygen. Simultaneously, electrons flow through the external circuit. In

accordance with this notion, the membrane material must exhibit minimal resistance to proton transfer,

ensuring high ionic conductivity [133]. A thin layer of electrolyte, measuring 10 to 100µm in thickness,

acts as the membrane, facilitating the conduction of protons from the anode to the cathode. The necessary

membrane materials possess high ionic conductivities, preventing electron transfer and the crossover of

oxygen reactants from the cathode and hydrogen fuel from the anode [141].
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2.6 PEMFC Subsystems

PEMFC systems are often separated into five subsystems: fuel cell stacks, hydrogen supply systems, air

supply systems, heat management systems, and humidification systems [10]. As shown in Figure 2.10,

a typical PEMFC system is applied for fuel cell vehicles.Within this framework, the PEMFC cell plays

a decisive role in energy conversion, while other subsystems provide the operating conditions required

for efficient electrochemical reactions. All these subsystems work harmoniously together to ensure the

overall stability and efficiency of the PEMFC system [142].

Figure 2.10: PEMFC system layout for fuel cell vehicles [10]

2.6.1 Proton Exchange Membrane Fuel Cell Stack

The economic viability of PEMFC systems depends on their dynamic characteristics and durability. Auto-

motive applications, for example, require a service life of 5,000 hours, even under harsh conditions [143].

Problems with electrodes and catalysts have a direct impact on PEMFC lifetime. Degradation occurs

due to poor water and heat management, fuel and oxidant shortages, and reactions within the compo-

nents [144]. To improve durability, various strategies such as designing corrosion-resistant bipolar plates

or replacing weak graphite plates with more robust composite plates can be implemented. By optimizing

operating parameters and taking into account dynamic characteristics such as load variations, fuel cell

life can be considerably extended [145]. In addition, water and heat management play a crucial role in

improving PEMFC durability and performance [146].
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Impact of Stack Temperature

PEMFC performance is degraded at both low and very high temperatures, leading to dehydration of the

proton exchange membrane and reduced ionic conductivity. The upper limit of fuel cell operating temper-

atures is restricted by the thermal characteristics of the materials. To ensure high efficiency and minimal

degradation while reducing hydrogen consumption and extending cell life, effective heat management

strategies are essential for PEMFC cell operation [147,148].

Impact of Stack Pressure

The stability of hydrogen and oxygen pressure is crucial for the overall performance of a fuel cell system.

Undesirable pressure fluctuations can adversely affect the system’s efficiency and effectiveness [149].

Changes in the system pressure directly impact the current-voltage characteristic and the overall per-

formance of the fuel cell (refer to Fig. 3.15). The current-voltage characteristic is influenced by variations

in oxygen partial pressure resulting from changes in total pressures. The oxygen partial pressure, gov-

erned by the Nernst equation, can be adjusted, in part, by controlling the cathode stoichiometric ratio.

Additionally, the current-voltage characteristic is affected by the water-holding capacity within the cath-

ode, which, in turn, depends on the total air pressure. This directly impacts the humidity inside the fuel

cell, thereby defining the membrane resistance and corresponding ohmic loss. The humidity levels can

be managed by adjusting the temperature and/or cathode stoichiometric ratio [150]. A study by [151]

investigated the impact of reaction gas pressure on PEMFC performance. According to their findings, the

electrical power of the cell increases with increasing pressure, as well as the energy consumption of the

compressor.

2.6.2 Hydrogen Supply System

The main purpose of the hydrogen supply system is to consistently deliver hydrogen gas to the fuel cell

stacks at the appropriate pressure. In PEM fuel cell systems, hydrogen gas is commonly sourced from

high-pressure tanks. To enhance the performance of PEM fuel cells, the depleted hydrogen can be recy-

cled through recirculation. Additionally, the water in the anode channel can be effectively managed by

controlling the hydrogen flow rate [152]. Indeed, the fuel supply system has a significant effect in terms

of hydrogen consumption rate. There are four anode-based hydrogen supply systems, most of which are

applicable to proton exchange membrane (PEM) fuel cell systems [11]

Flow-through method Figure 2.11(a), is a dead-end design that is simple but does not allow for

uniform distribution of hydrogen, limiting its effectiveness.
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Dead-end with period purge method Figure 2.11(b) depicts a configuration where hydrogen flows

through the structure, but this leads to high fuel losses due to the viscous forces of water droplets.

Ejector recirculation with period purge method The active anode recirculation configuration, il-

lustrated in Figure 2.11(c), addresses this issue by using a recirculation pump to circulate unused hydrogen

back to the fuel cell inlet, resulting in more efficient utilization of hydrogen.

Compressor recirculation with period purge method Figure 2.11 (d) shows the passive anode re-

circulation configuration, which also circulates unused hydrogen back to the fuel cell inlet, but it does so

using an ejector.

Figure 2.11: The anode configuration diagrams [11]

2.6.3 Air Supply System

As a fuel cell is based on an electrochemical process of oxygen and hydrogen, oxygen can be obtained

from the air. The air supply system is an essential subsystem in PEM fuel cell systems. The main roles

of the air supply system are listed below:

• Air purification: Any particles (solid or oil) or substances that can harm the catalyst andmembrane

should be removed from the air before it enters the fuel cell. Therefore, the air must pass through

filters to ensure its cleanliness and protect the fuel cell.

• Air delivery: The air supply system must efficiently deliver an adequate amount of the reagent

(oxygen) to the fuel cell. The mass flow rate of the air supply system significantly impacts the

oxygen concentration within the fuel cells.

• Pressurization: In all scenarios, air is provided at a pressure higher than atmospheric pressure to
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compensate for the flow loss within the fuel cell stacks. The air pressure plays a crucial role in

determining the performance of PEM fuel cells.

• Humidification: To achieve optimal performance, the polymer membrane must remain fully hy-

drated. In certain systems, the air is humidified before it enters the fuel cell to ensure the mem-

brane’s proper hydration level. The air supply system must carefully manage water consumption to

maintain this balance.

2.6.4 Heat Management System

The energy conversion efficiency of PEMFC can be as high as 50% [153]. However, this high efficiency

also results in the generation of a significant amount of heat. To maintain the optimum operating tem-

perature of the fuel cell, a sophisticated cooling system is required, capable of coping with complex and

dynamic conditions [154]. Three cooling technologies are used to meet the challenges of fuel cell thermal

management: air cooling, liquid cooling and phase change cooling [155]. Due to their exceptional ther-

mal conductivity and heat capacity, liquid cooling is being increasingly employed in high-power PEMFC

cells, allowing for efficient heat dissipation. The heat generated by the PEMFC is effectively dissipated

by this cooling method, ensuring that optimal cell operation is achieved within the desired temperature

range [156].Illustration of the cooling system diagram in Figure 2.12.

Figure 2.12: cooling system diagrams [12]

2.6.5 Humidifcation System

The proton conductivity of the membrane has a significant impact on energy conversion in a PEMFC.

Increasing the water content of the membrane promotes proton transport and enhances fuel cell perfor-

mance. However, too much water can overload the channels and prevent gas movement, whereas too
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little water results in high proton resistance and membrane breakdown. As a result, water control is

critical for maximizing PEMFC performance. This may be achieved by humidifying both the anode

and cathode gases; however, investigations have shown that the cathode gas outperforms the anode gas.

As a result, fuel cell membrane water management should concentrate on humidifying the supply of

air/oxygen [157, 158]. At present, various fuel cell humidification technologies are available, including

self-humidification [159], internal humidification, and external humidification. Among these, external

humidification stands out as an easily controllable, installable, and maintainable method, making it a

popular choice for high-power fuel cell stack humidification systems. The commonly used hydrogen

humidification system employs a membrane humidification approach. Proton exchange membrane fuel

cells exhibit a high hydrogen utilization rate, resulting in a low water content after the reaction. As a

consequence, the recovered hydrogen is insufficient to fully humidify the hydrogen inlet, and liquid water

is typically employed for this purpose. Ongoing research on fuel cell humidification systems primarily

focuses on studying the humidity characteristics of fuel cells or low-power fuel cell stacks and aligning

the humidification technology with the specific stack characteristics [160]

2.7 Description of a Supercapacitor

Supercapacitors are high-performance, extremely dynamic electrostatic storage technologies. The earli-

est technological advances in supercapacitors, also known as Electric Double Layer Capacitors EDLC

, were made in 1957 [161].Today, numerous supercapacitors are already available on the market, with

capacities ranging from a few farads to 9,000 farads and a variety of unique features. Several electrical

system manufacturers and power electronics research centres are investigating the potential use of these

components for applications requiring high power peaks, such as electric and hybrid vehicles, energy

storage for homes and energy recovery systems for cranes and lifts [162].

2.7.1 Basic Principle of Operation

Supercapacitors are devices designed to store electrical energy, which is stored in the form of electrostatic

charges confined in small devices. These devices are made up of pairs of conductive plates separated by

a dielectric medium. The development of supercapacitor technology is due to a simple but significant

improvement in the specific surface area of the electrodes. This increase in specific surface area allows

charges of opposite sign to come closer together, even at the molecular level. By using materials with a

high specific surface area, such as activated carbons, supercapacitors can increase specific surface area

values by up to 100,000 times more than smooth materials with a lower specific surface area. The result

49



Chapter 2: Overview of Fuel Cells and Supercapacitors

is capacities around 1 million times greater than those of capacitors of similar size and weight [163]. The

structure of supercapacitors resembles that of batteries, consisting of an electrolyte and two electrodes. A

semi-permeable substance is used to separate the electrodes, allowing for the passage of electrolyte ions

while preventing a short circuit. When a difference in potential is applied, a gradient in the density of

charge is established between the plates, causing ions to move to the surface of the electrode and attach

to the interface. Each interface between the electrode and electrolyte functions as a capacitor, and thus

the entire cell can be viewed as two capacitors connected in series [164] as shown in Figure 2.13.

Figure 2.13: Charged Electrochemical Double Layer Capacitors EDLCillustration

2.7.2 Examining the Performance of Supercapacitors Compared to Other Storage
Devices

Super capacitors (SCs) outperform batteries and electrolytic capacitors in terms of energy and power

density while also being more compact and lightweight [165].Supercapacitors provide a notably extended

lifespan compared to batteries, capable of enduring up to 500,000 cycles. This renders them an appealing

choice for augmenting the energy storage capabilities of electric vehicles, particularly when employed

alongside lithium-ion batteries. Consequently, there has been extensive exploration into their capabilities

[166].Table 2.2 presents the performance data for supercapacitors utilized as energy storage systems.

2.7.3 Advantages and Properties

The following are the primary benefits of supercapacitors over conventional energy storage solutions:
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Table 2.2: The Performance of Supercapacitors [16]

Storage device characteristics Supercapacitor
Charging time 1 – 30 s
Discharging time 1 – 30 s
Energy density (Wh/kg) 1 – 10
Life time (Cycle number) 106

Power density (W/kg) 10,000
Charge / discharge efficiency 0.85– 0.98

• High mass power, which enables for charging and discharging cycles at extremely high currents

(several hundred amperes)

• Very excellent efficiency in charging and discharging.

• Almost minimal chemical reaction during operation, allowing for very extended life spans.Under

typical operating conditions, a supercapacitor may be charged and discharged a millions of times.

• A relative simplicity of electrical behavior and relative temperature stability compared to batteries.

However, these devices have the disadvantage of having insufficient energy density, of the order of 1 to

10 Wh/kg, whereas lithium-ion batteries have an energy density of 265 to 280 Wh/kg [167].

Supercapacitors have a number of key qualities that considerably enhance their performance. In par-

ticular, they have low equivalent series resistance (ESR), with a minimal leakage current, as well as a long

service life and a wide operating temperature range.

2.7.4 Application of Supercapacitors in Renewable Energy

Solar Energy Applications

Solar energy, also known as photovoltaic energy, is a renewable and clean energy source that provides

power on a periodic or fluctuating basis, depending on environmental and climatic conditions [168].Bat-

teries are currently widely used to store large quantities of electricity generated by photovoltaic (PV) cells.

However, power supply fluctuations and irregular energy use can reduce battery life. Consequently, this

can potentially reduce the overall efficiency of the energy storage system.One way to solve battery chal-

lenges is by using hybrid energy storage systems that combine batteries with supercapacitor technologies.

This approach not only helps to balance the inconsistent nature of solar power generation but also reduces

the stress on batteries [169].
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Supercapacitors’ Application in Traction Systems

For applications that require large amounts of energy for vehicles, supercapacitor technology is proving

to be promising, especially for high-power activities such as acceleration and start-up. Conventional

energy sources like batteries and fuel cells are not well-suited for applications that demand rapid power

peaks, mainly due to their size and weight and slow dynamics. Supercapacitors enhance energy delivery,

prolonging the lifespan of batteries or fuel cells and allowing for the addition of new features to mobile

devices [170].

Supercapacitors are currently the principal power source in the flash chargers of the newest ABB

TOSA bus, substituting lithium-ion batteries because of the capacity to effectively generate high-power

surges [171].Figure 2.14 show supercapacitor applications in transportation and industry.

(a) Flash chargers using supercapacitors are provided at
ABB TOSA bus stops.

(b) Supercapacitors are also utilized in forklifts for effi-
cient energy storage.

Figure 2.14: Supercapacitor applications in transportation and industry.

Application in Automatic Guided Vehicle

Supercapacitors are finding an increasingly popular application in the field of Automated Guided Vehi-

cles (AGVs). Traditionally relying on batteries, AGVs have encountered problems of reliability, limited

service life, sub-optimal power and extended recharging intervals. By contrast, supercapacitor-based so-
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lutions for AGVs offer a lighter alternative with significantly increased operational longevity, improved

reliability, increased power capacity suitable for lifting tasks, and accelerated recharging capabilities com-

pared with conventional battery systems [13].

Figure 2.15: Hybrid Supercapacitor Powered Automated Guided Vehicles [13]

2.7.5 Approaches to Representing Supercapacitor Circuits

Having a reliable mathematical representation of supercapacitors (SCs) is crucial for accurately predicting

their behavior and assessing potential disturbances caused by non-linear loads during transient events.

Furthermore, it is essential for optimizing the power system structure and determining the most efficient

energy management strategies. While there are several models available in the literature, the choice of

the most suitable model depends on factors such as the specific application, the design phase, and the

available resources [172]. Some publications, such as [173], have used basic equivalent circuit models to

demonstrate the overall behavior of supercapacitors.A capacitance, denoted asC, and an equivalent series

resistance ESR form the components depicted in Figure 2.16a.To mitigate delayed self-discharge losses

in Figure 2.16b, it is recommended to add an equivalent parallel resistance EPR to the capacitance.Using

these circuits, it is possible to establish the best design of a power system. Additionally, they make it

easier to simulate reliable charging and discharging cycles, especially at low usage rates. Furthermore,

the circuits are especially designed to be simple to use, with their settings available immediately from the

manufacturer’s description data sheet.

The idea of a multi-branch equivalent circuit for supercapacitors is shown in Figure 2.17a. Each

branch includes a combination of capacitance and resistance in series. In this multi-branch circuit model,

each branch can represent a different behavior of the supercapacitor at different times.The accuracy of

the multi-branch equivalent circuit model improves as the number of branches grows. However, creating

a multi-branch comparable circuit model with many branches would be difficult . As a result of their

simplicity, two- or three-branch equivalent circuit models have been widely used in practice [174].
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(a)
(b)

Figure 2.16: Basic representations of supercapacitors: 2.16a with ESR 2.16b with EPR

(a) Supercapacitor with several branches in series.

(b) Supercapacitor with several branches in parallel.

Figure 2.17: Supercapacitors with different configurations.

2.8 Conclusion

Fuel cell technology has undergone remarkable advancements since its inception in 1839. Researchers

and scientists have persistently pushed the boundaries of this technology, driving its evolution forward.

From Sir William Grove’s visionary concept to the practical utilization of Bacon’s fuel cell, and the

advancements in PEMFC and SOFC, this progress has beenmarked by ingenuity and determination [175].

Fuel cells have been used in a wide range of industries, including transportation, stationary power

generation, and portable technology. Their exceptional efficiency positions them as a viable solution in

the quest for cleaner and more sustainable energy sources. As the demand for environmentally-friendly

energy options continues to rise, fuel cells present a compelling and competitive alternative for building

a greener future.

In this chapter, we explored the key components of PEMFCs, understanding how the Membrane

Electrode Assembly, bipolar plates, gas diffusion layers, and electrodes work together to drive the ef-
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ficient conversion of hydrogen and oxygen into electricity. Furthermore, a comprehensive overview of

PEMFC systems revealed the significance of managing subsystems such as fuel cell stacks, hydrogen sup-

ply systems, air supply systems, heat management systems, and humidification systems to ensure optimal

performance.

The latter part of this chapter provides information on the history, composition, and applications of

supercapacitors. It also discusses their advantages and limitations in comparison to other energy sources.

Furthermore, it explores their operational principles, changes in properties, and methods for illustrating

supercapacitor circuits.

Moving on to the following chapter, various models for the components of the multi-source system

are described. These components comprise electrical energy sources like supercapacitors and fuel cells,

static converters, as well as a powertrain consisting of a three-phase voltage inverter and a permanent

magnet synchronous machine (PMSM).
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Exploring Essential Elements of the Design
Process

The aim of this chapter is to introduce diverse models for the different elements comprising the multi-

source system. These elements include the electrical energy sources (such as supercapacitors and fuel

cells), the corresponding static converters, and the drive train, which encompasses a three-phase voltage

inverter and a permanent magnet synchronous machine (PMSM). The multi-source system is designed to

utilize the PMSM as the motor responsible for propelling the vehicle forward.
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3.1 Introduction

The purpose of this chapter is to present various models for the different components of the multi-source

system. These components include electrical energy sources such as supercapacitors and fuel cells, static

converters associated with the sources.In previous discussions, we have already explored the use of power

sources in electric vehicles, specifically focusing on PEM fuel cells and supercapacitors. Now, we will

shift our attention to the modeling and numerical simulation of these power sources. This modeling

process is crucial as it allows us to fully understand and exploit the potential of these sources in the

context of electric vehicle applications, optimizing their performance.

By introducing these diverse models, we aim to establish a comprehensive understanding of the multi-

source system and its interconnected elements. This chapter will provide valuable insights into the func-

tioning and integration of the various components, enabling us to make informed decisions for enhancing

the overall performance and efficiency of electric vehicles.

3.2 Desired System Configurations

Figure3.1 depicts the FCHEV’s drive train construction. The energy sources, which are primarily the

fuel cell model, and the supercapacitor model, are coupled to the wheels through an inverter and electric

motor. The FCHEV’s drive system comprises mostly of DC/DC converters, a DC/AC inverter, and a

motor, as well as the vehicle model. Under this research, the FC is the primary source of energy for the

creation of typical power requirements. To keep a constant voltage, the principal energy storage device,

a supercapacitor, is permanently interfaced to the DC link. It can also offer more energy as the vehicle

accelerates and use recuperative energy while the vehicle is parked.

3.3 Mathematical Models for PEM Fuel Cells:

Fuel cell models can be classified as either transient or steady-state, depending on their consideration of

dynamic effects. Steady-state models, which ignore transient effects, offer significant simplifications in

modeling and result in cheaper computing costs. These models are useful for analyzing and optimizing

the performance of fuel cells at critical operating points. However, they are unable to represent transient

operation phases such as fuel cell starting or the influence of varying operating circumstances. Addi-

tionally, steady-state models cannot be used to investigate control techniques, as they require the use of

transient models. [176, 177].
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Figure 3.1: Powertrain topology of FCHEV

Anode reaction:

H2→ 2H++2e− (3.1)

Cathode reaction

2H++2e−+1/2O2→ H2O+heat (3.2)

These, half-reactions are catalysed, often with platinum, to improve the kinetics of the reactions,

which are extremely slow at low cell operating temperatures.Through the figure 3.2, the fuel cell is illus-

trated in schematic form.

Figure 3.2: PEM fuel cell schematic
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3.3.1 Hypotheses for Simplification:

The following hypotheses have been formulated to expedite the analysis.

• The stack is well designed, ensuring uniform performance across all cells. This allows them to be

grouped together as a single stack.

• All gases has a uniform distribution and satisfies with the ideal gas law’s rules.

• The cell temperature is evenly distributed and maintained by a reliable control system during op-

eration, ensuring that the temperatures of the hydrogen in the anode and the oxygen in the cathode

match the stack temperature.

• Inside the cell, the partial pressures of gas are assumed to remain constant, without considering any

pressure decreases caused by interactions between the gas and the membrane in the gas distribution

channels. Similarly, the pressure at the inlets of the anode and cathode compartments is assumed

to be constant, just like the temperature.

• The airflow is regulated, and a constant cathodic stoichiometric ratio is maintained.

• Only liquid water is produced as a result.

3.3.2 Energy , Open Circuit Voltage and Nernst Equation:

Fuel cell operation involves the direct conversion of chemical energy into electrical energy. The resulting

electrical power depends on the product of the voltage and current supplied. However, one of the main

advantages of fuel cells over traditional chemical combustion systems is their exceptionally high poten-

tial energy efficiency. In specific applications, such as combined heat and power generation, achievable

efficiencies can be significantly improved, particularly with the use of high-temperature fuel cells. This

underlines the appeal of fuel cells as a potentially valuable technology for optimizing energy use in a

variety of applications. [178].

Figure 3.3 shows the inlets and outlets of the fuel cell. At the anode, hydrogen dissociates into protons

and electrons. The electrons move through an external circuit, establishing an electric current. At the

same time, protons migrate through the electrolyte to the cathode. At the cathode, they combine with

oxygen and electrons, producing water and heat. This electrochemical process illustrates the fundamental

mechanism by which a fuel cell generates electricity [179].
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Figure 3.3: Inlets and outlets of the fuel cell

Energy:

Assuming the stoichiometry of the reactions, it is confirmed that each hydrogen molecule generates two

electrons. The electrical work, represented as follows:

Wel =−E ·q (3.3)

where q is the total charge produced per mole of hydrogen in coulombs and E the electric potential

difference in volt .

such as

Wel =−E ·n ·F (3.4)

The number of electrons exchanged in moles is indicated by n while F stands for Faraday’s constant. It’s

crucial to know that electric work is achieved through the consumption of hydrogen fuel. In particular,

for every mole of H2 consumed, the number of transferred electrons n is equal to 2 moles.

The possibility of producing useful work or electricity from a chemical reaction is measured by the

Gibbs free energy change of the process. To put it another way, ∆ḡ f represents the thermodynamic po-

tential that is accessible for producing electrical energy or carrying out work during a chemical pro-

cess [180].Here is a definition of free energy in an electrochemical process:

Wel =−∆ḡ f (3.5)

Consequently, the ideal reversible potential Erev for a fuel cell process involving n electrons can be derived

from:

Erev =
−∆ḡ f

n ·F
(3.6)

The standard potential depends on temperature and can be calculated using the following equation

[181]:
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E0(T ) =
−∆ḡ0

f (T )

n ·F
(3.7)

and

∆ḡ0
f (T ) = a ·T −b (3.8)

In the case of liquid water, the constants a and b have values of 160.778Jmol−1K−1 and 284972Jmol−1,

respectively, between 298K and 500K.The computed values of ∆ḡ0
f and E0 traveling 303.15K to 353.15K

are shown in Table 3.1.

Table 3.1: Calculated ∆ḡ0
f andE0

T/K 303.15 313.15 323.15 333.15 343.15 353.15
∆ḡ0

f / j ·mol−1 -236232 -234624 -233017 -231409 -229801 228193
E0/V 1.224 1.216 1.208 1.2 1.191 1.183

The Nernst Equation and Open Circuit Voltage:

The voltage produced by a fuel cell with no electrical load attached is called the open circuit voltage

(OCV). As the current discharges to zero, the thermodynamic cell voltage indicates electrochemical equi-

librium. The Nernst equation is used to calculate the electrode potential in an electrode reaction based

on the concentration of reactants and products in the cell, resulting in the equilibrium cell voltage. The

Nernst equation is expressed in its general form as follows:

E = E0− RT
n f

ln(Q) (3.9)

The reaction quotient,Q is determined by dividing the product of all product activities by the product of

all reactant activities.

A Simulink model is subsequently used to calculate the open circuit voltage of a single PEM fuel cell.

E =−
∆ḡ0

f

2F
+

RT
2F

ln

(
γβ

1
2

δ
P

1
2

)
(3.10)

This calculation is based on the change in the molar specific energy of water’s Gibbs free energy of

generation, denoted as ∆ḡ0
f . The concentrations of hydrogen, oxygen, and steam are considered, denoted

respectively as γ , β , and δ , along with the system pressure P. The model also incorporates the molar

gas constant R, which is equal to 8.314JK−1mol−1, the temperature T , and the Faraday constant F . The

Faraday constant represents the charge of one mole of electrons, which is equivalent to 96,485coulombs.
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3.3.3 Overpotential:

The voltage of the cell when it is under a current load will be lower than the theoretical equilibrium

voltage. This is because of voltage losses that occur within the cell, which are caused by polarization

of the electrodes. Therefore, in order to address terminology issues and enhance everyday language in

relation to electrochemical experiments, the authors [182] propose multiple definitions of polarization.

Definition 1 (polarization). • Polarization occurs in an electrode at equilibrium when the potential

deviates from its equilibrium value due to the flow of current from an external power source.

• Polarization in any electrode refers to the manipulation of the electrode by externally applying a

specific potential, current, or a predefined time function.

• In an electrochemical cell with a defined electrochemical equilibrium, polarization occurs when

the cell voltage deviates from the electromotive force of the same cell due to the current passing

through the cell.

• Polarization at the interface of two immiscible electrolyte solutions can refer to either the change

in potential difference across the interface caused by current from an external source, or the estab-

lishment of this potential difference.

Polarization can be caused by activation losses, concentration or mass transport losses, and ohmic

loss. Activation and concentration or mass transport losses contribute to total polarization, whereas ohmic

loss is the voltage drop caused by current passing through the cell and between the electrodes. As a result,

the cell’s voltage may be described as follows:

V = Open circuit voltage− cathode activation losses− anode activation losses

−ohmic losses− (concentration and mass transport losses)
(3.11)

The polarization curve represents the relationship between cell voltage and current density. Figure3.4

provides a visual representation of this curve, including schematic representations of the different poten-

tial losses.

3.3.4 Activation Loss:

Voltage Loss Caused by Overpotential The activation overpotential, which refers to the extra potential

needed for charge transfer because of activation energy, is impacted by the electrode kinetics at the reaction

site. This includes the electrochemical kinetics as well as the movement of protons and electrons.
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Figure 3.4: Representation of the negative impact of fuel cell polarization.

Tafel equation:

When reactant transport constraints are not present, electrode systems’ behavior usually expresses an

exponential connection between the current and the overpotential, ∆Vf uel+crossover.The Tafel slope and the

exchange current density are two significant physical characteristics that are often obtained from the Tafel

analysis. The following Tafel connection has been thoroughly verified empirically [183] :

∆Vf uel+crossover = a+b · ln(i) (3.12)

By plotting overpotential against ln(i), we can determine the Tafel slope, represented by b. The Tafel

equation for the cathodic reaction in a fuel cell is then formulated using the exchange current density.

∆Vf uel+crossover =
RT

2αF
ln i0−

RT
2αF

ln i (3.13)

Furthermore, to put it another way:

∆Vf uel+crossover =
RT

2αF
ln
(

i+ in
i0

)
(3.14)

Here, α represents the transfer coefficient, while f stands for F/RT (where F denotes Faraday’s constant,

R represents the universal gas constant, and T signifies the absolute temperature), and i0 refers to the

exchange current density.The constants include Faraday’s constant, F = 96500Cmol−1, the gas constant,

R = 8.314Jmol−1 K−1, temperature T , the electron transfer coefficient, α = 0.25.
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PEM cell properties that simply take activation losses into account, is shown in Figure 3.5.
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Figure 3.5: PEM cell characteristic considering only activation losses

3.3.5 Ohmic Loss:

(Voltage Loss Related to Charge Transport)As charge flows through conductors, cell voltage decreases

due to natural resistance. This resistance, known as ohmic polarization, is caused by the electrical resis-

tance in different parts of the cell. The main cause of the voltage drop in the fuel cell is internal ohmic

losses. This decrease in voltage is called ohmic loss.

Ohmic polarization follows Ohm’s law:

∆VOhm = ri (3.15)

In this particular context, internal electrical resistance is designated by the symbol rohm, which is mea-

sured in Ω · cm2. It’s important to specify that this resistance includes electrical resistance(Rele) , that

is the resistance for transport of electrons in contact wires, connections and electrodes. The term also

encompasses ionic resistance (Rion), that is the resistance to the transfer of protons from the anode to

the cathode. Research findings show that ionic resistance plays a key role in ohmic losses, even more so

than electronic resistance. Consequently, the collective impact of electrical and ionic resistances shows a

linear increase with increasing current density.The ionic component may be described as follows:

Rionic =
lm

Aσm
(3.16)
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in the equation, lm and σm are the membrane thickness and conductivity respectively. Experiments have

shown that the temperature T and water content λ of the membrane affect its conductivity as:

σm = a ·λ −b (3.17)

and

λ = cm
M

ρdry
(3.18)

the terms of M, ρdry and cm in the aforementioned relationships correspond to the membrane equiva-

lent weight,water concentration, and membrane density under dry conditions, respectively.The PEM cell

characteristic, which only takes into account ohmic losses, is shown in Figure 3.6.

Figure 3.6: PEM cell characteristic considering only ohmic losses

3.3.6 Concentration Loss

A lot of chemical processes involve concentration polarization, also known as mass transport loss. Con-

centration polarization occurs when a decrease in oxygen concentration at the surface of the cathode

catalyst leads to a decrease in cell voltage. This voltage decrease highlights the importance of progres-

sive oxygen mass transfer in causing this drop in voltage. The concentration polarization becomes more

significant as the power load increases. Although these processes occur at both electrodes, the hydro-

gen concentration polarization is often ignored in practice. This is because of the high rate of hydrogen

diffusion and the frequent use of pure hydrogen on the anode [184, 185].The typical polarization curve

illustrated in figure 3.4 shows a distinct range where mass transport losses begin to dominate, particu-

larly at higher current densities. This occurs in particular as the oxygen content at the electrode surface
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decreases. Figure 3.7 shows the characteristics of a PEM cell based only on mass transfer loss.

Examination of the conventional polarization curve in figure 3.4 have revealed a distinct range where

mass transport losses becomemore significant, particularly at higher current densities. This occurs in par-

ticular as the oxygen concentration at the electrode surface decreases. Concentration loss in the PEMFC

is expressed by the equation below.

∆VTrans = mexpni (3.19)
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Figure 3.7: PEM cell characteristic considering only mass transport loss

3.3.7 Terminal Voltage

The equation below can be used to determine the terminal voltage of the fuel cell [186]:

Vf c = E−∆Vf uel+crossover−∆VOhm−∆VTrans (3.20)

therefore 3.3.7 has the new form below:

Vf c = E− RT
2αF

ln
(

i+ in
i0

)
− (r · i)−

(
m · expni) (3.21)

The symbols E, ∆Vf uel+crossover, ∆VOhm, and ∆VTrans represent open-circuit voltage, activation, ohmic,

and concentration losses, respectively.Table 3.2 comprises the specifications and amounts applied in the

simulink model for the aforementioned equation constants.

The voltage of a fuel cell is represented by the estimated voltage v f c. To form a stack, multiple cells
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Table 3.2: Description of estimations for the over-potentiality equation parame-
ters

Symbol Description Value

m Coefficient 0.00003V
n Coefficient 0.008cm2mA−1

r Area specific resistance 0.0002KΩcm2

in Internal current density 3mAcm−2
i0 Exchange current density 1mAcm−2

α Charge transfer coefficient 0.25

are stacked in sequence. The stack voltage vst is obtained by multiplying the cell voltage with the number

of cells N and the stack current i, which is equal to the cell current.

vst = N · v f c (3.22)

To calculate the current density j, divide the stack current by the active cell area A.

j =
i
A

(3.23)

3.3.8 Power and Efficiency of PEMFC

The fuel cell’s specific power density, denoted asPs f c andmeasured inW/m2, can be calculated as follows:

Ps f c = v f c · j (3.24)

Fuel cell operating efficiencies are lower than theoretical values due to activation, ohmic, and mass

transport overvoltages [187]. Fuel cell efficiency is essentially determined by the ratio of usable energy

generated to the total energy supplied to the system over a given time period [188]. In an ideal situation,

all the energy from the previous reaction (3.1)and (3.2) could be converted into electrical energy. The

thermodynamic efficiency of the fuel cell reaction is shown below. In this context, ∆h̄ represents the total

amount of energy available in the process, while ∆Ḡ indicates the potential amount of energy that can be

converted into electrical energy.

ηT heo =
∆Ḡ
∆h̄

(3.25)
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By replacing ∆Ḡ by its value in equation (3.25) the thermodynamic efficiency is represented by

ηT heo =
−2E ·F

∆h̄
(3.26)

Here, ∆h̄ represents the change in enthalpy per mole of hydrogen in the reaction.

On the contrary, the presence of excessive voltage at the electrodes and resistance in the electrolyte

leads to a decrease in the potential v f c. If we assume that the efficiency of the fuel cell is equivalent to

that of a basic cell, the efficiency value, η f c, is then determined as follows:

ηT heo =
−2v f c ·F
Ncell∆h̄

(3.27)

Note that Ncell is the number of elementary cells in the stack.

The change in enthalpy for steam is not equivalent to that of liquid water. As a result, the potential

output values for a reaction can vary depending on the state of the output. The following table 3.3 presents

the ∆h̄ values for reaction (3.2).

Table 3.3: Enthalpy Changes,Gibbs free energy and Calorific (Heating) Values for Various Water States

Output State Value ∆ḡ (kJ mol-1) ∆h̄(kJ mol-1) Calorific value (MJ Kg-1)
Liquid Water LHV 223 241.83 120.21
Steam HHV 237.1 286.84 142.18

When defining the heating value of a reaction, it is important to distinguish between the High Heating

Value (HHV) and the Lower Heating Value (LHV) The HHV is a higher number, resulting in the produc-

tion of steam, while the LHV is a lower number resulting in the production of Liquid Water. it is likely

that the LHV has been used, as it provides a higher efficiency value [189]. The efficiency of the PEMFC

system, represented as ηFC, can be calculated using the following equation:

ηFC =
PFC

˙MFCHLHV
(3.28)

with

˙MFC =
Ncell ·MH2I f c

2F
(3.29)

in which ˙MFC is the fuel consumption rate of the PEM fuel cell stack, HLHV = 120MJ/kg(33.33kWh) is

the specific energy or lower heating value of hydrogen, MH2 and Ncell are respectively the molar mass of

hydrogen and the number of cells.
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3.3.9 Capacitance Double-Layer Charge Effect:

In addition to the impact of load current, pressure, and temperature on fuel cells, their dynamic response

is also influenced by their capacity to store electric charge. This characteristic, found in most fuel cells,

causes them to function like a substantial capacitor [190].This behavior is referred to as the double layer

of charge and refers to the accumulation of both positive and negative charges at the interfaces between

the electrolyte and electrode [14, 191].

In Figure 3.8a, the movement of oxygen ions represented as negative charges can be seen crossing

the electrolyte from the cathode to the anode.The double layer charge functions similarly to an electric

capacitor, as illustrated in Figure 3.8b. It can be charged or discharged based on the current’s direction or

the load applied.

C = ε
A
l

(3.30)

where l represents the distance between the layers,A represents the effective surface area shared by

the electrolyte and electrode, and ε represents the electrical permittivity of the electrolyte. In real fuel

cells, l is extremely small (measured in nanometers), whereas A is significantly larger due to the porous

nature of the electrodes. As a result, the capacitance (which can range from hundreds of microfarads to a

few farads) is significantly high [192].

(a)
(b)

Figure 3.8: The double layer of charge at the electrode-electrolyte interface is shown in3.8a , capacitor
that represents the double layer of charge’s charging and discharging is shown in3.8b [14]

An effective approach to improving the accuracy of the fuel cell model is to incorporate the influence

of the electrochemical double layer. This can be done by adding a capacitor to the activation and concen-

tration resistors, which introduces a time delay between the voltage and current responses of the fuel cell.

Figure 3.9, part 3.9a, shows the electric circuit equivalent model of a Proton Exchange Membrane Fuel

Cell (PEMFC) without the electric double layer capacitor. In contrast, Figure 3.9, part 3.9b, presents an

enhanced model that includes the double layer capacitor, resulting in a more comprehensive representa-

tion of the fuel cell dynamics.In this context, the equivalent resistance is defined as the ratio between each
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polarization and the electric current.

(a) (b)

Figure 3.9: Schema for a simple and equivalent fuel cell circuit

Activation :

Ract =
∆Vact

i
(3.31)

Concentration:

Rcon =
∆VTrans

i
(3.32)

Ohmic:

Rohm =
∆Vohm

i
(3.33)

Ract , Rcon, and Rohm represent the activation, concentration, and ohmic equivalent resistances, respec-

tively.The overvoltage of the capacitive double layer can be described by first-order dynamics, as follows:

dvd

dt
=

1
C

icell−
1

(Ract +Rconc)C
vd (3.34)

where vd is the dynamical voltage through the equivalent capacitor associated with C, representing the

membrane capacitance owing to the influence of the PEM fuel cell output voltage, and Ract ,Rconc are the

activation and concentration resistors, respectively.

This analysis focuses on the time required for the double-layer effect to stabilize as consumption fluc-

tuates. The time constant τ of the corresponding circuit can be determined using the following calculation

τ = (Ract +Rconc)C (3.35)
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When calculating the operating voltage of a PEM fuel cell (PEMFC), the voltage drop vd across the

charge double layer is considered an irreversibility, similar to ohmic polarization. Essentially, the double

layer polarization is subtracted from the Nernst potential to determine the fuel cell’s operating voltage.

vcell = E−Vohm− vd (3.36)

Results of Dynamic Behavior Simulation

In this model, a time-step current is utilized to simulate a specific level of stress while observing the

behavior of fuel cell properties. Figure 3.10a shows how the fuel cell output voltage dynamically responds

to changes in load current. At t = 10s, as the current increased from 10A to 20A, the output voltage

decreased from 0.69V to 0.6V . This change immediately caused a voltage drop across Rohmic, which

depends on Ract and capacitor C. Within 0.11s, the voltage stabilized at 0.6V and remained constant.

Conversely, when the current decreased to 10A at t = 15s, the output voltage increased from 0.6V to

0.69V and continued at this level until the simulation ended.

The plot in Figure 3.10b shows the evolution of the cell’s output power and power consumption as

the load current varies. The output power starts at 6.83W and peaks at 13.23W when the current is

increased from 10 to 20A at t = 10s. It then returns to 6.83W . The power consumption starts at 5W ,

rises to 11.57W with increasing current, and then returns to 5W after 15 s. When the current drops to

10A at t = 15s, the output power falls from 12.24W to 5.56W . After 1s, it gradually increases back to

6.83W . Power consumption drops from 11.57W to 5.075W and remains at this level until the end of the

simulation.
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Figure 3.10: The cell’s dynamic output voltage response3.10a, The cell’s dynamic output power and
consumed power response3.10b

The figure 3.13 illustrates the variations in the output power of a Proton Exchange Membrane Fuel

Cell (PEMFC) in response to different capacitance values associated with the double-layer charging effect.
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Time t [s]

(a) (b)

Figure 3.11: Voltage drop polarization 3.12a,Zoom voltage drop polarization 3.12b

(a) (b)

Figure 3.12: Dynamic voltage response of the PEMFCmodel in relation to the double-layer charge effect.
3.12a,and thair Zoom 3.12b

Time t [s]

(a) (b)

Figure 3.13: Fuel cell due to capacitance of double-layer charge effect: Cell output power 3.13a, Zoom
of cell output power 3.13b

3.3.10 Exchange Currents Effect:

Figure3.14a and Figure3.14b show the polarization curve and power of PEMFCs were plotted for a range

of current densities at an operating temperature of cell 80◦C and 1bar air pressure at defferent exchange

currents. As shown in Figure 3.14 the impact of the proton exchange current on the cell is easily noticeable

and has a significant influence on its performance. When there is an increase in the proton exchange

current io, it has a substantial effect on power generation, which is relatively dependent on it. As the

proton exchange current rises, the energy production and voltage also increase, resulting in reduced losses

within the PEMFC.
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(a) (b)

Figure 3.14: 3.14a: One cell voltage and 3.14b : Fuel cell power against current density performance for
a typical fuel cell operating at around 80◦C, 1bar air pressure, with variable exchange currenti0

3.3.11 Pressure Influence:

Figure 3.15 presents polarization curves, activation curves, ohmic and concentration overvoltages at dif-

ferent pressures for 80°C. The pressure effect corresponding to hydrogen and oxygen at the fuel cell inlet

is measured for the flooding fault. As the pressure of hydrogen and oxygen increases, activation losses

decrease, resulting in a reduced increase in current density, as shown in Figure 3.15b. Moreover, increas-

ing pressure reduces concentration losses and improves current density, as illustrated in Figure 3.15c.On

the other hand, ohmic resistance remains unchanged, as shown in Figure 3.15d . In summary, increasing

the inlet pressure enhances fuel cell voltage and power density, as demonstrated in Figure 3.15a. During

normal fuel cell operation, the pressure is maintained at 1 bar. However, in the event of flooding, the inlet

pressure automatically increases, leading to cell failure . Therefore, effective cell monitoring is crucial to

ensure reliable cell operation.

3.3.12 Temperature Influence:

The reversible cell potential from (3.14), (3.15) (3.19) is used in a fuel cell that consumes H2 and O2. As

the temperature rises, the activation losses decrease because of the Tafel constant. This, in turn, increases

the cell current density. The voltage drop under these conditions is non-linear. Figure 3.16b displays

the activation voltage as it changes with temperature. Figure 3.17b shows the ohmic overvoltage as it

changes with temperature. These losses occur due to the ohmic resistance caused by the electrolyte, cell

interconnections, and bipolar plates. Figure 3.17aillustrates the impact of temperature on concentration

voltage losses, which occur due to reactant consumption at the electrode. Here, temperature and losses

are inversely proportional. Additionally, figure 3.16a presents the cell voltage loss and power density for

varying temperatures. In general, increasing the temperature has a positive effect on fuel cell operation
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(a) Polarization curves for a fuel cell operated at different
pressure (b) Effect of pressure on the Activation loss

(c) Effect of pressure on the concentration loss (d) Effect of pressure on the ohmic loss

Figure 3.15: Comparison of fuel cell performance at different pressures

and performance, reducing activation and concentration losses. However, higher temperatures have a

minimal effect on improving cell performance and can even result in cell degradation and early failure.

(a) (b)

Figure 3.16: Various temperature effects: 3.16a on the polarization curve , 3.16b on the Activation loss
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(a) (b)

Figure 3.17: Various temperature effects: 3.17a on the concentration loss and 3.17b on the ohmic loss

3.4 Supercapacitor and their Mathematical Model

Below, the model and dimensions of the supercapacitor are discussed. The equivalent circuit model

frequently used is known as the RC model, which consists of a resistor R (also known as an equivalent

series resistor or ESR ) and a capacitor C. Widely used for energy regulation in embedded systems, this

simple RC model effectively captures the energy characteristics of a supercapacitor, including its storage

capacity [193,194], as illustrated in figure 3.18.

Figure 3.18: RC Model of the super capacitor

Because the connection between residual capacity and voltage level is relatively proportional, the

super capacitor’s SOC has always been applied to represent residual energy, it may be stated as:

SOCSC (%) =
VSC−Vmin

Vmax−Vmin
(3.37)

in the following, the super-capacitor voltage VSC as a function of SC current iSC is calculated:

VSC =− Qt

CSC
−RSCiSC (3.38)
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where, Qt denotes the amounts of electricity stored in a cell.

Using the power of a supercapacitor as a storage element in an electric vehicle necessitates the building

of a stack of numerous cells, NS of which are linked in series and NP are coupled in parallel.

The following is the SC rated capacitance:

CSC =Celem
NP

NS
(3.39)

the maximum equivalent series resistance of SC is provided by :

RSC = Relem
NS

NP
(3.40)

the stack voltage is given below :

VSC =VelemNS (3.41)

the current of the supercapacitor can be written in the following manner :

ISC = IelemNp (3.42)

The energy saved in the capacitor develops as the voltage rises throughout charging as follows:

Ecap =
1
2

C
(
U2

Max−U2
Min
)

(3.43)

the capacity can then be computed using:

C =
mv2(

U2
max−U2

min

) (3.44)

The discharge profile of a supercapacitor is shown in figure 3.19.The process starts by discharging

the supercapacitor. Then, it is charged with a constant current Ic until it reaches the specified rated value,

vrated. After that, the supercapacitor’s voltage is kept at vrated for 5 seconds. Lastly, the supercapacitor is

discharged by applying a constant current Id where Id = Ic .

When a charge or discharge current is applied, the resulting voltage deviation is used to determine the

resistance R (or ESR).

ESR=
VESR

Id
(3.45)

where ESR represents the Equivalent Serial Resistance in V , Id is the discharge current A, and VESR
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Figure 3.19: Constant current discharge profile

denotes the voltage drop V .The voltage drop VESR is calculated as the difference between Vrated and the

value on the voltage tangent at the start of discharge.

3.5 Design and Development of DC/DC Converter Models

DC/DC converters are essential in hybrid power systems. They help control and adjust the current and

voltage.

• Boost Mode: This mode increases the voltage from the PEMFC to match the higher voltage on the

DC bus side, based on the power needs of the load.

• Bi-directional Buck-Boost Mode: This mode allows easy voltage conversion between the super-

capacitor (SC) and the DC bus in both directions. During discharge, the boost mode is used, and

the buck mode is used for charging.

There are two main types of DC/DC converter models used in simulations:

• Average-Value Model: This model replaces the switching component with controlled voltage/cur-

rent sources. While it’s quicker and ignores some switching effects, it doesn’t capture all the con-

verter’s dynamics.

• Switching Model: This model considers switching harmonics and converter losses. It’s mostly

used for experimental setups with PWM control. This model provides a detailed understanding

of switching conditions and converter dynamics within a specified time. In our study, we use the

switching model to design a robust control loop that creates control signals for the switching com-

ponents.
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The structures of DC/DC converters based on the switching model are shown in Figure 3.20. Figure3.20a

illustrates the electrical design of the boost converter, while Figure 3.20b demonstrates the arrangement

of the bidirectional buck-boost converter. In terms of switching, the IGBT is chosen because it offers

voltage control, fast switching speed, low conduction voltage drop, high blocking voltage, and a favor-

able switched power/cost ratio. It is a power semiconductor device that combines the advantages of the

MOSFET and the bipolar transistor.

3.5.1 Converter Sizing Guidelines

At the time of sizing the converter, the values of the smoothing inductors L f c and Lsc are specified (figure

3.20). These are used to adjust the current ripple in both the converter and the power source. In addition, it

is necessary to determine the value of the filter capacitorCBUS, which is designed to minimise the voltage

ripple due to switching at the output of the converter [195].

L f c =
Vbus

4 · f ·∆ILmax

(3.46)

CBUS =
IL

4 · f ·∆Vbus−max
(3.47)

Lsc =
Vbus

4 · f ·∆Iscmax
(3.48)

where f is the switching frequency of the converter, IL and ∆ILmax are respectively the current and the

maximum current ripple in the boost inductor (figure , ∆ISCmax is the maximum ripple in the inductor of

the biderctional buck-boost converter, and ∆Vbus−max is the maximum voltage ripple across the capacitor.

A DC bus handled the energy between the storage units of the fuel cell hybrid electric vehicle (FCHEV).

Although the DC voltage delivered by the PEMFC changes greatly depending on the power requirements

of the vehicle, a well-regulated DC voltage is necessary.

3.5.2 Modeling of Fuel cell Converter

Because the FC is not reversible, you must operate it with a unidirectional converter. The unidirectional

converter is expressed in this study using the canonical mean-state theory, which is as follows:

di f c

dt
=

v f c

L1
− R1

L1
i f c− (1−u1)

vdc

L1
(3.49)

dvdc

dt
= (1−u1)

i f c

C0
− i1

C0
(3.50)
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(a) Fuel cell DC-DC converter

(b) SC bidirectional mode (buck-boost) DC-DC converter

Figure 3.20: The switching model of DC/DC converters with boost mode 3.20a and bidirectional mode
3.20b

where i f c,v f c ,vdc and i1 represent the FC current, FC voltage, DC link voltage, and output current of the

boost converter, respectively. The residual resistance of inductance, L1 is represented by R1 , and the duty

ratio signal is u1 applied to the switch, S1 .

3.5.3 Modeling of Supercapacitor Converter

On the SC side, a bidirectional DC-DC converter facilitates charging and discharging of the SC while

changing operational modes [196]. The mathematical expression for the SC current in the discharge

process is as follows:
disc

dt
=

vsc

L2
− R2

L2
isc− (1−u2)

vdc

L2
(3.51)

i2 = (1−u2) isc (3.52)

where vdc is the DC connection voltage, and The SC current and voltage are represented by isc and vsc,

respectively. Therefore, the linear connection is used to describe the relationship between isc and i2 . The

following expression determines the mathematical model and the link with the converter current and the
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SC current:
disc

dt
=

vsc

L2
− R2

L2
isc−u3

vdc

L2
(3.53)

i2 = u3isc (3.54)

where u3 = 1−u1

An additional drive signal can be used to build a full converter design:

u23 = [H (1−u2)+(1−H)u3] (3.55)

with H =

1 i f iscre f > 0

0 i f iscre f < 0
where H is the changeover mechanism and iscre f is the set-point current

of the supercapacitor. Figure 3.21 depicts the structure of the two sources of energy and their associated

DC/DC converters. The global state model of hybrid energy storage system (HESS) is given:

Figure 3.21: Diagram of the proposed hybrid power system


ẋ1 =

v f c
L1
− R1

L1
x1− (1−u1)

x3
L1

ẋ2 =
vsc
L2
− R2

L2
x2−u23

x3
L2

ẋ3 = (1−u1)
x1
C0

+u23
x2
C0
− i0

C0

(3.56)

with i0 = i1 + i2

81



Chapter 3: Exploring Essential Elements of the Design Process

The subsequent alternatives are applied:

[x1,x2,x3, ] = [i f c, isc,vdc] (3.57)

3.6 Three Phase Current System Configuration

To gain a comprehensive understanding of motor control methods, let us commence with an examination

of the three-phase current configuration. Figure 3.22a serves as an illustration of how power systems

utilize a three-axis coordinate system to depict this technique, rendering it more accessible to visualize

the arrangement of three-phase currents. While this approach employs a complex frame of reference,

Figure 3.22b presents a more straightforward alternative for visualizing the steady-state system.

α

β

iα

iβ
is

(a) Complex reference frame αβ

ia

ib

ic

Im

Re

(b) Current System in a three axis coordinate abc

Figure 3.22: Rotate coordinate

A three-phase electrical system having an angular frequency w0 can be represented within a stationary

three-phase coordinate framework as outlined below:

ia = I · sin(w0 · t) (3.58)

ib = I · sin
(

w0 · t +
2π

3

)
(3.59)

ic = I · sin
(

w0 · t +
4π

3

)
(3.60)

The transition from a three-phase to a two-phase system is determined by the following expressions:

is = ia +a · ib +a2 · ic (3.61)
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 a = e j· 2·π3 = −1
2 + j ·

√
3

2

a2 = e j· 4·π3 = −1
2 − j ·

√
3

2

(3.62)

The vector is can be represented in complex coordinates by applying the Clarke transformation.

is = iα + j · iβ (3.63)

iα =
2
3
·
(

ia−
1
2
· ib−

1
2
· ic
)

(3.64)

iβ =
2
3
·

(√
3

2
· ib−

√
3

2
· ic

)
(3.65)

The symbols α and β signify the utilization of a complex frame of reference. In this scenario, the matrix

structure can be employed to represent iα and iβ as follows:

 iα

iβ

=
2
3
·

 1 −1
2 −1

2

0
√

3
2 −

√
3

2

 ·


ia

ib

ic

 (3.66)

Park’s transformation is applied to transition from αβ coordinates to rotating dq coordinates. As the

dq coordinates rotate by an angle θ with respect to the αβ system, the relationship between the two

coordinate systems is described below:

 id

iq

=

 cos(θ) sin(θ)

−sin(θ) cos(θ)


 iα

iβ

 (3.67)

The Park transformation also facilitates the inverse transition from dq coordinates back to αβ coordinates

in the following manner:

 iα

iβ

=

 cos(θ) −sin(θ)

sin(θ) cos(θ)


 id

iq

 (3.68)

3.7 Mathematical Model for Permanent Magnet Synchronous Machine

As illustrated in Figure 3.23 , the propulsion system primarily comprises a (PMSM), a power converter,

a drive circuit, and a circuit for current sampling [197, 198] [199] .The Permanent Magnet Synchronous

Motor (PMSM) is mathematically represented in the rotational coordinate framework d−q in the follow-
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ing manner:

Figure 3.23: PMSM propulsion mechanism used in the FCEV.vd = Rsid +Ld
did
dt −weLqiq

vq = Rsiq +Lq
diq
dt +we(Ld id +φ f )

(3.69)

Te =
3
2

p((Ld−Lq)LdLq +φ f iq) (3.70)

The inductances on the d−q axes of the Permanent Magnet Synchronous Motor (PMSM) being used are

equivalent. Hence, Equation 3.71 can be expressed as:

Te =
3
2

p(φ f iq) (3.71)

where the mechanical and electrical rotor speeds are denoted as n and w = 2π p
60 n, respectively.In the

d−q coordinate frame, id and iq represent the stator currents, while vd and vq denote the stator voltages.

Rs stands for the armature winding resistance, Ls signifies the stator inductance, and φ f represents the

permanent magnet flux. p indicates the number of pole pairs, and Te represents the electromagnetic

torque.

The mechanical dynamics of the PMSM can be described as follows:

dwm

dt
=

1
J
[Tm−Te− fw] (3.72)

here wm represents the motor speed, J stands for the analogous inertia, fw denotes the rotor’s viscous

friction, while Tm indicate the load torque.

The torque and power versus speed curve depicted in Figure 3.24 illustrate two modes of opera-
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tion for electric motors: constant torque mode and constant power mode.In constant-torque mode at low

speeds, the machine can provide a constant rated torque , and the rotor power increases proportionally

with speed.When in constant-power mode, the machine can deliver a constant rated power when operating

above rated speed, and the available rotor torque decreases inversely with rotor speed.
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Figure 3.24: Full power acceleration and Power vs. Speed

Table 3.4: PMSM Parameters

Parameter Value Units

Rated power (Pr) 50 kW
Stator resistance (Rs) 6.5 mW
Stator inductance (Lsd, Lsq) 8.35 mH
PM magnet flux φ f 0.1757 Wb
Number of pole pairs (p) 4 -
Motor inertia (J) 0.089 kg.m2

Viscous damping ( f ) 0.005 N.s/m

3.8 Two-Level Voltage Source Inverter - Model

Figure 1(a) depicts a schematic representation of a 2L-VSI-PMSM drive system. The illustration displays

the switching signals for the top and bottom inverter arms of phases A, B, and C, specifically identified

as Sap, Sbp, Scp, San, Sbn, Scn.

Due to the corresponding structure of its top and bottom arms, the 2L-VSI can alternate between eight

modes. Consequently, these eight states produce six fixed amplitude and phase position space vectors for

the output line voltage.Sa, Sb, and Sc are the gating signals that control the switching states of the converter.

They are shown in the following manner:
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Si j =


1 if Sap on and San off

0 if Sap off and San on
(3.73)

where i = a,b and c and j = p,n

The switching states can be expressed by the vector as following:

S =
2
3
(
Sa +aSb +a2Sc

)
(3.74)

where a = e j2π/3.

Similar to the described three-phase current system above, the output voltage space vectors genergated

by this two-level voltage source inverter are defined by:

v =
2
3
(
va +avb +a2vc

)
(3.75)

where va,b,c denotes the phase to neutral voltages of the inverter. This voltage vector v is related to

the switching state S by

v =VdcS (3.76)

Considering all possible combinations of the switching signals Sa,b,c, there are in total eight reasonable

different switching states. These are presented in Fig. 2.2(b). The equivalent of v0 = v7 results in only

seven different voltage vectors.

In this work, the inverter is considered as a nonlinear discrete system with seven different states as

possible outputs, because only the direct control methods are focused.

Table 3.5: Summary of Voltage Vectors with Switching States concerning the VSI

(Sa Sb Sc) Voltage Vectors v (Sa Sb Sc) Voltage Vectors v
(0, 0, 0) V0 = 0 (0, 1, 1) V4 =−2

3Vdc

(1, 0, 0) V1 =
2
3Vdc (0, 0, 1) V5 =−1

3Vdc− j
√

3
3Vdc

(1, 1, 0) V2 =
1
3Vdc + j

√
3
3Vdc (1, 0, 1) V6 =

1
3Vdc− j

√
3
3Vdc

(0, 1, 0) V3 =−1
3Vdc + j

√
3
3Vdc (1, 1, 1) V7 = 0
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(a)

(b)

Figure 3.25: Illustration of Two-Level Three-Phase Voltage Source Inverter (VSI) 3.25a and their Voltage
Vector Configuration 3.25b
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3.9 Conclusion

This chapter focuses on the importance of power sources, in particular PEM fuel cells, supercapacitors

and power converters, examining their definitions, analyses and modeling. These components play an

essential role in vehicle operation and propulsion. In addition, the importance of modeling and numerical

simulation of these components was highlighted in order to fully exploit their capabilities. By creating

accurate models, it was possible to better understand their behavior and improve the performance of

electric vehicles. This modeling process was essential to ensure the effective and efficient use of PEM

fuel cells and supercapacitors, resulting in improved performance of fuel cell electric vehicles. The next

chapter will focus on the development and improvement of energymanagement across the different energy

sources and their controls, as well as exploring new possibilities for improving their performance for EVs.
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Essential Components of Control Design

In this chapter, we explore energy management strategies for multi-source electric vehicles. Our pri-

mary objective is to provide a comprehensive review of the various approaches and methods available to

enhance energy management in multi-source electric vehicles.More specifically, we are focusing on the

complex interaction between two essential energy sources: the fuel cell and the supercapacitor. We will

study how energy can be efficiently transferred and distributed between these two sources. The key role

of energy management is to improve system performance, increase overall efficiency and ensure a smooth

and comfortable driving experience which is our main objective throughout this chapter.Furthermore, we

will also discuss the specific challenges and promising opportunities related to power management in the

context of multi-source electric vehicles.
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4.1 Introduction

To facilitate energy exchange and power distribution, we introduce a dedicated power electronics interface,

which includes both unidirectional and bidirectional power converters.The primary advantage of an active

hybrid power exchange system through a power electronics interface, as opposed to a passive structure,

lies in its ability to monitor and control energy flow in real time.Subsequently, we employed non-linear

backstepping controllers to regulate the output voltage of the power sources, allowing for both step-down

and step-up operations. These controllers exhibited exceptional performance, ensuring voltage stability

with minimal ripple current.

However, the current chapter has highlighted specific challenges stemming from the highly non-linear

behavior of the fuel cell. These challenges have led to current ripples both at the fuel cell outputs and

within the hybrid system. Additionally, a fuzzy logic controller is employed to generate the reference

current, further enhancing overall control performance and effectively managing the system’s non-linear

characteristics. As a complement to the main controller, we have proposed a robust non-linear control

strategy. This strategy combines backstepping with super-twist sliding mode control to effectively address

these issues in the boost converter outputs.

4.2 Driving Cycle

A driving cycle is a standardized driving model used to evaluate various aspects of a vehicle’s perfor-

mance, such as fuel efficiency, emissions and range, among others [200]. It is essentially a sequence of

data points that graphically describe a vehicle’s speed over a given period. These cycles are carefully

designed to closely simulate real-world driving conditions, and are widely used by automakers, organiza-

tions and researchers to evaluate and analyze vehicle performance. They provide valuable information on

a vehicle’s operational characteristics and its impact on fuel consumption and emissions in typical driving

scenarios [201]. Cycles can be categorized according to the following indicators [202]:

• Load situation: This includes periods of continuous or variable speed.

• Context of use: This refers to urban, suburban, or motorway environments.

• Proposed vehicle mission profile: This may include bus service, private passenger transport, or

commercial delivery.

For emissions testing and certification in Europe, a chassis dynamometer test is conducted. This test

includes one Extra Urban Driving Cycle (EUDC 4.1b), which simulates highway driving, and four ECE
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Figure 4.1: Time series plot :NEDC4.1a EUDC 4.1b ,HWET4.1c,FTP4.1d

Urban Driving Cycles that replicate real urban driving conditions. The cold-start variant of this test,

known as the New European Driving Cycle (NEDC figure 4.1a), was implemented in 2000 [17].

Table 4.1: Comparative Analysis of Parameters Employed in the NEDC, EUDC, and ECEDriving Cycles
[17]

Characteristics Unit ECE 15 EUDC NEDC
Distance km 0.9941 6.9549 10.9314
Total time s 195 400 1180
Average speed (incl. stops) km/h 18.35 62.59 33.35
Maximum speed km/h 50 120 120
Average acceleration m/s2 0.599 0.354 0.506
Maximum acceleration m/s2 1.042 0.833 1.042

4.3 Power Demands Determination

A fuel cell, a supercapacitor, or both could be used as the main power source in a hybrid electric vehicle

to provide the power needed at all times [203]. Indeed, the vehicle’s power requirements at each phase

of the driving cycle are crucial to the efficient sizing of both energy sources [204]. The quantity of

mechanical energy dissipated by a vehicle while adhering to a specific driving pattern is determined by
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three fundamental factors: aerodynamic friction losses, rolling friction losses, and energy dissipated via

the braking system [205, 206].As a vehicle moves forward, it encounters a number of resistive forces.

Figure 4.2 provides a visual representation of these forces acting on the vehicle.

Figure 4.2: Forces applied on a vehicle

In this context, the force acting on the vehicle Ftot is the sum of accelerating force Fa ,drag force or

Aerodynamic force Fd ,gravitational force or grade force Fg and rolling force Fr as the following and their

brief descriptions are presented in Table 4.2:

Ftot = Fa +Fd +Fg +Fr (4.1)

Aerodynamic force (Fd) is generated by a vehicle’s motion through the air and is influenced by factors

such as the vehicle’s size and forme. It is directly related to air density ρ , the vehicle’s frontal area A , the

aerodynamic drag coefficient CD, and the square of its speed V (t). The aerodynamic drag coefficient CD

represents the object’s resistance to air movement for a given frontal area.

Fd =
1
2

CDAρV 2 (t) (4.2)

Gravitational force (Fg) is relevant when the road is inclined. This force become stronger as the

slope of the road increases and the vehicle’s mass becomes greater.

Fg = Mvgsin(α) (4.3)

where Mv determines the vehicle’s weight, g apply gravitational acceleration,the slope of the road α is

considered zero .

Rolling Force Fr The term rolling resistance, also known as rolling drag or rolling friction, refers
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to a force that resists the movement of a vehicle [207]. This resistance is mainly due to several factors,

including the aerodynamic drag acting on the vehicle, the resistance generated during acceleration due to

inertial forces, and the frictional resistance within the tires [208]. It is conventionally expressed using the

following mathematical notation [209]:

Fr = Mvg f cos(α) (4.4)

where f represents the rolling resistance constant.

Acceleration force (Fa): The acceleration of a vehicle caused by a net external force is directly pro-

portional to the force in a direction parallel to that force and inversely proportional to its mass, according

to Newton’s description of the Second Law of Motion [210].This force, called the acceleration force, is

typically expressed as :

Fa = Mv
dV
dt

(4.5)

Table 4.2: Forces Affecting Vehicle Movement

Symbol Description
Ftot Total tractive force required to move the vehicle.
Fa Accelerating force required to overcome the inertial effect.
Fd Drag force due to aerodynamic resistance of air.
Fg Grading force required to overcome the slopes of the road.
Fr Frictional load due to the movement of tires over the road.

The equation for the balance between the driving force and the vehicle resistance can therefore be

written as follows:

Ftot = mg f +
1
2

CDAρV 2 (t)+δm
dV
dt

(4.6)

where δ represents the rotating mass weight constant.

The necessary power can be computed as described below:

Plaod (t) =
1

ηmotorηDC/ACηDC/DC
V (t)

(
mg f +

1
2

CDAρV 2 (t)+δm
dV
dt

)
(4.7)

The efficiency of the motor, the DC/AC converter, and the DC/DC converter is represented by ηmotor ,

ηDC/AC and ηDC/DC respectively. In addition, the following result was obtained :

Plaod = Pf c +Psc (4.8)

94



Chapter 4: Essential Components of Control Design

where Pf c denotes the power of the fuel cell, while Psc denotes the power of the supercapacitors.The

vehicle’s essential characteristics are shown in table 4.3.

Table 4.3: The vehicle’s essential characteristics

Characteristic Value

Mass 800kg
Frontal projected area 2.59m2

Air drag coefficient 0.35
Air density 1.29
Roll resistance coefficient 0.014

4.4 Energy Management System

The main objective is to continuously meet the energy requirements of the powertrain while using the

least amount of hydrogen possible. It is crucial to determine the limitations set by the size of the system’s

components and prioritize keeping the storage element charged to maximize the overall efficiency of the

system. The main challenge lies in the unpredictable route taken by the hybrid vehicle. Consequently, the

energy management system needs to be capable of promptly responding to immediate energy demands

without prior knowledge of the future energy profile. Since achieving an optimal solution in this scenario

is impossible, the goal is to develop a solution that closely approximates the desired outcome [211].

4.4.1 Effective Scheme for Current Sharing and Frequency Regulation

The hybrid power system control system, which is based on the frequency sharing approach, effectively

handles transient and steady-state power issues. It achieves this by supplying the fuel cell and superca-

pacitor (SC) with the appropriate setpoint currents. This ensures a stable bus voltage and rapid recovery.

With this management method, the charging requirements of the fuel cell, whether regular or low-

frequency, are taken into consideration. As a result, the supercapacitor only responds to short charging

pulses. This not only prolongs the service life of the fuel cell, but also protects it from harmful current

peaks. Additionally, the supercapacitors are valuable for maintaining and restoring bus voltage, thus

ensuring a continuous power flow. Figure 4.3 illustrates the distribution of load power in the hybrid

power system using the LPF approach.

Figure 4.4 illustrates the decoupling of power between the fuel cell and supercapacitor (SC) power

setpoints. The objective is to allocate each power source an appropriate current, taking into account

their technical characteristics and operational limitations. The low-pass filter (LPF) used is defined as
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(a) (b)

(c)
(d)

(e) (f)

Figure 4.3: The process of Frequency Splitting in Power Systems
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1
τ·s+1 , where τ represents the time constant (0.01, 0.05, and 0.1). This filter attenuates high-frequency

SC currents while allowing lower-frequency fuel cell currents to pass through.The use of higher time

constants is suggested for improved filtering [212]. The desired output power of the fuel cell can be

Figure 4.4: Lowpass filter based power management strategies for fuel cells and supercapacitors power
Systems

determined on the basis of the Low Pass Filter:

Pfc =
1

η(τs+1)
Pload (4.9)

The output net power of the FC system, denoted as Pfc, is influenced by the efficiency of the EV system

represented by η , and the filter time constant of the FC, indicated by τ .

4.4.2 Energy management based Fuzzy Logic Methode

The purpose of the core layer control is to determine the appropriate allocation of power supplied by the

storage device as a function of speed. It is intended to make this system work properly and maintain

the power allocation from the demand side to the supply side in order to satisfy the load demand while

rejecting power shortages and excesses.In order to satisfy the energy needs of the load. A fuzzy inference

system (FIS) was created to provide an indicator called Kε , which is an additional parameter used to

make the adjustment between the main source power and the load power, This adjustment was based on

the following expressions:

iD = iscre f + i f cre f (4.10)
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and

i f cre f = Kε iD (4.11)

Furthermore, the desired current of the supercapacitor can be written as follows:

iscre f = (1−Kε) iD (4.12)

where iD denotes the demand current

4.4.3 Fuzzy Logic Controller

In this work, the objective is to maximize the performance of the vehicle by holding the SOC at as a high

level as possible.

Figure 4.5, shows a fuzzy logic based power management system (PMS).The FLC’s two input vari-

ables are the speed and the change in the supercapacitors’s state of charge SOCSC . The value of the first

input variable velocity is arranged in three modes for fuzzification: Low L , Medium M, and High H, with

a numerical limit of [0km/h 60km]. Equally, the other input signal has three modes: Low L , Medium

M ,and High L , with a numerical range of [0% 100%].The output of the Kε factor is classified into four

modes: Very Small V L, Small L , Medium M, and Very Large V L , with a numerical limit of [0.5 1.5].

Eq(4.67)

Eq(4.75)

Figure 4.5: Fuzzy logic based power management system (PMS)
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4.4.4 Membership Function Selection for Input and Output Variables

A crucial aspect of fuzzy logic modeling is the selection of membership functions. Because it has the

ability to approximate any piecewise continuous linear function using membership functions such as

triangular and trapezoidal functions and central mean defuzzification, fuzzy logic is a powerful tool in

engineering applications.The process involves three steps: first, the input data is converted into a fuzzy

form to optimize decision-making; second, an inference engine applies a set of rules; and finally, the

defuzzification step is carried out as shown in Figure 4.6.

Figure 4.6: Fuzzy logic steps

Due to their simplicity of representation and computational efficiency, triangular and trapezoidal func-

tions are used in this context, making them suitable for real-time applications. Semantic rules must be

used to create a membership function for each language value. Therefore, each value of the linguistic

variable speed, SOC and the output Kε has its own membership function.

The referential rule must specify a membership function for each linguistic data value. Figure 4.7

shows the membership functions which highlight the source feedback mechanisms. For defuzzification,

Mamdani’s fuzzy inference approach as well as the centroid method are used.

The trapezoidal membership functions have been chosen to specify the degree of membership of a

numerical input to a linguistic variable, as well as the possible operating domains of all input values; they

are specified by :

trap(x,a,b,c) =



0 , x < a

x−a
b−a , a≤ x≤ b

d−x
d−c , c≤ x≤ d

0 , x≥ d

(4.13)
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where (a), (b), (c) and (d) represent the possible range of variation of the input value.The blue curves

shown in Figures 4.7a and 4.7b low limit variation of inputs value, the red ones for the medium rang

variation, and finally the orange one gives the high rang of variation .
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Figure 4.7: Inputs and output membership functions of:4.7a SOCSC , 4.7b speed,4.7c scale factor Kε

As shown in Table 4.4, the nine rules provided for the PMS in the architecture proposed here contain

all the best operating parameters for the FC, the supercapacitor in various load scenarios.

4.5 Non-linear Backstepping Controller Theory

Backstepping is a systematic, recursive approach for synthesizing nonlinear control laws with Lyapunov

functions, which stabilize every phase throughout the step-by-step synthesis. A virtual control is produced
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Table 4.4: Fuzzy Logic Rule

SOC

Kε L M H

speed
L VH H M
M H M L
H M L VL

at each stage of the process to ensure the system’s convergence to its steady state. This approach makes

it possible to establish control laws that take into account system disturbances or unknowns. Backstep-

ping control depends on the principle of making closed-loop systems equal to first-order subsystems in a

stable Lyapunov cascade, providing them resilience and asymptotic global stability [109]. The following

nonlinear system can be considered:



ẋ1 = f1(x1)+g0(x1)x2

ẋ2 = f2(x1,x2)+g1(x1,x2)x3

...

ẋn = f2(x1, ..xn)+gn−1(x1, ..xn)u

(4.14)

Step I:

The first virtual law To begin with, the initial system has the following equation, (4.14), where x2 will be

treated as an intermediate virtual command.The first desirable reference of the subsystem x1 is defined as

following the reference yre f , as follows:

(x1)d
∆
= yre f = α0 (4.15)

where (x1)d represents the expected state. The subsystem’s first error variable is specified as follows:

e1 = x1−α0 (4.16)

and

ė1 = f1 (x1)+g0 (x1)x2− α̇0 (4.17)

For this particular subsystem, the initial step involves the creation of the Lyapunov V1 function in a
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quadratic form.

V1 =
1
2

e2
1 (4.18)

Its derivative is given by:

 V̇1 = e1ė1

V̇1 = e1 [ f1 (x1)+g0 (x1)x2− α̇0]
(4.19)

In order to ensure the stability of the subsystem according to Lyapunov, V̇1 must be negative. For this

we choose in the form:

V̇1 =−k1e2
1 ≤ 0 (4.20)

where k1 > 0 represents a conception condition. By substituting (4.20) in (4.19), gives :

V̇1 = e1 [ f1 (x1)+g0 (x1)x2− α̇0] =−k1e2
1 (4.21)

This gives the virtual law x2.

x2 =
1

g0 (x1)
[−k1e1 + α̇0− f1 (x1)] (4.22)

Hence the asymptotic stability of the origin. The latter will be the desired new reference x2ref of the

following system.

Step II:

The second virtual lawWe consider the first two equations of the system defined in (4.14). where the new

desired reference α1 will be the command xre f such as:

x2re f
∆
= α1 (4.23)

The new error variable is defined as :

e2 = x2−α1 (4.24)

this implies that the Lyapunov function is designed to guarantee the stability of the following subsystem:

ẋ2 = f2 (x1,x2)+g1 (x1,x2)x3 (4.25)
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These functions necessarily depend on the previous states of the subsystem defined by:

ẋ1 = f1 (x1)+g0 (x1)x2

For the subsystem (4.25), Lyapunov implements another function.

 V2 =V1 +
1
2 e2

2

V2 =
1
2

[
e2

1 + e2
2
] (4.26)

The second argument therefore is derived from :

 V̇2 = e1ė1 + e2ė2

V̇2 = e1ė1 + e2 [ f2 (x1,x2)+g1 (x1,x2)x3− α̇1]
(4.27)

For the subsystem to be stable, according to Lyapunov V̇2 should be negative. To this end, the form of V̇2

is chosen:

V̇2 =−k1e2
1− k2e2

2 ≤ 0 (4.28)

where k2 > 0 represents a conception condition. By substituting (4.25) into (4.27), this gives :

V̇2 =−k1e2
1 + e2 [ f2 (x1,x2)+g1 (x1,x2)x3− α̇1] (4.29)

Therefore, the virtual law x3 is produced.

x3 =
1

g1 (x1,x2)
[−k2e2 + α̇1− f2 (x1,x2)] (4.30)

with

α̇1 =
∂α1

∂x1
=

g0 (x1)
[
−k1ė1 + α̈0− ḟ1 (x1)

]
g2

0 (x1)

− [−k1e1 + α̇0− f1 (x1)] ġ0 (x1)

g2
0 [x1)

(4.31)

The system latter will utilize x3re f as the required new reference.

We put x3re f
∆
= α2 and continue until the last expression of the subsystem (4.14) where we reach the

actual control law calculation. In fact, the value of x3re f
∆
= α2 and continuing to the last expression of the
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subsystem (4.14) in which the calculation of the current control law is achieved.

Step n

The principle of last order is applied to the whole system as represented by equation (4.14). Similarly, for

this particular step, the subsequent reference to be respected will be as follows:

(xn)d
∆
= αn−1 (4.32)

error expression:

en = xn−αn−1 (4.33)

the time derivative :  ėn = ẋn− α̇n−1

ėn = fn (x1, · · ·xn)+gn−1 (x1, · · ·xn)u+ α̇n−1

(4.34)

with the function of expended lyapunov.

 Vn =V1 + · · ·+ 1
2 e2

n

Vn =
1
2

[
e2

1 + · · ·+ e2
n
] (4.35)

The derivative becomes: V̇n = e1ė1 + · · ·+ enėn

V̇n =−k1e2
1 + · · ·+ en [ fn (x1, · · ·xn)+gn−1 (x1, · · ·xn)u+ α̇n−1]

(4.36)

In effect, at this final stage, the fundamental control law u that achieves the design objectives of the

overall system has been deduced, unlike the xi laws, which are virtual laws. A good choice of the control

law must satisfy :

fn (x1, · · ·xn)+gn−1 (x1, · · ·xn)u+ α̇n−1 =−kne2
n (4.37)

where kn > 0 represents a control condition. Consequently, this system will be

governed by the following control law:

u =
1

gn−1 (x1, · · ·xn)
+ [−knen + α̇n−1− fn (x1, · · ·xn)] (4.38)
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This ensures that the derivative of the Lyapunov function is negative:

V̇n =−k1e2
1−·· ·− kne2

n ≤ 0 (4.39)

4.6 Form of a backstepping supertwisting sliding mode controller

The concept of backstepping is based on the concept of recursive control law synthesis. Some state vector

items are treated as "virtual commands" and intermediary control rules are built according to [213].

4.6.1 PEMFC converter control loop

Error signals must be generated in order to match the power source currents to the target values. The

following is the FC’s current error:

Γ1 = x1− i f cre f (4.40)

using fuzzy logic supervision, i f cre f is produced.The behavior of the equation (4.40) can be better under-

stood. By using the time derivative as described in the following:

Γ̇1 = ẋ1− ˙i f cre f (4.41)

The actual behavior of the error can be calculated as follows:

Γ̇1 =−(1−u1)
x3

L1
− R1

L1
x1 +

v f c

L1
− ˙i f cre f (4.42)

The Lyapunov function serves this purpose in the following form:

V1 =
1
2

Γ
2
1 (4.43)

The derivative with regard to time of V̇1 is as follows:

V̇1 = Γ1Γ̇1 (4.44)

The Γ̇1 value is used to deduce :

V̇1 = Γ1

(
−(1−u1)

x3

L1
− R1

L1
x1 +

v f c

L1
− ˙i f cre f

)
(4.45)
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in addition, for V̇1 to remain defined and negative, it must satisfy the conditions described, which can

be expressed as follows:

V̇1 < 0⇒ V̇1 =−KΓ̇2
1 (4.46)

Therefore, from (4.45) and (4.46), the following can be obtained:

−KΓ̇2
1 = Γ1

(
−(1−u1)

x3

L1
− R1

L1
x1 +

v f c

L1
− ˙i f cre f

)
(4.47)

where K is a parameter that has a positive constant value. Using x3
L1

as a virtual command and expressing

it with λ , as the following shows:

λ =
KΓ1− R1

L1
x1 +

v f c
L1
− ˙i f cre f

(1−u1)
(4.48)

for the system to be effectively stable, x3
L1

= λ must be true at all times. As a result,Γ2 is defined as follows:

Γ2 =
x3

L1
−λ (4.49)

By applying the value of the virtual control x3
L1

to (4.42), achieves:

Γ̇ =−(1−u1)(Γ2 +λ )− R1

L1
x1 +

v f c

L1
− ˙i f cre f (4.50)

Replacing the value of λ from (4.48) in (4.50),this gives:

Γ̇1 =−K1Γ1− (1−u1)Γ2 (4.51)

Indeed, (4.46) is expressed as follows:

V̇1 =−K1Γ
2
1− (1−u1)Γ2Γ1 (4.52)

The time derivative of the Γ̇2 values, according to (4.49), is as follows:

Γ̇2 =
ẋ3

L1
− λ̇ (4.53)
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The time derivative of lambda from (4.48) gives:

λ̇ =
ε

(1−u1)
− u̇1λ

(1−u1)
(4.54)

in other terms, consider the value of ε as follows:

ε = K1Γ̇1−
R1

L1
ẋ1 +

v f c

L1
− ¨i f cre f (4.55)

by substituting the values of ẋ3 and λ from (3.56) and (4.55) into (4.53) it gives:

Γ̇2 =
1
L1

[
(1−u1)

x1

c0
+u23

x2

c0
− i0

c0

]
− ε

(1−u1)
− u̇1λ

(1−u1)

(4.56)

Then, define the new combined Lyapunov function form:

V =V1 +
1
2

Γ
2
2 (4.57)

from (4.57), the derivative with respect to time becomes

V̇ = Γ1Γ̇1 +Γ2Γ̇2 (4.58)

when the value of the V̇1 of (4.52) is updated, the following is obtained:

V̇ =−K1Γ
2
1−Γ2

[
(1−u1)Γ1− Γ̇2

]
(4.59)

to define V̇ in terms of negativity, it must be

K2Γ
2
2 = Γ2

[
(1−u1)Γ1− Γ̇2

]
(4.60)

where K2 is the design parameter of the control, and K2 is always greater than 0. Therefore, (4.59) has

the form :

V̇ =−K1Γ
2
1−K1Γ

2
2 (4.61)

changing from (4.56) into (4.60) the control law is calculated as:
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u̇1 =
(1−u1)

λ
K2Γ2 (1−u1)Γ1+

+
1
L

(
(1−u1)

x1

c0
+u23

x2

c0
− i0

c0

)
− ε

(1−u1)
(4.62)

A sliding surface is now presented to enhance robustness in backstepping.

S = a1Γ1 +a2Γ2 (4.63)

The super-twist with backstepping control is created by extending a commutation phase to the surface-

based drive law u̇1.

The second-order sliding mode control super-twisting algorithm (SOSMC-STA) provides robust con-

trol action ust that drives and maintains system trajectories on the S surface in finite time, as shown in:

ust =−γ · |s|
1
2 · sgn(s)+w

ẇ =−α · sgn(s)
(4.64)

the terms α and γ which must be provided as chosen next, refer to configurable indicators.

α =
√

2β (t)

γ = β (t)
2

(4.65)

with

˙β (t) =

δ
√
|s| |s| ≤ ρ̃

0 Otherwise
(4.66)

Using the u̇1 form (4.62) and the ust form (4.64), the resultant driving signal u1 may be computed as

follows:

u1 =
∫

u̇1dt +ust (4.67)

Figure 4.8 is a schematic layout of the BS STSMC structure.
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Figure 4.8: schema of Boost converter controlled by Backstepping supertwisting sliding mode con-
troller(BS STSMC )

4.6.2 Supercapacitor Converter Control loop

To construct the control law for the additional energy sources, u23 must first be evaluated in order to main-

tain x2 at its set point iscre f . The following error expression illustrates the situation of the supercapacitors:

Γ3 = x2− iscre f (4.68)

by using the value of u̇1 in equation (3.56) and the time derivative of Γ3 from (4.68), the following result

is obtained:

Γ̇3 =−u23
x3

L2
− R2

L2
x2 +

vsc

L2
− ˙iscre f (4.69)

the following Lyapunov candidate is selected as having the subsequent important function of the obvious

error:

V2 =
1
2

Γ
2
3 (4.70)

the time derivative of V2 will get:

V̇2 = Γ3Γ̇3 (4.71)

the final negative value, V̇2 will be established using the following:

Γ̇3 =−K3Γ3 (4.72)

consequently, (4.69) and (4.72) produce:

−u23
x3

L2
− R2

L2
x2 +

vsc

L2
− ˙iscre f =−K3Γ3 (4.73)
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subsequently, (4.72) has the following form:

V̇2 =−K3Γ3 (4.74)

The control signal u23 is obtained by means of the calculation (4.73), which is given:

u23 =
1
x3

[
L2K3Γ3−R2x2 + vsc−L2 ˙iscre f

]
(4.75)

The system becomes stable if V̇ is at all times negatively defined for all t→ 0. Also, sliding variables

S will converge to zero as t→ ∞.

The cumulative mathematical procedure, which is a more accurate explanation, is the following:

V̇ =−K3Γ
2
1−K2Γ

2
2−K3Γ

2
3 6 0 (4.76)

4.7 Simulation Results and Discussion

The findings of this work are presented in this section. Two different scenarios were simulated using

the MATLAB/Simulink software. The first scenario utilized a speed profile known as the New European

Driving Cycle (NEDC), which is extensively used in Europe. This speed profile can be seen in Figure 4.9a.

The corresponding torque reference profile derived from the speed profile is displayed in Figure 4.9b. The

second scenario employed a speed profile called the exact urban driving cycle, which is depicted in Figure

4.14a. The torque reference profile derived from this speed profile is shown in Figure 4.14b.

4.7.1 Scenario 1: Frequency based Energy Management

In this scenario, we implement energy management based frequency splitting as the initial control layer,

followed by BS STSMC as the secondary layer.

Figure 4.9a depicts the New European Driving Cycle (NEDC), which is widely utilized in Europe.The

NEDC comprises various driving patterns, including four consecutive segments of the Urbain Drive Cycle

(UDC) that replicate typical urban driving conditions (from 0 to 800 seconds), characterized by frequent

stops and starts. This is then succeeded by an Extra Urbain Drive Cycle (EUDC) segment (from 800 to

1200 seconds) that simulates suburban driving conditions with higher and sustained speeds.

The Figure 4.10a demonstrates that the BS STSMC-based frequency distribution technique efficiently

manages fluctuations in power demand. Additionally, Figure 4.10b illustrates that the control system

effectively maintains a stable DC bus voltage, thereby highlighting the successful voltage regulation loop.
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The voltage and current of the fuel cell during frequency-based energymanagement with a BS STSMC

controller over the NEDC are shown in Figure 4.11a and 4.11b, respectively. These measurements are

influenced by fluctuating power loads. This study considers the "double layer charge" behavior of the fuel

cell, where a value of 3µF was used for the simulation.

In Figure 4.13a, it can be observed that the supercapacitor voltage vsc is maintained close to the optimal

value of vsc = 38V . Figure 4.13b illustrates the supercapacitor current isc, showing that it closely tracks

its set point isc, ref under the frequency-based energy management strategy.

Figure 4.13c presents the state of charge (SOC) of the supercapacitor, SOCsc, which starts at an ini-

tial value of 80%. The fully charged and discharged values are SOCsc = 80.02% and SOCsc = 80%,

respectively. This indicates that the proposed frequency-based energy management approach, utilizing a

BS STSMC controller over the NEDC, effectively monitors and maintains the state of charge at optimal

levels.

(a) Speed

(b) Torque

Figure 4.9: Torque applied to motor and Speed of FCHEV over the NEDC driving cycle
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(a) Power distribution results

(b) DC BUS voltage

Figure 4.10: Results of frequency-based energy management with BS STSMC controller over the NEDC

4.7.2 Scenario 2:Comparative with Fuzzy logic and Detrministic Rules based En-
ergy management

Table 4.5 explains the management regimes selected by an EMS based on deterministic distribution cri-

teria [18]. The operational stages are regulated by torque (T), power load, operating speed, and SOC and

include "Run", "Fuel Cell", "Supercapacitor Power", "Hybrid Drive Power", "Deceleration", and "Park".

As illustrated in Figure 4.14a, the comparison analysis is carried out utilizing the hybrid energy system

in the EUDC, defined test driving cycle and speed-time lines, and their traction torque in Figure 4.14b.

A rule-based approach is defined by a PI-deterministic rule-based EMS. The hybrid electric system

includes a supercapacitor with a SOC 80% precondition to replicate the energy distribution in the EUDC

driving cycle.Figures 4.15a and 4.15b show the energy management outcomes according to the two EMS

in consecutive order. Variations in driving behavior are visible after evaluating the energy distribution

outcomes of both techniques.

The application of deterministic PI rules in the control of a hybrid power system can manage energy

without having to react to massive transient power fluctuations. Yet, deterministic rules must be flexible
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(a) Fuel cell voltage

(b) Fuel cell current

Figure 4.11: Fuel cell voltage and current results of frequency-based energy management with the BS
STSTM controller on the NEDC

and optimized in pursuit of successful performance. At high load conditions, the fuel cell’s power capacity

may be limited, and the SCs must share a considerable amount of energy. This limitation is addressed

by combining BS STSMC as well as fuzzy logic, which ensure that the fuel cell can produce maximum

power while being protected by a limited rate of power change. Importantly, the power profile of the fuel

cell generated using the proposed fuzzy logic approach has greater follow-up characteristics to the load

power, and its power supply ability can be fully proved as the primary power source.

In Figure 4.16a, the power curve of the PI deterministic fuel cell exhibits rapid changes when the op-

erating mode shifts, which are caused by the transient response of the fuel cell. However, in Figure 4.16b,

the PI deterministic rule-based EMS demonstrates slow dynamics in the discharge of the supercapacitor

(SC). In contrast, the BS STSMC and fuzzy logic EMS smooth the fuel cell’s power profile by taking into

consideration the PEMFC dynamic, which may order to protect the fuel cell from the trouble of starvation

and is appropriate for the fuel cell’s real operating characteristics, as can be seen in the PEMFC voltage

in figure 4.18.

Furthermore, in the SOC graphs 4.17a, there is a significant difference between the SOC governed

by BS STSMC, fuzzy logic-based EMS, and PI deterministic rules-based EMS. When SOC is governed
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Figure 4.12: Fuel cell stack hydrogen consumption for the case Frequency based energy management
with BS STSMC controller over the NEDC.

Table 4.5: Management regimes chosen by an EMS on the basis of deterministic distribution criteria [18]

Management Torque Power Operating SOC SC Power
regimes load speed power balance

Run > 0 < PL <VT > SOCL + PLoad = Psc

Fuel cell < T PL < P < PH >VT > SOCM 0 PLoad = Pf c

SC power < T PL < P < PH >VT < SOCM − PLoad = Pf c−Psc

Hybrid drive > T > PH >VT > SOCL + PLoad = Pf c +Psc

Deceleration < 0 < > > SOCH − PLoad = Psc

Park = 0 = 0 = 0 / 0 /

by BS STSMC and fuzzy logic-based EMS is governed by EUDC, the percentage changes from 80%

to 78.71%. On the other hand, when SOC is governed by PI deterministic rule-based EMS,the range

changes from 80% to 76%. From the obtained results, it can be seen that energy management based on

fuzzy logic with BS STSMC led to a good reduction of the hydrogen consumption as shown in figure

4.17b while respecting the limits imposed by the sources, a good control of the SOC, and the stability of

the FC during its operation.
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(a) Supercapacitor voltage

(b) Supercapacitor current

(c) State of charge of supercapacitor

Figure 4.13: supercapacitor Results under frequency-based energy management with BS STSMC con-
troller over the NEDC
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Figure 4.14: Driving cycle: 4.14a Car speed under EUDC 4.14b Traction Torque under EUDC

(a) BS STSMC (b) PI Deterministic rule

Figure 4.15: Energy distribution results:4.15a BS STSMC fuzzy logic based EMS for EUDC. 4.15b PI -
Deterministic rule based EMS for EUDC.
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Figure 4.16: Supercapacitor and PEMFC Comparisons results: 4.16a PEMFC power . 4.16b Superca-
pacitor power
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4.8 Conclusion

This chapter focused on studying a unidirectional converter connected to a PEM fuel cell. It was evident

that incorporating a storage element and bidirectional DC-DC converter is essential as a backup system for

efficient energy storage and retrieval. To ensure strong control against external fluctuations and temporal

variations in system parameters, the use of a back-stepping controller was justified. This choice offers a

high level of robustness and allows for effective adaptation to dynamic conditions. By implementing these

control strategies, the overall performance and reliability of the system can be significantly improved.

Additionally, we investigated an energy management approach based on fuzzy logic, utilizing a back-

stepping controller, and compared it with a deterministic rule that uses a PI controller. We also explored

a second scenario that applied energy management based on the Frequency split technique. Finally, sim-

ulation results and discussions were presented to validate the effectiveness of these approaches.
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A summary

The subject of this thesis is within the scope of design and control aspects of hybrid electric vehicles

(HEVs). Due to their unique and challenging characteristics, such as frequent stops and intermittent ac-

celeration/braking, urban driving scenarios are of particular interest. The design process of the proposed

FCHEVs involves the following procedures:

• Select and model the FCHEV power/energy sources appropriately.

• Integrate the identified sources into a suitable topological design.

• Propose an efficient energy processing stage.

• Finally, size the propulsion elements based on the required road response and the dimensions of

the chosen vehicle.

In this context, a hybrid combination structure is being studied. This structure is equipped with a

fuel cell that is interfaced with the DC bus via a boost converter. Furthermore, the need to use energy

storage systems hybridized with the PEMFC to provide an optimally operating system is demonstrated.

The storage devices are connected to the DC bus via bi-directional DC/DC converters. These converters

regulate the DC bus voltage and manage the transfer of power to the load.

In the first phase of this research, the primary difficulties linked to the FCHEV’s energy management

system and the modeling of power converters and their control are addressed. The EMS is a critical com-

ponent in the further improvement of the FCHEV’s drive train. The FCHEVmust satisfy the requirements

for both driving cycles and acceleration by operating the powertrain system more efficiently. Moreover,

the EMS proposes an energy split based on the reference power of the fuel cells and supercapacitors

identified by the fuzzy controller.

The proposed controller supports effective performance in terms of fuel consumption reduction,

power supply reliability, and keeping the supercapacitors’s state of charge (SOC) within an acceptable

working range. Furthermore, fuel cell and supercapacitor converters use backstepping supertwisting tech-

niques to drive the real currents of the fuel cell and supercapacitor to meet their provided reference values.



General Conclusion

To emphasize this study, an EMS with PI - deterministic algorithms is built to be comparable to the pro-

posed EMS in the extra-urban driving cycle (EUDC). In addition, the stability of the controlled system is

ensured at all times. Moreover, the SOC of the supercapacitor remained within the required range.As a

result, the conducted comparative tests have decisively established the effectiveness and viability of the

proposed techniques.

Future directions

• Investigation of the topology of interleaved DC-DC converters for FCEVs interfaced to superca-

pacitors and PEMFCs.

• Developing an intelligent energy management control system for fuel cells, batteries, and superca-

pacitors in hybrid electric vehicles.

• Investigation into the integration of fuel cells and supercapacitors in hybrid electric vehicles, with

the development of an efficient model predictive controller.
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APPENDICES

5 Appendix A Parameters

The power sources and DC-DC converter parameters used for the HESS are listed in the tables below.

Table 5.1: Power sources specifications

PEMFuel cell parameters Value

Nominal voltage 270V
Nominal current 100A
maximum power 30Kw

Supercapacitor parameters Value

Rated voltage 48V
Rated capacity 33F
Number of series capacitors 5
Number of parallel capacitors 1
Capacitance of individual cells 165F

Table 5.2: Component values of the DC-DC converters

Parameters Value

Inductors L1 L2 L3 2mH
Inductor resistors R1 R2 R3 0.2Ω

Output capacitance C0 2mF
Switching frequency 10KHz
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