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General Introduction

GENERAL INTRODUCTION

In today’s society, high importance is being placed on the stress levels that technology
puts on the environment. This factor has pushed automobile technology to an eco-friendlier
solution which is electric vehicles (EV) [1]. When compared to petroleum-based vehicles
using the internal combustion engine (ICE), EVs have a significantly less footprint depending
on their fuel source [2].

The aim of this work is to studied the energy management of an embedded system
while, it consists in controlling the energy flows of the different sources constituting the
system. It makes it possible to satisfy the power demands of the load and increase the service
life of the system while respecting various operating constraints such as the limited power of
the sources, the states of charge of the storage elements, etc. For an "Electric Vehicle"
application, we present in this work the energy management of an autonomous hybrid system
composed of lead acid batteries used as the main source, super capacitors considered as an
auxiliary source.

This thesis is divided into three chapters, in the first chapter, gives a state of the art on
the energy management system, which is composed with: Electrical vehicle architectural and
some State of the art in the energy management system. The second chapter presents the
Energy Management System Modeling. The third chapter is devoted to the simulation results

and discussion of the rule based energy management strategy.

University of El- Oued Echahid Hamma Lakhdar 1



Chapter |

State of the art In the
energy management
system



Chapter | State of the art in the energy management system

I.1. Introduction

In this first chapter, an overview and a brief history of the electric vehicle will be given,
then its operating principle as well as its different architectures and constituent elements will
be detailed, In addition to describes the state of the art in the field of Ultracapacitors (a.k.a.

Super Capacitors), particularly as utilized at the present time in electric and hybrid vehicles.
|.2. State of Arton EV

1.2.1.History of electric vehicles

Joint advances in energy accumulators such as batteries and electric motor as drive
systemsalong with the predominance of the electromagnetic induction since 1831 have led to
significant advances electric mobility technology. Two researchers stand out in this context:

Alessandro Volta ("Battery Back™) for inventing the battery's forerunner in 1800, and
Michael Faraday for creating the homopolar motor in 1821. In the 1830s, non-rechargeable
batteries were used in the first electric cars [3]. Rechargeable lead-acid batteries, which are
currently the most popular type of batteries, were created in 1859 by Mr. Gaston Plante and
are notably popular in storage and automotive applications. The performance of the
aforementioned battery type was then improved by Aphonse Camille Faure, resulting in its
commercialisation on vehicle boards in 1881 [4]. In 1882, Mr. Trouvé developed the first
lead-acid battery-powered electric vehicle in France. In the meantime, other lead-acid battery-
powered electric vehicles made their debut in the United States and the United Kingdom.
Although steam mobility existed at the time, particularly in public transportation, the electric
vehicle quickly established itself as an ideal choice for urban traffic because it produces no
noise and pollutes the environment.

In the early 1900s, Thomas Edison, intrigued by the potential of electric vehicles,
developed the nickel-iron battery, which had a storage capacity 40 % greater than the lead
battery but a much higher cost of production. To conclude, the nineteenth century is mainly
characterized by important findings in battery technology such as the development of nickel-
zinc and zincair batteries [5].

a. First cycle of electric vehicles (1837-1912)

At the beginning of the twentieth century, many researchers thought that electric and
conventional vehicles could coexist together and each vehicle type will find its own

customers.

University of EI-Oued Echahid Hamma Lakhdar 2
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However, researchers’ prediction was not correct and electric vehicles

commercialization has decreased significantly during this period for the following reasons:

The removal of the crank used in combustion powered vehicles as a result of electric
starter invention in 1912 [4].

In 1920, the highways in the United States interconnected several cities and this
required vehicles with large autonomy capable of traveling long distances [5].
Success of commercialization of petrol vehicles. According to [6], the number of
electric power cars in 1912 in the United States reached 30 000 units and the amount
of petrol cars was already thirty times larger.

Oil discoveries in Texas have reduced gasoline prices, making it an attractive fuel for
the transportation sector [7].

The impressive progress of distillation techniques along with the low cost of
petroleum products contributed together in the expansion of the automobile

industry's technological development toward gasoline-powered vehicles [8].

The performance of the first generation of electric vehicles in terms of speed and

autonomy is shown in Figure 1.1. As can be observed, the maximum speed is 35 km/h, and the

maximum vehicle autonomy is somewhere about 65 km. It is important to note that at the

same time, combustion engine vehicles' autonomy was 3 times greater for both autonomy and

speed [9]. According to the aforementioned source, gasoline automobiles cost between $1,000

and $2,000 and had an operating cost of $0.01 per mile. On the other hand, the price of an

electric vehicle at the time ranged from $1,250.00 to $3,500, with an operating cost of $0.03

per mile..
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Figure 1.1: Autonomy and speed ratings for first generation of electric vehicles [10].
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b. Second generation of electric vehicles (1912-1973)

Following many oil field finds, conventional vehicles fueled by diesel and gasoline have
gained popularity and have proven to be preferable to electric vehicles in terms of speed,
autonomy, and running costs. Oil costs rose as a result of the First World War in 1914, which
has rekindled hope for the future of electric automobiles. The technological advancements
made during this time period in favor of electric vehicles also contributed to this enthusiasm
[11]. For instance, storage space and battery life were both increased by 35%. Despite the
technical and commercial efforts spent to impose electric vehicle dominance in the vehicle
market, the number of electric vehicles fell from 10% in 1913 to only 3% in 1925 according
to [12] because of its limited autonomy and reduced comfort.

Moreover, the long charging time of vehicle batteries has reduced its large scale
commercialization.

Figure 1.2 shows the performance of the second generation of electric vehicles in terms
of maximum speed and autonomy. At first look, it could be noticed that the vehicle speed and
autonomy are significantly improved compared to the first generation of electric vehicles.

According to [13], researchers’ interests during this period were oriented toward the
elaboration of vehicles with minimum energy consumption and less CO2 emissions as issues

about CO2 usage were raised and laws discussing fuel emissions restrictions began to be

adopted.
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Figure 1.2: Autonomy and speed ratings for second generation of electric vehicles[10].
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c. Third generation of electric vehicles (1973-1996)

Demand for electric vehicles grew rapidly until the late 1980s, when the issue of urban
air pollution became more widely discussed [14]. The oil crisis caused by OPEC
(Organization of Petroleum Exporting Countries) in 1973 had opened up new opportunities
for electric vehicles.

The countries which depend significantly on oil coming mainly from Arab region
reconsidered their policies and have adopted some regulations and strategies to reduce oil
dependence.

One suggestion for lessening reliance on oil was for their transportation sectors to be
massively, gradually, and continuously electrified. Numerous cutting-edge automobiles were
introduced to the market throughout the 1980s and 1990s, such the Ford Ranger EV, Toyota
RAV4-EV, and General Motors EV-1. To assess the commercial viability of these vehicles,
substantial study on battery costs and lifespan was carried out [15]. Even if electric cars were
more energy-efficient than traditional ones, their benefits were negligible when oil prices
were at their lowest levels [16].

Figure 1.3 highlights the performance of the third cycle of electric vehicles in terms of
maximum speed and autonomy. Despite the different barriers preventing the large scale
commercialization of electrified vehicle, one could notice easily from figure 1.3 that
significant enhancement in terms of speed and autonomy have been made compared to the
first and second generations of electric vehicles shown respectively in figures 1.2 and I.1.
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Figure 1.3: Autonomy and speed ratings of the third generation of electric vehicles[10].
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d. Fourth generation of electric vehicles (1996-2012)

Hybrid electric vehicles and plug-in hybrid vehicles became popular during this time as
potential solutions to problems including energy security, pollution, and dependence on fossil
fuels. The first significant development during this time period occurred in 1997 with the
introduction of the four-door cars "Toyota prius" and "Insight™ in the Japanese and American
markets, respectively [17]. In the North American market, 1.9 million HEVs (Hybrid Electric
Vehicles), 60.0 thousand PHEVs (Plug-in Hybrid Electric Vehicles), and BEVs (Battery
Electric Vehicles) have been sold since the introduction of the Toyota Prius in 1997 [18]. This
commercialization success can be attributed in large part to the encouragement of the U.S.
government to manufacturers and consumers of hybrid and electric vehicles. Worldwide, over
the last decade, many HEVs, PHEVs and BEVs have been sold, totaling more than 2.5 million
vehicles. In early 2011, the penetration of these technologies in the market is of 2% in the
U.S. and 9% were sold in Japan [19]. With the new developments in batteries, electric
vehicles now have their storage capacity between 20 and 60 kWh, allowing its
interconnection with the electric distribution network through the consumption of energy.

Furthermore, in the very near future, this will provide energy according to the needs of
network functionality through the Vehicle Connected to grid technology (V2G). Figure 1.6
depicts the performance of the fourth generation of electric vehicles in terms of maximum
speed and autonomy. One can deduce from figure 1.4 that important improvements in terms of
speed and autonomy have been made compared to the three first generations.
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Figure 1.4: Autonomy and speed ratings of the fourth generation of electric vehicles[10].
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1.2.2. Electric Vehicles manufacturers

There are currently about forty different electric vehicles available, from about twenty
different electric car manufacturers. These include BEV’s (battery electric vehicle) which are
100% electric, and PHEV’s (Plug-in electric hybrid vehicles) which have a battery and an
electric motor, but also have an internal combustion engine. PHEVs drive on electric
sometimes, and gasoline or diesel once the battery is depleted.

How should electric car makers be evaluated? Which electric car manufacturers are
producing the best-selling models, and which models are the most in demand globally, are
two metrics to take into account. Tesla, General Motors, and Nissan are the three
manufacturers that sell the most electric vehicles in the US. More than 60% of all electric cars
sold in the US through September of 2018 were produced by these three automakers. The top
electric vehicles made by these manufacturers include [20]:

1. Tesla
Chevrolet
Nissan
BMW

2.
3.
4.

(a) Tesla Model x (b) Nissan LEAF (c) Chevrolet Volt

Figure 1.5: Electric Vehicle [20]

Pure electric vehicle is a type of EV that exclusively uses chemical energy stored in
rechargeable battery packs, with no secondary source of propulsion (e.g. hydrogen fuel cell,

internal combustion engine, etc.). figure 1.6
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Figure 1.6: Pure electric vehicle [21]
|.3.State of the art in the energy management system

The distribution of power among the various hybrid system components is defined by energy
management. In order to maximize the complementarity between these two energy sources, humerous
studies have helped define how to manage energy between batteries and supercapacitors.

These strategies may be based on three concepts [22,23] (see Figure. 1.8).

1. Rule-based strategies: these are defined beforehand based on knowledge or
understanding of the specifics of the system's components. Although these techniques
are straightforward to use, they may not always result in the greatest potential
outcome.

2. Deterministic optimization-based strategies: these strategies force the system to adapt
so as to minimize (or maximize) the performance criterion. This idea is the
foundation for several optimization approaches, including optimum control, dynamic
programming, and linear programming. There are two possible groups: both real-time
and offline optimization.

3. Strategies based on stochastic optimization methods such as the learning machine:
The learning machine offers the ability to learn in order to achieve an objective
(maximization / minimization of a criterion) without being explicitly programmed

with cycles training.
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1.3.1. Rule-based strategies
Only a few management rules—fuzzy rules, neural networks, and deterministic rules—

can be mentioned for hybrid sources in the automotive industry.

Energy management strategy

Rule-based strategies Strategy based on

deterministic optimization
methods

Strategy based on stochastic optimization methods

Figure 1.7: Existing energy management strategies[7].

A. Fuzzy rules

The fuzzy rules are very practical in cases where the analytical modeling of the system
is complex. Fuzzy Logic Controllers (FLCs) are the most widely used because of their
independence from the mathematical model of the system to be controlled.

Fuzzy logic has been used by researchers like Gao, Caux, and Erdinc to study fuel cell
hybrid systems [24,25]. Eren [26] combined the management of the fuel cell's internal
dynamics into a method to energy management based on fuzzy logic. Due to the strategy's
reliance on a particular level of expertise, the use of fuzzy rules has a detrimental effect. This
implies that a few firm assumptions that rely on the designer's understanding of the issue must
be made [23,27].

B. Neural networks

Neural network models are computer simulations of human cognitive processes
(memory and reasoning). The literature has some studies that employ neural networks'
approach to energy management. Ates [28] presented an adaptive linear neural network
(ADALINE) method-based supervisory controller to specify the power output of a fuel cell
system in a hybrid car.

Although Askarzadeh [29] and Prokhorov [30] also employed the same kind of neural

network, there were more options when fuzzy logic was added. The drawback of this strategy

University of EI-Oued Echahid Hamma Lakhdar 9
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is that it requires a sizable experimental database to construct the knowledge process and that
there is no evidence of stability [22,23,25].
C. Deterministic rules

Deterministic rules define the power sharing techniques between the energy sources of
the hybrid system. In this context, we shall cite various techniques used in multi-source
vehicles.

4 Strategy for « All or Nothing »

These are on/off thermostat strategies. Their principle is to distribute the power flows
between the two sources in such a way as to ensure that each source operates around its best
overall performance. Power sharing is done by assigning an active (On) or deactivated (Off)
state to each power source (all or nothing switching). As shown in Figure 1.8, it is either the
battery that takes the entire required profile or the supercapacitors that delivers the required

power with a sudden switch between the two states [3].

Tout ou rien

Profil 53 -

u . fact ] - P Psc
&D'D‘ELU“ -f|_|‘|_|| |[1]] = Pears

i UL = Psc
‘1'sC ‘:'1' Batt 5 ‘PBOT‘T

0" Batt : '0' SC

-.....-;..-...

Figure 1.8: Principle of the ""All or Nothing' management strategy
Where: Pbatt: power of the battery, Psc: power of the supercapacitor, SC: supercapacitor, Batt: battery[30].
The "smooth transition" between storage systems is an improved version of this

strategy. As shown in Figure 1.9, switching between the supercapacitors and the battery takes
place at a linear transition stage in order to avoid additional current requirements during

sudden switching [30].
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SC & Bart

Psc
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Figure 1.9: Principle of the ""smoothed transition' management strategy[30].

+ Strategy for « Power saturation »

This method is based on restricting the battery's power across the complete needed
power profile. The battery's power threshold is established in advance. As a result, the
supercapacitors handle the discrepancy between the profile's power and the set threshold (see
Figure 1.10) [23,31]. By using this technique, it is feasible to keep current variations within a
specific range of power. The peculiarities and characteristics of the storage systems being

employed are typically taken into account when determining the power threshold.

. Limitation de puissance
Profil -

M- T ﬂﬂ ~[L1NN0] - Psc

SRR "N
[ ) 9 Part

Figure 1.10: Principle of the ""power saturation' management strategy[30].

+ Strategy for « Adaptive power saturation »

The above-mentioned plan has been developed into this strategy. The idea behind flow
distribution is the same. However, it provides additional flexibility because the battery side
power limit fluctuates according to the energy stored in the supercapacitors. This method
provides additional latitude for manipulating power flows, improving performance [23].

4+ Strategy for “Frequency sharing”

The high/low frequency decomposition of the requested profile serves as the foundation
for the power frequency sharing method. (see Figure 1.11). It enables the utilization of the
innate qualities of the employed storage sources. With this form of sharing, the batteries are

given the low-frequency components while the supercapacitors handle the power peaks. [32].
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Figure 1.11: Principle of the “frequency sharing” management strategy[30].

Table 1.1 evaluates the different rule-based strategies presented in terms of ease of

implementation and performance.

Table. 1.1. Comparison of deterministic rule-based strategies[26].

strategies simplicity of implementation performances
all or nothing + + + -
power saturation + - + - -
adaptive power saturation + - + +

frequency sharing

- ++ +
+ advantage ~ disadvantage

1.3.2. Strategy based on deterministic optimization methods

These optimization techniques seek to achieve the best possible control over the power
flows in a multi-source system. Depending on the resolution techniques, these optimization
solutions are categorized differently. Both offline and online (real time) kinds of resolution
are defined in this context.

A. Offline optimization strategy

Strategies for offline optimization demand an understanding of the driving cycle. The
target objectives are used to calculate the best power distribution, which is then carried out in
advance. This makes it impossible to use this kind of optimization method in real-time

systems. However, the following situations call for various kinds of offline optimization:

v’ to use it as a reference for the evaluation of other real-time strategies [33];
v Aid for the dimensioning of multi-source systems [34],
v Adjusting other rule-based management strategies upstream [35].

In order to determine the best way to distribute power in a hybrid storage system that

combines a battery and a supercapacitor with a "objective” function, numerous researchers
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have reportedly used dynamic programming approaches to address optimization challenges.
according to cutting down the battery's RMS current [36,37].
B. Online optimization strategy

In contrast to offline optimization techniques, online control strategies achieve optimum
distribution of power flows in real time. This method does not require prior knowledge of the
driving profile. The challenge of the success of this approach therefore concerns two key
points:

% on the one hand, the time of calculation that must be limited in order to make the
solution workable in real time;

¢+ on the other hand, it is necessary to decouple the optimal solution from the knowledge
of driving conditions in order to make the implementation possible.

Therefore, it is feasible to choose the optimal option regardless of the vehicle's driving
circumstances. The issue of energy management in multi-source systems has been addressed
using a number of real-time optimization strategies, including predictive control and optimum
control based on equivalent consumption minimization (ECMS) [38].

+ Predictive control

The "Model-Predictive control™ MPC-type of predictive control relies on projections of
the vehicle's upcoming driving circumstances. The system's predetermined template is used
for this [39]. The MPC command can now be positioned in relation to rule-based techniques
thanks to a comparison research. This study's findings support the notion that the rule-based
approach is more effective than the MPC command in terms of convergence speed and
solution efficiency.

This predictive control is quite efficient in systems with multiple inputs and outputs
[40].

+ Optimal control

The "Maximum Pontriaguine Principle” (PMP)-based optimal control strategy is an
offline approach to problem solving. This strategy has been modified for real-time
application, though. By employing the "Equivalent Consumption Minimization" (ECMS)
method, for instance, the versions of the strategies emerging from the PMP offer an
instantaneous optimal allocation of power flows in a multi-source system [38,41]. This latter
approach's fundamental tenet is to reduce the weighted sum of powers [42]. Several works on
multi-source vehicles have utilized the ECMS [43]. By incorporating the control loop, the -
control technique enables adjusting the parameter defining the resolution method [22].
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1.3.3. Strategy based on stochastic optimization methods (Machine Learning)

Artificial intelligence (Al) has a subfield known as machine learning (ML). It alludes to
systemic adjustments that are adaptive [44]. Adaptive adjustments are those that make it
possible for the system to carry out the same duties in the future, or tasks for the same
population, more effectively. It is a branch of computer science that uses data observation and
experience to train algorithms to carry out "intelligent” tasks. To put it more specifically, this
approach teaches how to improve future performance in light of seen or experienced past
performance [45]. For example, apps from popular websites such as "Amazon" "Facebook™
and "Google" use machine learning. For example, the recommendation for movies in the
“Netflix” app is based on one of these methods. Machine learning intersects with physics,
statistics, theoretical computer science, and so on. It is widely used to solve problems related
to optical character recognition, face detection, spoken language comprehension, weather
forecasting and robotics [46].

The algorithms used to manage the energy of battery-based storage devices have also
shown the effectiveness of the methods (ML). M. Triki [47] employed the dynamic power
management algorithm "Dynamic Power Management" at work to prolong a mobile phone's
battery life. This control method (ML) can optimize power flow distribution in automotive
applications while learning how to make the best choices in the present based on past driving
patterns [48,49]. Work as it were [50] demonstrates that a hybrid vehicle's fuel consumption
can be decreased with the use of machine learning. It has been demonstrated in earlier studies
that a control strategy based on this algorithm (ML) provides a compromise between the ease
of real-time implementation, the computation time, and the solution's optimality [51].

1.3.4. Summary of management strategies
A. Evaluation of deterministic optimization strategies

Optimization-based solutions enable convergence towards a clearly defined goal in
order to address the issue of energy management in a hybrid source [40]. On decreasing (or
maximizing) the performance criterion, they are based. Even the most effective online
resolution algorithms require lengthy processing periods, making the real-time deployment of
these solutions a substantial challenge [24,41]. Additionally, the most optimal approaches call
for prior knowledge of the power profile [52,22].

B. Evaluation of strategies based on deterministic rules

Deterministic rule-based management techniques have the benefit of being easy to

develop, making them suitable for use with real-time computers. Furthermore, these

techniques don't need to know the direction the vehicle will take beforehand [30]. However,
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how well these strategies work depends on the expertise of the person who establishes the
rules and uses the multi-source system's inherent potential. The effectiveness of the solution
may be impacted by a significant change in the driving circumstances under which the system
has been configured [32].
C. Hybridization of strategies

Hybridization of strategies is another alternative to multi-source energy management.

Hybridization of strategies enables the use of the strengths of each type of strategy (Table 1.2).
Table. 1.2. Evaluation of the different strategies[40].

strategies real-time optimal | calculation | A prior knowledge
implementation | solution time of driving
conditions
Strategy based on + - + -+ -

deterministic
optimization methods

Rule-based strategies + - + +
Strategy based on + - + - + - +
stochastic optimization
methods

+ advantage -~ disadvantage

Hybrid techniques, which combine optimization strategies with rule-based strategies,
are being used more frequently. Through the use of offline optimization findings, some works
have added more intelligence to the deterministic rules that are already in place. [53,40,43].

In these approaches, the definition of rule-based strategies is based on the results of
offline optimization algorithms. For instance, A.L. Allégre [54] has developed a rule-based
strategy with a coefficient that characterizes the distribution of power between two sources.
This coefficient is then generated by an offline resolution that minimizes losses in the primary
storage source (battery). In the work of J.P.F. Trovao [55,56], an offline “particle swarm
optimization” (PSO) algorithm based on power saturation was used to limit the search interval
for the optimal solution. Hybridization (rule-based and optimization-based strategies)
improves the degree of solution optimization of rule-based approaches. At the same time,
optimization approaches see their computation time reduced due to the predefined application

of the rules.

University of EI-Oued Echahid Hamma Lakhdar 15



Chapter | State of the art in the energy management system

1.4.Conclusion

This chapter gives an overview of the State of Art on EV and State of the art in the
energy management system.

Where we see after this study by comparison with batteries, ultracapacitors offer the
advantages of very short charge/discharge time, virtually unlimited cycle life, zero
maintenance requirements, and operability over a very wide range of temperatures.

Ultracapacitors, however, still lag behind batteries in the aspect of energy density.
Current research efforts to close that so-called “energy gap”, which will allow ultracapacitors
to be competitive with batteries, are described.

That we will choose the battery of a Lead acide to study in the next chapters because it
is the easiest and most effective according to the approved references in this study.These type
of batteries were originally used in early electric vehicles such as General Motor's EV1, and

also used in conventional vehicles.
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I1.1. Introduction

Energy management in hybrid vehicles consists in deciding the amount of power
delivered at each instant by the energy sources present in the vehicle while meeting several
constraints. In this chapter, the role and main features of the energy management controller
are introduced, and the problem of designing such a controller is formalized using optimal

control theory.

I1.2. Presentation of the architecture chosen

The architecture chosen for the electric vehicle is topology A (presented at the end of the first
chapter). It is an electric vehicle with two energy sources (the battery and the supercapacitor), their
respective two power converters (Buck-boost) and the group powertrain.

DC/DC Inverter Electric | | Gearbox and _
Batt L a xand | |
- converter Motor Motor | transmission | | 'eiicle
. DC/DC
Supercapacitor
converter

Figure 11.1 Architecture of the chosen vehicle[14].

The architecture presented in Figure I1.1 gives us the most degrees of freedom it ensures also a
stable voltage on the DC bus. The variation in the voltage of the DC bus is due to a Load variation

according to the rolling cycle.

11.3. EV Power supply

11.3.1. Electrochemical battery

When charged, electrochemical batteries, often known as batteries, transform electrical
energy into potential chemical energy; when discharged, they transform chemical energy back
into electric energy [34]. There are many distinct kinds of batteries, including lead-acid,
nickel-metal hydride, lithium-ion, and others. However, due to its very high specific energy
and power, lithium ion is currently the preferred option for EV applications.[33].

While the term "battery™ is often used, the basic electrochemical unit being referred to is
the "Battery cell". A battery consists of one or more of these cells, connected in series or
parallel, or both, depending on the desired output voltage and capacity. The battery cell
consists of three major components as shown in Fig. 11.2 [32]:
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Nbgative electrode

+ Fositive electrode

N - electrolyte |

Figure 11.2 An electrochemical battery cell [32].

The electrolyte, the ionic conductor, which provides the medium for transfer of

charge, as ions, inside the cell between the anode and cathode.

The anode or negative electrode, the reducing or fuel electrode, which gives up

electrons to the external circuit and is oxidized during the electrochemical reaction.

The cathode or positive electrode, the oxidizing electrode, which accepts electrons
from the external circuit and is reduced during the electrochemical reaction The
electrolyte is often a liquid having dissolved salts, acids, or alkalis to provide ionic
conductivity, such as water or other solvents. Solid electrolytes, which are ionic

conductors at the working temperature of the cell, are used in some batteries [32].

There are many different battery types, the most popular types is:

% Lead-acid battery: This technology offers high-speed performance, moderate low and

high temperature performance, easy indication of state of charge and good charge retention

for intermittent charging applications. There are few disadvantages like: low energy

density and long charging time, heavy and it needs careful maintenance [31].

How does a Lead Acid

Battery Work? Load
* Resistance
Protective Positive Anode + - Cathode
casing terminal
PbO. - .
‘ H,50, Pb
Cell divider
i o
Positive electrode 2H SO:
(lead dioxide)

MNegative electrode
(lerad)

. 28 Electrical 4 U

Figure 11.3 Lead-acid battery[31].
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+* Nickel-cadmium (NiCd) battery: It was used in the beginning of space exploration. It has
a long cycle life, good low temperature, and can be fully discharged without damage. As

disadvantages, it is expensive, as cadmium is very toxic, the use of these batteries in EVs is

therefore prohibited.

’

-+
=

>y

Figure 11.4: Nickel-cadmium (NiCd) battery[31].

«* Nickel-metal hydride (NiMH) battery: These cells have a higher capacity than nickel-
cadmium cells, fast recharging capability, long life and long shelf life. The disadvantages

of this technology are that it has low charging and discharging efficiency, high cost, poor

cold weather performance.

Figure 11.5:Nickel-metal hydride (NiMH) battery[32].

+ Sodium-nickel chloride battery: Some advantages of these batteries are their relatively
high energy density of 90-120 Wh/kg, as well as their insensitivity to ambient temperature.
However, the main disadvantage of these batteries is that they need to be recharged when

not in use so they are also inefficient as they consume power even when not in use.
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Negative Positive
electrode electrode

® ©

Ni/NiCl,
porous

compound

+
NaAlCl,
lon conductive
salt

Beta alumina
separator

Molten
sodium

Figure 11.6: Sodium-nickel chloride battery[32].

< Lithium-lon (Li-ion) battery: Li-ion batteries are characterized by their energy density,
which allows the vehicle to have a longer electric range; however, they generally do not
have the specific power to deliver or accept large power spikes. They are used mainly in

the latest electric vehicles nowadays.

Cathode

+ -
2, s

Figure 11.7: Lithium-lon (Li-ion) battery[32].
11.3.2. Accumulators

They store energy by transforming chemical energy. The accumulators consist of two
electrochemical couples composed of two electrodes, immersed in an electrolyte. As soon as
oxidation or reduction reactions occur which exchange electrons, the ions generated circulate
in the electrolyte. To have a large stored energy, it is necessary, on the one hand, a large
number of exchanged electrons, a reaction associating, a very oxidizing element and a very
reducing element and on the other hand, it is necessary a perfect reversibility of the

electrochemical processes, as well as low mass or low molar volume materials [32].
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Accumulators with separnting ¢lement between gas and fluid
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Figure 11.8: Accumulators/4/
11.3.3. Super capacitor

They store electrical energy in electrostatic form. The general operating principle of
super capacitors is based on the formation of a double electrochemical layer at the interface of
an electrolyte and a polarizable electrode with a large specific surface. The application of a
potential difference across the terminals of the device leads to the ionic storage of charges at
the two electrode-electrolyte interfaces which behave like two capacitors in series.

Super-capacitors are characterized by a specific energy 10 to 20 times lower than that of
accumulators, but their specific power can be up to 10 times higher than that of lead batteries
for example.

The batteries most used in electric vehicles are those made up of accumulators, for
example lead-acid batteries, which have never left the scene for more than a century, and
Nickel/Cadmium accumulators and lithium-ion batteries or li-ion which are more recent, with
a much higher energy density than that of lead/acid batteries, and Nickel/Metal Hydride
accumulators which can store twice as much energy as lead batteries and 35% of more than
Nickel/Cadmium for equal weight.

Many studies propose the use of super capacitors in electric vehicles. The use of super-
capacitors essentially makes it possible to operate the battery at a nominal operating rate and
therefore to increase its lifespan.[5].

The use of super capacitors in the automotive sector particularly meets the following
needs:

» Starting and stresses at low temperature.
» Acceleration assistance and energy recovery.
» Supply of auxiliary organs
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Figure 11.9: Examples of compact supercapacitor[36].

11.4. System modeling

11.4.1.Battery model

Any battery is a set of elements or electrochemical cells capable of storing electrical
energy in chemical form, then partially restoring it afterwards, thanks to the reversibility of
the reactions involved. These reactions consist of oxidations and reductions at the electrodes,
where current flows as ions in the electrolyte and as electrons in the circuit connected to the

battery.fig. (11.10) [57].

Circuit externe

+— —
Flux d'électrons

Electrolyte

Figure 11.10: Basic electrochemical cell[36].
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Currently, the most widely used technology for photovoltaic applications is lead (Pb)
technology [58]. It is still the most competitive and best mastered technology. Here we
present the model of this accumulator.

The battery model adopted is the one used to predict the autonomy of the elevator
system, i.e. to allow at each moment to estimate the remaining energy (state of charge SOCbpat
depth of discharge DoD) in the battery [59]. The hoisi model is, therefore, an equivalent
electric model (fig. 11.11) composed of a voltage source in series with a resistor (internal
resistance) [60], [58].

ibat
+ e ——

That

Cl) Ebat Vbat

Figure 11.11: Simple electric equivalent model of a battery[58].

11.4.1.1. Electric equation of charge and discharge
The voltage under load is deduced directly from the no-load voltage and the drop of
tension due to internal resistance series [61]:

Vbat = Ebat — That- lbat (11.1)

The no-load voltage Ebat is roughly inversely proportional to the battery's level of
charge [62]. Equation (I1.2) provides a reliable representation of the electrical equation by
treating the DoD variable as a parameter that changes between 0 and 1, depending on whether

the battery is completely charged or discharged [62].

Epar = n(2.15 — DoD. (2.15 — 2.00)) (11.2)

DoD =1 —SO0Cpq (11.3)

11.4.1.2.State of charge equation

The state of charge of the battery is an estimated parameter while the battery is
traversed by an electric current. The Evpat is given as the ratio between the current available

capacity and the total actual capacity available at the time before utilization [63].
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C 100
SOCpge = —22UE — SOCyine + C—f i(t)dt (11.4)
N

totale

11.4.2. Supercapacitor model

Supercapacitors are a novel form of energy storage that outperforms traditional
capacitors in terms of specific energy storage and outperforms electrochemical accumulators
in terms of specific power.

Ironically referred to as electrochemical capacitors, double-layer electric
supercapacitors really function similarly to traditional electrostatic capacitors. Typically, said
metal electrodes are made up of two metal electrodes spaced apart by a dielectric. By
applying a potential difference between these two electrodes, the energy is stored as an
induced electric charge close to the electrode-dielectric interface. Capacitance, also referred to
as capacitance, is a measure of a device's capacity to store energy and is defined as the ratio of
the stored load to the applied voltage. Written are the fundamental relations for a linear

capacitance. [64]:

C _e.A 1.5
1
w = §C1V12 (11.6)

Thus, the objective is to establish a sufficiently accurate and accessible knowledge
model of energy storage by supercapacitors. The equivalent model of a supercapacitor
element is a capacitor Csc in series with a resistor (Rsc) [65] (fig. 11.12). Resistance describes
the ohmic losses of the component while capacitance refers to the behavior of the

supercapacitor during charging and discharging [66].

+
v, Rec %
Csc ==

_ I

Figure 11.12 : Model of a Supercapacitor[66].
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11.4.2.1. Electric equation of charge and discharge

To analyze the circuit of the previous model, it is assumed that the current of the
supercapacitor isc is positive during the discharge phase and it is negative during the charging

phase. The terminal voltage of super capacitors can be presented by [67]:

Vse = Vese + Rge lse (11.7)
11.4.2.2. State of charge equation
The state of charge, called SOCsc, characterizes the amount of energy present in
supercapacitors. It is worth 100% when fully charged and 0% when charged to their minimum
value. Equation (11.8) presents the model adopted in this work [67].

2

VSC
SOCse = ——— (11.8)
VSCmax

11.4.3. Average model of the battery bidirectional converter

In the case of the Hasher used for charging/discharging batteries, the electric current
must be reversible. Thus, to achieve the energy transfer in both directions, a booster chopper

and a devolting chopper were associated as shown in Figure (11.13) [68].

Lbat
o u'
2L

LY
_ S 2
Voar | —— HK} Ve

Figure 11.13 : Converter associated with batteries[68].

a. Operating sequences and equations of state:

The reversible battery current converter also uses the average concept. In the latter,
continuous models of the entire system will be used to test the control methods. When IGBTs
are closed, a wire represents their switching phase, but when they are open, there is no

connection. Thus, the cutting period (Tpwm) is split into two [69], [70].
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- First conduction sequence t €[ 0; avat. Trwm]

lpat

Lbat

Figure 11.14: The schematic diagram of the first conduction sequence [70].

The dynamic equation of the current of the coil is written [70]:

Vbatr =

- Second conduction sequence t € [awat. Trwm ; Trwm |

tpas

L bat

(11.9)

b%nr

!

Vae

TC:

Figure 11.15: The schematic diagram of the second conduction sequence [70].

The dynamic relationship between battery voltage and bus is given by [70]:

Vbar =

(11.10)

The time mean of these two equations thus gives an average model of this

converter[70]:

_'(1 _'abat)vac

(11.12)

The model of equation (I1.11) reproduces the behavior of the battery under charging

(ivat<0) and discharging (ipat>0).

Note: The bidirectional converter of the supercapacitor is modeled analogous to that of the

battery[70]:
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dig,.

sc? = Voc — 1- asc)Vdc (“'12)

L

11.5. Energy Management System
11.5.1. Solving the energy management problem

The electrical vehicle under study, as we saw in the first chapter, is made up of two
reversible converters (Buck-boost converters) and two electrical sources (batteries and
supercapacitors). This topology includes an EMS, or energy management system, which
stands for energy management system. In order to increase efficiency, the Buck-boost
converter between the battery and the DC bus must provide a constant DC bus voltage.

(Figure 11.16).

Iy, Ve
Batte o Buck-boost
Iy > converter
Viat A
"-.'i.u' J ,[ v
ne Vi > LN
EMS |« Bus DC [oad
L] I:L ) J
Ige E F
j"\.{. A 4
) - Buck-boost
Supercapacitor , converter
Vse Voo

Figure 11.16: The architecture of the studied electric vehicle [72]

It should be kept in mind that the system's optimal energy management is intended to
reduce variations in the current the battery supplies to the load during the driving cycle
(speed/time). This system consists of a battery and supercapacitors that are connected to the

load.
11.5.2. Design of the control structure
From the average circuit model, which is given in equation I11.11 and 11.12, the state

vector of the system is [ibat isc Vbc], the control inputs are the two duty cycles corresponding

to each power converter, [owat asc], and the disturbance considered is the load current, i,
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which is, of course, reversible. It is also necessary to take into account the voltage of the super
capacitor, vsc, as a state variable but, as the dynamic that emerges from it is quite slow
compared to the other variables, in this case it was considered a variable parameter with
bounded values.

The Figure 11.17 shows the overall diagram of the proposed energy management system

v..measures [
SC bat

Ve Isc
i, disturbance
4 . - -
Is¢ |'J Is¢ 1 Voo
" X i K“[“';\- Oge | L s+ Re
1 Voe
Cpc's
i Oy, .
That '= Vi
: L-s+ R,
lﬂ'nl

Figure 11.17: Global diagram of the energy management system [71].

Because the dynamics of the DC bus voltage and the currents in the inductors may be
separated, a traditional two-level control system is intended [72].

The external reference is the bus DC voltage, V' bc, required at the connection point.

The output of the proportional-integral (P1) corrector, reflecting the total demand for the
load current, the reference for the battery current control loop, and the reference for the

current control loop in the supercapacitor.

11.5.3. Control of the supercapacitor and the battery current

According to the Equation (11.11 and 11.12), the structures of the power converters are
the same for the battery and supercapacitor circuits. If we consider that the permissible limits
on the DC bus are reached, its voltage can be considered to have a constant value of
V*bc=Vpc at this stage in the design of the correctors. Thus, the two low-level structures,
either for the battery or the supercapacitor, are linear and invariant. The current supplied at the
output of the supercapacitor is expressed by the transfer function in Equation (11.13) (similar
modeling is done for the current of the battery, see Equation (11.14) [70]:

isc — —V'nc

He(s) = —

=— 11.13
asc  L.s+ Rgc ( )
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ibat _V*DC
= 11.14
Apat L.s+ Rbat ( )

Hbat(s) =

Following this modeling, the classical regulation structure of the proportional-integral

(PI) type (with anti-saturation loop) is used to follow the references of the currents of the
battery and the supercapacitor [72] respectively.

The general transfer function of the PI correctors used in the low-level control structure

has the following form[72]:
Hp(s) =K,.(1+ ! (11.15)
p1(s) = Kp. ( Tis ) .
where Kp (kp1 or kp2) and Ti (Tiz and Ti2) are the parameters of the PI correctors.
Using Equations (11.12) and (11.17) we can write the transfer function in the general case[72]:
—V'pc

_*VDC_ R _ —K
Ls+R L g¢iq1 Ts+1
R

H(s) = (11.16)

where K=*Vpc /R and T=L/R with R = Ruat for the battery converter regulator or R = Rsc for

the supercapacitor converter regulator.

* + o ‘ 1. ‘
L Hy(s) —2—  H(s)

v

Figure 11.18: Control architecture[71]

Using the forms of the transfer functions H (s) and Hei (S), we find the equivalent

closed-loop transfer function for the regulatory structure[71]:

Kp(T;+1) K

Hp;(s). H(s) T;s (= Ts+1)
Hprpr(s) = 77 Ho () H(s) 1 _ Kok (11.17)
T;is(Ts+1)
Finally, the Hersr(S) function is written in the form [71]:
Ti.S +1
Hprpr(s) = . .

S LT st (-4 (1119

Kp.K Kp.K
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The regulator parameters, Ky and Ti are determined according to the form of the desired
closed-loop response, for these two adjustment factors are available: the time constant
corresponding to the cut-off frequency, To, and the damping coefficient, &.

In general, the transfer function of a second order system is expressed as[69]:

K
S22+ 2¢8Ty.s+1

Hy(s) = 7 (11.19)
0

We would like a system response of order two for this regulator. Thus, by identification, the

relationship (11.19) used to calculate the parameters is as follows[69]:

1 26T
(k, :E'(Tio_ 1
i 3 (11.20)
Ti = ZETO —?

We imposed a closed-loop response dynamic five times faster than the main dynamic, i.e.
TO =T /5 and damping coefficient & = 0.85.

11.5.4. Control of the DC bus voltage
Under the realistic assumption that the currents of the internal loops (ibat and isc are

much faster than the DC bus voltage. The power losses of the switching devices are assumed

to be negligible. In this context, we can postulate the following [70]:

a _ Vbat
bat — P 1

vV 1M1= .l

yod and { 1 B Ol;af ibat (11.22)
Agc = Voe 1 sc-tsc

The two ivat and isc currents can be used as control inputs for the DC bus structure with
the output vbc voltage. Hence, the total current injected into the DC bus by the two energy

sources is written[70]:

ipc = i1 + iy = Apat-lpar + Asc- Lsc (1.22)
The two channels of influence have different benefits i.e. their duty cycles. It should
also be remembered that, with regard to the difference in the voltage of the DC bus and of the
battery, the gain of the battery, which is the duty cycle a;,;, is almost constant. In order to
equalize their effect, an additional gain for the supercapacitor must either be added or the

reference current of the supercapacitor must be changed as follows[70]

%
i5c = lgc.% (11.23)
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Vbat

ratio is the additional gain.
Vsc

where ig. is the output current of the high pass filter and the

Thus, using Equations (11-21) and (11-23) in Equation (11-22) the current exchanged with the
DC bus becomes [70]:

. . . % .1 _ Ybat .
ipc =11 + iy = Apge- (Ipge + i5¢) = v leom (11.24)
DC

with icom designating the total current considered as the control input within the DC bus
voltage regulation loop. By equalizing the gains on the two current channels and replacing by
Equation (11-24) the equation of the regulation structure of the DC bus is written as the

following way [70]:

dy Ubat . .
Cpe. dlgc = UD“;.lcom — i, (11.25)

With a PI corrector of the form C (s) = Kp (1 + (1 / Ti.s) ) we find the closed loop transfer
function [70]:

H ( ) Ti.S +1
FTBF\S) = )
TiTpc o ( T Ti).s 1 (11.26)
Kp.Kpc Kp'KDC

Finally, using Equations (11-26) and (11-19) by identification, we deduce the expressions of Kp
and Ti. [70]

1 2T
K, = ——.( 3 be _ 1
Koc = To (11.27)
T¢ '
t Tl=2€T0—m

The values of the time constants To and € are therefore chosen to ensure that the current
loops provide an almost instantaneous response to the voltage loop.

11.6. Conclusion

In this chapter, we have presented the structure of the electric vehicle selected for
different tests.
Next, we will present the different models of the constituent elements of an Electric

storage/conversion and mechanical traction series of the selected vehicle.
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I11.1. Introduction

The simulation results obtained during this analysis will be carried out using the models
and control laws established in the previous chapters for the different elements of the
electrical vehicle system. One of the objectives assigned to this work is the implementation of
the energy management strategy described in this Chapter and also the stability of the DC bus,

which is also analyzed from the point of view of voltage regulation.

111.2. On-board hybrid device architecture

To connect a DC bus to two sources, you need to consider the cost, length, total weight
and efficiency of the system. The structure shown in figure (111.1) provides the following:

e Maintain consistency of power whatever the load needs.

e Offer very high energy for a short period of time.

The architecture is composed of:

e A continuous capacitive bus with a voltage of 100V.

e The key source of energy represented by a stack of Lead Acid batteries, connected
to the DC bus by a bi-directional Buck/Boost converter in current. They have got a
Vba voltage and a Pba power.

e Auxiliary energy source: A power source represented by a supercapacitors stack,
having a Vsc voltage, providing and absorbing a Psc power. Supercapacitors are
connected to the DC bus by a bi-directional Buck/Boost converter to current.

¢ O} g

T"'ﬂr 2 ' W"—"‘_‘" ﬂ ; s

g DC
b 1
;] DC
Batrerie
.\
2 BT i
D DC

Figure 111.1: On-board hybrid device architecture
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111.3. Energy Management Principle

The main objective of energy management is to satisfy the power provided by the load

and thus to find the best distribution of power between the system's energy sources. The

theory of energy management is based on maintaining the consistency of the power required

by the load while respecting various operational constraints, such as batteries and

superchargers. For this, we adopted the theory set out in the table below.

Table I11.1: Energy-management principle

Modes Schema of energy flows Description
Mode 1
Battery and
ME supercapacitor power
the electric vehicle
together.
Traction
Mode 2
The battery is only
A ME supplied to the
electric vehicle
Mode 3
The battery and the
\ ME supercapacitor
recover the energy
Braking from braking
Mode 4
@ No supply of energy
stopping
Where: BA: Battery, ME: Electric motor, SC: Supercapacitor
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111.4. Simulation results and discussion

In order to check the theory of the proposed energy management, we have the
following:
e Proposed consumption profile shown in Figure.lll.1 taking into account three
phases: start-up phase, normal phase, recovery phase and shut-down phase.
e The "MATLAB / Simulink™ tool has been used.

I11.5. Load profile

A |
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Figure 111.2: Load profile

I11.6. power simulation results
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Figure 111.3: power of the battery

University of EI-Oued Echahid Hamma Lakhdar 34



Chapterlll Simulation Results and Discussion

1400

1200

1000

800

600

sc (W)

X: 02776
Y:232.1 X: 4.012

200 X: 1.926 .
13004
0 = 3121
X: 1.008 x3121
X: 5.868
\/ Y:-159 l RS0 Y:-180.8

8 10 12 14

X: 8.606
Y:2755

Figure 111.4: Power of the supercapacitor

From a Figure.lll.3 and a Figure.lll.4 we can see that the battery power is at the
maximum (501.9W) and also, that the supercapacitor power (232.1W) is still at the range of
(0 to 1.5s), it corresponds to the starting step of the M1 mode. In such a way that the battery
and the supercapacitor provide energy to the engine at the same time, the life of the electric
vehicle will be improved.

In the range of (1.5 to 5s) the power of the battery varies depending on the load demand
from (251.1 to 400W), but for the super capacitor power output almost zero and that in the
transient points (does not take into account) this is the usual running phase (M2 mode) so that
the super capacitance disconnects and only the battery provides the energy to the vehicle.

In the range of (5 to 11s) the power absorbed by the battery varies depending on the
power provided by the load from (-502.6 to -257.3W); however for the power absorbed by the
super capacitor varies from (0 to -180.8W) in the range of (5 to 6s), it is the braking step (M3
mode). As a result, the vehicle provides energy to the super capacity and the battery.

In the range of (11 to 12s) the energy absorbed by the battery varies from (-257.3 to
O0W), but for the power absorbed by the super capacitor is zero, it is the shutdown step (M4
mode). As a result, the vehicle has been absolutely stopped.
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I11.7. Current Characteristics
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Figure 111.5: Current of the battery
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Figure 111.7: The current of the battery and its reference
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Figure 111.8: The current of the supercapacitor and its reference

I11.8. Voltage Characteristics
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Figure 111.9: Voltage of the battery
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Figure 111.10: Voltage of the super capacitor
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Analyzing the figures 111.9 and 111.10, we find that the battery voltage decreases rapidly
(from 0 to 1s) it is the starting step (mode M1) and follows the continuous voltage to decrease
(from 1 to 5s) it is the regular phase (M2 mode). Then at an instant of 5 to 12 seconds, it starts

to grow steadily, proving that the battery is in the charging process mode M3.
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Figure 111.11: State of charge of the battery
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Figure 111.12: State of charge of the super capacitor
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Figure 111.13: the DC bus voltage and its reference

111.9. Control Characteristics
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Figure 111.15: Super capacitor duty cycle
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Analyzing Figure 111.14 and Figure 111.15 respectively indicate that the battery duty
cycle varies about 0.5, while the super capacitor duty cycle varies about 0.43 at the same time,
this difference corresponds to the voltage variation of the super capacitor (Figure 111.10) when

the DC bus voltage is almost constant.

111.10. Conclusion

We addressed the energy management of an autonomous hybrid system in this chapter.
The device consists of the lead acid battery pack considered to be the main source, and the
super capacitors used as auxiliary sources, not to mention the load modeled by the
consumption profile. We conclude from the results obtained that:
e The hybrid source makes it possible to meet the power requirements of the load;
e The final stages of charging the batteries and the super capacitors are acceptable for
beginning other driving cycles. As a result, the life of the autonomous hybrid

system will be improved.
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GENERAL CONCLUSION

The main objective of this thesis was to improving a life spane of the battery in the
electric vehicle by using the super capacitor as a secondary power source. So, the energy
management strategies is important for distribution the energy between the main source
(battery) and the secondary source (super capacitor).

A key element of the study was to set up a simulation project of the energy
management strategies including the role based strategy using mathematical models of the
battery and the super capacitor with current profile of the loud.

Through this work, the control of the electric vehicle drive-train and the energy
management of its power-train system have been presented. The goal of the drive-train’s
control was to provide an inversion base control and propose an adaptive operation mode of
the studied vehicle.

From the results we can conclude that:

v' Lead acid batteries are really suitable only for vehicles of short range. They remain the
cheapest type of battery per unit of stored energy, and they are likely to continue to be
widely used for those purposes. Very many useful EVs that don't need a long range
can be made. So, by the simple calculation and simple hardware requirements, the
proposed method can be easily implemented in all portable devices as well as electric
vehicles.

v' The maximum current of the battery can be reduced according by adjusting the
separation frequency.so increasing the life span of the battery.

v' The disadvantage of this energy management strategy is to use the filter inside the
battery and inside the super capacitor and this filters can produce the electrical
disturbance.

In perspective, it would be interesting to:
e Work with batteries of other technologies (lithium)
o Validate experimentally the simulation results of this energy management control

approach with PI regulators.

Use other energy management strategies like: artificial neural network

University of El-Oued Echahid Hamma Lakhdar 41



Bibliography



BIBLIOGRAPHY

[1] D. Andrea, Battery management systems for large lithium ion battery packs. Artech house,
2010.

[2] Z.-Y. Hou, P.-Y. Lou, and C.-C. Wang, "State of charge, state of health, and state of
function monitoring for EV BMS," in 2017 IEEE International Conference on Consumer
Electronics (ICCE), 2017, pp. 310-311: IEEE .

[3] Udaeta, M. E. M., Chaud, C. A., Gimenes, A. L. V., & Galvao, L. C. R. (2015). Electric
vehicles analysis inside electric mobility looking for energy efficient and sustainable
metropolis.  Open Journal of Energy Efficiency, Vol. 4, No.l, doi:
10.4236/0jee.2015.41001

[4] Larminie, J. and Lowry, J. (2003) Electric Vehicle Technology Explained. John Wiley and
Sons Ltd., Chichester.

[5] Sun, W., Wang, F., Zhang, B., Zhang, M., Kupers, V., Ji, X., Winter, M. (2021). A
rechargeable zinc-air battery based on zinc peroxide chemistry. Science, Vol. 371,
No0.6524, pp.46-51. doi :10.1126/science.abb9554

[6] Anderson, C.D. and Anderson, J. (2010) Electric and Hybrid Cars: A History. 2nd Edition,
McFarland & Company,Inc., Jefferson.

[7] Department of Energy, Energy Efficiency and Renewable Energy. History of Electric
Vehicles.http://www.eere.energy.gov/vehiclesandfuels/avta/light_duty/fsev/fsev_histor
y.html

[8] Struben, J., Sterman, J. D. (2008). Transition challenges for alternative fuel vehicle and
transportation systems. Environment and Planning B: Planning and Design, Vol. 35.No.6,
pp.1070-1097. doi: https://doi.org/10.1068/b33022t

[9] Nash, G. D. (1992). Book Review: The Prize: The Epic Quest for Qil, Money, and Power,
by Dani | Yergin. Pennsylvania Magazine of History and Biography, 402-403

[10] Bottura, C.P. and Barreto, G. (1989) Electric Vehicles. UNICAMP, Campinas.

[11] Fagnant, D. J., Kockelman, K. M. (2014). The travel and environmental implications of
shared autonomous vehicles, using agent-based model scenarios. Transportation Research
Part C:. Emerging Technologies, Vol. 40, pp.1-13.doi: https://doi.org/10.1016/].trc.
2013.12.001



https://doi.org/10.1068/b33022t
https://doi.org/10.1016/j.trc

[12] Schiffer, M.B. (2010) Taking Charge—The Electric Automobile in America.
Smithsonian Institution Press, Washington DC.

[13] Delucchi, M. A., & Lipman, T. E. (2010). Lifetime cost of battery, fuel-cell, and plug-in
hybrid electric vehicles. Electric and Hybrid Vehicles: Power Sources, Models,
Sustainability, Infrastructure and the Market. Amsterdam, The Netherlands, pp. 19-60.

[14] EI Araby, M. (2002). Urban growth and environmental degradation: The case of Cairo,
Egypt. Cities, 19(6), 389-400. Doi: https://doi.org/10.1016/S0264-2751(02)00069-0

[15] Habib, S., Khan, M. M., Abbas, F., Sang, L., Shahid, M. U., & Tang, H. (2018). A
comprehensive study of implemented international standards, technical challenges, impacts
and prospects for electric vehicles. IEEE Access, Vol. 6, pp. 13866-13890. D0i:10.1109 /
ACCESS .2018.2812303

[16] Faia, S.M.R. (2006) Optimization of Vehicle Propulsion Systems for Fleet. Thesis of
M.Sc., Instituto Superior Técnico, Lisboa

[17] Dijk, M., Yarime, M. (2010). The emergence of hybrid-electric cars: Innovation path
creation through co-evolution of supply and demand. Technological Forecasting and ocial
Change, Vol. 77, No. 8, pp. 1371-1390. doi: http://dx.doi.org/10.1016/ j.techfore
.2010.05.001

[18] Udaeta, M. E. M., Chaud, C. A., Gimenes, A. L. V., Galvao, L. C. R. (2015). Electric
vehicles analysis inside electric mobility looking for energy efficient and sustainable
metropolis. Open Journal of Energy Efficiency, Vol. 4, No.1, doi:10.4236/0jee.2015.41001

[19] IEA (2011) International Energy Agency, Technology Roadmap: Electric and Plug-In
Hybrid Electric Vehicles.

[20] R Klein, N Chaturvedi, J Christensen, J Ahmed, R Findeisen, and A Kaojic.
Electrochemical model based observer design for a lithium-ion battery. 2012

[21] M.BE Ramachandra. Modeling of hybrid electric vehicle Dbatteries. PhD

thesis, Texas Tech University, 2003.

[22] Okba KRAA. “Control and Energy Management of an Electrical Vehicle”. In: (2014).

[23] Who Are The Top Electric Car Companies? url:https://evcharging. enelx.com/news/blog
1492-top-electric-car.

[24] A. Castaings, W. Lhomme, R. Trigui, and A. Bouscayrol, "Comparison of energy
management strategies of a battery/supercapacitors system for electric vehicle under real-
time constraints,” Applied Energy, vol. 163, pp. 190-200, 2016.


http://dx.doi.org/10.1016/

[25] T. Mesbahi, "Influence des stratégies de gestion d’une source hybride de véhicule
¢lectrique sur son dimensionnement et sa durée de vie par intégration d’un modele multi-
physique,” Ecole centrale de Lille, 2016.

[26] D. Gao, Z. Jin, and Q. Lu, "Energy management strategy based on fuzzy logic for a fuel
cell hybrid bus,” Journal of Power Sources, vol. 185, no. 1, pp. 311-317, 2008.

[27] O. Erdinc, B. Vural, and M. Uzunoglu, "A wavelet-fuzzy logic based energy management
strategy for a fuel cell/battery/ultra-capacitor hybrid vehicular power system," Journal of
Power sources, vol. 194, no. 1, pp. 369-380, 2009.

[28] Y. Eren, O. Erdinc, H. Gorgun, M. Uzunoglu, and B. Vural, "A fuzzy logic based
supervisory controller for an FC/UC hybrid vehicular power system,"” international journal
of hydrogen energy, vol. 34, no. 20, pp. 8681-8694, 2009.

[29] N. D. F. Ramon, "Optimization of the sizing and the energy management for a hybrid
fuel cell vehicle including fuel cell dynamics and durability constraints,” INSA de Lyon,
2013.

[30] Y. Ates, O. Erdinc, M. Uzunoglu, and B. Vural, "Energy management of an FC/UC
hybrid vehicular power system using a combined neural network-wavelet transform based
strategy,” International journal of hydrogen energy, vol. 35, no. 2, pp. 774-783, 2010.

[31] A. Askarzadeh and A. Rezazadeh, "Artificial neural network training using a new
efficient optimization algorithm," Applied Soft Computing, vol. 13, no. 2, pp. 1206-1213,
2013.

[32] D. V. Prokhorov, "Toyota Prius HEV neurocontrol and diagnostics,” Neural Networks,
vol. 21, no. 2-3, pp. 458-465, 2008.

[33] P. VENET, "Stéphane BUTTERBACH Stockage d’énergie électrique par association de
batteries au plomb et de supercondensateurs pour véhicule lourd," Université Bordeaux 1,
2012.

[34] A. Hammani, R. Sadoun, N. Rizoug, P. Bartholomels, B. Barbedette, and P. Le Moigne,
"Influence of the management strategies on the sizing of hybrid supply composed with
battery and supercapacitor,” in 2012 first international conference on renewable energies
and vehicular technology, 2012, pp. 1-7: IEEE.

[35] Z. Song, H. Hofmann, J. Li, X. Han, X. Zhang, and M. Ouyang, "A comparison study of
different semi-active hybrid energy storage system topologies for electric vehicles,”
Journal of Power Sources, vol. 274, pp. 400-411, 2015.

[36] Y.-H. Hung and C.-H. Wu, "An integrated optimization approach for a hybrid energy
system in electric vehicles,” Applied energy, vol. 98, pp. 479-490, 2012.



[37] J. Bernard, S. Delprat, F. Buechi, and T. M. Guerra, "Global Optimisation in the power
management of a Fuel Cell Hybrid Vehicle (FCHV)," in 2006 IEEE Vehicle Power and
Propulsion Conference, 2006, pp. 1-6: IEEE.

[38] E. Vinot, R. Trigui, and B. Jeanneret, "Optimal management of electric vehicles with a
hybrid storage system,” in 2010 IEEE Vehicle Power and Propulsion Conference, 2010,
pp. 1-6: IEEE.

[39] A. Sciarretta, M. Back, and L. Guzzella, "Optimal control of parallel hybrid electric
vehicles,"” IEEE Transactions on control systems technology, vol. 12, no. 3, pp. 352-363,
2004.

[40] L. Tribioli, M. Barbieri, R. Capata, E. Sciubba, E. Jannelli, and G. Bella, "A real time
energy management strategy for plug-in hybrid electric vehicles based on optimal control
theory," Energy Procedia, vol. 45, pp. 949-958, 2014.

[41] R. Xiong, X. Gong, C. C. Mi, and F. Sun, "A robust state-of-charge estimator for multiple
types of lithium-ion batteries using adaptive extended Kalman filter,” Journal of Power
Sources, vol. 243, pp. 805-816, 2013.

[42] Z. Song, H. Hofmann, J. Li, J. Hou, X. Han, and M. Ouyang, "Energy management
strategies comparison for electric vehicles with hybrid energy storage system,” Applied
Energy, vol. 134, pp. 321-331, 2014.

[43] L. Xu, M. Ouyang, J. Li, F. Yang, L. Lu, and J. Hua, "Application of Pontryagin's
Minimal Principle to the energy management strategy of plugin fuel cell electric vehicles,"
International Journal of Hydrogen Energy, vol. 38, no. 24, pp. 10104-10115, 2013.

[44] C.-K. Chau, K. Elbassioni, and C.-M. Tseng, "Drive mode optimization and path
planning for plug-in hybrid electric vehicles,” IEEE Transactions on Intelligent
Transportation Systems, vol. 18, no. 12, pp. 3421-3432, 2017.

[45] J. Han, Y. Park, and D. Kum, "Optimal adaptation of equivalent factor of equivalent
consumption minimization strategy for fuel cell hybrid electric vehicles under active state
inequality constraints,” Journal of Power Sources, vol. 267, pp. 491-502, 2014.

[46] R. S. Sutton and A. G. Barto, "Reinforcement learning: An introduction," ed: Cambridge,
MA: MIT Press, 2011.

[47] N. Lopes and B. Ribeiro, "Machine Learning for Adaptive Many-core Machines: A
Practical Approach," 2015.

[48] R. Schapire, "Theoretical machine learning,” Computer Science lecture, Princeton
University, New Jersey, United States, 2008.



[49] M. Triki, A. C. Ammari, Y. Wang, and M. Pedram, "Reinforcement learning-based
dynamic power management of a battery-powered system supplying multiple active
modes," in 2013 European Modelling Symposium, 2013, pp. 437-442: IEEE.

[50] T. Liu, Y. Zou, D. Liu, and F. Sun, "Reinforcement learning—based energy management
strategy for a hybrid electric tracked vehicle,” Energies, vol. 8, no. 7, pp. 7243-7260, 2015.

[51] T. Liu, X. Hu, S. E. Li, and D. Cao, "Reinforcement learning optimized look-ahead
energy management of a parallel hybrid electric vehicle,” IEEE/ASME Transactions on
Mechatronics, vol. 22, no. 4, pp. 1497-1507, 2017.

[52] X. Qi, G. Wu, K. Boriboonsomsin, and M. J. Barth, "Development and evaluation of an
evolutionary algorithm-based online energy management system for plug-in hybrid electric
vehicles,"” IEEE Transactions on Intelligent Transportation Systems, vol. 18, no. 8, pp.
2181-2191, 2016.

[53] Y. L. Murphey et al., "Intelligent hybrid vehicle power control—Part II: Online
intelligent energy management,” IEEE Transactions on Vehicular Technology, vol. 62, no.
1, pp. 69-79, 2012.

[54] V. Agubra and J. Fergus, "Lithium ion battery anode aging mechanisms," Materials, vol.
6, no. 4, pp. 1310-1325, 2013.

[55] R. Carter, A. Cruden, and P. J. Hall, "Optimizing for efficiency or battery life in a
battery/supercapacitor electric vehicle,"” IEEE Transactions on Vehicular Technology, vol.
61, no. 4, pp. 1526-1533, 2012.

[56] A.-L. Allégre, "Méthodologies de modélisation et de gestion de 1’énergie de systémes de
stockage mixtes pour véhicules électriques et hybrides," Lille 1, 2010.

[57] J. P. F. Trovao, V. D. Santos, C. H. Antunes, P. G. Pereirinha, and H. M. Jorge, "A real-
time energy management architecture for multisource electric vehicles," IEEE Transactions
on Industrial Electronics, vol. 62, no. 5, pp. 3223-3233, 2014.

[58] J. P. Trovéo, P. G. Pereirinha, H. M. Jorge, and C. H. Antunes, "A multi-level energy
management system for multi-source electric vehicles—an integrated rule-based meta-
heuristic approach,” Applied Energy, vol. 105, pp. 304-318, 2013.

[59] M.boukli-hacene Omar, «Conception et Réalisation d’un Générateur photovoltaique Mini
d’un Convertisseur MPPT Pour Une Meilleure Gestion Energétique», Mémoire de
Magister de 1’Universit¢é de ABOU BAKR BELKAID-TLEMCEN, décembre 2011.

[60] Yann Riffonneau, «gestion des flux énergétiques dans un systéme photovoltaique avec
stockage connecté au réseau — Application a 1’habitat », Thése de doctorat de 1I’Université
de JOSEPH FOURIER, soutenue le 23 octobre 2009.



[61] Damien Paire, «Dimensionnement et gestion d’énergie de systémes d’entrainements
électriques hybrides : application a un ascenseur avec récupération d’énergie», Thése de
doctorat de I’Université de Technologie de Belfort-Montbéliard, soutenue le 6 décembre
2010.

[62] Olivier Gergaud, «Modélisation énergétique et optimisation économique d'un systéme de
production éolien et photovoltaique couplé au réseau et associé a un accumulateur », Thése
de doctorat de I’Ecole Normale Supérieure de Cachan, Soutenue le 9 décembre 2002.

[63] Mohamed A. Ould Yahya 1, A. Ould Mahmoud 1 et I. Youm 2, « Modélisation d’un
systeme de stockage intégré dans un systeme hybride (PV / Eolien / Diesel) », Revue des
Energies Renouvelables, CDER, Vol. 10 N°2, 2007.

[64] Hoang Anh Dangl, Caroline GUYONZ2, Benoit DELINCHANTZ, Patrick BEGUERY?2,
Frédéric WURTZ1 «Gestion de 1’énergie électrique dans 1’habitat, cas du stockage
électrochimique», rapport de Schneider Electric, juin 2012.

[65] Redha Sadoun, «Intérét d’une Source d’Energie Electrique Hybride pour véhicule
électrique urbain — dimensionnement et tests de cyclage », Thése de doctorat de ’ECOLE
CENTRALE DE LILLE, soutenue publiquement le 03/06/2013.

[66] Phatiphat Thounthong, «Conception d’une source hybride utilisant une pile a combustible
et des supercondensateurs», Thése de doctorat a L’Institut National Polytechnique de
Lorraine, Soutenue le 09 décembre 2005.

[67] Hattab Maker, «Optimisation et gestion d'énergie pour un systéeme hybride : association
Pile a Combustible et Supercondensateurs », Theése de doctorat de 1’Université de
TECHNOLOGIE BELFORT MONTBELIARD, soutenue publiqguement le 4 novembre
2008.

[68] M.Y. Ayad, M. Becherif, D. Paire, A. Djerdir et A. Miraoui , « Passivity based control of
hybrid power sources using fuel cell, supercapacitors, and batteries on the dc link for
energy traction system», IIEEE International Electric Machines & Drives Conference
IEMDC ’07, volume 1,2007.

[69] Ionel Vechiu, «modélisation et analyse de I’intégration des énergies renouvelables dans
un reseau autonome », These de doctorat de l'université du Havre, Soutenue le 15
décembre 2005.

[70] M. Becherif, M.Y. Ayad et A. Miraoui, « Modeling and Passivity-Based Control of
Hybrid Sources: Fuel Cell and Supercapacitors», ISA 2006, vol.3, USA, Oct 2006.



[71] A. Florescu, S. Bacha, I. Munteanu, and A. I. Bratcu, "Frequency-separation-based
energy management control strategy of power flows within electric vehicles using
ultracapacitors,” in IECON 2012-38th Annual Conference on IEEE Industrial Electronics
Society, 2012, pp. 2957-2964: IEEE.

[72] K. J. Astrém and T. Hagglund, PID controllers: theory, design, and tuning. Instrument
society of America Research Triangle Park, NC, 1995.



Abstract
Résume

Lailall



Abstract

The main objective of this work is to present solutions to improve the performance as
well as to increase the control reliability of the dual star induction machine. In order to
achieve this objective, new control strategies and fault diagnosis algorithms for the power
converters are developed and proposed .

Keywords: Embedded system, Energy management, Battery, Super capacitor, Electric
Vehicle.

Résumé:

L’objectif principal de ce travail est de présenter des solutions pour améliorer la
performance et augmenter la fiabilité de contrdle de la machine asynchrone a double étoile
(MASDE). Afin d'atteindre cet objectif, des nouvelles stratégies de contrble et des
algorithmes de diagnostic des défauts du convertisseur sont développées et proposees .

Un nouvel algorithme de diagnostic des défauts de circuit ouvert dans le convertisseur de
puissance est proposé, dans laquelle seuls les courants mesurés sont nécessaires, ce qui évite
I'utilisation de matériel supplémentaire ou la connaissance des parametres du systeme. La
derniere partie du présent travail est consacré au contrdle de la génératrice asynchrone double
étoile.

Les résultats obtenus prouvent le bon fonctionnement de la machine asynchrone double
étoile en mode moteur et en mode génératrice.

Mots clés : Systeme embarqué, Gestion de 1’énergie, Batterie, Super condensateur,
Véhicule électrique.

uedlal)

i AV Sl A8 i e 33y 35 eV Gaeadll sl a0 g Jaad) 138 (e ot 1) Caagll
Sl Gl yiul #3815 gkt 4l gl 138 Gdad Jal ez sl anill 3 Al jiall
Y sl Juae Y s dpvand 3 e ) ) 53

ki il 5 sl dwg;aaju\sgsm\ d&giuﬁs&ﬂzgq;@j)\}scbﬁ\@
¢ yal) Ganads 2 aUaill Cilales 48y sl dilial 3 jeal alasiul uindy Les dduliall el Hlall L
3 al) anill 53 el ia pudl Al sall 3 aSaill sl Jandl (e il

3 & ae Lgmiza oS Gilaadll 3 Al A aall oY) Lo Jgeaall a3 ) gl cugs
A ga
Al e A e (3l (S ey Uy A8 5 1) cgade allai Azalidal) cilalSl)



