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Abstract

Hybrid power systems (HPSs) based on clean and renewable energies have become an effective alternative for
reducing the use of fossil fuels in generation systems. One of the well-known HPSs dedicated to transportation applications
is that formed by a PEMFC acting as the main source along with a lithium-ion battery and a supercapacitor acting as storage
systems. This hybridization allows optimizing the fuel cell system to achieve better performance via an energy management
strategy (EMS) that distributes the load power between the power sources. This EMS ensures optimal fuel economy while
ensuring that each power source operates within its proper limits. The EMSs that have been considered herein are the state
machine control strategy (SMC), PI controller strategy, equivalent consumption minimization strategy (ECMS), and
external energy maximization strategy (EEMS). To this end, a simulation model was developed to validate the different

EMSs and assess their performances.
Keywords: Fuel cell, Battery, Supercapacitor, DC-DC converter, Energy management strategy, Hybrid power system.
Résumé

Les systemes hybrides d’énergie basés sur des énergies propres et renouvelables sont devenus une alternative
efficace pour réduire I'utilisation des combustibles fossiles dans les systémes de production d’énergie. L'un des systemes
hybrides les plus connus dédiés aux applications de transport est celui formé par une pile a combustible de type PEMFC
agissant comme source principale avec une batterie lithium-ion et un supercondensateur agissant comme des systemes de
stockage. Cette hybridation permet d'optimiser le systéme de pile & combustible pour obtenir de meilleures performances.
grace a une stratégie de gestion de I'énergie (EMS) qui répartit la puissance de charge entre les sources d'énergie. Cette
stratégie assure une économie de carburant optimale tout en garantissant que chaque source d'énergie fonctionne dans ses
propres limites. Les EMSs considérées ici sont la stratégie de contréle de la machine d'état (SMC), la stratégie du contrbleur
Pl, la stratégie de minimisation de la consommation équivalente (ECMS) et la stratégie de maximisation d’énergie externe
(EEMS). Pour cela, un modéle de simulation a été développé pour valider les différentes EMSs et évaluer leurs

performances.

Mots-clés : Pile a combustible, Batterie, Supercondensateurs, Convertisseur DC-DC, Stratégie de gestion d'énergie, Systeme

hybride de puissance.
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General Introduction

Recent global challenges, such as the Russia-Ukraine conflict, worldwide Covid-
19pandemic, climate change, and supply chain disruptions, have driven up oil and gas costs,
severely impacting various applications [1]. As a result, numerous nations are seeking to attain
sustainable development goals and switch from non-renewable energy sources to ones that are
more effective and environmentally friendly [2]. Renewable and green energy sources are the

auspicious solution for nowadays energy problems [3].

In this context, there is a promising technology that has the potential to use these
renewable and green energy sources called a hybrid power system (HPS). The HPS is a
technique to revolutionize the way energy is stored and used, so it consists of interconnected

loads, power sources, and energy storage systems [4].

The power energy sources include renewable energy sources such as photovoltaic (PV),
wind turbines (WT), biomass, and tidal and wave power sources, in addition to fuel cell (FC)
as clean sources [4]. The energy storage system can be divided into mechanical systems,
including compressed air, flywheel, and pumped hydro; electrochemical systems, including
battery; electrical systems, including supercapacitor, and superconductive magnets; also

thermal systems including hot water storage, thermal fuel storage, and ceramic thermal storage
[4] [5]-

An energy management strategy (EMS) is a primary part of an HPS [6] [7]. The EMSs
play a critical role in system performance to attain several key goals, such as minimizing

production costs, improving energy efficiency, and increasing durability and reliability [8].

Given that the majority of the EMSs have yet to be used in industry and are still in the
stage of scientific research; they fall into two categories: industrial and scientific research. The
former consists of a rule-based strategy (RBS), while the latter consists of an optimization
strategy (OS) [9]. The RBS mainly subcategorized the deterministic rule-based control
strategies (DRBS), in which usually include look-up tables, filter-based control (FBC), and
wavelet transform (frequency decoupling FD), load follow control known as state machine
control (SMC) [10], and the fuzzy rule-based strategy (FRBS) [11], which can be traditional,
adaptive or predictive fuzzy control strategy [7]. Furthermore, OS may be split into global

optimization strategies (GOSs), including linear programming, dynamic programming, and
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stochastic strategy [7]; also instantaneous optimization strategy (10S) [9] typically including
the equivalent consumption minimization strategy (ECMS) [12], external energy maximization
strategy (EEMS) [13], model predictive control (MPC) [14], artificial neural network [15],
particle swarm optimization (PSO) [16], and Pontryagin’s minimum principle (PMP) [17].
Other methods can also be included like sliding mode control [18], robust control (RC) [9],
manta ray optimization (MRO) [19], and Harris Hawks optimization (HHO) [20].

The HPS can be used in a variety of applications, including in vehicles [9], in which it
is used to generate electricity for powering electric motors. In aircraft [21], in which it is used
as an emergency power system. In remote locations [22], in which it provides a reliable source
of electricity for military bases [23], university campus [4], buildings [24], hospitals, police

stations, industrial locations, and other essential services.

In accordance with global energy transition trends, Algeria increases its bet on
investment in renewable energies; and it has a tendency to adopt hydrogen as “Algeria’s clean
energy choice”. Hydrogen called also “energy of the future” is a future fuel free of emissions
to reach carbon neutrality and limit climate change. It can be used as a hydrogen fuel cell, a
promising hydrogen-related technology, to act as the main source in the HPSs. Hydrogen fuel
cell technology may be used in a wide range of applications, such as electric vehicles [9], trains
[25], tramways [26] [27], aircraft [21], and powering buildings [28]. Not only that, laptops and
mobile phones [29], and drones [30] may also be powered by tiny hydrogen fuel cells.

Subsequently, the proposed HPS consists of a proton exchange membrane fuel cell that
is presented as the primary source, as well as a storage system comprised of a lithium-ion battery

and a supercapacitor acting as a secondary source.

So, the objectives of this study are the modeling, control, and management of the fuel
cell hybrid power system, in which a simulation model is established based on the average
model of the unidirectional and bidirectional DC-DC converters and DC-AC inverter as well.
To fulfill these objectives, this work will be subdivided into three chapters, which are organized

as follows:

Chapter 1 goes through relevant literature on the topic of HPS, with a focus on the

concept of hybridization and the main energy sources principles.

As described in chapter two, the system components and the basic operation of the
converters are described with the objective of reaching a mathematical model of the HPS.

Actually, the modeling phase is indispensable for the power converter’s sizing and control
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design. For this end, two DC-DC converters are considered: the boost converter is used to
control the fuel cell output power, and the bidirectional DC-DC converter is used to control the
bidirectional power flow from or to the battery/ supercapacitor.

The presence of multiple power sources requires the design of an EMS to distribute the
power load between the fuel cell and battery. Chapter three will discuss this problem statement.
The design of such EMS should be made in such a way as to achieve the minimization of fuel
usage to ensure each energy source operates within its limits and guarantee the longevity of the
whole hybrid power system. There are several EMSs that have been reported in the literature;
we will study many of them, including the state machine control strategy, Pl-based energy
management strategy, equivalent consumption minimization strategy, and external energy

maximization strategy.

At the end of this manuscript, a general conclusion is given to conclude the obtained

findings, and give some relevant suggestions for further work.
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Chapter 1:
Fuel Cell/ Battery/ Supercapacitor Hybrid System

Generalities

In many applications, using conventional electricity is neither economically nor
technically feasible. Hybrid power systems are increasingly being used as alternatives. Utilizing
the plentiful fuel cell supply and all renewable energy sources can be crucial in ensuring
ecologically friendly and clean electricity. However, due to their sporadic nature, these sources
frequently do not provide enough power to meet the demand from the load. As a result, energy
storage is a necessary condition to provide a steady supply of electricity. While lowering
operating costs, HPSs utilizing clean and renewable energy sources can offer effectiveness,
dependability, and security. This chapter presents an overview of the suggested HPS. It starts
with focusing on the concept itself followed by presenting the different possible configurations.
In these configurations, the fuel cell is considered as the main source. The battery and
supercapacitor are regarded as storage systems. Subsequently, more details about fuel cell

source and storage energy sources are given.

1.1 Hybrid power system overview

Fossil fuel supplies are disappearing over the world today, which raises the price of
producing them [31]. As a result, renewable energy creates an essential function in future power
supply due to its availability in most zones, and even people's cognition is increased about
dangerous environmental emissions [32]. However, owing to the irregular nature of these
sources, a hybrid of these with an energy storage system can ensure reliability by continuous
supply, in which energy storage is an integral element of the system. Furthermore, proper HPSs
configuration selection, control techniques, and source dimensions are vital to forming a
powerful HPS [33].

1.2 Concept and topologies of hybrid power system

The hybrid power system has its generation sources that are connected with the loads
[34]; subsequently, the fuel cell (FC) is considered as the main source in the hybrid fuel system,
while the battery and supercapacitor (SC) are considered as the storage devices.
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As shown in Figure (1.1), FC possesses a slow dynamic due to its tardy inner
electrochemical and thermodynamic responses [35], contrary to the storage energy sources that
have faster dynamics. Furthermore, SC provides a too-quickly dynamic than to battery [36]. As
a result, the SC operates at a transient peak and the battery during continuous demand while the
FC meets the average demand [21]. Hence, that hybridization delivers flexibility in managing
the power demand from the fuel cell by protecting this last from harmful transition, thus
achieving higher efficiency through this levelling [37].
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Figure 1.1: Dynamic classification of the embedded sources [36].

All these elements share the same DC-bus through suitable electronic power converters.
As depicted in Figure (1.2), there are nine topologies for the power converter connections as
suggested in [21].

To achieve a better DC coupling configuration in terms of power controllability,
efficiency, cost, and weight, we should keep an eye on all of these components. For this purpose,
a unidirectional DC/DC converter is always chosen to attach the FC to the DC-bus, and

bidirectional DC/DC converters are required to connect the battery and SC.
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Figure 1.2: Hybrid power system topologies.

1.3 Main energy source

1.3.1 Fuel cell description

Various techniques can be used to convert hydrogen into electricity, including FCs and
combustion reactions. Compared to combustion reactions, FCs offer the advantage of superior

conversion efficiencies [38].

FCs are stationary energy-converting devices that transform chemical energy straight
into DC electrical energy [34]. All FCs share a similar basic structure; it mainly consists of an
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anode and a cathode on both sides, which are supplied them by fuel and oxidant, respectively,
and an electrolyte is located between these, in addition to an external circuit [39]. There are
different sorts of FCs according to the type of electrolyte used, and the operating temperature

considered [40].

A single FC voltage is typically in the field of 0.6—-0.9 V in actual applications, while
the theoretical value is nearly 1.23V [41]. For this reason, the FC stack must be created by

series (to increase the potential) or parallel (for a more current to be dragged) connection [39].

1.3.2 Fuel cell components

FC has different layers, as seen in Figure (1.3). They all contribute with different

functions to achieve the goal of a well-functioning FC.
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Figure 1.3: Fuel cell components [36].
% Electrodes (anode and cathode)

The electrodes of the FC are an essential part of the electrochemical reaction as they are
composed of two components; an anode and a cathode. The former is responsible for the
oxidation of the fuel; the latter is responsible for the reduction of the oxidant. They are usually
made of a bipolar plate, which allows the fuel and oxidant to pass through into the cell, and are
coated with a catalyst layer, which facilitates oxidation and reduction reactions. They also

contain diffusion layers, which ensure that the reactants are evenly distributed throughout the

FC [41].
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% Bipolar plates

Bipolar plates are typically made of graphite, stainless steel, or polymers [42]. There are
two main types of bipolar plates: solid and porous. Solid plates are made of a single material;
they are better for high-temperature applications, while porous plates have a layer of porous
material between two solid layers; they are better for low-temperature applications [43].

They have ability to conduct electricity; these plates contain channels that dispense
oxidant and fuel to the cell. The plates must also be coated with a material that is resistant to
corrosion in order to maintain their structural integrity, and provide a good conductivity [41].

% Diffusion layer

There are two main types of diffusion layers. Microporous layers that are made up of a
thin membrane with tiny pores that allow the reactants to pass through. They are typically used
in low-temperature FCs and placed between the catalyst layer and the gas diffusion layer. Their
major roles are to border the lack of catalyst into the gas diffusion layers, furthermore, get better
managing water [44]. Gas diffusion layers are made up of a thicker membrane with larger pores
that allow the reactants to pass through. They are hence used in high-temperature FCs. They
are arranged between the bipolar plates and microporous layers [39], and provide several key
benefits; as well, their primary procedures are equivalent to those of microporous layers. They
help to ensure that the reactants are evenly distributed throughout the cell and that the reaction
is as efficient as possible [45]. This layer is used to conduct current between the catalyst layer

and the bipolar plates, and it is utilized to empty the produced water to avoid its collection [46].
% Catalyst layer

A catalyst is a material used to accelerate the reaction of FCs. Platinum is the most
commonly used catalyst, whereas other metals such as palladium and ruthenium can also be
used. It is a precious metal, which can be expensive. It facilitates the electrochemical reactions
by reducing the activation energy to allow happened them at a lower temperature; this makes

the process more efficient [47].

7

% Electrolyte
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Electrolyte is the medium that facilitates the ionic transport between the two electrodes
of the FC; so, it should be able to maintain a high ionic conductivity. The sort of electrolyte
used in an FC includes a solid or liquid material. It also acts as a barrier to prevent the crossover

of reactants and products between the electrodes [48].
s External circuit
Its process is to circulate electric charges and ease their flow among the electrodes.

1.3.3 Classification of fuel cells

FCs are developed in a diversity of forms, each with unique benefits, drawbacks, and
possible applications. The classification of FC is based on many factors, among them the
electrochemical reactions, temperature field, and type of fuel and electrolyte required, where

the latter mainly determines how they are classified [10] [41], as detailed in Table (1.1).
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Electrical | Typical
Fuel cell Electrolyte o Temperature o o
) Mobile ion efficiency | power Applications
kind employed °C
% kw
PEMFC -Backup power
Proton H* -Portable
Polymer 0.5to
Exchange Hydrogen 50 to 100 60 to 65 power
membrane ) 250
Membrane ion -DG
Fuel Cell -Transportation
Aqueous
AFC _ OH~ -
_ alkaline ) -Military
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KOH
PAFC Liquid
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Fuel Cell Li,CO;,
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SOFC N
) ) Stabilized o> power
Solid Oxide _ _ o =1000 55t0 65 | 1to 2000 o
Zirconia Oxide ion -Electric utility
Fuel Cell
ZrO, -DG

Table 1. 1: Classifications of fuel cell.

1.3.3.1 Proton exchange membrane fuel cell

Proton exchange membrane fuel cell (PEMFC), which is called polymer electrolyte

membrane fuel cell, is a kind of FC that is being made for transportation, stationary, and

portable FC applications [41]. It uses porous carbon electrodes with platinum catalysts and a

solid polymer as a medium. For functioning, it only requires oxygen from the air as an oxidant

and pure hydrogen supplied by reformers or storage tanks as a fuel [49].
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1.3.3.1.a Operating principle of the PEMFC
The operating principle of this FC can be explained through the following [39]:

1. Hydrogen undergoes oxidation at the anode, therefore, is divided into two ions and two

electrons by the formula shown in equation (1.1).
Anodic reaction: H, > 2H"+2¢e” (1.1)

2. These electrons track an external circuit and make a direct electric current when they move
to a different side. Besides, ions pass directly through the membrane.

3. Subsequently, oxygen is reduced at the cathode using ions and electrons. Thus, water is the

end product plus heat, according to the equation (1.2).
Cathodic reaction: % O0,+2H"+2e — H,0 (1.2)

4. The cell is then cleared of extra water and air, in addition to the electrical energy as presented

in the equation (1.3).

Overall reaction: H, +% O, — H,O + Heat + Electrical Energy (1.3)
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Figure 1.4: Operation of the PEMFC [50].
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1.3.3.1.b Advantages and limitations of the PEMFC

— Advantages [51]
= Zero emissions through the use of green energy (hydrogen); therefore, the FC
vehicles are environmentally friendly.
= More effective.
= Deliver flexibility because of the production of hydrogen from different
methods.
= Offer security via elimination of oil requirement.
= Scalability of this fuel cell (various sizes, thus, there are produced diverse
power).
= Lower weight than batteries.
— Limitations [38]
= Lifetime limits are not confirmed validities.
= Drop in electrical efficiency within passing her lifetime.
= Special fuel treatment (H>) is required.

= Platinum-used catalyst is expensive.

1.4 Storage energy sources

The storage system used consists of two components, a battery and supercapacitor.

1.4.1 Battery

1.4.1.1 Description of battery

Batteries are an essential part of the hybrid system, and they offer the perfect aid to
deliver power and help FCs with sudden load needs [39]. They are electrochemical devices that
can be classified into non-rechargeable (primary battery) and rechargeable (secondary battery)
batteries [52]. For these latter, a transformation of electrical energy into chemical energy is
possible during charging mode, while in discharging mode, the chemical energy is converted
back into electric energy [36]. They are used to store and supply power from and to renewable
energy and clean energy-based power systems, and should be reliable, durable, and safe,

including lead-acid, lithium-ion and sodium-sulfur batteries [32].

Batteries formed from a single electrochemical cell are referred to as cells. Therefore,
these cells can be assembled in series or parallel to form batteries to obtain the desired voltage

and storage capacity [52].
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1.4.1.2 Components of battery
+«+ Negative and positive electrodes

The two electrodes are the seats of the redox reactions [53]. Furthermore, the negative
electrode is created from a mixture of carbon-based materials, while the positive electrode is

constructed out of metal oxides.

% Electrolyte

The electrolyte allows ions to pass and lets them exclusively flow, and it can be in the
form of a liquid, polymeric, or solid. Currently, liquid electrolytes are supported for multiple
applications [54].

s Separator

To avoid internal short circuits between the electrodes, separator insulation must be
inserted between the electrodes when the electrolyte is liquid [53], and this is a microporous

membrane whose role is to allow the exclusive flow of ions [55].

Multiple battery forms can be either cylindrical, pouch or prismatic cells [56], as depicted in
Figure (1.5).
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Figure 1.5: Representation of the shape and components of various Li-ion battery configurations.

Cylindrical (a), prismatic (b), and pouch cell (c) [57].
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1.4.1.3 Classification of batteries

Depending on the materials used for electrodes, one can find many promising battery
technologies [10] [58] [59] , as described in Table (1.2).

o _ Nickel- _
e ithium-ion ead-aci ickel-meta
Typ Lith Lead-acid . Nickel-metal
cadmium
Negative electrode Graphite Ph Cd MH
Positive electrode LiCoO, PbO, Ni(OH), Ni(OH),
Electrolyte Organic H,SO, KOH KOH
Nominal voltage (V) 36 2 1.25 1.25
Energy density
(Wh/Kg) 110-160 30-50 45-80 60-120
Power density (W/Kg) 1800 180 150 250-1000
Overcharge tolerance Very low High Moderate Low
Self-discharge rate Very low Low Moderate High
Operating temperature
C) -20 to 60 -20 to 60 -40 to 60 -20 to 60
Number of cycle life 500-1000 200-300 1500 300-500

Table 1.2: Classifications of batteries.

1.4.1.3.1 Lithium-ion battery (Li-ion battery)

Due to lithium's lightweight and quick-response nature, the lithium-ion battery is the
finest commercially available battery in terms of power density [5]. It functions similarly to a
capacitor and possesses three layers: negative and positive electrodes, and an electrolyte.

The typical material used at the negative electrode is graphite as an intercalation material
of lithium (LiC6), as viewed in Figure (1.6). In other words, graphite, which is one of the

allotropic forms of carbon, has a hexagonal structure (i.e., the most stable phase
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thermodynamically) and forms planar layers that allow the lithium to be wedged and stored

between the layers. Thus, the technical term for this is intercalation [58].

) J
Y J
Py J
L ° @ cCarbon

% @ Lithium

Figure 1.6: Representation of Li-ion battery negative electrode [60].

Positive electrode materials are divided into three main categories. The most studied
ones are oxides of spinal structure, metal oxides of polyanionic structure (given in olivine-like
structural materials, iron phosphates), and lamellar transition metal oxides [58]. Based on the
latter, LiCoO2 (lithium cobalt oxide) is the most common positive electrode material used in
commercial and rechargeable lithium batteries [61]. This material has a lamellar structure, and
the crystalline mesh is rhombohedral and is formed by oxygen atoms with alternating layers of
lithium and cobalt ions [62], as presented in Figure (1.7); this structure allows lithium ions to

be easily inserted into the matrix.

@® Oxygen
® Lithium
@ Cobalt

Figure 1.7: Representation of Li-ion battery positive electrode [60].
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The thing to be known is that graphite and cobalt peroxide materials are not good at
collecting or distributing electrons; thus, a conductive copper layer is added to the graphite [63],
and a conductive aluminum layer next to the cobalt oxide [64]. These two layers are called

collectors.

Additionally, an electrolyte is created by dissolving lithium salts in organic (non-
aqueous) solvents [54]. Salts are abbreviated in lithium hexafluoroarsenic (LiAsF6), lithium
perchlorate (LiClO4), lithium tetrafluoroborate (LiBF4), and in particular, lithium
hexafluorophosphate (LiPF6) is the most widely used salt on an industrial scale [65], as it offers
a good compromise between ionic conductivity, stability, and cost compared to other salts.
Shortened solvents in propylene carbonate (PC) and ethylene carbonate (EC) are the most
commonly used solvents. Co-solvents included dimethyl carbonate (DMC) and diethyl
carbonate (DEC). The composition usually used is premised on LiPF6 disbanded in a
combination of ethylene carbonate (EC) and dimethyl carbonate (DMC), known as designation
"LP30" [58] and described in Figure (1.8 (a)).

Thus, Li* is primarily coordinated with polarizable carbonyl groups; Li* ions bind to the
oxygen atoms of the DMC, with bonds making and breaking in parts of a second, and the same
is true for EC [66], and it is aggregated in ion pairs with PF%. Combining these observations,
one can rationalize that the presence of a Li+ ion, which is coordinated with a carbonyl group,
will orient the corresponding EC or DMC molecule with its carbonyl group slightly towards
the next layer [67], as shown in Figures (1.8 (b)) and (1.8 (c)).
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Figure 1 8: Representation of Li-ion battery electrolyte. The principal contributors to the (Li+) ion transport: are
purple: Li; orange: P; cyan: F; red: O; grey: C; white: H.

Since the electrolyte is an organic solvent, it contains a key battery element to ensure its
good safety, which is called the separator with a plastic nature; to give more accuracy,

polyethylene (PE) is the most common in Li-ion batteries [69].

1.4.1.3.1.a Operating principle of the Li-on battery

The operating principle of the Li-ion battery [54] is detailed in the following:

During discharge (use), the negative electrode will yield electrons to the external circuit
via an electrochemical oxidation reaction, which kicks out those electrons into an external
circuit also accompanied by the deintercalation of lithium ions from the graphitic planes,

according to the ensuing oxidation reaction presented in equation (1.4).

Li,C, > 6C+xLi"+xe (1.4)
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Throughout the discharge process, Li+ ions are therefore produced with the negative
electrode, then migrated from one electrode to another through the ionic conductive electrolyte
and consumed by the positive electrode via an insertion reaction, according to the subsequent

reduction reaction viewed in equation (1.5).

Li_ CoO, +x Li" +x e — LiCoO, (1.5)

During the charge, an opposite current is imposed employing an external generator;
therefore, an opposite phenomenon will take place; oxidation to the positive electrode (lithium
extraction) and reduction to the negative electrode (lithium insertion).

The overall equation for this procedure is described in equation (1.6).

Discharge

Li,Cy + Li, ,CoO, T)<—rge_ LiCoO, +6 C (1.6)
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Figure 1.9: Operation of the Li-ion battery [66].
1.4.1.3.1.b Advantages and limitations of Li-ion batteries

— Advantages
= High energy density [70].
= Relatively low self-discharge [70].
= Low-down maintenance [70].
= Adequate performance even in low temperatures [46].
= Long longevity of service [71].
— Limitations
= Expensive to fabricate than other kinds [70].
= Require costly surveillance criteria; utilized to evade explosion when their

temperature is too hot [71].
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1.4.2 Supercapacitor

1.4.2.1 Description of supercapacitor

A supercapacitor as a store energy system is used to support energy storage elements
that do not have sufficient power for use like batteries, FCs, etc. This SC energy is stored in
electrostatic form by charge accumulation between two electrodes. The electrodes are made of
porous carbons, and they are separated by a dielectric material. In the SC, there is no oxidation-
reduction reaction between the electrodes and the dielectric material. Thanks to this energy

storage process, the SC has a high specific power (W/kg) and a long lifespan [72].

1.4.2.2 Components of supercapacitor

The composition of the SC is undertaken simply, as shown in Figure (1.10). In fact, the SC
consists of two electrodes, which are immersed in the electrolyte. A separator separates the two
electrodes. The latter in turn lets the ions migrate in the electrolyte [72]. A practical SC for
energy storage in a microgrid requires a stack of many single cells connected in series [73].
Each cell consists of five layers with a porous separator in the center, a pair of porous electrodes
on each side of it, and a pair of current collectors that congregate charges located at the end of
each cell [5].

,©
i

©

©

B Active material — _l

—200000Q0Q
—>00 0 0 O O

Active material

. FElectrolyte /

Figure 1.10: Supercapacitor components [74].
% The electrode

Electrode materials should have high capacitance because they are of great priority in
the performance of SCs. These materials might be fabricated from various materials on the basis
of the type of energy storage and capacity ranges required for use. Thus, by reference to the SC

sorts [75], electrochemical double-layer capacitors (EDLCs) used can be activated carbon,
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carbon aerogels, graphene, or carbon nanotubes (CNT); the pseudo-capacitors based on metal
oxides or conducting polymers (CPs); and hybrid capacitors are focused on combinations
regarding conducting polymers or metal oxides with carbon materials [76].

s The electrolyte

Electrolyte is employed for the movement or conduction of ions, and it is selected by
the type and size of ions, concentration, and electrode materials. It is presented in organic and
aqueous electrolytes like acid, alkaline, and neutral electrolytes [77] or ionic liquid electrolytes
[78].

% The separator

It is an electrical insulator that prevents physical contact between electrodes but allows

ion transfer between them [79].
% Thecells

They are packed and immersed in an electrolytic solution, forming the double-layer

charge distribution.
1.4.2.3 Classification of supercapacitors

Supercapacitors can be divided into three general classes: electrochemical double-layer
capacitors, pseudocapacitors, and hybrid capacitors. As indicated in Figure (1.11), each class

is characterized by its unique mechanism for storing charge [80].
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Types Mechanisms
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- Pseudocapacitors ———-» reaction between electrolyte ions
and electroactive materials

Figure 1.11: Supercapacitors types based on the mechanism of energy storage.

1.4.2.3.a Pseudocapacitors

Pseudocapacitor is a type of SC with metal oxide or conducting polymer electrodes
with high electrochemical pseudocapacitance material [75]. Pseudocapacitors store
Faradaically through the transfer of charge between electrode and electrolyte. This is
accomplished through electrosorption and reduction-oxidation reactions [82]. In the case of
applying a potential to the pseudo-capacitor reduction, the oxidation happens on electrode
material that includes the charge’s passage across a double layer, leading to the fact that the
Faradic current passes through an SC cell. In addition, the Faradic mechanism involved in
pseudocapacitors allows them to achieve a great specific capacitance as well as energy densities

in comparison to EDLCs [83].
1.4.2.3.b Hybrid capacitors

Hybrid Capacitors is a type of SC with asymmetric electrodes that utilize both Faradaic
and non-Faradaic processes to store charge [80]. In addition, the hybrid capacitors have a
combination of performance properties that was previously unachievable. Also, they are
combining the best features related to pseudo-capacitors and EDLCs into a unified structure
[77].
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1.4.2.3.c Electrochemical double-layer capacitors

EDLCs include an electrolyte; two carbon-based materials use an electrode as well as a
separator. EDLCs are either able to electro-statically store the charges or via a non-faradic
process that does not need charge transfers between the electrolyte and electrode [81]. Usually,
the storage capacity of a SC is 20-1000 times that of a common capacitor. It has high power
density and high energy conversion efficiency. Hence, it has attracted widespread attention.
However, since the voltage of a single cell is low, a SC consists of numerous capacitors
arranged in parallel or in series. Strictly speaking, the internal parameters of each capacitor are

different, and thus a voltage imbalance may exist in the SC and affect its operational reliability
[5].
1.4.2.3.c.1 Operating principle of the electrochemical double-layer capacitors

EDLC:s utilize an electrochemical double-layer of charge to store energy. As voltage is
applied, charge accumulates on the electrode surfaces. Following the natural attraction of unlike
charges, ions in the electrolyte solution diffuse across the separator into the pores of the
electrode of the opposite charge. However, the electrodes are engineered to prevent the
recombination of the ions. Thus, a double-layer of charge is produced at each electrode. These
double-layers, coupled with an increase in surface area and a decrease in the distance between
electrodes, allow EDLCs to achieve higher energy densities than conventional capacitors [84].
Because there is no transfer of charge between electrolyte and electrode, there are no chemical
or composition changes associated with non-Faradaic processes. For this reason, charge storage
in EDLCs is highly reversible, which allows them to achieve very high cycling stability. EDLCs
generally operate with stable performance characteristics for a great many charge-discharge
cycles, sometimes as many as 106 cycles. On the other hand, electrochemical batteries are
generally limited to only about 103 cycles. Because of their cycling stability, EDLCs are well
suited for applications that involve non-user serviceable locations, such as deep sea or mountain

environments [80].
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Figure 1.12: Operation of the electrochemical double-layer capacitors [74].

1.4.2.3.c2 Advantages and limitations of electrochemical double-layer capacitors

— Advantages [59]
= High power density.
= Can withstand extreme temperature conditions.
= Quick dynamics (fast charging and unloading times).
= Long service life (very high cycle).
— Limitations [59]
= Low energy density.
= Lowly nominal voltage, which requires multiple modules to be serialized.

= High cost.

1.5 Conclusion

This chapter provides a synopsis of a fuel cell hybrid power system. A comprehensive
review of its components is given, along with the reason for choosing them and some details of
their operation. In the current chapter, the modeling of the PEM fuel cell hybrid power system,
in which PEMFC represents the fundamental power source, will be considered alongside a Li-
ion battery and supercapacitor as an energy storage system. For the record, they are all
controlled by DC-DC power converters.
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Chapter 2:

Modeling and Control of Fuel Cell/ Battery/ Supercapacitor
Hybrid System

Hybrid power system modeling, required for computer simulation and controller
synthesis, is usually based on a theoretical analysis of the various physical processes occurring
in the system. Indeed, mathematical models describing the system characteristics are
formulated and translated into computer codes to be used in the simulation process. The
modeling of the components of the HPS involves the knowledge of various disciplines (power
sources, power electronics, etc.) and requires a good understanding of the interactions between
them. In the first part of this chapter, the modeling of fuel cell, battery, and supercapacitor is
presented. These sources need to be interfaced with the DC-bus by means of DC-DC converters.
So, these converters are also modeled and controlled in the second part of this chapter. Finally,
simulation results of each power source connected to a constant DC-bus source via an

appropriate converter are illustrated and discussed.

2.1 Fuel cell modeling

The Proton Exchange Membrane fuel cells have shown great promise for use as
distributed generation sources [85]. They are a good source of energy, providing a reliable
source in a steady state. However, they cannot respond to a transient electrical load as quickly
as desired, due to slow electrochemical and internal thermal reactions [32]. They have highly
nonlinear behavior and depend on a combination of factors such as temperature, reactant

pressure, membrane hydration, reactant concentrations, and electrical load [86].

The overall reaction of PEMFC can be written as follows:

H, +%O2 — H,0 + heat + electrical energy (2.1)

where H,, o, and H,o are hydrogen, oxygen and water molecule, respectively.

The output voltage of a fuel cell is given as the algebraic sum of the open circuit voltage

Eoc, activation losses ,,__ , ohmic losses ,,, _, and concentration losses, as follows [86]:
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Vcell= Eoc Nact — Nohmic — Nconc (2-2)

The PEMFC equivalent electrical circuit describing the above equation is shown in Figure (2.1).

Rohmiv:

— )l

R act

o

Figure 2.1: Equivalent electrical circuit of a PEMFC.

The open circuit voltage is expressed as:
Eoc = Kc En (2.3)

Where k_ is the voltage constant at nominal condition of operation and, En is the Nernst
voltage.

The Nernst equation is calculated as follows:

—44.43

1.229 + (T — 298). =

E = 0.5
n 1.229 + (T_ 298)%4‘%] [PHz(POZ)

+5e0n P, (POZ)O'S] when T < 100C°

(2.4)
when T > 100C°

PHZO

o PH2 - is the partial pressure of hydrogen.
o Po2 . is the partial pressure of oxygen.

o PHzo - is the partial pressure of water. Notice that PHzo =1 for T<100°C; for that, it is
not used in the first equation od (2.4).

o R:isthe ideal gas constant equal to 8.3143 J /(mol.K).

o F :isthe Faraday constant equal to 96487 coulombs/mol.
o T: Operating temperature (K).

The partial pressures of hydrogen, oxygen and water are expressed as [87]:
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R, =(-U, )x%P,, (2.5)
I:)Oz = (1_U fo, )y% Pair (26)
Pyzo = (W = 2y%Us, ) Pair (2.7)

where Usz and Ufoz are the hydrogen and oxygen utilizations, X and Yy are the percentages

of hydrogen and oxygen in the fuel and air (%), W percentage of water vapor in the oxidant
(%).

The hydrogen and oxygen utilization factors are expressed by:

60000RTi
o = 2.7)
" 2 I:Pfuelvfuel X%
60000RTi,,
(2.9)

. " 2FP,V_ y%

air " a

where Vi and v_ are the fuel and air flow rates (I/min), I, is the cell current of FC (A).

2.1.1 Activation loss

Activation loss or overvoltage in activation is the result of electron transfer breaks that
form chemical bonds on the electrodes [88]. Activation loss is the portion of available energy
that is lost during the transfer of electrons to and from the electrodes [89]. The reaction of
hydrogen oxidation at the anode is very fast, while the reaction of oxygen reduction at the
cathode is much slower [90]. Therefore, cathode reactions are dominated by voltage drop. The
relationship between over-energization voltage and current density is described by the Tafel
equation [39, 41] :

oo = AINGE) = (2.10)
o gld 11
The exchange current and the Tafel slope are given by:
. 2FK(R. +P,) -AG
l, = 2 - ex 2.11
=R ) (211)

where A is the Tafel slope and has a unit of volt and it is expressed by:
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A= T 2.12)

 zaF
o Iy is the exchange current.
o AG is the activation energy barrier (J).

o K and h are the Boltzmann’s constant (J/K)and the Planck’s constant (Js),

respectively.
o zisthe number of moving electrons (2 for the redox reaction).
o & isthe charge transfer coefficient (0.18409).

o T, is the cell settling time to a current step.

2.1.2 Ohmic loss

The ohmic loss is due to the resistance of the polymer membrane, the transport of
protons, the resistance of the electrode and collector plate, and the transport of electrons. In the
ohmic polarization region, the output voltage becomes linearly dependent on the current density
with a slope determined by the ionic resistance of the electrolyte polymer [41].

770hmic = Rohmic ifc (2-13)

where R ... is the FC internal resistance.
The equivalent voltage of a number of stacked fuel cells is expressed as:

V=NV (2.14)

C fc ¥ cell

where N is the number of the FC cells.

2.1.3 Concentration Loss

Concentration loss is the results of the change in the reactants concentration as they are consumed in the
reaction. This loss is the reason for rapid voltage drop at high current density. The voltage drop resulting
from concentration losses is approximated by [41]:

. )"
Vconc =1 fc (CZ Iij (2.15)

where C,and C, are constants that depend on the temperature and the reactant partial pressure

and can be determined empirically.

I _ :isthe current density that causes a precipitous voltage drop.

max
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Figure (2.2) shows the scheme of the fuel cell stack model implemented in Specialized Power
Systems (SPS). Block A represents equations (2.8) and (2.9). Block B represents equations

(2.3) and (2.11). Block C represents equation (2.12). In this model, the concentration losses are

neglected.
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Figure 2. 2: Fuel cell stack model [23].

2.2 Battery modeling

The battery considered for this study is of the Li-ion type because. It has been shown to
exhibit high energy density and efficiency compared to other battery types (such as lead-acid,
NiCd or NiMH). This feature makes it more attractive for automotive or aircraft applications
[91].

The battery voltage is expressed as:

Vbatt = Eob - Rbattibatt (2.16)

The battery open circuit voltage E,, for charging and discharging modes is expressed as:
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E,-K QQ - i*—K QQ . it+Ae®Y  when i*>0 (discharge mode)
—i —i
Ep = 0 0 . (2.17)
E,-K mi *_K Wit +Ae®"Y when i*<0 (charge mode)
AQ —i —i

o E, :is the battery constant voltage (V).
o K :is the polarization constant (V / Ah).
o Q:is the battery capacity (Ah).

o i*:isthe filtered battery current ( A),

—+

o it :isthe actual battery charge (Ah).
o A, - Iisthe exponential zone amplitude (V).

o B :isthe exponential zone time constant inverse(Ah)ﬁl.

o Ry, :isthe battery internal resistance (Q).

The term K i_t-it from equation (2.17) is referred as polarization voltage, while the term

K

is the polarization resistance (Pol,,,).

Q
Q-it
During charging mode, the battery voltage increases abruptly after being fully charged,

this behavior is represented by modifying the polarization resistance (only during charging) as

follows:
Q
K- 2.18
it—0.1Q ( )
The transfer function of the current filter is as follows:
1
= 2.19
6.67s+1 ( )

Figure (2.3) shows the block diagram of the battery model implemented in SPS.
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Figure 2.3: Li-ion battery model [23].

In charging mode u(t)=1 and in discharging mode u(t)=0.
% State of charge

State of charge (SOC) is defined as the remaining available capacity in the battery,
expressed as a percentage of the rated capacity. It is a very important characteristic that informs
us about the battery load level. The ability to estimate charge status avoids deep discharges or

overcharges that would damage batteries [92]. The SOC is defined by:

SOC (%) =100 (1— éi i, (D)dt (2.20)

2.3 Supercapacitor modeling

A Electric Double Layer Capacitors (EDLC) is used in HPS for its capability of
delivering high power for short periods of time without damaging its internal structure, and also
operates for a long cycle life with high efficiency, which exceeds Li-ion battery performance
[93]. Also, EDLC maintains Li-ion battery discharge current within the battery limits, which
extends the life cycle of a Li-ion battery by compensating for high load current [94]. The
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adopted SC model is based on the Stern model, which combines the Helmholtz and Gouy-

Chapman models. The EDLC cell capacity is expressed as [72]:
1 1]
C = {— + —} (2.21)

where C, and C. are the Helmholtz and Gouy-Chapman capacitance (F), respectively

defined by:
N g, A
=— 2.22
Y (2.22)
FQ. . Q
C..= ¢ _sinh ¢ 2.23
" 2N.RT [NSAW} (2.23)
where:

o N,:is the number of electrode layers.
o ¢ and &yare the permittivities (%) of the electrolyte material and free space,

respectively.

A : is the inter-facial area between electrodes and electrolyte (m?).

(@)
o D :is the Helmholtz layer length (or molecular radius) (m).
o Qs the cell electric charge (C).

o C:isthe molar concentration (mol ).

For a SC module of Ns cells in series and Np cells in parallel, the total capacitance is given by:
C,=—-C (2.24)

The SC output voltage is expressed considering resistive losses as:

V :%—R i

SC SC"'sC
T

(2.25)

with:
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Qr =N,Q. = [t (2.26)

where Q; is the total electric charge (C), R, is the SC module resistance () and isc is the SC

module current (A).

2.4 Power converters modeling and control

The FC and storage elements are connected to the DC-AC inverter through DC-DC
converters. This allows voltage conversion (from low voltage to high voltage) as well as full
control of the fuel cell/battery/ supercapacitor current and DC-bus voltage. The FC is controlled
by a DC-DC boost converter [95]. Similarly, the Li-ion battery and SC are controlled by
bidirectional DC-DC buck-boost converters, since during operation they are charging and
discharging [93]. The converter operates in boost mode when the battery / SC discharges and it
works in buck mode when the battery / SC charges [92]. DC-DC converters can be represented
by two types of models, which are: the switching models and the average-value models. The
switching models are mainly used for design purpose and to investigate types of pulse-width-
modulated (PWM) schemes with regards to switching harmonics and losses. These models
require small sampling time to observe all the switching actions, which makes the simulation
very time consuming [21]. In the averaged model, the power electronic switch and diode are
replaced by a combination of controlled current and voltage sources. This gives the same
performance as the detailed circuit model at less time [34].

2.4.1 DC-DC boost converter model and control

2.4.1.1 Model of boost converter

In this subsection, a unidirectional DC-DC boost converter is considered to convert the

DC power generated by the PEMFC stack to an output controlled DC power [37].

As illustrated in Figure (2.4), the DC-DC boost converter circuit consists of a
semiconductor power switch, diode and inductor to transfer the energy from input to output.
Control circuitry is added to the boost converter to handle the energy transfer and to maintain

the current and/or voltage in normal operating range [96].
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Figure 2.4: Structure of a classic boost converter.

Depending on the shape of the current of the inductance, we have two operating modes
of the DC-DC converter [97]:
= Discontinuous conduction mode (DCM), in which the inductance current is periodically
canceled.
= Continuous conduction mode (CCM), in which the inductance current is never
cancelled.
The adopted mathematical model of the DC-DC boost converter is obtained using the
Kirchhoff’s voltage and current laws in continuous mode. Based on the switching position

function (S=1 (Figure (2.5)) or S=0 (Figure (2.6))).
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Figure 2.5: Equivalent circuit of the classic boost converter when the switch is closed.

When the switch position function is set to S=1, the following equations are obtained [98].
di,

v, =v =L (2.27)
CT
c WVar __VYou (2.28)
it R

i . dv
—C| " |=Ri. =CRot — _y 2.29
y l|:V j| IC dt out ( )

out
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Using the matrix form, the above equations can be rewritten as:

di,

E 0O O i 1
= _ Ll LV
dVout 0 R_é |:Vout:| 0 "
dt
B,
O
y_ VOUt
G
L
4_ d L IOUt
“I- VL ic
n )\
—
Vin=_i /
1

Figure 2. 6: Equivalent circuit of the classic boost converter when the switch is opened.

When the switch position function is set to S=0, the following equations are obtained:

L3y —v v
dt in out
av,

C—2 =i =i_—i
S
Y=Vou = Riout
. . v, 1
ot =1L —lc =1, C dtt _Evout
Using the matrix form, the above equations can be rewritten as:
U N P N 1
dt L S V.,
dVout i __1 Vout 0
dt C RC
B2
Ay

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

Assuming the duty cycle of the converter is D (0<D<1), the state space average

model can be expressed as:
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%:[DAI+(1— D)A,1x+[DB, +(1-D)B, N, (2.37)

y=[C,D+C,(1—D)]x (2.38)

i
where X ={ ) } the detailed model of boost converter is expressed by:

out

ut

I-di:\/in _(1_ D)Vo vV
dt with i, =~ (2.39)

out

C

dv,, ..
it L= (1-D)i, =iy,

y=[0 (1—2D)]{ViL } (2.40)

out

Switching converters are nonlinear systems that need to be linearized in order to ease
the controller design. An advantage of such linearized model is that for a constant duty cycle,
the model is time invariant. There is no switching or switching ripple to manage, and only the
DC components of the waveforms are modeled. This is achieved by perturbing and linearizing
the average model about a quiescent operating point to obtain a small signal model [99].

Introducing small AC perturbation and separation of AC and DC components, it yields:

V, =V, +V_ (2.41)
X=X+X (2.42)
D=D+d (2.43)

D'=D'-d »>D'=1-D (2.44)

By introducing these perturbations in (2.37), it yields:

X=AX+((A-A)x+(B -B,)V,)d+BV, (2.45)
where:
A=AD+AD (2.46)
B=BD+B,D
0 -(1-D) 1
A=|1-D 1 iB=|L (2.47)
'C  RC 0

Finally, one can get:
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af i o -2 1 0 = i 1
LA L oy LI d | TV (2.48)
dt[Vo | |2=D 1 [V | |1 o |Vew 0

C RC C

where L, C, R denote the inductance of the input circuit, capacitance of the output filter and the
output load resistance, respectively.

The circuit shown in Figure (2.7) illustrates the averaged-value model of the boost
converter, where the switch is essentially replaced by a voltage-controlled source at the low
voltage side and a current controlled source at the high voltage side.

Y
A 4
y

i|_ lout

_’<*> <:>‘_ c Vout " R

Vin = (1-D)Vou lout = (1-D)iL
Figure 2. 7: Equivalent circuit of averaged-value boost converter.

2.4.1.1.a Boost converter inductance and capacitance Sizing

When the switch is closed S=1, the inductance current is given by:

iL(t)=\%t+ I i (2.49)
The maximum value of the current is calculated by:
. V.
I e :lL(DTS)szTS + 1 i (2.50)
The current ripple is defined by:
.V
Ai, = DT, (2.51)
L
When the switch is opened S=0, the inductance current is given by:
i (t) :\%H' | e (2.52)

The minimum value of the current is calculated by:
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| =i (1= D)T,) = \%(1— D)T, 1, (2.53)
The current ripple is defined by:
Ai, = \@(1— DT, (2.54)
As V. =(1-D)V,,, one can write:
i = =D 2o

From equation (2.53) and as the current ripple Ai, is maximal for D = 0.5, the inductance L
must satisfy the following inequality:

L> 4}’#2_ (2.56)
S IL

Where f; = 25000 Hz, Vour = 270V, Ai, is generally fixed in the interval of [1%i, ,10%i, ].

The voltage ripple across capacitor C can be calculated as follows:
AQ i,DT

AVyy=—=""—" 2.57
= =G (257)
As i, = (L-D)i,_, we can write:
AV, =28-D)D (2.58)
Cf

S

From this we calculate the value of the capacitor as follows:

2.59
fSAVOUt ( )

where, D=0.5, f;==25000Hz, AV

out

is generally fixed in the interval of [5%Vout,20%Vout] , which
gives C=185x10"°F
2.4.1.1.b Inductance value ensuring a continuous operation

In continuous mode, the current flowing through the inductor is not zero over a
switching period T,. In this situation, the mean boundary current flowing through the coil

verifies:
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- 1. i Al
== |idt=-"mx=—L 2.60
e i (2.60)
The continuous conduction limit being reached for I, =0
\'
I e == DT (2.61)
L
The average value of inductance current becomes:
- V.
I, =—DT,
2L (2.62)
And we have:
\/in = (1_ D)Vout (263)
From (2.59) and (2.60), the average current of the inductance is expressed as follows:
~ D(@-D)V,,
jf =————%T 2.64
Tl (2.64)

By replacing the duty cycle value D =1/2in (2.61), the maximum value of the average current

of the inductance i . can be calculated as follows:

L max

L = 2T, (269

Equation (2.65) can be used to calculate the minimum value of the inductance, which
ensures that the converter always operates in the continuous conduction mode. The value of

this inductance can be calculated by the following equation:

Ly = T, (2.66)
8i

L max

i max = 250A, Vour = 270V, it results L, =5.4x10°H .

with T, = fi . f, = 25000Hz

2.4.1.2 Control of boost converter

The converter control objective is to maintain a constant bus voltage and/or a constant

current despite variations in the load and the input (FC, battery, SC) [37]. The control system
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has to protect power components such as switches, which are sensitive to over-current, hence
the system current should be controlled [6].
The converter is modeled by using first order transfer functions, which can be controlled
using simple PI controllers.
= Qutput voltage control of boost converter
A proportional-integral (PI) type regulator whose transfer function is symbolized by

C,,(s)is used to adjust the output voltage of the converter (load voltage). The output of this

regulator gives the reference of the current to be imposed in the capacitor C.
The transfer function of voltage controller is given by:

Koo' S + Kiiy

Cy, (5) = —= - (2.67)

The capacitor voltage in Laplace domain is given by:

V. - (1-D)i, —iyy
Cs

Figure (2.8) shows the boost converter output voltage regulation loop.

(2.68)

Voltage Regulator Plant Model

Voutref I . l iLref
kblv V,

Figure 2.8: Voltage regulator of the boost converter.

The closed loop transfer function is given by:
K

e
()=—S—= (2.69)
§2 4 P g4 hiv
C C

To calculate the PI boost voltage regulator gains, the pole placement method is used.

Vclose

We want that the transfer function (2.69) exhibits the same dynamic behavior as a second-order

system of the following transfer function:

a)b 2
H. (s) = i 270
o (9) §% + 28,0, + @y, (270)
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The proportional gain K, and integral gain K;, are determined by identifying term by
term the two characteristic equations of (2.70) and (2.69), which results in:

Kbpv = 2§bva)bnvc
Ky = @, C

bnv

(2.71)

where @, is the natural frequency and &, is the damping coefficient of the boost output

voltage loop.

= Inductor current control of boost converter
A proportional-integral (PI) type regulator whose transfer function is symbolized by

C,; (s) is makes it possible to correct the error between the measured current and its reference.

The output of each regulator makes it possible to determine the voltage reference to be imposed
on the terminals of the inductor.
The transfer function of current controller is given by:
Ky S + Ky
Cyi (s) = —— (2.72)
S
The inductor current in Laplace domain are given by:
V. —(1-D)V
| — _in out 273
L s (2.73)
Figure (2.9) shows the boost converter output current regulation loop.

Current Regulator Plant Model
[——— ——— — —
iLref l kbn _
Kepit 5 Vou ]
I
I v
L

Figure 2. 9: Current regulator of the boost converter.

The closed loop transfer function is given by:
K

Poni o Kii
B, (s)=—o=" L (2.74)
o2 4 o o K
L L
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To calculate the gains of the PI regulator, the closed loop transfer function (2.74) has to
exhibit the same dynamic behavior as a second-order system defined by the following transfer

function:

o, 2
H.. (s)= ni 2.75
u(S) s? +2§bia)bnis+a)bni2 ( )

and integral gain K, are determined by identifying term by

The proportional gain K

bpi
term the two characteristic equations of (2.74) and (2.75), which results in:
K i = 2 i niL
w fb “ (2.76)
Kyii = @ il

where @, is the natural frequency and &,; is the damping coefficient of the boost input current

loop.

2.4.2 DC-DC buck converter model and control

2.4.2.1 Model of buck converter

Buck converter, depicted in Figure (2.10), is a simple and widely used voltage step-
down device with high efficiency. Typically, a buck converter consists of a filter consisting of
an inductor and a capacitor, and a switching component such as a MOSFET or an IGBT. There
are two states in the operation process of buck converter: the on-state and off-state of the switch
S.

L
L_H I<—I i fouc
A . | R V|_

lin ld i

Cc

y
Vin LT D Z'S C == Vout [] R

[

Figure 2. 10: Structure of a buck converter.
As shown in Figure (2.11), when the switch is closed, the current flowing through the

inductor increases linearly. The diode is reverse biased and there is no current flowing through
it.
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L
Q {300) — —>
4— L out
VL i
N~ ‘y
/
, (8=1)}
Vin == /  i4=0 C== Vout: R
| N s lo)

Figure 2.11: Equivalent circuit of the buck converter when the switch is closed.

When the switch position is set to S=1, the following equations are obtained:

Ldi :Vin _Vout :VL

g\t/ y 2.77)
C—=j =i ——2¢
dt R
y=V, =Ri, (2.78)
av, 1
i =1 —l. =i, —-C—2L ==V 2.79
out L C L dt R out ( )
These equations can be rewritten in the following matrix from:
@ s RAE
v, | |11 {V} i 250
dt C RC
-— B,
As

i
=l 1, | @281)
VOUI
Cs
As shown in Figure (2.12), when the switch S is opened, the inductor acts as a source
and maintains current through a load resistor. During this period, the current continues to flow
in the inductor through the diode D. As the magnetic field collapses, the energy stored in the
inductor as well as the current through it decrease. In continuous mode, the switch S is closed

and the diode D is opened before the inductor is completely discharged.
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L
o- — (300
~ i
/
s=0){ _
+ \ / el

lout

Vout

Figure 2.12: Equivalent circuit of the buck converter when the switch is opened.

When the switch position is set to S=0, the following equations are obtained:

Ldi =V, =-V
dt out
dVOth out
_—_out _ Ic =i ——=
dt R
y =Vout =R iout
o dv, 1
ot =1 —lc =1, -C d; : =Evout

These equations can be rewritten in the following matrix from:

a | fy 1 R
dat |_ L Loy V.
dVout l __l Vout 0
dt C RC By
A

(2.82)

(2.83)

(2.84)

(2.85)

(2.86)

Combining (2.85) with (2.80) and (2.86) with (2.81), state space average model can be obtained

by:
& _[DA, + (- D)ATX+[DB, +(1-D)B.Y,
y=[C;D+C,(1—-D)]x
i
where X = {VL } is the state space vector and D is the duty cycle.
out

The detailed model of buck converter is expressed by:

(2.87)

(2.88)
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% = DVin _Vout V
t with i, =~ (2.89)
N o R
dt L out

y=[0 1]{ . } (2.90)

The resultant averaged model is nonlinear and time-invariant. This model is linearized
at the operating point to obtain a small signal model. The linearization process produces a linear
time invariant small-signal model [100].

Introducing small perturbation, it yields:

V., =V, +V, (2.91)
X=X+X (2.92)
D=D+d (2.93)
D'=D'-d >D'=1-D (2.94)
By replacing these perturbations in equation (2.87), it yields:
X=AR+((A —A)x+(B; =B, )V, )d +BV, (2.95)
Where
A=AD+AD’ (2.96)
B=B,D+B,D’ (2.97)
o -1 1
A= Lle=|T (2.98)
1 -1
= — 0
C RC

The following equation represents the small signal model.

1

o010 T [
aih LN e T vd+| LV, (2.99)
dt Vout l __1 Vout O 0

C RC

Figure (2.13) shows the block diagram of the buck averaged-value model.
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lin

< O . v

=
1l
m |

iin=DiL_ Vout = DVin
Figure 2.13: Equivalent circuit of averaged-value buck converter.

2.4.2.1.a Buck converter inductance and capacitance Sizing

The LC filter is used to smooth the output voltage and current ripples.
When the switch is closed S=1, the inductance current is expressed by:

L(t) — Vout t I

Lmin

This current reaches its maximum at t = DT, which results in:

_i,(DT)=Yo Lvout DT, +1

Lmax Lmin

(2.100)

(2.101)

The current ripple Ai, is the difference between the maximum and the minimum values of the

inductance current as in:

—1 :Vin _Vout D'I'S

Lmin
L

Ai, =1

L max

When the switch is opened S=0, the inductance current is expressed by:

L(t)=- OUtt+|

L max

This current reaches its maximum at t = (1— D)T,, which results in:

me L((l D)T) \%(1_ D)Ts +1

L max

In this case, the current ripple Ai, is calculated by:

(2.102)

(2.103)

(2.104)
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Ai, = \%(1— D)T. (2.105)

Note that from equations (2.102) and (2.105), the current ripple is directly proportional
to the duty-cycle and inversely proportional to the inductance. So, the current ripple can be

controlled by a proper selection of the inductor.

The expressions for the maximum and minimum inductor currents are written as:

A,V Vv
I o=i  +—==-2 4 DT 2.106
L max out 2 R 2L( ) S ( )
AV V
o=, ——=="2__1q_D)T 2.107
L min out 2 R 2|_( ) S ( )

When the buck converter operates in the continuous conduction mode, there is always

a non-null current in the inductor. The minimum inductor value that ensures continuous

conduction mode can be obtained by imposing |, ... =0. So, it results:

Lmin

L, =8 Plgy _@=D)p_ @209 ,15_ 00014 (2.108)
2 21, 2 x 25000

The output voltage ripples depend on the capacitor connected to the load. The voltage

ripple AV, is written as:
_ 2
AV = 29 _ALTL _You (DI, (2.109)
C 8C 8LC
Therefore:
_ 2
C =\M=2.7x10‘6F (2.110)

8LAV,,
With V., =270V, D=05V and AV, =5%V,, .

2.4.2.2 Control of buck converter

The current passing through the inductor is controlled indirectly by acting on the duty
cycle . To do this, the current is subtracted from its reference value. The resulting error is
canceled by a PI compensator whose output corresponds to the duty cycle. In the same way, the
DC voltage control is performed.

The converter is modeled by first order transfer functions that can be controlled using simple

PI regulators.
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= Output voltage control of buck converter:
A proportional-integral (PI) type regulator is used to adjust the output voltage of the
converter. The output of this regulator imposes the reference of the capacitor current.
The transfer function of voltage controller is given by:

K
Ckv (S) =

s+ Ky,
(2.111)

kpv

The capacitor voltage in Laplace domain is given by:

VA .- (2.112)

out CS
Figure (2.14) represents the block diagram of the output voltage regulation loop of the buck
converter.
Voltage Regulator Plant Model
—— - -~ I I
Voutref I Ky I iLrefl A 1 IVout‘
Kipt 5 T "\ ST
I I I
I h <—iinI I h <—iin I
| Vout l Vaut I
e e e e — —— — e e e e— — — -

Figure 2.14: Voltage control of the buck converter.
From the diagram in Figure (2.14), the closed loop transfer function is written as:

.. =—S—C (113)
24 gy

kiv

C

To calculate the gains of the buck voltage regulator, the transfer function (2.113) has to

exhibit the same dynamic behavior as a second-order system of the following transfer function:

2
a)knv

H, (s) =
kV( ) Sz + 2é:kva)knvs-i_a)knv2

(2.114)

The proportional gain K, , and integral gain K, are calculated by matching the

kpv
characteristic equation of (2.114) with that of (2.115), which gives:

Kkpv = 2§I<va)l<nvC
K., =w° C

kiv knv

(2.115)
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where @, is the natural frequency and &, is the damping coefficient of the buck output voltage

loop.
= Inductor current control of the buck converter
Figure (2.14) represents the block diagram of the inductance current control loop of the buck
converter.
Using Laplace transform, the inductor current in Laplace domain is given by:
. _ DV, —Viu

[ 2.116
L s (2.116)
Current Regulator Plant Model
r—-—-———-—-—-- LA I |
- | |
ILref kkll 1 D ' 1 I I
+—== — — >
Kkpl Vin 96. Ls I
| |
vV |
L___&’”t___l L M
Figure 2.15: Current control of the buck converter.
From the diagram in Figure (2.15), the closed loop transfer function is written as:
Kiai ¢, Kia
L (s)=—o=" L (2.117)
g2 4 o g, Ka
L L

To calculate the gains of the PI regulator, the transfer function (2.117) has to exhibit the
same dynamic behavior as a second-order system of the following transfer function:
a)kniz
§* + 28,0 S + Oy

H,(s) = (2.118)

The proportional gain K, . and integral gain K. are determined by identifying term by

kpi

term the two characteristic equations of (2.117) and (2.118), which results in:

Ki =250 L
e (2.119)
Ki = a)zkniL

where a,; is the natural frequency and &, is the damping coefficient of the buck output current

loop.
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2.4.3 Bidirectional DC-DC converter modeling

In this study, the average model of the bidirectional DC-DC converter is obtained jut by
connecting in parallel the boost and buck converters as shown in Figure (2.16), in which each

converter is modeled in its turn by its average model.

1 I
I \ 4 . 4
W ER Boost average | 1.,
: T' model | Al
|, .
' |
|
|
|
|
| Buck average |
| model |
| |

Biderctional DC-DC converter

Figure 2.16: Equivalent circuit of the averaged model of the bidirectional DC-DC converter.

2.5 Simulation results

2.5.1 Simulation of the Fuel Cell System

As shown in Figure (2.17), the FC is connected to the DC-bus via a DC-DC boost

converter to set-up the FC output voltage V,, . The power control of the DC-DC boost converter

is achieved by controlling the inductance current using a Pl controller.

Pfc_ref 1 ifc_ref 1 J
Vic Vic

Figure 2.17: Fuel cell system control.
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The model parameters for the fuel cell system are summarized in the Table (2.1).

Number of | Temperature

T (1) Te(uS) Cae (MF) Lb fc Mbni_fe I f £
H H d bi_fc lIsN
s SC c (|_,IH) (rad/s) (mQ) i cells .
0
15 150 0.8 100 50 0.1 0.707 65 45
Table 2.1: Parameters for the fuel cell system.
Figure (2.18) shows the results for fuel cell system with current control using P1 controller.
b
; | @ | o | A |
s —— N—A—y H
40 ]
L06¢ 1 N
<~ Q
0.4} A5
20
0.2¢
0 : : : . 0 : ' . .
0 2 4 6 8 10 0 2 4 6 8 10
Times (s) Times (s)
d,
300 ‘ : C ‘ ; 10000 : S ,
—iL C(A) iL cre) A) —P crej u/) _Pc("/)
-~ ! o A (A 8000 - ‘ ¢ ‘ ﬁ«—'
3200 |
By o 6000 F
g N 5
% 100+ Ll | \ n’: 40007
N i >
{ [ 2000 +
0[ 1 1 1 1 0 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Times (s) Times (s)

Figure 2.18: Simulation results of the fuel cell system.
(a) Duty cycle dr (b) Fuel cell voltage Vr, (C) Fuel cell currant iL« with its reference iLrer, (d) Fuel cell

power Pr with its reference Prerer.

% Interpretations

The simulation results in Figure (2.18) show a decrease in FC system voltage from 52
Vatt=0sto44Vatt=2s withaduty cycle of 0.8. From t = 2 s to 4s, the voltage decreases
to 41V and remain almost constant until t = 7 s, then it decreases to approximately 37 V until 9
s followed by an increase to 46 V . The FC current has the same evolution as the FC power and
the error between the FC output current and its reference is almost equal 0 thanks to the Pl
controller that works to match the FC current with itcrer Of approximately 20 A till t = 2 s. Inside

the window [2, 3] s, the FC current is equal to 87 A, while between t = 4 s to 7 s the currant
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begins to increase to approximately 140A. Over the remaining simulation time the current

follows exactly the power profile. Furthermore, even the power tracks perfectly its desired value

there are overshoots and undershoots at instants of reference power variations.

2.5.2 Simulation of the Battery Based Storage System

As shown in Figure (2.19), a Li-ion battery is connected to the DC-link through a bi-

directional DC-DC converter. This converter is controlled so that it can control the charging

and discharging modes of the battery.

1| Ti_ref

DC

Battery source

|L7buck

Vbatt

The simulation is performed using the battery system parameters gathered in Table (2.2)

>+

| L_boost

Pl

Pl

Vbatt
1
— D
VDC buck
Vbatt
1
V_DC ~Dhoost—

DC

Figure 2.19: Battery system control.

Bidirectional
converter

-+

b

Lic an L_batl Mkni_batt kni_batt
(mH) Exi_batt Epi_batt
(HH) (rad/s) (rad/s) r_Lbat
Ts (ps) Cac (MF) (buck (boost
(buck (boost (buck (Boost (mQ)
; converter) | converter)
converter) converter) | converter) converter)
15 3.2 10 100 7 0.995 0.995 390.270 0.1

Table 2.2: Parameters for the battery system.

Figure (2.20) shows the simulation results of the PI based current control of the battery

system connected to a constant DC-link.
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Figure 2.20: Simulation results of the battery system.: Buck and boost duty cycles douck, Ohoost, (D) Battery voltage
Vbat, (€) Currant ineost With reference current irr, (d)Currant ipuck With reference current i rer, (€) Battery power
pbat With reference power Phparer.

% Interpretations

The simulation result in Figure (2.20.a) represents the duty cycles of buck and boost
converters inside the window [0, 2.3] s. Att=0, the buck converter is out of operation meanwhile
the boost converter operates with dnoost=0.8. From Figure (2.20.b), it can be seen that the battery
voltage decreases slowly due to the fact that the battery is in discharging mode. During this
time, the current of the boost converter tracks its reference value imposed by the reference
power while the current of buck converter is set to zero since the reference power is positive.
Att=2.3s, the reference power changes to become negative; as consequence the boost converter

is out of operation and the buck converter starts operating with dpuck=0.19. From this moment,
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the battery voltage increases to reach 52.4V and the battery is in charging mode inside the

window [2.3, 10] s. Thanks to the adopted PI controller, the buck converter current as well as

its power track their references accept during the transition phase between buck and boost

operating modes. During this transient, the current take and undesirable peak at t=2.3 s, which

impacts in its turn the converter power shape.

2.5.3 Simulation of Supercapacitor Based Storage System

As shown in Figure (2.21), the SC is connected to the DC-link with a bi-directional DC-

DC converter. This converter is used to control the charging and discharging modes of the

supercapacitor storage system.

the Table (2.3):

Ptoat

Pbattiref

=

LPF

A 4
+

Psc_ref

DC
DC

_Dbuck

'Dboost

Figure 2.21: Supercapacitor system control.

Bidirectional
converter

The simulation model is built using the supercapacitor system parameters recapped in

T, Cac Lk_sc (m H) Lb_sc (m H) Okni_sc éki_sc A Obni_sc (rad/s)
(rad/s) (buck Epi_sc (boost (Boost r_Lsc
(Ms) | (mF) (buck (boost (buck converter) converter) converter) (mQ)
converter) converter) | converter)
15 3.2 10 100 7 0.995 0.995 390.270 0.1

Table2.3: Parameters for the supercapacitor system.

Figure (2.22) portrays the simulation results of the current control of the supercapacitor system.
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Figure 2.22: Simulation results of the supercapacitor system: (a) Buck and boost duty cycles douck, Oboost. (B)
Supercapacitor voltage Vs, (c) Currant Iy noost With its reference iirer, (d) Currant i puck With its reference iyrer,

(e)Supercapacitor power P with its reference Pscrer.

0,

% Interpretations

Simulation result depicted in Figure (2.22.a) represents the duty cycle of buck and boost

converters during the time window of [0,2.4] s. Since the reference power is positive, the buck

converter is excluded from operation starting from t=0; for that reason, the buck duty cycle is

set to zero. However, the boost converter starts operating with dnoost=0.46. In the same time, we

observe in Figure (2.21.b) that the voltage decreases slowly due to the fact that the

supercapacitor is in discharging mode. During this time, the current of the boost converter tracks

its reference value imposed by the power reference, while the current of the buck converter is
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still 0 because the power reference is positive till now. At t=2.5 s, the reference power changes
to become negative; as consequence the boost converter is out of operation and the buck
converter starts operating with dwucx=0.53. From this moment, the supercapacitor voltage
increases to reach 144.4 V due to the fact that the supercapacitor is in charging mode. An
unwanted current peak of 219.71A appears at t=2.5 s, which impacts in its turn the converter
power shape. Thanks to the adopted PI controller, the buck converter current as well as its
power track their references accept during the transition phase between buck and boost

operating modes.

2.5.4 Simulation of the fuel cell hybrid system

The fuel cell hybrid system shown in Figure (2.25) is a hybrid combination of three
power sources, namely fuel cell, Li-ion battery, and supercapacitor. The DC-DC converter of
the FC and that of SC operate on current control mode, whereas the DC-DC converter of the
battery operates on voltage-current control mode. For both current and voltage controls, Pl

controllers are used. Figure (2.24) shows the control system of the fuel cell HPS. The reference
current of the FC DC-DC converter is calculated knowing the fuel cell reference power Py, .

A PI controller is used to generate the required duty cycle of the boost converter by forcing the
output current of the converter to follow its reference. Regarding the SC converter control, the
current control loop is similar to that of the FC. Concerning the battery converter control, the
reference current needed for the inner current control loop is generated by the outer PI voltage

control, which is responsible to maintain the DC-bus at 270V.

And, to solve the problem of slowness of the FC system, a filter is used to split the load
demand fluctuation into different frequency components. This control method is very simple
and has excellent performance [101].

The low pass filter transfer function shown in Figure (2.24) is defined as follows:

beatt _ 1
- 2.20
Pbatt—ref TS +1 ( )

wherer =0.5.
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Figure 2.23: Fuel cell hybrid system model in SPS.
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Figure (2.25) depicts the simulation results of the fuel cell system acting as a main
source in the hybrid power system.
1 T @ T 60 T (?) T T
08— f 30 ¥'¥ A ——
40 b
L06h S
)™ L 30 i
041 A
20 b
0.2+ 1l i
0 1 L 1 L 0 Il 1 Il Il 1 L 1
0 2 4 6 8 10 0 1 2 3 5 6 7 8 9 10
Times (s) Times (s)
300 T (f) T T 6000 T (‘\1) T T T
~ 27 7::17";;)“) 1 s000 wa;ﬁ;w) i
S\ 200 = é 4000 e £ q
2 b
S 150f S 3000 -
= >
Y 100 1 % 2000 1
N &
50 b 1000 1
0 1 Il L L 1 Il L L 1 0 L 1 Il Il Il Il 1 Il 1
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Times (s) Times (s)

Figure 2.25: Simulation results of the fuel cell hybrid system (fuel cell part): (a) Boost duty cycle ds, (b) Fuel cell
voltage Vi, (c) Current it with its reference iieerer, (d) Fuel cell power Ps with its reference Prc_rer.
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Figure (2.26) depicts the simulation results of the battery system acting as a storage

system in the hybrid power system.
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Figure 2.26: Simulation results of the fuel cell hybrid system (battery system part): (a)Buck and boost duty
cycles dbuck, Ouoost, (D) Battery voltage Viar, (C)Currant iLnoost With reference current iprer, (d) Currant ivpuck with

reference current iprer, (€)Battery power Ppa With reference power Phpa ref.

Figure (2.27) depicts the simulation results of the supercapacitor system acting as a

storage system in the hybrid power system.
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Figure 2. 27: Simulation results of the fuel cell hybrid system (supercapacitor system): (a)Buck and boost duty
cycles dbuck, dhoost. (0) Supercapacitor voltage Vs, (¢) Currant iimeost With its reference i, (d) Currant ippuck with
its reference i_rer, (€) Supercapacitor power P with its reference Py rer.

Figure (2.28) shows the simulation results of the DC-bus voltage.
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Figure 2.28: DC-bus voltage.

®,

% Interpretations

The simulation results shown in Figures (2.25), (2.26), (2.27) and (2.28) present the
behavior of the adopted HPS formed by an FC source with two storage systems. It can be seen
that the energy generated by the FC system is used to feed the load and charge the storage

systems as well.

Figure (2.25) presents the simulation results of the FC system, from which it can be seen
that the inductance current changes according to the change of reference power. Furthermore,
the FC voltage is equal to 45 V for a reference power equals to 5000 W and 48V for 3500 W.

From Figure (2.26) presenting the simulation results of the battery system, one can observe
that the boost operates with dooost=0.8 in all time, which is confirmed in Figure (2.26.a. The
battery voltage is 52.4 V, and the battery current is iLnoost=30A at t=0.1 s. This value increases
slowly along the period [0.1, 10] s until it reaches at t=10 s the value iLnoost=70A. During this
period, the boost current tracks its reference. It is worth mentioning that, in this period, the buck

current is zero since the reference current is always positive.

In Figure (2.27), exhibiting the simulation results of the SC system, the duty cycle of the
boost converter is Dschoost=0.47. Again, the boost converter is the only converter that operates,
which leads to the decrease of its current from 20 A at t=0.1 s to 10A at t=10s.

Figure (2. 28) confirms that the PI controller is capable to maintain the DC-bus voltage at

its reference of 270 V even during load change.
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2.6 Conclusion

In this chapter, the modeling of the different elements that make up the proposed HPS
are appropriately detailed. These mathematical models are used as tools to develop different Pl
based control algorithms needed to manage the power converters. Indeed, the FC is controlled
by a DC-DC boost converter, whereas the Li-ion battery and SC are controlled by bidirectional
DC-DC buck-boost converters. The simulation results of the fuel as well as the storage systems
under reference power variations confirm the good performance of the adopted Pl controllers
in terms of tracking the output voltage and currents. In the following chapter, more focus will

be given to the power management of the suggested HPS.
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Chapter 3:

Fuel Cell/ Battery/ Supercapacitor Hybrid System’s Energy
Management Strategy

An energy management system (EMS) is an essential tool for a hybrid power system.
Its strategies play an important role in system performance to achieve its key goals, such as
minimization of production costs, improving energy efficiency, increasing durability and
reliability, and dynamic response ability of the HPS. The EMS of the HPS is presented in this
chapter. It begins with concentrating on the idea, then moves on to studying potential strategies.
State machine control, Pl-based energy management strategy, equivalent consumption
minimization, and external energy maximization strategies are all considered in this study. A

comparison of the suggested strategies is then provided.

3.1 Management system

Management system (MS) is a systematic framework designed to manage a set of
policies, processes and procedures, so that it manages the interrelated parts of a system [102]

in order to ensure that it can fulfill the tasks required to achieve its objectives, including [102]:

e Operational efficiency through better use of resources.
e Safety from risks by improved protection.

e Ability to provide consistent and improved services.

3.2 Energy management strategy

The MS oversees the operation of the HPS through various functions including creating
and distributing the power reference for each controllable source, controlling the load to ensure
the load leveling and securing the sources from critical operating conditions (peak shifting) [5]
[103], charging and discharging storage systems, and maintaining the bus voltage within limits
while ensuring each energy source operates within its boundaries. Along with these tasks, the
MS also improves power flow, reduces operating costs, and takes into consideration emission

reductions [10] [21]. The MS operational structure is described in Figure (3.1).
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Figure 3.1: MS operating scheme.

The MS running relies on its embedded energy management strategy (EMS), which
plays a critical role in ameliorating the performance and efficiency of the HPS [104]. In the
literature, diverse EMSs for HPSs have been indicated, which can be categorized according to
the topological structure shown in Figure (3.2). Considering that most of the strategies and
algorithms did not deploy in industry and are still in the stage of scientific research, then EMSs
fall under two categories, an industrial and a scientific research field [9]. The former includes
a rule-based strategy (RBS), while the latter involves an optimization strategy (OS) [101] [7]
[3]. Furthermore, based on the real-time implementation optimization strategy, OS can be
divided into online and offline optimization [9].
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Figure 3.2: Energy management strategies classification.

The EMS was developed with objectives arranged in order of priority as follows [6]:

e Ensuring safe power supply operation by respecting the component maximum and
minimum current limits.

e Delivering performance means meeting the load.

e Minimizing fuel usage for efficient fuel cell operation.

e Increasing FC longevity by preventing frequent load changes or switching on and off.

3.3 State of the research on energy management strategies

Although HPS configurations and operational tenets vary, their corresponding EMSs'
fundamental ideas remain the same [9]. Rule-based and optimization EMSs are two categories

of common EMSs.

3.3.1 Rule-based energy management strategy

The rule-based strategy (RBS) is a static controller that has been widely used; it is simple
to execute it with a real-time controller for controlling power flow in an HPS, and its use mainly
relies on the operating mode, this latter is decided using rule tables or flowcharts to satisfy the
conditions of the HPS components as efficiently as possible [7]. Its rules were obtained in a
variety of modes, frequently without prior knowledge of the load profile; these modes depend

on human intelligence, heuristics, or mathematical models [10].

This strategy mainly subcategorized the deterministic rule-based strategy (DRBS) and
the fuzzy rule-based strategy (FRBS) [11].
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3.3.1.1 Deterministic rule-based strategy

Deterministic rule-based (DRBS), sometimes referred to as static logic threshold control
strategies [9], in which the rules are designed based on predetermined objectives such as grid
independence, cost economies, and reduced emissions. DRBS usually include look-up tables
[105], filter-based control (FBC) [103], wavelet transform (frequency decoupling FD) [8], and
load follow control is also named state machine control (SMC) [26]. The essential aspect of
these strategies is their ease of control and minimal computational complexity [106]. We will
go through a few of them below for more explanation.

% State machine control strategy

Because of its simplicity, state machine control is the most commonly employed approach
[27]. Nevertheless, the decision is reliant on the load power and operational states of the
components, causing it unstable with large input variation. Furthermore, it is incapable of

responding to complex and changing operational circumstances [10] [26].
3.3.1.2 Fuzzy rule-based strategy

This approach FRBS, which is founded on fuzzy reasoning, may be used to reduce the
challenging control problems in non-linear time-varying systems. The fuzzy controller
frequently employed state variables as inputs, such as the SOC, also fuzzy reasoning to split the
operating mode and decide the distribution of power output [9]. FRBS includes the conventional
fuzzy control strategy [107], adaptive fuzzy control strategy [108], and predictive fuzzy control
strategy [109].

3.3.2 Optimization energy management strategy

EMS of an HPS has to deal with optimization issues [9]. Optimization involves
increasing the efficiency of the HPS [110]. Specifically, its goal is to minimize a cost function
(objective function) including the emission, fuel consumption, and device degradation [111], in
addition to other procedures depending on the use. Therefore, establishing and solving an
optimization model based on an optimization algorithm is the primary responsibility of an OS
[9]. According to numerous academics, these algorithms have been employed to get optimal
solutions through numerous standard optimization methods [4]; well-known deterministic
mathematical methods deal with and resolve issues swiftly and thoroughly [4]. Metaheuristic
mathematical models, on the other hand, are another effective alternative option for HPS

optimization [112], where heuristic methods are combined to find a satisfactory solution using
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genetic algorithms, statistical mechanisms, and biological evolution to achieve optimal control
[113]. The former comprises mixed-integer linear programming (MILP), mixed-integer non-
linear programming (MINLP), and dynamic programming (DP), and the latter encompasses the
artificial bee colony (ABC) solutions, particle swarm optimization (PSO), simulated annealing
(SA), genetic programming (GP), differential evolution (DE) solutions, and genetic algorithm
(GA) [4].

Two broad categories, global and instantaneous optimization, can be used to categorize

these optimization techniques. In the parts that follow, these are thoroughly covered.
3.3.2.1 Global optimization (offline optimization)

Global optimization is a highly complex strategy that involves knowledge of all load
profiles [10]. Due to the fact that it generates enormous amounts of data when calculated; it is
an extremely complex approach that is challenging to execute in real-time applications [7].
Linear programming, dynamic programming, stochastic strategy, and so forth are used in this

strategy. We will go through a few of them below for more explanation.

®,

% Linear programming

Many convex nonlinear optimization problems are finally approximated by the linear
programming method, which is also known as the LP method [7]. By applying linear
programming to formulate fuel efficiency optimization problems, a global optimization solution
can be found [114].

%+ Dynamic programming

The DP method, dynamic programming, is employed for numerous discretized and
sequenced complex problems [4]. To deal with such issues, it is possible to classify these latter
into optimally solvable sub-problems to address them. Following these findings' discussion, a
suitable solution is developed [115] to optimize and address the main issue.

¢+ Stochastic control strategy
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Uncertainty-involved modeling and optimization problems can be framed using a stochastic
strategy. Along with a genetic algorithm, a stochastic dynamic programming problem is
formulated in this strategy [7].

e Stochastic dynamic programming

Stochastic optimization is a technique that employs random variables for solving
optimization problems. Dynamic programming is referred to as stochastic dynamic
programming if either the state or the decision can be expressed as a probability function.
Therefore, the stochastic optimum control issue requires a high-performance computer

approach to be solved [7].
e Genetic algorithm

For optimization and search problem, genetic algorithm is a reliable and robust solution,
and it is a heuristic search algorithm with a broad scope of search space and an ability to quickly
improve the parameters utilizing easy operations [7]. GA starts with a group of solutions
(chromosomes) named a population. The solutions from one population are chosen based on
their fitness to assemble new ones. The process is continued until the required condition is met,
with the most appropriate solutions having a better chance of doing so than the less suitable
solutions [116].

3.3.2.2 Instantaneous optimization (online optimization)

The cost function in these techniques is solely reliant on the system's current state [117].
In contrast to GOS methods, instantaneous optimization strategy requires less computing and
has superior real-time performance, but it cannot accomplish global optimization [9]. It also
does not require prior knowledge of all cycle circumstances [9]. Typically, these strategies
include the equivalent consumption minimization strategy (ECMS) [12], external energy
maximization strategy (EEMS) [13], model predictive control (MPC) [14], artificial neural
network [15], particle swarm optimization (PSO) [16], and Pontryagin’s minimum principle
(PMP) [17]. Other methods also including sliding mode control [18], robust control (RC) [9],
manta ray optimization (MRO) [19], and Harris Hawks optimization (HHO) [20]. We will go
through a few of them below for more explanation.
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< Equivalent consumption minimization strategy

To reduce fuel consumption and pollutant emissions, EMSs use the equivalent fuel
consumption idea. Without harming fuel efficiency, this immediate reduction reduces harmful
emissions [118]. Because it is real-time implementable and does not require previous
information on the load profile to obtain an optimal solution; it transforms a global optimization

issue into an instantaneous minimization problem and offers a solution at each instant [7] [117].
% Model predictive control

To predict electricity generation and efficiently manage the energy already in storage,
predictive control techniques are required. This approach traditionally combines stochastic
programming with control. The most significant of these techniques is predicting the
deterioration of grid components, particularly energy storage systems [119].

¢ Artificial intelligence strategies

Artificial intelligence strategies (AISs) use clever techniques like neural networks and

machine learning to build strategy [10].
e Neural network

The neural network is a potent computing technique that learns from training data and
generalizes from there; it is made up of several blocks coupled together in a certain manner to
carry out a particular task. Any lookup table may be fitted by a well-designed network, which
can then adapt by coaching to update the table's data; it is best than rule-based controllers
because of this property [7]. These strategies, such artificial neural networks (ANN), adaptive
neuro fuzzy inference system (ANFIS), and recursive neural networks (RNN), are based on the

neural network approach [10].
e Machine learning

This category, according to the author of [10], takes advantage of recent developments
in machine learning, whose use has increased over the past ten years. It is widely used in other
domains, such as energy management, in addition to having shown good results in some areas,
particularly image classification. A database, which is not always accessible, is needed to train
a model. Due to a lack of research in this relatively new sector, this is rather difficult. The fact

that it cannot be guaranteed to operate with data other than those used for training is still a
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limitation. It includes reinforcement learning (RL) [101], multi-agent systems (MAS) [110],
and deep learning approach [120].

¢+ Particle swarm optimization

As stated by [7]'s author, a quicker, less costly, and more reliable stochastic global
optimization approach is particle swarm optimization (PSO). It is a heuristic progressing search
algorithm, an iterative optimization technique that uses particles (populations of candidate
solutions) and moves them around in the search space in accordance with a mathematical
procedure upon the particle's place and velocity. These particles are directed into the best-
known places in the search area as well as the best-known place of the entire swarm after they

have been found.
% Pontryagin’s minimum principle

In the existence of constraints for any state or input control, the Pontryagin's minimal
principle (PMP) provides the optimal control to move a dynamic system from one state to
another, according to the author of [7]. It is a particular case of calculus' Euler-Lagrange
equation variations. Only the required requirements are provided by PMP for an optimal
solution, and the Hamilton-Jacobi-Bellman equation satisfies sufficient conditions. The control
based on PMP requires less computing time to get an ideal trajectory since the number of
nonlinear second-order differential equations rises linearly with dimension. However, the

optimal trajectory could only be a local optimal rather than a global one [121].
3.3.3 Brief comparison of energy management systems

Table 3.1 includes the advantages and disadvantages of each EMS approach.
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Type Advantages Disadvantages
- Reliable, easy to develop, and | - Count on human expertise
Deterministic rule-based simple to design [10]. 01
- Nowadays, it is vastly used | - Difficult to optimize [122].
[10].
- Design simplicity and high | - Difficulty hitting the
performance [123]. optimal and depending on

- Extremely robust and highly | human knowledge [123].
Fuzzy rule-based o )
effective in real time [10]. - The hardware and software
for the control system are

both complex [10].

- Owns a super performance and | - Need prior load profile
o can be utilized as other strategies | demand information, so high
Global optimization _ _
benchmark [124]. computation complexity
[125].

- High real-time performance | - Require a high-processing

and each instant of its operating | controller for training the
Instantaneous . .
o work is optimum, both enhance | model [126].
optimization o
fuel cell lifetime and fuel

efficiency [111].

Table 3.1: Advantages/ disadvantages of various energy management strategies.

3.4 Studied hybrid power system

The system under consideration in the current study is made up of a PEMFC acting as
main source, a lithium-ion battery serving as a storage system, and a supercapacitor for handling
sudden changes in power demand. While the power from the battery is processed by a
specialized bidirectional DC-DC converter to assure charge-discharge operation, the power
from the FC is handled by an energy management strategy based on unidirectional DC-DC
converter. All sources are put together on one DC-bus. The Figure (3.3) shows the studied HPS
included FC, battery and SC.
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Figure 3.3: Hybrid parallel system included FC, battery and supercapacitor.

3.4.1 DC to AC inverter
The average value model for the DC-AC inverter is shown in Figure (3.4). It is an

idealized model used for lengthy simulation studies, and it does not include power electronic

switches and switching signals, according to the author of [34].
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3-phase Switch Model
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Figure 3.4: DC-AC inverter average model.

The two regulated voltage sources, which are the AC output voltages of the inverter

model, are controlled by line-to-line reference voltages U, and Uy, .

The reference voltages V,, V;, V. defined by equation (3.1) and load currents i, i, , 1, are

used for computing the AC power according to the equation (3.2).

V. =2V, .sin(2rft)
Vy =2 Vg e SIN(27 ft —120°)
V, =2 Vg e SIN(27 ft +120°)

WhereV,, s is the nominal rms phase voltage, and f is the frequency.

P =Vii. +Vii, + Vi,
Knowing that:
I, +i, +1. =0
Using equation (3.3), the equation (3.2) can be rewritten as follows:
P =Vii, +V, (<, —i.) + Vi,

This equation can be put in the following form:

(3.1)

3.2)

3.3)

(3.4)
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Pac = (v =Vp)i; = (v — V)i, (3.5)

In which:
Uy =V, =, (3.6)
@7

Finally, the AC power P, is expressed as in equation (3.8).
I:)AC = u;bia - u;cic (3.8)

The equivalence between the power of the AC side and that of the DC side determines

the DC current as given in equation (3.9).
[, =22 ¢ (3.9)

3.4.2 AC Load

As stated by the author of [21], the load is shown as a three-phase controlled current
source as appears in Figure (3.5), where the current flowing through the load is determined via

the three-phase apparent power load profile S, the power factor cos(¢), and the nominal line

voltage Vg, s Therefore, the modeling of load is given as follows:.

Equation (3.10) computes the complex number of impedance module Z .

2 Yoonm (3.10)

where the active power P and reactive power Q are given in equations (3.11) and (3.12),

respectively.

Q= [Ej -P’ (3.12)
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Accordingly, to calculate the load voltage vector Vs in stationary frame, the load three-

phase voltage V,, V,,, V. are transformed using the following equation:

Vo =T [V, ¥, Ve ] (3.13)
2|t _% _%
T=.- (3.14)
B, &
2 2

Then, one may calculate the phase currents I.,1,,1, based on the following inverse

transformation:

hy%i]=T4§- (3.15)
1 0
T % —% ? (3.16)
1.\
j 2 |
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Figure 3.5: AC load model.

In this study, the value of V,,, . is setto 115V and the frequency f is 400 Hz for aircraft

application.

3.5 Suggested energy management strategies

There are several strategies used in management systems, we will study some of them,
including SMC, Pl-based EMS, ECMS, and EEMS strategies.

3.5.1 State machine control strategy

To determine the point of operation for each HPS' component, the author in [26]
developed a SMC strategy according to eight states. This control approach seeks to avoid
continuous changes in the FC reference power due to its slowly dynamic response [27]. Hence,
when the HPS components hit their limits, the reference power changes; whereby, in this case,
the following limits have been considered: maximum and minimum FC power values

(Pe_min' P ma), @nd the nominal FC power (P .,); battery sOC (SOC,, SOC_,,);

maximum charge battery power (R, g, )-
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The operational state here is determined by the SMC strategy, which is dependent on

the demanded load and the battery SOC. For the battery SOC, three levels were evaluated, high
soc when (SOC,,, <SOC), normal SOC when (SOC,;, < SOC < SOC,,, ), and low SOC

(SOC<SOCmin), in which the SOC of battery in this case takes the following values
(SOC,,, =60% , SOC_, =85%).

A summary of the SMC strategy is displayed in Figure (3.6), in which, eight possible

states are suggested.
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T e T

Figure 3.6: Proposed state machine control strategy diagram.

Below is a description of the operation states, and as known, in order to meet load power

needs at all times, the HPS has been designed such that the FC and battery work together.
State 1: (SOC,,, < SOC & R4 < P¢ i)

When the battery SOC is high and the load's power (P, ) requirement is lower than

the minimum FC power, the HPS embraces this mode. In this condition, the FC runs at

minimum power. Consequently, the FC's reference power is given in equation (3.17).

I:)fc_ref = I:)fc_min (3-17)
State 2: (SOC,,, < SOC & Py iy < Poss < Prc )
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In this state, the battery SOC is set to its maximum limit, while the power consumed by
the load ranges between minimum and maximum of the FC power, thus, the FC feeds the load.
Therefore, the FC's reference power is given in equation (3.18).

Pfc_ ref IDIoad (3 18)

State 3: (SOC,,, < SOC & P, . < Ru.y )

fc_max —

The FC works at maximum power when the battery's SOC reaches its upper limit and
the power consumed by the load is more than or equal to the maximum FC power. In light of

this, the reference power of FC is given in equation (3.19).

Pfc_ ref Pfc_ max (3 19)

State 4: (SOC,,;, < SOC < SOC,,, & Pasy < P o)

load

The HPS functions just as it did in state one in this situation, but when it has normal
SOC battery, and the FC operates at nominal power. This means that the FC's reference power

IS given in equation (3.20).

P

fc _ ref

= Pfc_ nom (320)

State 5: (SOC,,, < SOC < SOC,,, & Py 1on < Poss < Pr_ )

c_nom

In this condition, when the SOC of the battery is limited in its scope, the HPS operates
in the same manner as in-state two; therefore, the FC feeds the load. Thus, the FC's reference

power is given in equation (3.21).

P,

fc_ref =

I:>Ioa1d (3-21)

State 6: (SOC,;,, < SOC < SOC,,, & P . < Ry )

Similar to state three, while the battery SOC ranges between its minimum and maximum
values, the FC functions at maximum power. As a result, the FC's reference power is given in
equation (3.22).

fc_max (3.22)

fc_ref =

State 7: (SOC < SOC,;, & Py < P

load fc_max )
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The FC must provide the required load in addition to the maximum charge power of the
battery if the battery SOC falls below a level and the power consumed by the load is less than
the FC's maximum value power. As a consequence, the FC's reference power is given in
equation (3.23).

P

fc_ref

= I:)Ioad + Pbatt_char (323)

State 8: (SOC < SOC,;, & Py 1 < Poas )

fc_max —

In this low SOC condition, the FC operates at maximum power, just as it did in earlier
states when the load's power consumption is more than or equal to the maximum FC power.

The FC's reference power as an outcome is given in equation (3.24).

Pfc_ ref Pfc_ max (3-24)

« Simulation results and interpretations

The SMC is implemented in MATLAB-Simulink employing SPS. Figure (3.7)
represents the results obtained.

The FC works as anticipated; it follows the load until the battery's SOC is at its
minimum, at this point the FC charges the SC over their reference voltage (270 Vv ) forcing the

DC-bus voltage regulator to demand a negative current to attempt to recharge the battery again.
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Figure 3 7: Simulation results of state machine control strategy.

3.5.2 Pl-based energy management strategy

This approach control, known as passive control [6], employs a Pl regulator to manage

the battery's state of charge. Indeed, when the battery SOC is greater than the reference, the FC
output is reduced and the battery supplies full power, and when the SOC is lower than the
reference, the FC delivers nearly all of the load power [127]. Therefore, the PI regulator output

is the battery power, which is then subtracted from the load power to get the FC reference
power. Figure (3.8) depicts the algorithm of Pl-based EMS.
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( Start )

Y

I:)Ioada SOCrefa SOC, Vbatt, kp, ki

Y

Computation of current and power of battery
ibatt = Qbatt (kp(SOCref - SOC)+kif(SOCref - SOC))

Pbatt=Vbatt Ibatt

Y

Computation of P ret
Ptc_ref = Pload - Pbatt

End
Figure 3.8: Flowchart of the Pl-based energy management strategy.
0 Q. ISthe battery capacity (Ah).
o Vi is the battery voltage.
o I is the battery current.
o K, is the proportional gain.
ok isthe integral gain.

o SOC, is the reference state of charge of battery.

o SOC s the state of charge of battery.

¢+ Simulation results and interpretations

The Pl-based EMS is implemented in MATLAB-Simulink employing SPS toolbox.
Figure (3.9) represents the obtained results.
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Figure 3.9: Simulation results of Pl-based energy management strategy.

Because the battery empties fast to reach the reference SOC, the battery offers full
power; similarly, the FC reference power is low, and the SC discharges to aid the battery; as a
result, the DC-bus voltage falls below the reference voltage. Following that, the FC attempts to
produce load power and recharge the battery, therefore providing the SC above their reference
voltage and the FC follows the load as in the prior strategy.

3.5.3 Equivalent consumption minimization strategy

The ECMS is classified as a local optimization control strategy that is commonly
utilized in instantaneous energy management, and its purpose is to reduce fuel consumption by

limiting the fuel consumed by the FC and the equivalent fuel necessary to maintain the battery's
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SOC [6]. Therefore, a number of authors [128] [129] suggested real-time OSs such as ECMS.
For the studied HPS to meet the aims of the ECMS, this study employs the approach suggested
by [21], and the equation (3.25) is defined to describe the minimization.

J =min (P, +a,Ru) AT (3.25)
Under the equality constraints shown in the equation (3.26):

P

load

= Pfc + Pbatt (3-26)

where P, P, P..4 are the FC power, battery power and load power, respectively, AT is the

sampling time, and @, is the penalty coefficient.

The definition of the penalty coefficient «,[130] [131] is considered in the equation (3.27).

(SOC-0.5 (SOC, . +SOC, . ))
soC,, +SOC, .

a,=1-2u (3.27)
where, the x is balance coefficient, and SOC_;,,SOC ., are the minimum and maximum

battery SOC.

The balance coefficient ¢ is a variable equivalence factor that may be modified to
reflect the battery's characteristics of charging and discharging [132]. This constant is chosen
to balance the battery SOC during the entire cycle, and because it has different values, an

optimum value is obtained (0.6 in this study) [131].

As a knowledge, there are a numerous of constraints on this optimization issue,

including the battery SOC, battery power, and FC power limitations [131]:

I:)fc_min < Pfc < Pfc_max
SUbjeCt to I:)batt_min < Pbatt < Pbatt_max (328)
0<a, <100

where Py v Pre ex are the minimum and maximum fuel cell power, By rins P mex

are the minimum and maximum battery power.

The algorithm describing the ECMS is illustrated in Figure (3.10).
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( Start )

&
<

A 4

Pload, SOC! “, AT

A 4

Calculate fuel cell, battery powers, and penalty coefficient
Pload:Pfc+Pbatt
a,=1-2l((SOC-0.5(SOCaxt+SOCin) )/ (SOCmaxt+SOChin))

!

Found minimum

I

Found optimal set points .
X = [P, ap, Poad] N

|
Y
v

Se n d Pfc_ref

End

Figure 3.10: Algorithm of the ECMS.

+«+ Simulation results and interpretations

Figure (3.11) represents the simulation results of the equivalent consumption

minimization strategy.

Right after the FC is underpowered; it attempts to recharge the battery, even if the
battery SOC is higher than the minimum. As a result, the FC charges the SC over their reference
voltage more frequently to let the DC bus voltage regulator ask for a negative current to
replenish the battery.
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Figure 3.11: Simulation results of ECMS.

3.5.5 External energy maximization strategy

The EEMS, also known as equivalent hydrogen consumption, focuses on determining
the optimal power distribution that reduces the hydrogen consumption of the HPS. It has two
parts: the hydrogen consumption of the FC and the equivalent hydrogen consumption of the
battery and the SC [101]. Figure (3.12) represents the ECMS.
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<
<

Pload, SOC, M, AT

v ¥
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consumption of the battery the fuel cell
| |
v

Found minimum
J= min(PfC+apran)AT

Found optimal set points N
X = [Pr, dp, Phat] N

|
Y
v

Send Pfc_ref

End

Figure 3.12: Principle of ECMS algorithm based on EEMS.
% H2 consumption minimization strategy
This term is given to the equivalent hydrogen consumption of the storage system. A
hydrogen consumption minimization algorithm similar to that in [21] is considered in this study,

where the suggested strategy seeks to maximize the battery and supercapacitor energies at each

given moment (external energy maximization strategy) while maintaining the battery SOC and
DC bus voltage within their working boundaries. To find an optimal solution, P, and AV

should be determined in order to minimize the following objective function.

J=— [P AT +% C.AV?] (3.29)

batt

Under the inequality constraint presented in the equation (3.30).
Pbatt AT < (SOC - SOCmin) Vbatt Qbatt (3.30)

Within the boundary conditions presented in following equation.

P < <P
SUb-eCt to batt _ min batt batt _ max 331
) {VDC_min _VDC <AV SVDc_max _VDC ( )
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where AV is the SC charge/discharge voltage and C, is the rated capacitance of the SC,

Vic_min+Voc_ma are the minimum and maximum of the DC-bus voltage, and Vi, is the rated

battery voltage.

The hydrogen consumption minimization strategy algorithm is illustrated in Figure (3.13).

( Start )

A

Pload , SOC, y, AT, AV, C; ,Vpat, Q

Computation of battery power
Pload=PtctPhratt

Pbatt AT < (SOC-SOCmin)Vbatt O

Y
v

Found maximum
J = maxX(Ppat AT + (¥2)C, AV?)

|

Found optimal set points N
X= [Pbatt: AV]

[

Y

4
Send Py

}

Comutation of Py rer
Ptc_ref = Pload-Pbatt

End

Figure 3.13: Algorithm of H, consumption minimization.

0,

% Simulation results and interpretations

The simulation results of the H> consumption minimization strategy are illustrated in
Figure (3.14).
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Figure 3 14: Simulation results of H, consumption minimization strategy.

The approach operates similarly to a traditional P1 controller in that the battery declines

quickly to reach its minimum SOC, and then the FC attempts to supply load power and recharge

the battery. When the simulation starts, the FC reference power is low, and the SC discharge to

assist the battery, causing the DC-bus voltage to fall below the reference voltage.

3.5.7 Comparison of the proposed strategies

In this section the SOC of the battery and fuel consumption are adopted as two criteria

to perform a comparative study between the different strategies.
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To figure out how much hydrogen is required to power a FC for a specific period, it is
crucial to calculate the FC's hydrogen consumption. This can aid in ensuring that there is enough
hydrogen to satisfy the HPS’s energy requirements.

The hydrogen consumption is computed as considered in the equation (3.32) [23].

Cons H, =

Nfc ‘ -
j i dt (3.32)
F 0

where t is the time, and its value is 1600 s, F is the Faraday constant, N is the number of

fuel cells.

Table (3.3) summarizes the hydrogen consumption for each strategy. From this table,
the external energy maximization approach consumes the smallest quantity of fuel, followed by
the Pl-based energy management strategy. The state machine control requires higher quantity
of fuel than each of them. Moreover, the fuel consumed with the equivalent consumption

minimization method is greater than that needed for the other strategies.

) Pl-based energy
State machine
Strategy management ECMS EEMS
control
strategy
H> consumption 205 203 215 202

Table 3.2: Strategies’ hydrogen consumption.

Table (3.3) recapitulates the battery SOC for all strategies. As observed from Table
(3.3), the Pl-based energy management strategy consumes more battery energy than the state
machine control strategy. In comparison to the equivalent consumption minimization, greater

battery energy is consumed by the external energy maximizing strategy.

Stat i Pl-based energy
ate machine
Strategy management ECMS EEMS
control
strategy
SOC battery 42 — 65% 41 — 65% 45 — 65% 41 — 65%

Table 3. 3: Battery SOC of suggested strategies.
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In comparison to all strategies, the external energy maximizing strategy performed
better in terms of fuel economy, while the equivalent consumption minimization strategy is
better in terms of using battery energy. Besides, the DC-bus voltage was kept constant

throughout all strategies.
3.6 Conclusion

This chapter presents the most prevalent hybrid power systems' energy management
strategies. These strategies included the state machine control strategy, Pl-based energy
management strategy, equivalent consumption minimization strategy, and external energy
maximization strategy. To experience them, a variable AC load was modeled and connected to
an average model of a DC-DC converter and DC-AC inverter. As anticipated, the simulation
results show that the HPS components work together in order to meet load power needs at all
times. According to the simulation results, the EEMS consumes the least amount of fuel, and
the ECMS consumes a small amount of battery energy. Besides, the DC-bus voltage was kept

constant using all strategies.
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General Conclusion

The work carried out in this thesis concerns the control and power management of a stand-
alone hybrid power system. The considered HPS encompasses a fuel cell, battery, supercapacitor, and
load. The overall control strategy of the HPS is based on a two-level structure, in which the top level
Is an energy management and the local one is a power control. To ensure that the HPS will be able to
meet the load demand with variable profile, the energy management strategy must be properly
designed to be effective. The appropriate strategy is chosen depending on fuel consumption and load
conditions. The energy management and power regulation system also control the load scheduling
operation during lack of fuel or slow FC response conditions with inadequate energy storage in order
to avoid a system black-out. Based on the reference dynamic operating points of the individual

subsystems, the local controllers control the FC and storage systems.

In chapter one, an overview of the suggested HPS was presented first. Then, comprehensive
details were given to provide an understanding of the operating principle of the FC source and storage

energy sources including Li-ion battery and SC.

In the next chapter each component of the HPS was modeled. The power converters were
modeled using average value modeling approach, which greatly reduced the simulation time. The
obtained models include the impact of the voltage and current dynamics to match as closely as
possible with the real system. Using Sim Power System (SPS) library, a simulation model was
developed. Simulations showed that the power of each source can be effectively controlled.

In the last chapter, a state of the-art of commonly used EMS schemes was presented; four of
them were selected and implementation. These strategies included: the state machine control strategy,
Pl-based energy management strategy, equivalent consumption minimization strategy and external
energy maximization strategy, which is based on maximizing the energy delivered by the battery and
SC at any given instant while meeting their operating constraints. To ensure a fair comparison, the
EMSs were designed following the same requirements. To conclude, each scheme is chosen based
on a specific criterion to prioritize. As an example, depending on the operating life of each energy
source, the EMS can be chosen to either minimize the stress on the FC system, the battery system or

SC system, hence maximizing the life cycle of the HPS. Also, if the target is to reduce the fuel



General Conclusion

consumption, the strategy based on the classical Pl or EEMS could be selected. An alternative is to

design a multi-objective optimization EMS to optimize all the performance criteria.

Last but not least, some suggestions for further work on the topic covered in this

thesis are listed below:

- Simulation of the HPS in more realistic conditions using switching models for the DC-DC

converters instead of average models.

- Application of artificial intelligent EMSs based on fuzzy logic systems and machine

learning.

- Utilization of interleaved DC-DC converters as an alternative to conventional DC-DC

converters to reduce the ripple of the input and output currents.
- Expansion of the HPS by adding other renewable sources like PV system.

- Experimental validation of the proposed HPS governed by the suggested EMSs.
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