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General Introduction

In a world where 'Sustainable Development' [START_REF] Rosen | Energy efficiency and sustainable development[END_REF][START_REF] Xia | A Comprehensive Review on the Development of Sustainable Energy Strategy and Implementation in China[END_REF][START_REF] Rosen | The role of energy efficiency in sustainable development[END_REF][START_REF] Hua | Evaluation of Energy Sustainable Development in Western Regions of China[END_REF] is becoming a major factor in terms of environment protection, the regulation of energy consumption and greenhouse emissions appears as a major societal issue. Indeed, the high population growth since the early stages of the industrial revolution (late eighteenth and nineteenth century in Europe), accompanied by the continued increase in energy needs around the world, places the human as the dominant factor in current and future climate change. In this sense, it is possible to highlight two joint critical issues: increased pollution and decreased resources due to overexploitation for energy production. These issues are attracting more and more interrogations, and thus generating new ideas and technologies to create more 'sustainable' products.

Inevitably, the automotive sector is not immune to these changes, making the reduction of fuel consumption and CO 2 emissions an important challenge. In 2009, the European Parliament has established new standards for restricting emissions from light-duty cars to 130g of CO 2 /km (5,2L/100km) in 2015 and 95g CO 2 /km (3.7L/100km) in 2020 (Regulation N° 443/2009, [START_REF]Setting emission performance standards for new passenger cars as part of the Community's integrated approach to reduce CO2 emissions from light-duty vehicles[END_REF]). Thus, the necessity to make cleaner vehicles pushes automakers to offer more efficient systems.

A solution that avoids fuel consumption in this sector and no longer releases greenhouse emissions (at least from the vehicle) is the 'Electric Car' [START_REF] Chan | Engineering philosophy of electric vehicles[END_REF][START_REF] Chan | The State of the Art of Electric, Hybrid, and Fuel Cell Vehicles[END_REF][START_REF] Nakai | Electric vehicle (EV) manufacturers' challenge: R&D strategy of battery safety units seen in WIPO data[END_REF][START_REF] Pillot | Micro hybrid, HEV, P-HEV and EV market 2012–2025 impact on the battery business[END_REF][START_REF] Yu | Microgrid and transportation electrification: A review[END_REF][START_REF] Zhou | The impact of vehicle-to-grid on electric power systems: A review[END_REF][START_REF] Fonseca | Influence of the stop/start system on CO2 emissions of a diesel vehicle in urban traffic[END_REF]. However, the passage from automobiles operating almost exclusively on fuel to vehicles operating exclusively on electricity cannot be achieved directly and must take into account industrial and economic constraints.

In Europe, the strategy of manufacturers is to follow successive hybridization stages in order to allow industrial viability of the products developed. In this sense, the implementation of a simple first hybrid function called 'Stop-Start' [START_REF] Fonseca | Influence of the stop/start system on CO2 emissions of a diesel vehicle in urban traffic[END_REF][START_REF] Chiappori | Low cost linear current limiter for Stop-Start vehicles[END_REF][START_REF] Liu | City bus idle stop-start system simulation analysis[END_REF][START_REF] Mihailescu | Start Soft Stop for controlling a reversible electric motor used in automotive[END_REF][START_REF] Sheng | Application of Engine Intelligent Start-Stop System in Technology of Vehicle Fuel Saving[END_REF][START_REF] Kunibe | Automatic engine stop-start system[END_REF] in a vehicle structure slightly hybridized (Micro-Hybrid), the objective of reducing fuel consumption is insured by the automatic shutdown of the engine at every vehicle stop (i.e. traffic lights, in a traffic jam, etc.). Fuel economy gain from this technology is up to 10% with NEDC cycles.

VALEO has proposed two different technological solutions for the implementation of the Stop-Start function [START_REF] Doffe | Alternator contribution to CO2 emission reduction policies[END_REF][START_REF] Labbe | Innovative permanent-magnet starter motors for automotive micro-hybrid applications[END_REF][START_REF] Legranger | Design of a Brushless Rotor Supply for a Wound Rotor Synchronous Machine for Integrated Starter Generator[END_REF][START_REF] Richard | Valeo StARS Technology: A Competitive Solution for Hybridization[END_REF][START_REF] Warner | Valeo i-StARS and ReStart Innovations Offer Affordable Hybrid Solutions for Internal Combustion Engines[END_REF][START_REF] Cai | Comparison and review of electric machines for integrated starter alternator applications[END_REF]: The Reinforced Starter and the Starter-Alternator. Today, the Stop-Start function is only available in first and medium-class vehicles. Most of them already use the Starter-Alternator, due to its higher performance. However, this is not available in low-cost vehicles given that the cost-benefit ratio is not significant enough. Instead, the use of the Reinforced Starter becomes very interesting in low-cost vehicles from an economical point of view, due to its simplicity and its low cost compared to the Starter-Alternator.

The topic concerning this thesis is the use of the 'Reinforced Starter' [START_REF] Warner | Valeo i-StARS and ReStart Innovations Offer Affordable Hybrid Solutions for Internal Combustion Engines[END_REF][START_REF] Hülshorst | In-market Application of Start-Stop Systems in European Market[END_REF][START_REF] Hassanzadeh | Comparison of output characteristics of a permanent-magnet and a field-winding DC starter motor[END_REF][START_REF] Nguyen | A torque control strategy for motor starters[END_REF], similar to a conventional starter (DC machine) but designed to have a longer life cycle (300,000 cycles against 30,000 cycles).Furthermore, to perform the start-up faster (start-up time 450ms against 1s) the starter motor is designed to be more powerful.

The Reinforced Starter used for the Stop-Start system is a very cost effective solution because only some economic changes are made in respect of conventional vehicles; it is easy to implement (non-intrusiveness action on the vehicle architecture) and it can be quickly brought to the market. Nevertheless, it presents the following problem: [START_REF] Chiappori | Low cost linear current limiter for Stop-Start vehicles[END_REF][START_REF] Chiappori | Linear Voltage Stabilization System for Stop-Start vehicles[END_REF][START_REF] Labbe | An innovative current-limiting device for automotive micro-hybrid starter motors[END_REF][START_REF] Chiappori | Voltage Stabilization System for Stop -Start Vehicles: Systemic Approach[END_REF].

Starting the ICE, the sudden and rapid increase of the Reinforced Starter current makes the battery voltage unstable, falling to unacceptable low levels

Basically, the start-up current generates a potential difference in the internal resistance of the battery and therefore, the voltage measured at the terminals falls. This problem has always been present in conventional vehicles. When the driver wants to start-up the engine, the radio, lights and other subsystems tend to turn-off, normally due to the voltage drop. In this case, it is accepted because it happens only once, when the driver wants to startup the engine for the first time.

However, the problem of battery voltage drop is even more important in Stop-Start vehicles because the frequency of engine re-start is much higher, generally in scenarios where the electronic devices must absolutely remain active to maintain comfort and security, for example in a traffic light: when we are listening to the radio on a traffic light, we want the radio remains on. In addition to be uncomfortable for the driver, it could compromise the security of users resetting systems that should otherwise be uninterrupted, like the ECU (Electronic Control Unit) or, the power steering locked while driving on a road.

Therefore, the main objective of this thesis is to address the problem of voltage drop in Micro-Hybrid vehicles using the Stop-Start function and to find solutions with the highest cost/benefit possible ratio to introduce it into the market.

According to the objective of this thesis, the aim of the first chapter is to meet the Stop-Start system through its implementation and to present the associated problems in detail. For this, the environmental and automotive context is firstly presented and the definition of Hybrid Vehicle re-called. Following, the structure of the Stop-Start system is studied using two different variants for its implementation, paying particular attention to the Reinforced Starter. Finally, a model of the system is developed. This will be the starting point of the second chapter in order to simulate the performance of the existing solutions to the problematic.

In the second chapter, the aim is to study the current solutions already developed in the automotive industry and to present our proposed approach to find a solution with better performance/benefits. For this, the model developed in the first chapter is used to simulate the performance of the solution and to highlight its advantages and drawbacks. After a general overview, we will present our general approach which consists of an 'ideal Series Voltage Stabilization System' (S-VSS). The overall performance and benefits result in an economical solution with an acceptable trade-off between cost and performance.

In the third and last chapter, the objective is to validate the concept developing a laboratory prototype, called 'Linear Voltage Stabilization System' (LVSS). The prototype is tested in a real car and the battery voltage is correctly stabilized limiting the start-up current.

This thesis is in collaboration between VALEO and the L2EP power electronic team, and has been sponsored by the "Véhicules du futur" program of the "Investissement d'Avenir".

Chapter 1

1 Stop-Start System: Function,

Implementation and Model

The objective of this chapter is to introduce the Stop-Start system through its implementation in order to analyse associated problems. For this, we start describing the environmental and automotive context and we recall the definition of Hybrid Vehicle.

Following, the structure of the Stop-Start system is studied in detail, using two different variants for its implementation, paying particular attention to the Reinforced Starter. A test will be performed on a real car equipped with both systems to highlight the problem of voltage drop in the battery.

Finally, a model of the Stop-Start system is developed taking into account the best and the worst-case scenario. This will be used in the second chapter to simulate the performance of existing solutions to the problem presented, and to propose and test new and economical solutions that meet the general objective of the thesis.

Automotive innovation for Sustainable Development

Nowadays, the automotive industry is one of the major causes of pollution. The reduction of fuel consumption and CO 2 emissions in this sector is an important issue.

Accordingly, before discussing the technical issues of this thesis, we take advantage of this section to present some of the issues concerning the excessive fuel consumption and the use of non-renewable resources in the automotive industry. Then, we recall the definition of Electric and Hybrid Electric Vehicles as a solution to reduce the fuel consumption and CO 2 emissions.

Fuel: Pollution and Resources Issues

The main problem of fuel consumption is the pollution generated when the fuel burns [START_REF] Degobert | Automobile et pollution[END_REF][START_REF] Rabl | Health costs of automobile pollution[END_REF][START_REF] P. A.-O. O. M | Automobile Emissions: An Overview[END_REF]. This form of pollution affects the environment in two different ways. The first concerns the rejection of toxic emissions to living species (Fig. 1.1), such as carbon monoxide (CO), sulfur dioxide (SO2), nitrogen oxides (NOX) or micro-particles (mainly involving diesel engines) [START_REF] Heck | Diesel engine emissions[END_REF][START_REF] Ho | Trend and future of diesel engine: Development of high efficiency and low emission low temperature combustion diesel engine[END_REF][START_REF] Levesque | Air pollution & the brain: subchronic diesel exhaust exposure causes neuroinflammation and elevates early markers of neurodegenerative disease[END_REF][START_REF] Sehlstedt | Respiratory effects of particulate matter air pollution: studies on diesel exhaust, road tunnel, subway and wood smoke exposure in human subjects[END_REF]. The effect of this pollution is called 'local pollution' and is directly felt by the population. Note that this directly depends on geographical characteristics of the region and weather conditions.

The second way of pollution concerns the amount of fuel burned and consequently gases released to the environment (Fig. 1.2), being carbon dioxide (CO 2 ) the most important. These gases are non-toxic for living species, but their 'global' effects are the direct cause of global warming [START_REF] Simpson | Climate Change[END_REF][START_REF] Shakun | Global warming preceded by increasing carbon dioxide concentrations during the last deglaciation[END_REF][START_REF] Hansen | Perception of climate change[END_REF][START_REF] Agency | Greenhouse gas emission trends and projections in Europe 2006[END_REF].

Besides, the energy used by the vast majority on the automotive industry is derived from 'petroleum' fossil fuel. The problematic involved using non-renewable resources derives from the nature of fossilization, claiming millions of years to achieve; in stark contrast to the time scale it takes to burn most of the world's reserves (just over a century). Since greenhouse gas emissions are directly related to the amount of fuel burned, again, the transport sector is one of the largest managers of this programmed shortage. It is still difficult to give a precise date of shortage. Indeed, several factors remain unknown today, such as the increase in consumption of fast-developing countries (like China and India), or the amount of untapped deposits today. However, not only the fuel will become increasingly rare but also more and more difficult to extract and refine. Despite, some estimate the shortage date of fuel to be around 2040 [START_REF] Jancovici | last consultation[END_REF].

Nowadays, taking into account the price evolution [START_REF] Economics | History of crude oil prices[END_REF], the average price of crude oil in 2004 was €29.89 per barrel against €71.78 in 2013, the precious fuel sees its flaming price having no comparison with any previous crisis. Consequently, it seems absolutely necessary to find solutions to prevent fuel consumption and pollution emissions, particularly in the automotive industry.

Electric and Hybrid Vehicles

A solution to avoid the fuel consumption and greenhouse gas emissions (at least from the vehicle) is the 'Electric Vehicle' [START_REF] Chan | The State of the Art of Electric, Hybrid, and Fuel Cell Vehicles[END_REF][START_REF] Pillot | Micro hybrid, HEV, P-HEV and EV market 2012–2025 impact on the battery business[END_REF][START_REF] Foley | State-of-the-art in electric vehicle charging infrastructure[END_REF][START_REF] Kazmierkowski | Electric power systems (review of "Modern Electric, Hybrid Electric[END_REF][START_REF] Khaligh | Battery, Ultracapacitor, Fuel Cell, and Hybrid Energy Storage Systems for Electric, Hybrid Electric, Fuel Cell, and Plug-In Hybrid Electric Vehicles: State of the Art[END_REF]. In these, the traction is ensured only by one or more electric motors supplied by a battery, considered as the only power source.

These kinds of vehicles, perfectly non-polluting locally, are nevertheless synonyms of new technological deficits for the following reasons: • Charge time: The battery charging time in EV is excessively much longer than the fuel charging in standard cars. In the case of the Nissan Leaf, it takes around 20 hours to charge using a 120V outlet, 7 hours on a 240V outlet, and just 30 minutes using a 480V fast charge station. However, even 30 minutes waiting is an eternity in respect to the time it takes to fully charge the fuel tank, approximately four minutes.

•
• Pollution: Electric cars are perfectly non-polluting locally. However, the question is: Which is the source of energy provided to charge the batteries? Nowadays electric cars are actually being charged from the electric grid supplied by fuel or gas energy, which are the most prevalent energy plants in the world. The addition of thousands or millions EV will put a strain on these plants, increasing pollution on their end.

• Cost: The price of EV still remains significantly higher than conventional cars, even after considering government incentives to bring the purchase as a viable alternative in the market. For example, in France the Renault ZOE costs €21,900.

If the available €6,300 tax credit for buying is included, the cost comes down to €15,600, still expensive in respect to standard cars with higher autonomy. Currently, governments in America and Europe are encouraging the purchase of electric cars with tax credits up to €7,000 depending on the vehicle.

Finally, the transition of the conventional vehicle as we know it today, to a vehicle that does not use any fuel would be a too strong revolution and will not guarantee affordable costs to the general public. In this context, where the need is urgent, but the transition has to be done gradually, the strategy of European automobile's manufacturers is to go through successive hybridization stages in order to allow industrial viability of developed products. Therefore, an intermediate solution between the conventional and the electric vehicle is the 'Hybrid Electric Vehicle'.

Hybrid Electric Vehicles

The Hybrid Electric Vehicles (HEV) [START_REF] Chau | Overview of permanent-magnet brushless drives for electric and hybrid electric vehicles[END_REF][START_REF] Emadi | Power electronics and motor drives in electric, hybrid electric, and plug-in hybrid electric vehicles[END_REF][START_REF] Gruenwald | Hybrid electric vehicle[END_REF][START_REF] Pisu | A comparative study of supervisory control strategies for hybrid electric vehicles[END_REF][START_REF] Somayajula | Designing efficient hybrid electric vehicles[END_REF][START_REF] Xin | Comparative Investigation of Series and Parallel Hybrid Electric Vehicle (HEV) Efficiencies Based on Comprehensive Parametric Analysis[END_REF] combines an internal combustion engine with an electric powertrain system to achieve either better fuel economy or/as better performance than standard vehicles. They can be classified according to the ratio between electric power and thermal power useful for vehicle traction, called 'Degree of Hybridization'. This ratio corresponds to the range from 0% (standard vehicles using fuel) to 100% (electric vehicles), not including these two extreme cases.

The degree of hybridization classifies the vehicles in three different groups: Full-Hybrid, Mild-Hybrid and Micro-Hybrid vehicles.

Full-Hybrid vehicles [START_REF] Ai-Yun | Energy management strategy for a full hybrid electric vehicle based on Cruise[END_REF][START_REF] Camara | Supercapacitors and battery power management for hybrid vehicle applications using multi boost and full bridge converters[END_REF][START_REF] Sreedhar | Plug-In Hybrid Electric Vehicles with Full Performance[END_REF] are considered as the highest level of hybridization. The traction of the vehicles is supplied either by an electric motor, an internal combustion engine or both. Normally, when driving at low speed, the vehicle is silently powered only by the electric motor and therefore there is no CO 2 emission and fuel consumption. The combustion engine takes over at higher speed seamlessly and the electric motor provides extra power when needed (acceleration for example). Full hybrid system intelligently selects the most appropriate power source and captures much more energy through regenerative braking to charge the battery. An example of Full-hybrid vehicle is the 'Toyota Prius hybrid', which works by default in electric mode during a range of 25km.

In mixed-mode (electric and fuel), the average fuel consumption can be reduced up to 2.1 L/100km. [START_REF] Burke | Ultracapacitors in micro-and mild hybrids with lead-acid batteries: Simulations and laboratory and invehicle testing[END_REF][START_REF] Byoung-Hoon | A Study on the performance of the improved Energy Storage System for mild Hybrid Vehicles[END_REF][START_REF] Fayazi | Fuel consumption and emission reduction of a mild hybrid vehicle[END_REF][START_REF] Ning | Powertrain of ISG Mild Hybrid Electric Vehicle[END_REF][START_REF] Tatsuo | Development of Toyota Mild Hybrid System (THS-M) with 42V PowerNet[END_REF] are considered as the medium degree of hybridization. It uses an electric motor to assists the engine during acceleration but cannot provide purely electric propulsion alone because it does not have enough power on its own. The electric motor is powered by a battery which is charged either by energy from regenerative braking or by the engine slightly over-performing at cruising speeds. An example of Mild-Hybrid vehicle is the 'Hyundai i40 mild hybrid', which has an increased power of 15% thanks to electric assistance and a reduction up to 20% of CO 2 emissions compared to standard vehicles in European NEDC cycle.

Mild-Hybrid vehicles

Micro-Hybrid vehicles [START_REF] Labbe | Innovative permanent-magnet starter motors for automotive micro-hybrid applications[END_REF][START_REF] Rizoug | Association of batteries and supercapacitors to supply a micro-hybrid vehicle[END_REF][START_REF] Rizoug | Micro-hybrid vehicle supplied by a multi-source storage system (battery and supercapacitors): Optimal power management[END_REF], also known as Stop-Start vehicles, are considered as the lowest level of hybridization since they enable a modest reduction in CO 2 emissions and fuel consumption, even if the battery energy is not used for the traction of vehicle. The Stop-Start vehicle basically turns off the ICE at each vehicle stop in order to reduce the fuel consumption while the vehicle is not moving (i.e. headlights, traffic jams, etc.). Once the driver wants to move on, the engine is automatically re-started, as quick and quiet as it is possible for the comfort of the driver. Fuel economy gain from this technology is typically up to 10% in European NEDC cycle. In view of its benefits and growth expectations, this thesis is focused on 'Stop-Start System' for low cost vehicle, being of great interest for automotive suppliers and manufacturers.

Micro-Hybrid Vehicles: Stop-Start System

Nowadays, standard vehicles are equipped with an Alternator (Synchronous machine in generator-mode) used to charge the battery, and a Starter motor (DC machine) to startup the engine. To achieve the Stop-Start function, this structure is in principle sufficient, using the conventional Starter for each restart of the engine. This implementation, which involves no change in the structure of the standard vehicle, seems very interesting from the hybridization cost point of view. However, it suffers two major drawbacks: the starter motor design and the start-up time of the engine.

A conventional starter motor is a DC machine directly meshed to the flywheel of the crankshaft. Given the low frequency of use, 2-4 start-ups average per day during the vehicle lifetime, around 30,000 cycles, the starter motor is highly undersized assuming it is used continuously. Therefore, switching from one single start-up mode operation in standard driving cycle, to restart-up the engine after each vehicle stop requires a significant change in the starter motor design.

On the other hand, the start-up time using a conventional Starter motor takes around 1s, too long for the Stop-Start function and does not allow sufficient comfort for the driver. Finally, the implementation of the Stop-Start function cannot be envisaged using identical vehicle structure.

In this sense, VALEO has proposed two complementary solutions to perform the Stop-Start function:

• Stop-Start is operated through a starter motor (DC machine) with modified parts, called Reinforced Starter [START_REF] Labbe | Innovative permanent-magnet starter motors for automotive micro-hybrid applications[END_REF][START_REF] Warner | Valeo i-StARS and ReStart Innovations Offer Affordable Hybrid Solutions for Internal Combustion Engines[END_REF][START_REF] Hülshorst | In-market Application of Start-Stop Systems in European Market[END_REF], • Stop-Start is operated through an Alternator (separately excited synchronous machine) in motor-mode used to start the ICE, called Starter-Alternator [START_REF] Cai | Comparison and review of electric machines for integrated starter alternator applications[END_REF][START_REF] Hülshorst | In-market Application of Start-Stop Systems in European Market[END_REF][START_REF] Colton | Design of a low-cost and efficient integrated starter-alternator[END_REF][START_REF] Konieczka | To an optimal control of an integrated starter alternator using an induction machine[END_REF][START_REF] Mirahki | Design improvement of Interior Permanent Magnet synchronous machine for Integrated Starter Alternator application[END_REF].

The Reinforced Starter basically replaces the conventional starter using a DC motor with high reliability armature designed to withstand an increased number of start-up (300,000 against 30,000 from a conventional starter) and more powerful in order to start-up the engine faster (around 400ms). Modern Reinforced Starters are either a permanent-magnet or a series-wound DC motor. Maintaining the same 12V level for the board-net as the standard vehicles and the same mechanical layout of the conventional starter is an optimal solution from a cost point of view.

In parallel, the constant increase in the number of electrical equipment to ensure new security features and vehicle comfort has prompted manufacturers to order more powerful alternators from automotive suppliers. Modern alternators thus become capable of providing sufficient torque to start-up the engine and the Starter-Alternator system is born from this idea. It performs the engine start-up making the alternator reversible, operating in motor mode. The most important change is the bi-directional voltage inverter made on MOSFETs instead of the diode bridge. Using Starter-Alternator, the start-up gets faster (a few hundred milliseconds against 1-2 seconds for a conventional Starter) and quieter (vibrations are extremely limited), making the start-up almost insensitive to the driver. This was noted by VALEO in October 2004, offering its first generation of Starter-Alternator mounted on the 'Citroën C3 Stop & Start'.

These two ways described to perform the Stop-Start function are complementary.

Vehicles are generally equipped with a Reinforced Starter or a Starter-Alternator, but not both at the same. However, the use of the Starter-Alternator is always accompanied by a conventional starter motor in order to perform at least the first start-up when the engine is cold and more starting torque is necessary. Similarly, the use of the Reinforced Starter is always accompanied by a conventional alternator necessary to recharge the battery. Both the Reinforced Starter and Starter-Alternator represent the basis of the Stop-Start structure, described in the next section.

Stop-Start structure

The structure of the Stop-Start system is composed of the following subsystems, shown in Fig. 1 The Engine Temperature sensor (6) measures the temperature of the engine in order to allow the Stop-Start function. The strictly necessary condition to perform this function is that the engine has to be warm, around 70°C. The resistive torque at low temperatures tends to be higher and does not allow easy engine restarting.

The Wheel-speed sensor (7) is used by the ECU to detect when the vehicle is stopped.

The Crankshaft position sensor (8) is used to control the timing of the ignition system. Before each start-up, the sensor detects in which cylinder the fuel should be injected to initiate the combustion cycle.

A normal Stop-Start cycle is represented in Fig. 1.5 at a traffic light. Once the car is stopped and the driver declutches in neutral gear position, the ECU automatically checks the SoC of the battery through the sensor. If it is above 70%, the ECU sends the signals to stop the ignition system and the engine turns-off. An indication is activated in the display. During this time, all electronic devices remain active.

When the driver wants to move-on, the neutral gear sensor detects the depressing of the clutch pedal and the ECU determines the driver intend to start the vehicle. Afterwards, it sends the signals to activate the Reinforced Starter (or to the Starter-Alternator, depending on vehicle configuration), the engine re-starts and the driver can move forward.

Associated problems during the engine start-up

As mentioned before, implementing the Stop-Start function either by using a Reinforced Starter or a Starter-Alternator is very cost effective because only few economic changes are made in respect to standard cars. However, the Starter-Alternator is more expensive but more performant. Both solutions are easy to implement (non-intrusiveness action on the vehicle architecture) and can also be quickly brought to the market. Nevertheless, the following issue occurs:

Starting the ICE, the sudden and rapid increase of the load current demanded by the Starter-Alternator/Reinforced-Starter, generates a battery voltage drop.

Basically, the problem of the voltage drop in the battery is due to its strong dependence of internal impedance and SoC. When the driver starts-up the engine, it activates the Starter-Alternator/Reinforced Starter and initially the rotor begins at zero speed. In the first case using the Starter-Alternator (Fig. 1.8), the voltage drops to 9.55V and then remains above 10V, while the current increases to 730A, and then remains almost constant at 400A. The start-up takes around ∆t Start-Up =350ms and the energy consumed by the alternator is calculated as follows:

∫ = ⋅ = - - kJ dt U I E Bat A S A S 3 . 1 ( 1.1 )
As it can be seen, the voltage drop is not really significant since the minimal normal value is 9V. The start-up takes 350ms, which is a very short time in relation to standard vehicles (around 1s), and the car starts-up quietly without major vibrations.

In the second case using the Reinforced Starter (Fig. 1.9), the voltage drops to 7.9V and then increases almost exponentially while the current increases to 1211A and then decreases exponentially. The start-up takes around ∆t Start-Up =400ms and the energy consumption by the Reinforced Starter is calculated as follows: In this case it can be seen how the voltage drops below 9V during ∆t = 25ms. This duration, though it is very short compared to the start-up time, is long enough to turn off electronic devices connected to the battery. In this test, it is important to say that the battery is in good condition, i.e. it corresponds to a new battery, fully charged. In a worst-case scenario concerning an old (10 years) discharged battery, the voltage could drop be significantly worse.

The ripple present both in the voltage, as in the current, is due to the compression and expansion of the engine pistons. These oscillations are also reflected in vibrations in the vehicle. Approximately between 200rpm and 400rpm, the combustion engine has a physical resonance that makes it vibrate. When using the Reinforced Starter, the resonance transition takes place slower than using the Starter-Alternator, and for this reason the vibration is mostly perceived. The main electrical difference between both systems is the battery voltage drop; clearly the best-case happens using the Starter-Alternator. The battery voltage remains above the limit, practically with no physical resonance (vehicle vibration) and the start-up is really quiet. In addition, the Starter-Alternator spends less energy (1.3kJ against 1.6kJ) and starts-up the engine faster than the Reinforced Starter (350ms against 400ms). However, this way of performing the Stop-Start function is more expensive since the design of the machine carries the added value of the power electronics associated to the voltage inverter and a more complex machine control.

Today, car manufacturers prefer to equip first and medium-class vehicles with a Starter-Alternator because the comfort and energy savings are justified by its higher price.

However, it is still too expensive to be envisaged in standard low-cost vehicles. In this sense, the Reinforced Starter has become very popular to meet the Start-Stop function in low-cost vehicles given its simplicity and low cost in respect to the first one. Even if the battery voltage drop is critical using the Reinforced Starter, it is still an economical solution. The key point to determine the final implementation cost will be the implemented solution for this problem of voltage drop.

Therefore, this thesis will be focused on designing an original 'affordable Reinforced Starter system'.

Accordantly, the next section will develop a model of the system and it will study its general behaviour according to the battery parameters.

System model during the ICE start-up

To develop the model, the subsystems involved during the start-up are as follows:

• The 12V battery

• The Loads

• The Line

• The Reinforced Starter • The Internal Combustion Engine (ICE)
The electrical scheme is shown in Fig. 1.10. The Reinforced Starter engaged to the flywheel, mounted on the engine is represented in orange color on the engine picture.

The model of each subsystem is developed in this section, followed by the simulation of the complete system. Finally, from measurements taken in a real car, the model will be validated.

Battery model

In standard vehicles, a 12V Lead-Acid battery is used to supply the starter and the electronic loads. During the vehicle is moving, the battery is recharged through an alternator transforming the kinetic energy to electric energy. This kind of batteries do not support repetitive low depth discharges as they can be easily damaged, resulting in capacity loss and in premature failure reducing its life-time. The specifications are normally given as follows:

Ampere-hours (A•h): It is the capacity of the battery given by the manufacturer referenced to the discharge time at fixed current during 20h, above 10.5V at 25°C (international standard for Lead-Acid batteries, EN 60095-1). For example, a Lead-Acid battery rated at 100 A•h means it can deliver a current of 5A during 20h while the voltage remains above 10.5V. Generally, the specified capacity varies widely in respect to the discharge period. If the battery is discharged in a shorter time, with a higher current, the specified capacity is lower.

Cranking-Ampere (CA): This parameter is defined as the maximum current supplied by the battery during 30s at 0°C, while maintaining the voltage level above 7.2V.

Cold Cranking-Ampere (CCA): It is defined as the CA mentioned before but at -18°C. This is the most widely parameter used for comparison purposes. The performance of a Lead-Acid battery is strongly dependent on the electrochemical processes and temperature [START_REF] Pavlov | Lead-acid batteries: science and technology: science and technology[END_REF]. Thus, its electrical behavior is a nonlinear function of a variety of changing parameters that make them difficult to model accurately in all modes operation. Lead-Acid batteries have two important dynamic parameters that determine its operating condition: the internal impedance and the State of Charge (SoC) [START_REF] Casacca | Determination of lead-acid battery capacity via mathematical modeling techniques[END_REF][START_REF] Yoon-Ho | Design of interface circuits with electrical battery models[END_REF][START_REF] Chan | A new battery model for use with battery energy storage systems and electric vehicles power systems[END_REF].

The internal impedance of a battery is the representation of the local nonlinear phenomena (such as the dual-layer capacity and electrolysis phenomena, [START_REF] Pavlov | Lead-acid batteries: science and technology: science and technology[END_REF]) to the opposition of the current flow. It varies depending on its life time, the charge and temperature conditions. The characteristic time constant (a few milliseconds for the phenomenon of double layer, and the order of seconds at room temperature to the electrolyte diffusion) usually lead to significant change of the voltage on the time range considered here (start-up time ≈ 400ms). However, the objective of the model to be developed in this thesis is to achieve an accurate representation of the voltage drop during the first instants of startup (≈ 10ms) and set the same reference system to compare the performance of current solutions. As the voltage drop occurs during a time significantly lower than the characteristic time constant of the impedance, the model will be developed using a simple resistor, R Bat . For a new battery, the resistance is approximately 4mΩ and for an old battery, approximately 8mΩ (on overage 10 years depending on the number of charge/discharge cycles).

On the other hand, the SoC represents the operability of the battery. This cannot be measured directly, but it can be estimated using different methods. For this reason, it can be modeled between two consecutive starts-up as a constant voltage source in series with its internal resistance. The model is shown in Fig. 1.11. The voltage source, U oBat , is defined as the open-circuit measure according to the SoC (Table 1.1) while the internal resistance, R Bat , varies between 4 -8mΩ, depending of its lifetime.

For the simulations, two extreme cases will be considered. 12V-Loads are electronics devices that are not critical to the functioning of the vehicle but serve to maintain driver comfort such as the GPS, the radio, the air conditioning or the lights. By contrast, Under Voltage Sensitive Loads are those that must necessarily remain active, even if the voltage drops for any perturbation. Some examples are the ECU, the electronic power steering and the electronic braking system.

The total set of loads represents a substantial consumption to the battery, approximately of 1200W at worst case, i.e. when all loads are active at the same time.

From this power consumption, only 200W corresponds to the Under Voltage Sensitive Loads and the rest are the12V-Loads. Then, to include and simplify loads in the model, it is assumed the worst-case, as a constant current source of 100A (1200/12) in parallel to the battery.

Line model

The Reinforced Starter is connected to the positive terminal of the battery using a power wire with a cross section 'S' to handle the high current during the start-up. It has a length 'l' and the return to the negative terminal of the battery is through the chassis, assuming the impedance negligible.

In order to obtain more accurate simulation results, the cable is included in the model as a resistor (R line )in series with a self-inductance (L line ) corresponding to a low-frequency wire model, shown in Fig. 1.12. To calculate R line , it is used the equation of resistivity for a wire as follows:

( 1.3 )

To calculate L line , the equivalent self-inductance of a single wire in free space is used with the following equation [START_REF] Grover | Inductance Calculations[END_REF]:

( 1.4 )
, where 'd' is the diameter of the wire.

Reinforced Starter model

As mentioned in the previous section, the Reinforced Starter [START_REF] Warner | Valeo i-StARS and ReStart Innovations Offer Affordable Hybrid Solutions for Internal Combustion Engines[END_REF] is a conventional starter with a high reliability armature able to withstand an increased number of enginestarts in a faster way. The starter is either permanent-magnet or series wound DC motor with a starter solenoid (similar to a relay) mounted on it, as shown in Fig. 1.13. When the battery voltage is applied to the solenoid, usually through a key-operated switch or ECU-operated switch, the solenoid engages a lever that pushes out the pinion to be meshed with the flywheel (Fig. 1.14). At the same time, the solenoid closes the high-current contactor to supply the Starter and it begins to turn. In Fig. 1.14, the Starter and the flywheel are highlighted in orange color.
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Once the engine starts-up, the ECU sends a signal to open the switch, the starter turns off and the spring in the solenoid assembly pulls the pinion away from the flywheel.

To model the starter, the classical characteristics equations of a DC machine are used as follows: 

Starter Starter Starter Starter Starter Starter K dt dI L I R U ω ⋅ + ⋅ + ⋅ = ( 1.5 ) Starter Mth Starter Starter Starter Starter Starter Starter T B dt d J I K T _ + ⋅ + ⋅ = ⋅ = ω ω ( 1.6 ) Where • R Starter : Armature resistance [Ω], • L Starter : Armature inductance [H], • K: Electromotive constant, [N.m/A] • J Starter : Inertia of the rotor [Kgm 2 /s 2 ] • T Starter : Starter torque [N.m] • I Starter : Starter current [A] • ω Starter : Angular rotor speed [rad/s] • B Starter : Mechanical friction coefficient [N.m.s]

Internal Combustion Engine model

The engine transforms the chemical energy of fuel into thermal energy to produce mechanical work [START_REF] Cook | Modeling of an internal combustion engine for control analysis[END_REF][START_REF] Horrein | Thermal energetic model of an Internal Combustion Engine for simulation of a thermal vehicle[END_REF][START_REF] Kamaruddin | System Identification for Internal Combustion Engine Model[END_REF]. In an internal combustion engine (ICE), the fuel combustion takes place inside cylinders. When the air-fuel mixture burns because of the ignition system, a tremendous amount of heat is released and the temperature increases. The expansion of the high-temperature and high-pressure gases produced by combustion applies direct force to the mechanism of the engine, generating useful mechanical work.

The mechanism of an ICE basically consists of a piston that moves in a cylinder and forms a movable gas-tight seal. By means of a connecting rod and a crankshaft arrangement, the reciprocating motion of the piston is converted to rotary motion at the crankshaft, which drives the wheels through the mechanical transmission. The Fig. 1.16 shows the cutaway view of a four-cylinders, four-stroke and spark-ignition engine. The connecting rod and the crank-arm of the crankshaft translate the linear motion of the piston into rotational motion of the crankshaft. The flywheel is mounted on the crankshaft in order to balance the torque fluctuations. The top of the cylinders contains the spark plugs and the intake and exhaust valves. The intake valve admits the charge into the cylinder and an exhaust valve exhausts the burned gas out from the cylinder once the combustion is produced. Induction stroke: The inlet valve opens at θ Mth =0° and the fuel in the reservoir is at atmospheric pressure. As the piston moves from the top to the bottom of the cylinder, the pressure in the cylinder decreases below the atmospheric pressure and the air-fuel mixture flows by induction through the inlet valve into the cylinder.

Compression stroke:

Being both valves closed, the air-fuel mixture introduced into the cylinder is compressed by the return stroke of the piston to the top of the cylinder. Just before the end of the stroke (proximities of θ Mth =360°), the spark plug produces the ignition and there is a large increase in pressure and temperature in the cylinder. 

Expansion stroke:

The high pressure product of the ignition, forces the piston towards the bottom of the cylinder and the mechanical power is obtained during this stroke. Both valves remain closed until the piston reaches the bottom of the cylinder and the exhaust valve opens. Consequently, the pressure and temperature decrease.

Exhaust stroke:

The piston further moves from the bottom to the top of the cylinder and the burnt gasses get fired through the exhaust valve. The inlet valve remains closed until the piston reaches the top of the cylinder, and the cycle is renewed.

In order to develop a model of an engine during the start-up period, the different torque components acting on the crankshaft are modeled by the dynamic equation as follows:

( 1.7 )

Where:

• θ Mth is the crankshaft angle;

• T Mth is the supplied torque;

• B Mth is the friction coefficient and models the friction and pumping losses; 

θ Mth θ Mth θ Mth θ Mth Mth o Mth Mth i Mth Mth Mth Mth Mth T T B J T _ _ . .. ) ( + + ⋅ + ⋅ = θ θ θ Fig. 1.

Four-strokes cycle of an internal combustion engine

• T i_Mth is the mass torque including the crankshaft mass, all rotating parts of the connecting rods and oscillating masses of all cylinders; • T o_Mth is the dry constant resistive torque

• J Mth is the mechanical inertia.
To identify the different terms of the dynamic equation, the measure of the torque during the start-up supplied to the crankshaft of a 1.6 HDI Citroën Xsara Picasso engine (shown in Fig. 1.18) will be used as a reference.

In Fig. 1.18, the different stages of the start-up can be identified. During ∆t Start-Up , the starter supplies torque through the pinion engaged to the flywheel and the engine speed increases. Once the fuel is injected in the correct cylinder and the crankshaft achieved certain speed, the first explosion takes place and the 4-stroke cycle begins. At this time, the starter pinion is disengaged from the flywheel and the engine turns only with the thermal energy of the fuel. Because the objective is to develop a model during the startup, only the period ∆t Start-Up is taken into account.

During the first 3 cycles of ∆t Start-Up , oscillations occur at irregular intervals of time indicating that the rotor turns at an accelerated rate, so it is difficult to distinguish the weight of the terms in the equation ( 1.7 ). However, during the following cycles, the 

Mth o Mth Mth i Mth T T T _ _ ) ( * + = θ ( 1.8 )
The friction coefficient B Mth was neglected assuming that the engine is warm and properly lubricated.

One of the regular cycles (green curve, Fig. 1.18) has been extracted to approximate these remaining terms. Then, it was extended along 360° over a crankshaft turn as shown in Fig. 1.19.

In Fig. 1.19, it can be noted that the mean value is non-zero, which indicates the presence of the resistive torque. Another remark is the non-symmetry of the waveform. This shows that the reciprocal movement of the piston does not have the same characteristics when coming up and down. These characteristics make the waveform more realistic than deduced by physical equations, which will increase the precision of the simulations results. For a given engine, the inertia is given by the manufacturer and amplitude of T* Mth is the tuning variable to calibrate the model. In order to finish the engine model, it is necessary to reference the crankshaft angular speed to the starter side since the pinion and the crankshaft are coupled by the flywheel of greater radius. The relationship between both angular speeds is as follows:

R T T T T Starter Mth Starter Starter Mth Mth Mth Starter Starter Mth = = ⇒ ⋅ = ⋅ _ _ ω ω ω ω ( 1.9 )
Where R = number of teeth on the pinion / number of teeth of the flywheel. Replacing ( 1.9 ) in ( 1.7 ), the dynamic equation is as follows:
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Finally, the dynamic equation of the subsystem Starter-Engine is obtained replacing ( 1.10 ) in ( 1.6 ) as follows: This condition is represented in Fig. 1.20 as a conditional block in blue color. It is taken into account in the model to determine when the engine has started.

Mtho Starter Mth dt R Mth Mth Starter T Starter T Starter T R B J T θ ω θ θ ω θ ∫ ⋅ + ⋅ + = + ⋅ = ) ( ) ( * ..
Starter Mth T J R J J + ⋅ = 2 Mtho Starter Mth dt R θ ω θ ∫ + ⋅ = Mtho θ 1.3.

Experimental validation

Once the model of each subsystem was developed, the complete system scheme is presented in Fig. 1.21.

The equations describing the dynamic of the system are:

( 1.12 )
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Non-Linear function 
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Replacing ( 1.13 ) in ( 1.14 ), the equation is expressed as a function of the battery current, as follows: ) (
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Start-up OK Considering the model and the equations before, it is now easier to understand the origin of the problem. When the driver wants to start-up the engine, initially the rotor begins at zero speed and the resulting electromotive force (K.ω Starter ) is null. The starter current is then limited only by the armature resistance (R Starter ), the line resistance (R line ) and the internal battery resistance (R Bat ), in the order of several milliohms. This causes the current to increase to high values. Then, assuming Mechanic Electric τ τ << , the maximum starter current can be approximated from ( 1.16 ) as follows:

Starter Line Bat Bat Loads oBat Max Starter R R R R I U I + + ⋅ - = _ ( 1.17 )
Since the battery current increases, from ( 1.12 ) the battery voltage drop at the terminals is given by the following equation:

) ( _ min _ Loads Max Starter Bat oBat Bat I I R U U + ⋅ - = ( 1.18 )
In order to validate the developed model, equations are implemented on 'Simulink' and simulations will be compared with measurements taken on the car Citroën DS5 1.6 e-HDI Diesel, already shown in Fig. 1.6. From the measurements taken starting the engine with the Reinforced Starter in Fig. 1.9, parameters of the battery are deduced as follows: approximately the same (≈375ms). The minimum voltage and the maximum current values match as well. Oscillations in the waveforms occur at approximately the same time and with the same amplitude, which means that the system is properly calibrated.

• • Ω ≈ - = - = m I U U R Max Starter Bat oBat Bat
Once the model is validated, performances in best and worst-case scenario can be compared by simulations.

Comparative analysis between best and worst-case scenario

The power supplied by the battery to start-up the engine is calculated from simulations as ( 1.19 ). The power consumed by the starter and the line in this best-case scenario is calculated as ( 1.20 ). As illustrated, the power delivered by the battery increases to 15.5kW and then decreases exponentially. As it can be noted, the starting peak power is much higher than the power in the starter, almost twice. Then, from simulations results, the energy consumption by the Starter and the energy delivered by the battery were calculated, as follows:

Starter Starter oBat Case Best StarterUp Bat I V I U P ⋅ = ⋅ = - -
∫ = = - - - - = = 4 . 0 0 _ _ 2.06k f i t t Case Best StartUp Bat Case Best StartUp Bat J dt P E ( 1.21 ) ∫ = = - - = = 4 . 0 0 _ _ 1.66k f i t t Case Best Starter Case Best Starter J dt P E ( 1.22 )
The difference between both corresponds to the energy dissipated in the internal resistance of the battery, approximately 400J. As illustrated, increasing R Bat and decreasing U oBat increases the start-up time, ∆t Start-Up . Using this model and taking into account these results, the system is simulated under worst-case conditions to perform the Stop-Start function such as the battery SoC at 70% (U oBat =12.35V and R Bat =8mΩ, Table 1.2). The simulation result in this configuration is shown in Fig. 1.26. The power delivered by the battery to start-up the engine in the worst-case scenario is calculated as ( 1.23 ). The power consumed by the Reinforced Starter and the line under the worst-case is calculated as ( 1.24 ). As Fig. 1.27 illustrates, the power supplied by the battery in the best-case increases up to 15.5kW while in the worst-case, the power increases to 10kW.

Starter Starter oBat Case Worst StarterUp Bat I V I U P ⋅ = ⋅ = - - 35 . 12 _ ( 1.23 ) Starter Bat Case Worst Starter I U P ⋅ = - _ ( 1.
On the other hand, in Fig. 2.30 the power on the starter and the line in the best-case the power increases to 9300W while in the worst-case increases to 4170W.

Accordingly, the energy consumed by the starter and the line, and the energy delivered by the battery under the worst-case are calculated integrating the power calculated as: On the other hand, in the worst-case the energy losses ∆E is 720J and the start-up time 800ms. The maximum current increases to 800A and the battery voltage drops to 5.09V.
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Through this analysis, the importance of the internal resistance of the battery and its SoC can be verified. As illustrated, in the worst-case scenario the performance of the system has considerably decreased. The battery has to deliver more energy to start-up the engine and it takes more time. Even if the maximum current through the starter has Table 1.3 Energy balance in simulation under the best-case and the worst-case scenario decreased, the losses have increased and the battery voltage drops to a lower value in comparison to the best-case.

Conclusion

The implementation of the Stop-Start system was presented using two complementary solutions: the Reinforced Starter or the Alternator-Starter.

A test performed in a car (Citroen DS5) exceptionally equipped with both systems has shown that starting the engine with the Reinforced Starter, the battery voltage drop is becoming critical. In order to analyze the problem in detail, a system model was developed and validated by measurements. The start-up battery current was calculated as follows:

Starter Line Bat Loads Bat oBat Max Starter R R R I R U I + + ⋅ - = _
Consequently, the battery voltage drop is calculated as follows:

) ( _ min _ Loads Max Starter Bat oBat Bat I I R U U + ⋅ - =
Using this model, simulations under best and worst battery case were performed.

Through this analysis, the importance of the internal resistance of the battery and its SoC can be verified. The energy balance shows that in the worst-case scenario, i.e. old discharged battery with increased internal resistance, the battery needs to supply more energy to start-up the engine, takes more time and the battery losses has increased. Furthermore, the battery voltage drops to a lower value in comparison to the best-case.

Accordingly, the next chapter will study the industrial automotive solutions currently in the market to solve this problem of battery voltage drop using the Reinforced Starter.

For this, the model developed in this chapter will be used first to test and compare performances of different automotive solutions, and then to test innovative affordable solutions.

Chapter 2 2 Voltage Stabilizations Systems: Automotive

Solutions and Proposed Approach

In the first chapter, the Stop-Start system was introduced. The context was presented as well as the implementation through a Reinforced Starter and the problems associated to the battery voltage drop during the start-up. Furthermore, a model of the system was developed in order to recognize its dynamic behavior.

The objective of the second chapter is to address the problem of voltage drop and find solutions with the highest cost/benefit possible ratio. To do this, a study is performed on the background of the existing solutions available in the market. Different ways to implement storage elements and dissipative systems will be analyzed. Therefore, we will see that given the problem conditions, it is interesting to use dissipative systems of lower performance, but more affordable than other current solutions.

Accordingly, we will present an approach to the problematic considering the use of an ideal 'Series Voltage Stabilization System' (S-VSS). This is based on introducing an ideal variable voltage source in series with the Reinforced Starter to limit the current and hence, the battery voltage drop. The overall performances and benefits will be studied.

Finally, a practical implementation of the S-VSS will be analyzed. Since the voltage source in this particular case is used to limit the current, it will be replaced by introducing a variable resistor and two different ways of implementation will be presented: Discrete and Linear.

Automotive solutions

The Stop-Start structure, as shown in Fig. 2.1, consists of the Lead-Acid battery, Loads, the Reinforced Starter and the Engine. In order to address the problem of the voltage drop, the first question we could ask ourselves is: Why do not change one of these subsystems?

Lead-acid batteries are sized to deliver high enough current to startup the engine at low temperatures, without significantly reducing its charge. Then, an immediate solution could be sizing battery, but considering the voltage drop. Unfortunately, the minimum internal resistance of a lead acid battery used in this application is typically 4mΩ, not enough to keep the voltage above 9V (as seen in the first chapter, Fig. 1.9). In addition, its performance tends to get worse with the use, which further worsens the problem.

In this sense, one possibility could be to change the Lead-Acid battery by another technology with a lower internal resistance (higher power density), for example Li-Ion. However, Lead-Acid batteries are significantly more economical than others in the market.

Another solution would be to control the start-up current of the Reinforced Starter using 'Compound' or 'Parallel' excitation. However, 'Series' and 'Permanent Magnet' excitation are currently used because of its higher start-up torque in comparison to the others. Furthermore, changing the excitation means to re-design a completely different starter which is not ideal in term of mass production.

Finally, the ICE and the Loads are imposed by the manufacturer and therefore unchangeable. Taking into account the mentioned constraints, nowadays the problem of the battery voltage drop is solved using power electronics solutions. Generally, in a low-power system where the load-current is relatively small and short-lived, it is often sufficient to connect a low-impedance capacitor in parallel to the load to 'hold up' the voltage during transient demand. However, in case of huge load variations lasting several milliseconds, as using the Reinforced Starter, this is not economically envisaged because extremely large and expensive shunt Super-Capacitors modules (EDLC 16V-200F) is required to maintain the battery voltage close to its nominal value.

Another solution could consist of using a 'Buck' converter (Fig. 2.2) to control the current supplied to the starter and hence, to stabilize the battery voltage. However, its major drawback is the large input filter capacitor (C Buck , 25V-200mF, Aluminium capacitors) needed to obtain an acceptable ripple at the battery side. Even though they are smaller and more inexpensive than super-capacitors mentioned before, this solution remains too expensive for this application.

Auto-parts manufacturers have developed different economical 'Voltage Stabilization

System' (VSS) to prevent the voltage drop without needing expensive and excessively large capacitors in parallel to the battery. These 'VSS' solutions can be classified as: 'Active' and 'Passive' VSS.

The Active VSS refers to solutions that use additional stored energy to solve the problem of the voltage drop. These solutions concern the use of storage elements like smaller batteries, super-capacitor cells or capacitors. On the other hand, Passive VSS refers to solutions that do not store, but dissipate energy to stabilize the battery voltage. In this section, all of these stabilizations systems currently in the market or in development will be presented. Each stabilization system is assumed correctly sized for their respective manufacturer. In order to highlight the advantages and disadvantages, simulations will be performed using the reference system model (without any VSS) developed in the first chapter (Fig. 2.3). Simulations will compare results under the worst-case scenario (Fig. 2.4, R Bat =8mΩ U oBat =12.35V). For all simulations, the minimum voltage drop admitted is 9V.

- Reference system simulation results under worst-case scenario, without any VSS

Active VSS

The goal of these solutions is to stabilize the voltage at the loads using extra stored energy in the most effective way and at the lowest possible cost, using the available technology on the market. The following automotive stabilization systems currently in the market will be presented:

• Dual-Battery

• Low-power Boost converter

• Super-capacitor cells in series with the Battery

• Super-capacitor cells in series with the Loads

Dual Battery

The first scheme proposes the use of two batteries: one to start-up the engine and supply the 12V-Loads and the other to supply the under-voltage sensitive loads (UVSL), as shown in Fig. 2.5.

As Fig. 2.5 illustrates, a power bi-directional switch is used to control the energy flow between both batteries. When the vehicle is in movement, the switch is closed and both batteries are connected in parallel to be recharged and to supply the entire 12V boardnet. During the first engine startup, the extra battery is used as auxiliary support for the main battery, especially at low temperatures. However, the main drawback is the additional weight: 5kg. The increased weight produces an overall increase in fuel consumption and has detrimental effect in terms of CO 2 emissions. For example, a car Renault Twingo III (2014) weighs 864 kg and emits 95g/km of CO 2 . Then, assuming a linear relationship between the CO 2 emissions and the weight of the vehicle, adding the extra battery the emissions would increase 0.5g/kg, undesirable for the environment and for automakers considering regulation standards.

The strategy of supplying sensitive loads separately is widely used by certain automakers for a reason of cost. However, other automakers prefer absolutely stabilize all loads to ensure comfort. In this case, this strategy becomes a disadvantage.

-0. 

Low-Power Boost Converter

This VSS concerns the use of a Boost converter [START_REF]BOSCH. 12V DC/DC Converter -Diesel Stop-Start system[END_REF] to sustain only the Under-Voltage Sensitive Loads during the engine start-up, and is shown in Fig. 2.8.

When the vehicle is moving, the switch K o is normally closed and sensitive loads are supplied directly by the battery. However, during the vehicle is stopped at a traffic light and is necessary to restart the engine, the switch K o is opened and sensitive loads are then supplied by the Boost converter, increasing the output voltage (gain > 1) to complement the voltage drop. While the switch K SW is closed the battery supplies energy to the inductor, the diode is reversed biased, and the output capacitor supplies sensitive loads. When the switch is opened, the sensitive loads and the output capacitor receive energy from the inductor as well as from the battery.

The converter is sized to supply sensitive loads, about 200W, at 12V nominal value. It is controlled such that the output voltage remains stable, even during the engine startup. Assuming an efficiency of 0.9, the power consumption view from the battery to the converter side is P Sw =220W.

During engine startup, as the battery voltage drops, the current consumption from the converter increases to maintain constant power at sensitive loads. Then, in order to simulate the performance of the system, the power consumption of the Boost converter is modeled as an overage current source of value

I Sw = 220W/U Bat .
Besides, the 12V-loads consumption are modeled as a current source I 12V-Loads = 1000/12= 83.3A. The model of the system is shown in Fig. 2.9 and the simulation results are shown in Fig. 2.10. As Fig. 2.10 demonstrates, the start-up time was slightly deteriorated, while the battery voltage drop and the maximum starter current remain practically the same. In this case, the battery had to supply more energy to maintain stable sensitive loads.

As the dual-battery solution, the use of a Boost converter is an effective solution to address the problem of the voltage drop only at the UVS loads. of the converter over an auxiliary battery is its weight; it is a much more lightweight solution. In addition, this is a low-cost solution since only the sensitive loads are sustained instead of the entire loads. Then again, this strategy is widely used by certain automakers for a reason of cost. However, other automakers prefer absolutely stabilize all loads to ensure comfort. In this case, this strategy becomes a disadvantage.

Super-capacitor cells in series to the Battery

This VSS connects a 5V super-capacitor module in series with the battery [START_REF] Masson | Dispositif électrique auxiliaire, notament pour véhicule automobile[END_REF][START_REF] Geldhäuser | Continental to Supply Booster Module to PSA Peugeot Citroën for its e-HDi Start-Stop Systems[END_REF] in order to boost the 12V board-net only during the start-up (Fig. 2.11). Once the engine has started, the capacitor module is removed from the system using power switches. The module is composed two cells of 2,7V, 650F ESR=0.8mΩ in series.

In Fig. 2.11, the switches K 1 and K 2 are complementary. During the start-up, the module is connected in series with the battery as K 2 is closed and K 1 opened. Once the engine has started, the module is removed from the system, since K 2 opens and K 1 closes. While the vehicle is being driven, the module is recharged through the power-charger.

In order to analyse the performance, the module and switches are included in the model as shown in Fig. 2.12. The module is modelled as a capacitor charged at V Cap =5.4V, even when a super-capacitor module is connected in series to raise the voltage, the startup current increases, but also increases the resistance in series with the battery (R Bat +ESR). This generates an additional voltage drop in series with the battery and for this reason the Board-Net still falls. This drawback indicates that the system is unsuitable for the worst-case scenario presented in this thesis, but it that does not mean that it could not be used in other more favorable case, with lower R Bat and higher SoC.

C=325F
On the other hand, the advantage is that the engine starts-up significantly much faster, which is important from a comfort point of view. In addition, this structure has the advantage of using only two super-capacitors cells in contrast with the configuration of a super-capacitor module in parallel with the battery.

Super-Capacitor Cells in Series with Loads

This scheme is similar to the VSS presented before but the 5V super-capacitor module is connected in series to loads [START_REF]Systeme d'alimentation en energie electrique d'organes consomateurs embarques a bord d'un vehicule automobile[END_REF] to boost U Loads , only during the start-up (Fig. 2.14). The module is composed of two cells of 2,7V, 310F ESR=2.2mΩ in series.

In Fig. 2.14, the switches K 1 and K 2 are complementary. During the start-up, the 5V super-capacitor module is connected in series with loads, as K 2 is closed and K 1 is opened. Once the engine has started, the module is removed from the system since K 2 opens and K 1 closes. While the vehicle is being driven, the module is recharged through the power-charger.

In order to analyse the performance, the module and switches are included in the model shown in Fig. 2.15. The module is modelled as a capacitor charged at V Cap =5.4V, The Fig. 2. [START_REF] Sheng | Application of Engine Intelligent Start-Stop System in Technology of Vehicle Fuel Saving[END_REF] shows the voltage at the loads (U Loads ) and the starter current. As shown, the voltage is increased above the minimum value allowed of 9V, while the current through the starter remains unchanged in respect of the reference. Furthermore, it can be noted that the start-up time remains equal to the reference, ∆t Start-Up =800ms. This is because the module is only connected in series with Loads and there is no influence on the starter side.

The main advantage of this scheme in comparison to the other VSS connecting the super-capacitor module in series with the battery is the capacity of cells used. In this case cells of 350F are used instead of 650F and consequently, the price is reduced by half. In addition, the loads voltage is well stabilized under the worst-case scenario.

However, the main disadvantage is that the start-up time is not improved in comparison to the reference system.

Passive VSS

These kinds of stabilization systems, unlike others previously studied, do not add extra energy to the system but limit the power supplied to the starter using resistors or inductors to stabilize the battery voltage. As seen in Chapter 1, the maximum current through the starter can be calculated as follows:

Starter Line Bat Bat Loads oBat Max Starter R R R R I E I + + ⋅ - = _ ( 2.1 )
Since the current increases, the voltage at the terminals of the battery can be calculated as follows:

) ( _ min _ Loads Max Starter Bat oBat Bat I I R E U + ⋅ - = ( 2.2 )
From the equation ( 2.2 ), it can be seen that if the starter current is limited, the voltage drop will be limited as well. Limiting the current is possible including external resistance 'R x ' in series with the battery, obtaining the following equation:

x Starter Line Bat Bat Loads oBat Max Starter R R R R R I E I + + + ⋅ - = _ ( 2.3 )
Nowadays, there are two automotive stabilization systems developed for this particular application:

• Series resistance

• Resistive-Inductive filter

Series Resistance

In order to limit the maximum peak current starting the engine, a resistance R x connected in series with the starter is used [START_REF] Masami | Starter having delay circuit[END_REF], as shown in Fig. 2.17.

Limiting the current, the torque will be limited as well and consequently the engine risks never starting-up. Therefore, considering that the peak current occurs for a few milliseconds, a temporized switch is connected in parallel to the resistance to shortcircuit it after some time, t Close .

The value of R x is calculated to limit the start-up current in such a way that the battery voltage does not drop below the limit, in this case 9V, under the worst-case scenario (U oBat =12.35V, R Bat =8mΩ). From the equation ( 2.2 ), the maximum current admitted is:

A A m V V I R U U I Loads Bat Bat oBat Max Starter 318 100 8 9 35 . 12 min _ _ ≈ - Ω - = - - = ( 2.4 )
Then, from ( 2.3 ), R x is given as follows: In order to analyze the performance of this solution, the resistance R x and the switch were introduced in the model, as shown in Fig. 2.18. The switch is assumed ideal. Two simulations were performed short-circuiting the resistance firstly after t Close_1 =75ms and then, after t Close_2 =150ms. The results are shown in Fig. 2.19.
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As can be seen in Fig. 2.19, during the time the resistance is connected, the start-up current is limited to 338A and the battery voltage remains above 9V. However, after the switch is closed at 75ms and 150ms respectively, the current increases and the voltage falls below the limit. This is because the current is no longer limited and the starter returns to its normal condition. As a consequence of the current limitation, the start-up time has increased to ∆t 75ms =830ms, and ∆t 150ms =870ms, respectively.

This stabilization system has the main advantage of being cheaper than other systems presented before taking into account that only a power resistance and a temporized switch are necessary. In addition, the life-time of the starter and the battery are increased because they are not subject to such current stress. However, as seen before, the main drawback is its performance and effectiveness. Even if the current is limited during the time t Close , the battery voltage is still falling above the limit and delaying the Start-up. 

Inductive-Resistive filter

This stabilization system consists of an inductive low-pass filter to limit the start-up current. A first approach to perform a low-pass filter could consist in increasing the inductance in series to the reinforced starter. Unfortunately though this application deals with too high levels of current and the magnetic energy stored in the inductance could generate high over-voltage on the switch in series to the starter when it opens after the engine has started-up.

In this sense, a prototype developed by VALEO [START_REF] Labbe | Circuit de demarreur de vehicule automobile comportant un dispositif de rehaussement de tension de batterie et demarreur equipe[END_REF] proposes the use of a transformer in series with the starter, as shown in Fig. 2.20. The secondary coil is charged with a power resistance to dissipate the energy transferred from the primary coil.

- The transformer acts as an electrical insulator at the same time as a series low pass filter designed for a given cutoff frequency. All frequency components of the start-up current above the cutoff frequency are dissipated in the resistance. The implementation of the prototype is shown in Fig. 2.21. The transformer is placed near the starter in order to compare its dimension.

This system is currently being developed. The experimental results are shown in [START_REF] Labbe | An innovative current-limiting device for automotive micro-hybrid starter motors[END_REF]. This is a cheap and small size solution, as seen in Fig. 2.21. However, the main drawback is that the system is not adaptive. The cutoff frequency is selected in order to limit the current to the maximum value in such a way that the voltage does not drop below a certain limit in the worst-case. Nevertheless, under the best-case, i.e. low resistance and high SoC, the filter is not adapted and current will be limited to the same value, even if the battery voltage remains above the limit and the start-up is delayed. For this reason, the performance is low. 

Cost-Performance analysis

The Fig. 2.22 summarizes the cost and performance (start-up time) of all stabilization systems. For reasons of confidentiality, costs cannot be shown. Instead, the cost of the Dual-Battery system is taken as the reference cost (100%) to compare the other solutions, expressed in percentage relative to the reference.

As illustrated in the diagram, the use of super-capacitor cells in series with the battery has better start-up time, approximately ∆t Start-Up =320ms. Nevertheless, the cost is six times more expensive than the dual battery and it is not effective since the voltage drop is still present under the worst-case battery scenario presented in this thesis.

By contrary, the use of super-capacitors in series with the loads is an effective solution and the weight and volume required are significantly lower than using a second battery.

Then again, it is four times more expensive, and shows no improvement in respect to the start-up time.

Subsequently, the solutions that support only the sensitive loads: Dual-battery and Boost converter. These are effective solutions and its costs are one of the lowest. This strategy is widely used by certain automakers for a reason of cost. Particularly the converter is much lighter than an auxiliary battery and for this reason is most used.

However, other automakers prefer absolutely stabilize all loads to ensure comfort. Finally, the cheapest solutions are the series-resistance and the inductive-resistive filter. The low cost is justified by its simplicity and above all, the non-use of storage-elements. Nevertheless, the performance is very poor because the start-up power is limited and consequently delayed.

In the case of the series resistance the only control variable is the closing time of the switch. The resistance value is selected to limit the current in such way that the voltage does not drop below certain limit under the worst-case. On the contrary, the closure time is selected so that once the resistance is removed; the battery voltage does not drop suddenly. Then again, as seen in simulations, it is not always possible. In this case, the boundary conditions of the problem should be less strict, lowering the level voltage limit.

With respect to the passive-resistive filter, it is designed for a given cutoff frequency. All frequency components of the start-up current above the cutoff frequency are dissipated in resistance. The cutoff frequency is selected in order to limit the current to the maximum value so that the voltage does not drop below a certain limit in the worst case. However, under the best case, i.e. low resistance and high SoC, the filter is not adapted and current will be limited to the same value, even if the battery voltage remains above the limit, and the start-up is delayed.

The general objective of this thesis is to reach a voltage stabilization system for the entire loads, meeting an acceptable compromise between cost and performance. Fig. 2.22 basically shows that the use of electrical energy storage systems composed of batteries or super-capacitors can be very effective and/or performance solutions since additional energy is added to the system, though at a higher cost. As a result, the use of energy storage does not seem the option that allows us to reach the goal.

On the other side, the two dissipative systems used for this particular application have low performance because they are not adaptive to the battery conditions, but they are interesting for their low cost and simplicity of implementation.

Finally, considering the aim of the thesis and following the reasoning explained, the idea is to reach a midpoint between the two types of solutions considering the advantages and disadvantages of current solutions, and taking into account the cost as a priority.

Accordingly, it is proposed to study the behavior of a device, ideal for the beginning, in charge of limiting the start-up current in order to stabilize the battery voltage in an adaptive way; this is an ideal 'Series Voltage Stabilization System'.

The 'adaptive' concept refers to the fact of limiting the current to the value needed to maintain the battery voltage always above the limit, taking into account the battery conditions in worst and best case scenario.

Proposed approach: Ideal 'Series VSS'

The Ideal Series VSS has the objective of limiting the start-up current through the starter so that the battery voltage does not drop below the limit. For this, it is proposed the use of an ideal variable voltage source in series with the starter, as shown in Fig. 2.23. The voltage source is defined as the variable V DS . In order to limit the battery voltage drop (U Bat ) to the minimum threshold allowed, a control system is implemented.

Control system design

In order to design the control system, 'V DS ' is defined as the tuning variable and U Bat as the output variable. The voltage limit is defined as U Bat_Ref .

To develop the control strategy, the model developed in Chapter 1 as shown in Fig. 2.24 is used. The 'tuning path' is defined as the path crossing all blocks between the output to be controlled and the tuning variable. The control scheme is deduced using the step-bystep inversion from the output variable (U Bat ) to the tuning variable (V DS ) through the tuning path represented in green color. This is assuming that all variables are measured.

The inversion is direct when elements contain no time-dependent relationships. Nevertheless, when elements contain integral relationships, it is not possible to invert directly in order to avoid derivative relationships. Their inversions are indirectly made using a controller and measurements. The control system is represented in red color. In Fig. 2.24, two different subsystems can be distinguished: the Current-Control system and the Voltage-Control system. According to the inversion-based control method applied, these two subsystems are the minimum necessary to assure the stability of the system, assuming all variables are measured. Basically the Current-Control system is in charge of limiting the starter current to a desired reference value, called I Starter-Ref . On the other hand, the Voltage-Control system is in charge of generating the current reference value so that the battery voltage (U Bat ) does not drop below the voltage limit, U Bat-Ref .

Assuming that all variables are known, the Voltage-Control system is directly deduced inverting the blocks. However, the Current-Control system cannot be inversed directly because the resulting system is not causal. Instead, a controller is used, which is developed in the next section. 
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Current-Loop

The output variable of the Current-Control system is I Starter and the system is inversed through the tuning path to 'V DS ' to design the control system. After carrying out all simplifications in Fig. 2.25, the current control system is as follows:

As the system is a first-order and is desired to eliminate the steady state error, a Proportional-Integral controller is used where K Ip and K Ii are the proportional and integral coefficient respectively, as follows:

S K S K PI Ii Ip I + ⋅ =
To calculate the coefficients the root locus method is used. The rise time t Rise was chosen to have the same reaction time as the time constant of the system, around L T /R T =1ms. The overshoot chosen was 0.1%. The coefficients calculated are as follows and the step response is shown in Fig. 2.26:

K Ip = 0.02 K Ii = 18.
46 As it can be seen in Fig. 2.26, the rise time is around 1.1ms and less than 0.1% overshoots as defined. Once designed the control system, in the next section we perform simulations in order to determine the operation range of the controller.
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Current-Control Simulations

Once modeled the system and calculated the controller, the equations were implemented in Matlab/Simulink. The first simulation test consists on limiting the starter current to a certain value, for example to I Starter-Ref =400A. The results are shown in Fig. 2.27.

In Fig. 2.27 it can be clearly seen that the starter current is limited to 400A as well as the battery voltage to a fixed value. Since a simple model of the battery is used and the loads were modeled as a 100A constant current source, the voltage limited can be calculated as: Another important remark is the start-up delay due to the current limitation. It is noted by ∆t Delay =24ms and represent 3% of the reference start-up time (800ms), which is not really significant.
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The second test consists of determining the influence of the current limitation on the start-up time. For this, simulations are performed at different values of I Starter-Ref and measuring the start-up time as shown in Fig. 2.28. The simulations were performed under the worst case (U oBat =12.35V, R Bat =8mΩ) and also under the best-case scenario (U oBat =12.8V, R Bat =4mΩ). The relationship determines the operation range of the controller, shown in Fig. 2 2.29 shows the non-linear relationship between the current limitation and the startup time in both cases. This test defines the 'Operation Range' of the current-control system for a given start-up time specification. In this case, it is assumed that the startup time should not be greater than 1s under the worst-case. The limits of the operation range are defined by the best and worst cases in the lateral sides. With respect to the upper side, limiting the starter current above 900A makes no sense since the start-up is not delayed. However, the current limitation should not be less than approximately 300A because the start-up will be delayed beyond 1s. The pink zone indicates the forbidden area concerning the conditions of the battery, which has not been taken into account.

Simulation results

Once the Current-Control system was calculated and tested by simulations, the complete control system including the Voltage-Control system is ready to be simulated, shown in As can be seen in Fig. 2 The Fig. 2.34 shows that the power dissipated in the Series-VSS increases to 3120W in the best case. This power may seem too high but it happens during short time, ∆t = 32ms. However, in the worst case the power dissipated increases to 2230W, lower than the case before (3120W) but lasting longer, ∆t 1 = 260ms and ∆t 2 = 20ms. The energy consumed in the S-VSS in both cases is calculated integrating the power as follows:

∫ - = ⋅ = - - Up Start t Starter DS Case Worst VSS S J dt I V E 0 _ 223 ( 2.8 ) ∫ - = ⋅ = - - Up Start t Starter DS Case Best VSS S J dt I V E 0 _ 52.3 ( 2.9 )
As it can be seen, in the worst-case scenario there is more energy transferred to the S-VSS, but more power dissipated in the best-case. The energies will be later taken into account to make a balance of energies involved.

On the other hand, the power supplied from the battery to start-up the engine is calculated as follows: In the left side is shown simulations in the worst-case scenario (U oBat =12.35V, R Bat =8mΩ) and in the right side, the best-case scenario (U oBat =12.8V, R Bat =4mΩ).

The Fig. 2.35.a) shows a significant difference between both curves at the beginning. The power supplied by the battery without the S-VSS grows to 10kW, while using the ideal S-VSS, the power is limited to 4kW. In Fig. 2.35.b), the power supplied by the battery without the S-VSS grows to 15kW, while using the S-VSS, the power is limited to 11kW.

Furthermore, the power consumed by the starter and the line is calculated as follows:

Starter m Starter I U P ⋅ = ( 2.11 )
The Fig. 2.36 shows the power consumption in the starter and the line, with and without the S-VSS. In the left side is shown simulations in the worst-case and in the right side, the best-case battery scenario.

As this illustrates, in the worst-case (Fig. 2.36.a) there is a significant difference between the two curves at the beginning. The power consumed by the starter without the S-VSS grows to 4kW, whilst the power increases gradually starting from 750W using the S-VSS. This difference of power causes the engine to take more time to start-up.

In the best-case (Fig. 2.36.b), there is a difference between both curves at first but after a certain time they approximates almost perfectly. This indicates that even limiting the current, the impact of the S-VSS is negligible in the best-case scenario. The energy delivered by the battery to start-up the ICE using the Series-VSS in both cases is calculated as follows:

∫ - = ⋅ = - - Up Start t Starter oBat Case Worst StartUp Bat J dt I U E 0 _ 2.67k
( 2.12 )

∫ - = ⋅ = - - Up Start t Starter oBat Case Best StartUp Bat J dt I U E 0 _ k 98 . 1 ( 2.13 )
The energy consumed by the starter and the line, is calculated as follows:

∫ - = ⋅ = - Up Start t Starter m Case Worst Starter J dt I U E 0 _ 1.82k ( 2.14 ) ∫ - = ⋅ = - Up Start t Starter m Case Best Starter J dt I U E 0 _ k 55 . 1 ( 2.15 )
The obtained results in the worst and best case scenarios are summarized in Table 2.1 and Table 2.2 respectively.

The Table 2.1 shows the energy supplied by the battery to the start-up (E Bat-StartUp ) and the energy consumed by the starter and the line (E Starter ), with and without the stabilization system, in the worst-case-scenario. As illustrated, the ∆E between the E Bat-StartUp and the E Starter , without the S-VSS is 720J, corresponding to the losses in the resistance of the battery.

Worst-Case Scenario

On the other hand, using the S-VSS the E Bat-StartUp has increased 50J while the E Starter has reduced 80J. The ∆E is 850J, corresponding to the losses in the S-VSS (E S- VSS =223J), the resistance of the battery (850-223=627J). This means that battery losses The overall balance in the worst-case indicates that using the S-VSS, total losses were increased of 130J. This represents 18% of the reference losses without any stabilization system, 720J. Furthermore, the start-up was delayed 72ms, representing 9% of the reference time, 800ms.

The Table 2.2 shows the energy balance in the best-case-scenario. ·R Bat ) were also reduced because the start-up current was limited.

Best-Case

The overall balance in the best-case indicates that using the S-VSS, total losses were reduced 70J, representing 11% of the reference losses without any stabilization system, 600J. This is an interesting result because although part of the energy is dissipated in the S-VSS, the losses in the battery resistance are reduced by limiting the starter current, resulting in the overall reduction. In addition, the start-up was delayed only 5ms, negligible in comparison to the reference start-up time.

Both cases are interesting to analyze. In the best-case scenario, the power dissipated is higher since current is linearly limited to 830A but the energy dissipated is relatively small because it happens for a short period of time. The energy balance indicates that total losses are reduced. On the other hand, in the worst-case scenario the power Table 2.2 Energies involved during the start-up in the best-case scenario, with and without the S-VSS dissipation in the S-VSS is less than in the previous case but the energy is much higher because the current limitation lasts longer time. Finally, both cases must be taken into account for the design of the laboratory prototype to validate the concept of the ideal S-VSS.

In the next section, the impact of losses and the overall benefit of the Stop-Start system using the Series-VSS will be studied. For this, only the worst-case scenario will be taken into account since losses are higher than in the best-case scenario.

Overall performance and benefits

The main objective of the Start-Stop system is to reduce the energy consumption. However, in the proposed system some energy is transferred to the stabilization system.

The energy balance is performed in the worst-case scenario in order to estimate the possible benefits.

Currently, a Diesel engine without the Stop-Start system spends around 0.8L per hour on a traffic light at idling speed (600rpm). The equivalent energy of 1L diesel fuel is 36MJ.

Therefore, the consumption per second by a diesel engine at idle state (600rpm idle speed) is as follows: The energy supplied by the battery for the start-up without any stabilization system was previously calculated and corresponds to keeping the engine at idle state during the period of time t idle_1 , as follows: This means that the vehicle saves energy once the engine shutdown-time is greater than t idle_2 . For example, if the vehicle shutdowns the engine at a traffic light for 1s, the energy saved is calculated as:

J C E ond per idle Saved 3 sec _ _ 10 34 . 5 ) 332 . 0 1 ( ⋅ = - ⋅ = ( 2.19 )
In the next section the implementation of the S-VSS will be studied. This is essential to determine the economic feasibility of the system.

Practical Implementation

The Ideal Series-VSS was developed and its behavior and benefits analyzed. Now it is time to analyze how it could be implemented. This is the key point that determines the economic feasibility.

Until now, the S-VSS was assumed as an ideal voltage source in series with the starter, in opposition to the current flow. The equivalent resistance presented by the S-VSS is given by ( 2.20 ) and is shown in Fig. 2.37, for the best and worst-case scenario. As Fig. 2.37 illustrates, in the worst-case the equivalent resistance has a maximum value R eq-Max =22mΩ which is then reduced gradually in order to maintain the battery voltage above the limit. In the best-case scenario, the equivalent resistance has a maximum value R eq-Max =4mΩ which is then reduced gradually as well. Considering that the voltage source in this particular case is being used as an energy sink, the electrical behavior is equivalent to a variable resistor with the same profiles, according to the system conditions.

In this sense, the question of how to implement the voltage source has become: how to implement a variable resistor to approximate the equivalent profile? There are two different approaches to implement a variable resistance: Discrete or Linear.

The implementation of a discrete variable resistance involves the use of a set of resistors connected in series, parallel, or a hybrid of both as such that the equivalent resistance varies between discrete values.

On the other hand, the implementation of a linear variable resistance is optimal from the performance point of view, achieving the required profile with linear values.

Both ways should be able to adapt the required profile, whatever are the conditions of the system, according to battery and reinforced starter parameter variations.

In the following section, these ways of implementing a variable resistance will be presented, analyzing their advantages and disadvantages.

Discrete form

The implementation of a discrete variable resistor concerns a set of values used to approximate the ideal behavior [START_REF] Chiappori | Discrete voltage stabilization system[END_REF]. Normally, the greater the number of resistance values, the greater the precision of approximation the ideal profile.

There are endless possibilities to connect the resistors and get different values. This section highlights the basic resistor connections in Series, Parallel or as a Hybrid between both, as shown in Fig. 2.38.

The goal of implementing a discrete resistor is to limit the current starter in order to stabilize the battery voltage. Consequently, the approximation of the ideal profile by discrete values is not enough to control the current accurately. Instead, a control system composed of a µ-processor is required to determine the correct resistance value depending of the battery voltage drop. This is done measuring the battery voltage to close the switches at the correct time for a given topology (Fig. 2

.38).

As already mentioned, the greater the number of resistance values, the greater the precision to limit the voltage drop. The accuracy in this particular case is of great importance due to the strong dependence of the voltage drop with the starter current. If the control system is not accurate enough, the voltage drop can still occurring, even if the current is limited. However, achieving high accuracy by several resistances is not always possible from an economic and technical point of view.

On the other side, the major drawback of using discrete resistors is the sizing of the switch. These are implemented using MOSFET transistors instead of relays because of their high switching speed. Unfortunately, in this application the use of multiple transistors in parallel is necessary to form the switch because there is no transistor able to withstand such starter current. The maximum instantaneous current is around 1200A lasting some milliseconds, and consequently more than two MOSFETs are needed for one switch. For example, using four resistors as Fig. 2.38, it is required at least '8' transistors, having a very low accuracy. Furthermore, transistors switching at high frequencies add EMC issues to the overall complexity of the vehicle. Finally, given the lack of precision, the number of transistors required for a switch and the use of costly µ-processors, the discrete implementation does not seem attractive.
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Linear form

The alternative of implementing a linear variable resistor is optimal from the performance point of view, since the current through the starter can be controlled accurately to limit the battery voltage drop.

One way to implement a variable resistance is to use MOSFET transistors in 'linear mode' [START_REF] Consentino | Power MOSFETs working in linear zone: The dangerous effect of the K gain factor on thermal instability[END_REF][START_REF] Grant | Power MOSFETs theory and applications[END_REF][START_REF] Schoiswoh | Linear Mode Operation and Safe Operating Diagram of Power-MOSFETs[END_REF][START_REF] Alatise | Understanding Linear-Mode Robustness in Low-Voltage Trench Power MOSFETs[END_REF][START_REF] Group | How to Make Linear Mode Work[END_REF][START_REF] Schoiswohl | Linear Mode Operation and Safe Operating Diagram of Power-MOSFETs[END_REF]. Today, MOSFET transistors are best known to work in switching applications at high frequencies. They function as fully opened or fully closed, showing high or low resistance in the circuit. In this sense, MOSFETs working in linear mode operate between the two states, as a variable resistance. For the moment, the study of MOSFETs in linear mode will not be performed, studying instead only the possibility of implementing the practical system to determine if it is indeed 'economically feasible'.

As already seen, the power and energy dissipated in the Series-VSS were calculated in both the worst and best-case battery scenario in Fig. 2.34, equations ( 2.8 ) and ( 2.9 ). Normally a MOSFET transistor can dissipate much more power in linear mode during the switching transition, around hundred nanoseconds. However, in this case where high power dissipation takes about tens of milliseconds, only one transistor could not be enough to support this energy transferred. Instead, the use of several transistors connected in parallel will be analyzed.

The maximum risk of dissipating too much energy in short time is that the transistor junction temperature (T J ) could exceed the maximum allowed value, usually 170°C. To determine how many transistors must be connected in parallel, a thermal model of a transistor MOSFET is used [START_REF]Thermal Resistance -Theory and Practice[END_REF][START_REF] Dr | Thermal Modeling of Power-electronic Systems[END_REF].

Nowadays, higher power density MOSFETs in the automotive industry generally use D2PAK package. The thermal characteristics of a transistor depend on their physical dimensions and the variation of the thermal model from a manufacturer to another does not significantly change the results. In this thesis, the thermal model of the MOSFET 'IPB160N04S2-03' (Infineon, datasheet Appendix A3) will be used, being a transistor whose characteristics seems to meet the specifications of the problem. In the third chapter its characteristics and choice will be analyzed.

An important feature of the MOSFET using D2PAK package is the drain terminal connected to the case (lead-frame). Thus, this can be welded directly on a copper busbar serving as an electrical connector between other transistors in parallel as well as a heat-sink. The Fig. 2.39 shows the physical structure of a transistor welded on the copper bus-bar. Its dimensions were selected as a trade-off to obtain low electrical resistance, but also reduced thermal resistance to the ambient and high enough thermal capacity to store the energy dissipated without increasing its temperature considerably in each engine startup.

Assuming a linear thermal model of the system, equal thermal impedance and power dissipation for each transistor, equally spaced and equal welding surface and thickness of copper bus-bar for each transistor, the thermal model can be simplified by considering only one transistor. This analysis is highly simplified since the objective is to perform an initial prototype and validate the concept. However, for a more detailed analysis, a more accurate thermal model is required.

The thermal model is shown in Fig. 2.40. It includes the transistor, the tin welding layer and the copper bus-bar. The parameters are presented in Appendix A2. The current source (P S-VSS/n ) represents the power dissipated in the Series-VSS (Fig. 2.34) divided by the number of MOSFETs in parallel, 'n'. This number is selected so that the junction temperature of each transistor does not exceed a variation of ∆T J =50°C. This is the limit stipulated in the automobile industry to ensure the lifetime of the MOSFETs in the long term. As seen in the figure, the final temperature of the system is not zero. This is due to the high thermal capacity of the copper bar and the poor heat exchange with the environment. This parameter will be an important parameter if the device is intended to work repeatedly in a short period of time. On the other hand, the quantity of ten transistors in parallel may seem too high, especially in a system that should ensure equal dissipated energy sharing. However, this number can be reduced by performing simple modifications.

MOSFET Thermal Model
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Until now, the possibility of using a variable resistance composed only by transistors was analyzed. Nevertheless, a variable resistor in parallel with a fixed resistance remains always a variable resistor (Fig. 2.42). In this sense, the fixed resistance connected in parallel serves to reduce the power dissipated in the transistors, without changing the overall behavior. The objective of the fixed resistance is to reduce the thermal stress of the MOSFETs to decrease the number of them in parallel.

From the relationship of two resistors connected in parallel, it is known that the equivalent resistance is smaller than the smallest value amongst them. Then, the fixed resistance R p is selected as the maximum value of both profiles shown in Fig. 2.37 (worst and best-case), R p =22mΩ in order to support the initial maximum current. The variable resistance in the other side is in charge of adjusting the equivalent total resistance through the control system to maintain the battery voltage above the limit.

However, in the best-case battery scenario, the R p is too large in comparison with the equivalent resistance (R eq-Max =4mΩ, Fig. 2.37), not reducing the thermal stress, and the junction temperature of the transistors may be too high if fewer transistors are used in parallel. In this case, it is necessary to limit the reference current I Starter-Ref through a 'saturation block' to meet thermal constraints for a given number of transistors. The 'saturation block' and the resistance in parallel to the S-VSS are included in the model (Fig. 2.43). The equations of the current through the resistor are as follows: The saturation level is selected so that the temperature variation in transistors (∆T j ) in the best-case scenario does not exceed the maximum level 50°C, being a physical constraint of the system. Given the condition of this thesis, the saturation block limits the reference current at I Starter_Max = 400A. The results of the simulation in the worst and the best-case scenario are shown in Fig. 2.44 and Fig. 2.45, respectively. In Fig. 2.44, the overall behavior of the system remains unchanged. The current through the starter remains stable at 318A and the battery voltage at 9V. The current through the transistors (I MOS ) is reduced at the beginning and gradually increases, while the current through the resistor (I R ) is the opposite.

p DS Rp R V I = ( 2.21 ) R v R p R pv I Rp I MOS I Starter I Starter V DS V DS
On the other hand, Fig. 2.45 shows the simulations in the best-case battery scenario. The starter current limited to I Starter = 400A whilst the battery voltage is limited to 10.8V. As in the case above, the current through the transistors (I MOS ) is reduced at the beginning and gradually increases, while the current through the resistor (I R ) is the opposite. The voltage V DS across the S-VSS in both cases is shown in Fig. 2 The power dissipated in the MOSFETs and the resistance in both cases was calculated as ( 2.23 ) and ( 2.24 ). The results are shown in Fig. 2.47.

MOS DS MOS

I V P ⋅ = ( 2.23 ) Rp DS Rp I V P ⋅ = ( 2.24 )
As illustrated, the power dissipated in transistors is significantly reduced in both cases. The power dissipated in the resistance reaches the total power at the beginning and then the transistors become more prominent towards the end.

Finally, the profile of power dissipated in the MOSFETs was injected into the thermal model. After performing successive iterations, the number of transistors required to avoid exceeding the maximum variation is 'n=5'. Results are shown in Fig. 2.48. As illustrated in Fig. 2.48, ∆T J reaches to 51°C in the best-case scenario, only using five transistors connected in parallel to a fixed resistance. The great advantage of using transistors in linear mode is that the regulation is done accurately. In addition, the number of transistors used is lower than in the case of discrete form, having significantly more precision for the current control. needs only five MOSFETs connected in parallel to obtain a linear variable resistance which is a main advantage in comparison to the discrete form. In addition, it is optimal from a performance point of view since the current could be accurately controlled, using well known and low cost analog electronics components (Operational amplifiers), without µ-controllers.

Finally, considering that the linear mode of implementation can achieve more accurate results and it only needs 'five' MOSFETs in parallel with a fixed resistance, in the third chapter we are going to develop a prototype to be tested in a real car in order to validate the concept. This prototype is called 'Linear Voltage Stabilization System' (LVSS) [START_REF] Chiappori | Low cost linear current limiter for Stop-Start vehicles[END_REF][START_REF] Chiappori | Linear Voltage Stabilization System for Stop-Start vehicles[END_REF][START_REF] Chiappori | Voltage Stabilization System for Stop -Start Vehicles: Systemic Approach[END_REF][START_REF] Chiappori | Linear Voltage Stabilization System[END_REF][START_REF] Chiappori | Systeme de stabilisation d'une tension d'alimentation d'un reseau elctrique de bord d'un vehicule automobile[END_REF] making reference to the linear mode of the transistors MOSFETs.

Chapter 3 3 Prototype Conception and Experimental

Results

The purpose of this final chapter is to validate the concept of the Series-VSS developing a laboratory prototype, called 'LVSS'. This is mainly composed of MOSFETs in parallel working in 'linear mode'.

Firstly, the behavior of transistors in linear mode it will be studied and problems associated to the thermal runaway involved in this application. Then, the transistors will be selected depending on its technology and electrical characteristics.

Secondly, the practical control structure will be developed, in order to control the startup current and thus limit the battery voltage drop.

Finally, the prototype will be performed and tested in a car to obtain experimental results.

LVSS: Linear Voltage Stabilization System

The recent emergence of a new low-cost VSS for the battery has changed the range of skills needed for this application. The uses of the conventional switching converters or super-capacitors are efficient but expensive. Instead, taking into account the conditions of the problem, it was chosen to analyze the use of dissipative stabilization systems significantly more economical.

Accordantly, the second chapter introduced the concept of a Series-VSS adding a variable voltage source in series to the starter to limit the current. It was idealized in order to evaluate the performance and benefits. However, to validate the concept it was necessary to find a way to implement it.

In consequence, in this particular case, the variable voltage source is being used as an energy sink, it can be replaced performing a variable resistor. The device used to fulfill this function must be able to withstand the high power dissipation. In this sense, a device that meets the conditions to perform the prototype is the use of transistors MOSFETs working in 'linear mode' and consequently, the prototype is called 'Linear Voltage Stabilization System' (LVSS), shown in Fig. 3.1. Since power dissipation in only one MOSFET could be excessive, the use of several transistors will be considered. A fixed resistance is connected in parallel to them in order to reduce the number of transistors. At the end of second chapter, the use of '5' transistors was defined in parallel with a fixed resistance, R p = 20mΩ.

In this section the concept of the 'linear mode' will be developed taking into account its constraints to design a linear power system using MOSFETs.

Linear mode operation

A transistor MOSFET [START_REF] Grant | Power MOSFETs theory and applications[END_REF][START_REF] Irwin | Power Electronics Handbook -Industrial Electronics Series[END_REF] (Metal Oxide Semiconductor Field Effect Transistor) is a type of effect transistor field composed of four terminals: Source (S), Gate (G), Drain (D), and Body (B). The Body terminal is often internally connected to the Source terminal making it a three-terminal device.

Basically, a MOSFET modulates the current flowing through the Drain-Source channel by a signal applied between to the Gate-Source terminals (V GS ), electrically isolated. In Fig. 3.2 is included a diode which is part of the manufacturing process, very useful in power switching applications with inductive loads. The transistor MOSFET N-type Enhancement is composed of a P-type substrate (B) lightly doped in which is diffused by epitaxy two N+ areas, becoming the Source and the Drain. The above silicon oxidized layer (silicon dioxide -SiO 2 ) is an electrical insulator and then, there is a metallized layer to achieve the Gate terminal.

When a positive voltage 'V GS ' is applied, an electric field is created under the silicon oxidized layer, perpendicularly to the semiconductor surface. This field repels the holes towards the substrate P-type forming a depletion region. After overcoming a certain potential called 'threshold voltage' (V TH ), the electric field attracts electrons from the power supply to the surface under the oxide and an electron-rich region is achieved in said surface, called N-channel. Once the channel created, increasing the bias between the Drain and Source (V DS ), increases the current I DS non-linearly. While V GS remains lower than V TH , only leakage current flows through the channel.

There are essentially three operating regions for MOSFETs depending of the terminals voltages: Cut-Off, Ohmic and Current-Saturated. In Fig. 3.3 is shown the characteristic curves of a MOSFET and the three operating regions.

Cutoff region:

The condition for this mode is:

TH GS V V ≤
. The device is completely OFF and there is no conduction between Drain and Source, I DS ≈ 0 (leakage current).

Ohmic region:

The conditions for this mode are

TH GS V V ≥ and ) ( 0 TH GS DS V V V - ≤ < .
The channel has been formed and the current flows between the Drain and the Source.

The current I DS is a non-linear function of V DS and V GS , as: , where β depends on the physical characteristics of the transistor.

DS DS TH GS DS V V V V I ⋅ - - ⋅ ⋅ = ) 2 1 ( 2 1 β ( 3.1 )
V GS = V GS 1 V GS = V GS 2 V GS = V GS 3 V GS = V GS 4 V GS < V TH MOSFET Characteristic Curves V DS [V] I DS [A]

Current-Saturated Region

Current-Saturated region:

The conditions for this mode are

0 ≥ GS V and DS TH GS V V V < - ) (
. The channel is formed and the current flows between the Drain and Source. The current I DS is independent of the voltage V DS but squared dependent of V GS , as:

2 ) ( 2 1 TH GS DS V V I - ⋅ ⋅ = β ( 3.2 )
In this region the channel is modulated, working as a current source controlled by V GS . The equations presented before are a basic approximation and, the physical effects of the channel-length modulation are not represented, i.e. it is supposed the output impedance is large enough to not consider it.

The concept of 'linear mode' operation [START_REF] Alatise | Understanding Linear-Mode Robustness in Low-Voltage Trench Power MOSFETs[END_REF][START_REF] Group | How to Make Linear Mode Work[END_REF][START_REF] Schoiswohl | Linear Mode Operation and Safe Operating Diagram of Power-MOSFETs[END_REF] refers to the MOSFETs working in 'Current-Saturated region', where small variations of V GS results in linear variations of I DS . For a given bias point 'Q' (I DSQ , V GSQ ) in this region, the small signal equation is:

Q GS m DS V g I ∆ = ∆ ( 3.3 )
The term g m is defined as the variation of the current I DS respect to the voltage V GS in small signal, called 'transconductance'. Normally, this value can be found in the datasheet of the MOSFET for a given bias point.

In linear mode, the MOSFET is subjected to high electro-thermal stress caused by the simultaneous occurrence of V DS and I DS , resulting in high power dissipation. Nowadays, the development of modern Power-MOSFETs has focused mostly on ultra-fast switching and ultra-low ohmic devices, leading to continuously decreasing the specific area and geometry optimization. However in linear applications, smaller silicon die and increasing the power handling capability may not always be desirable in terms of thermal stability.

In the next section outstanding issues of using transistors in linear mode will be studied.

Thermal Runaway

A power system is considered to be thermally unstable under two conditions: when the power generated (P G ) is greater than the power dissipated (P D ) and when the P G rises faster than P D over the temperature, i.e.:

D G P P ≥ and J D J G dT dP dT dP ≥ ( 3.4 )
Accordantly, the temperature of the system tends to increase without control, until it fails. This phenomenon is called 'thermal runaway' [START_REF] Schoiswoh | Linear Mode Operation and Safe Operating Diagram of Power-MOSFETs[END_REF][START_REF] Consoli | Thermal instability of low voltage power-MOSFETs[END_REF][START_REF] Wilson | Automotive MOSFETs in Linear Applications: Thermal Instability[END_REF][START_REF] Shue | Thermal Imaging of Power MOSFETs under Thermal Runaway Conditions[END_REF][START_REF]AND8199/D On Semiconducto Components Industries[END_REF][START_REF] Shue | Power MOSFET Thermal Instability Operation Characterization Support[END_REF][START_REF] Dibra | On the Origin of Thermal Runaway in a Trench Power MOSFET[END_REF][START_REF] Kleinitz | Efficient Thermal Management of Power MOSFETs, Vital to Improve the Reliability of Your Power Conversion Application[END_REF].

Particularly in MOSFETs, each device is made up of millions of 'cells' connected in parallel, thermally coupled each other in the chip (Fig. 3.4). The greater the number of paralleled cells, the lower ON-resistances, R DSon , and the greater the device's current carrying capability.

Unfortunately, no matter how carefully cells are matched; variations in mechanical manufacturing will conspire to unbalance the current between cells. This phenomenon is emphasized in linear applications since the power dissipation is high and the non-uniform power distribution makes 'hot-spots', increasing the overall temperature of the chip. Depending on the bias point of the MOSFET, increasing the temperature could lead to an increase of the current and consequently, an increase of the generated power. Then again, an increase of the power generated will further increase the temperature and so on. In this case, if the generated power is growing faster than the rate of the dissipated power and the generated power is greater than the dissipated power, the transistor becomes thermally unstable, causing runaway.

Taking the above example and assuming that only the threshold voltage of the transistor depends on the temperature according to a decreasing linear law, in linear mode operation and at a given voltage, the generated power is then an increasing quadratic In region 1, the generated power is greater than the power dissipated, but the thermal evolution leads to low temperature solution. In region 2, the power generated is less than the power dissipated, and the thermal evolution also leads to low temperature solution. However, in region 3, the generated power is lower than the power dissipated, but the thermal evolution leads to instability. The regions 3 and 4 are to be avoided.

Similarly, the initial temperature of the transistor is also an important factor in this phenomenon. If for some reason the initial junction temperature is already high (region 4), the MOSFET could be already in thermal instability. Then, the condition of this phenomenon depends on the characteristics of the transistor and the initial junction temperature but also on the sizing of the hardware and the electrical system variables.

In order to analyze the runaway conditions in detail, firstly the possible operation areas where the MOSFETs risk to be thermally instable is defined. The Fig. 3.6 shows the typical transfer characteristic curve of a MOSFET given at two different fixed junction temperatures, 25°C and 175°C. These curves can be found on the manufacturer's data sheet.

In Fig. 3.6, the coefficient 'α' is defined as the variation of I DS with respect to the junction temperature (T J ), as follows:

J DS T I ∂ ∂ = α ( 3.5 )
• If α < 0 (ZTC point), increasing the T J , results in a decrease in I DS and there is no risk of runaway.

• If α = 0, increasing the T J , there is no change on I DS .

• If α > 0, increasing the T J , results in an increase in I DS and the transistor risk of thermal runaway. As said before, the runaway condition depends on the characteristics of the MOSFET, the initial junction temperature, the sizing of the hardware and the electrical system variables. To find this relationship, the condition of instability given by the equation ( 3.4 ) is used.

The dissipated power in the MOSFET is defined as follows:

) ( A J TH Amb J D Z T T P - - = ( 3.6 )
Where Z TH(J-A) is the thermal impedance from the junction to the ambient. In order to consider the worst-case power dissipation, the transistors are assumed to work in linear mode in the steady state. For this, the thermal impedance is replaced by the static thermal resistance, R TH(J-A) .

Accordantly, the variation of the power dissipated with respect to the temperature is as follows:

) ( 1 A J TH J D R T P - = ∂ ∂ ( 3.7 )
On the other hand, the electrically power generated is calculated as follows:

DS DS G I V P ⋅ = ( 3.8 )
The variation of the power generated, in respect of the junction temperature is as follows:

J DS DS J G T I V T P ∂ ∂ ⋅ = ∂ ∂ ( 3.9 )
V DS is assumed to be constant with respect to the temperature variation. Finally, replacing ( 3.7 ) and ( 3.9 ) in ( 3.4 ), the resulting equation represents the condition of thermal runaway for a given initial junction temperature T Jo , as follows:

β α = ⋅ ≥ ∂ ∂ = - = ) ( 1 A J TH DS T T J D R V T I Jo J ( 3.10 )
The left side of the equation ( 3.10 ) corresponds to the coefficient 'α', which depends on characteristics of the MOSFET at a given temperature T Jo . The right side corresponds to the coefficient 'β', which depends of the hardware sizing and the voltage V DS applied to the transistor.

Normally, to obtain the coefficient is necessary to know the equation of the current with respect to temperature and derive it around a working point. However, this function could be complex and generally requires information not found in the data sheets. Instead, the overage coefficient α at T J =100°C (overage temperature between 175°C and 25°C) can be approximated graphically from the datasheets as the difference between the two curves shown in the Fig. 3.6, divided by the temperature difference, as follows: The result is shown in Fig. 3.7 as a function of the average current I DS . Furthermore, the coefficient β is represented in red dotted line for a given V DS and R TH(J-A) .

This coefficient approximated at T J =100°C is suitable for this application because the junction temperature is greater than the maximum for which the system is intended to work, considering the operating temperature of the combustion engine at 75°C. As illustrated, in Fig. 3.7 four different regions can be distinguished: Thermal stability defined graphically according to α and β values at T J =100°C
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• Region 1 and 3: the coefficient α is lower than β and the transistor is thermally stable. However, if the coefficient β decreases (V DS increases), there may be risk of thermal runaway.

• Region 2: the coefficient α is greater than β and there is thermal runaway

• Region 4: region always stable. The thermal runaway does not depend of hardware thermal design and the transistor is always thermally stable.

Finally, since the voltage V DS is generally imposed by the system conditions, the MOSFET and thermal resistance should be selected such that the coefficient α remains always below β in order to ensure the thermal stability of the system.

Is important to note that the worst-case power dissipation was considered using steadystate equations, when in fact, the power generated is occurs for a short period of time. This leads to over-dimensioning of the system, ensuring the thermal stability.

In the next section, the transistor MOSFET will be chosen taking into account the thermal constraints for the design of the 'LVSS' prototype.

MOSFET selection

To select the MOSFETs, firstly the type of transistor to be used must be defined. Nowadays there are mainly two types [START_REF]Power MOSFET Basics[END_REF][100][START_REF] Brown | Power MOSFET Basics: Understanding MOSFET Characteristics Associated With The Figure of Merit[END_REF]: Trench and Planar.

The 'Trench' transistors are designed as shown in Fig. 3.8.a. The N-type channel is vertical and consequently exhibits very low R DSon due to higher cell density, around 12 million cells per square inch. Generally, these transistors are widely used in switching applications because of their low resistance and high transconductance [START_REF] Ely | Are Trench FETs too fragile for Linear Applications?[END_REF][START_REF] Sarkar | Enhanced shielded-gate trench MOSFETs for highfrequency, high-efficiency computing power supply applications[END_REF].

On the other hand, 'Planar' transistors are designed as shown in Fig. 3.8.b. The N-type channel is 'horizontal' and consequently the cell density is lower than the trench structure, around 8 million cells per square inch. Due to their lower cell density, planar transistors are thermally more stable than trench [100, 102] because for the same chip area, each cell has higher power dissipation capability in case of unbalanced current and thus reducing the generation of 'hot spots' [START_REF] Alatise | Understanding Linear-Mode Robustness in Low-Voltage Trench Power MOSFETs[END_REF][START_REF] Consoli | Thermal instability of low voltage power-MOSFETs[END_REF].

Then, considering the thermal stability feature, 'Planar' transistors will be used in this application.

The second step is to define the maximum ratings. When the Stop-Start function is active, the transistors are linearly controlled in order to limit the battery voltage drop. However, during the first start-up, the function is disabled and transistors must remain fully closed. Accordantly, maximum ratings per MOSFET (assuming five in parallel) are as follows:

• I DS-Max Pulse = 1500/5=300A (maximum start-up current)

• I DS = 500/5 = 100A (Maximum overall current during the start-up)

• V (BR)DSS = 40V (Drain-Source breakdown voltage)

• R DS-ON Max = 5/5 =1mΩ

The MOSFET which meets these specifications is the IPB160N04S2-03 (Infineon Technologies). Its main characteristics are:

• V (BR)DSS = 40V

• I DS-Max Pulse = 640A (Defined by design. Not subject to production test)

• I DS = 160A (Continuous drain current) • R DSon_MAX = 2.9mΩ • R TH(J-C) = 0.5K/W • Package = D2PAK
Once the MOSFET is selected according to the maximum ratings, the thermal stability should be verified. For this, the coefficient α is calculated from the MOSFET datasheet using the transfer characteristic curves at 25°C and 175°C, as in ( 3.11 ). Regarding the coefficient β, the maximum voltage V DS and the R TH(J-A) must be calculated. In the second chapter the ideal Series-VSS was simulated using a variable voltage source (V DS ), shown in Fig. 3.9 in the worst and best-case battery scenario.

N-Channel

As it illustrates, the maximum value between both curves is V DS-Max = 8.3V. Consequently, replacing the S-VSS using MOSFETs working in linear mode should support the same maximum voltage.

On the other hand, the thermal resistance R TH(J-A) is calculated as follow:

) ( ) ( ) ( A C TH C J TH A J TH R R R - - - + = ( 3.12 )
Where R TH(J-C) = 0.5K/W (datasheet) is the thermal resistance from the junction to the case and R TH(C-A) is the thermal resistance from the case to the ambient using a heatsink.

As said at the end of the second chapter, an important feature of the MOSFET chosen is the package D2PAK. The drain of the transistor is connected to the case and thus, it can be welded directly on a copper bus-bar serving as a heat-sink as well as an electrical connector between other transistors in parallel. Its dimensions (Appendix A2) were selected as a trade-off to obtain low electrical resistance, but also reduced thermal Voltage across the S-VSS in the worst and best-case battery scenario resistance to the ambient and high enough thermal capacity to store the energy dissipated without increasing its temperature considerably in each engine startup.

Assuming a linear thermal model of the system, equally power dissipation and static thermal resistance for each transistor, equally spaced, equal welding surface and thickness of copper bus-bar, the thermal stability analysis can be simplified by considering only one transistor. This analysis is highly simplified since the objective is to perform an initial prototype and validate the concept. However, for a more detailed analysis, a more accurate thermal model is required.

To calculate R TH(C-A), the tin welding layer and heat-sink thermal resistance are taken into account , as follows:

thD thTi A C TH R R R + = -) ( ( 3.13 )
The thermal resistance of the tin welding layer is calculated as follows:

W K L A d R Ti Ti Ti thTi 0.02 = ⋅ = ( 3.14 ) 
Where:

• d Ti = 0.1mm. Thickness of the Bus-bar

• A Ti = 64mm 2 .
Effective area of the MOSFET over the Bus-bar

• L Ti : 66 W/m·K. Thermal conductivity of tin (Sn 60 Pb 40 ).

By the same way, the thermal resistance of the bus-bar is calculated as follows:

W K L A d R Cu D D thD 2 . 0 = ⋅ = ( 3.15 ) 
Where:

• d D = 5mm. Thickness of the Bus-bar

• A D = 64mm 2 .
Effective area of the MOSFET over the Bus-bar

• L Cu : 384 W/m·K. Thermal conductivity of copper.

Then, the resulting thermal resistance is as follows:

W K R R R R thD thTi C J TH A J TH 72 . 0 ) ( ) ( = + + = - - ( 3.16 )
Finally, once all parameters have been obtained, the coefficients α and β are shown in Fig. 3.10.

As it can be seen, the coefficient β is always greater than α and the system is completely stable. Even more, the allowable maximum voltage V DS can be calculated as follows:

V R V A J TH Max DSMax 10 1 ) ( ≈ ⋅ = - α ( 3.17 )
If V DS increases still more, there is a risk of runaway and the MOSFET could fail.

Practical Control Structure

In the second chapter, the behavior of an ideal series VSS composed of a variable voltage source was studied and the control system deduced, assuming all variables were measurable. However, in order to validate the concept in practice, the voltage source is replaced by a resistance in parallel with MOSFETs working in linear and in fact, not all variables are measurable. The scheme of the system including the transistors and the parallel resistance is shown in Fig. 3.11. They are highlighted with a red circle highlighting the use of '5' MOSFETs in parallel. The Voltage-Control system is named 'VC' and the Current-Control system, 'CC'.

As mentioned before in this chapter, a MOSFET is a nonlinear device that can be modelled as a current source, which value depends on V DS and V GS . The complete model including the MOSFETs is shown in Fig. 3.12. For the moment, MOSFETs are assumed to be all exactly the same, together as a 'super MOSFET' (MOS). In green colour is highlighted the tuning path from the control variable, U Bat , to the tuning variable, V GS . In red colour is highlighted the control structure deduced from the step-by-step inversion. The additional equations are as follows: In Fig. 3.12, the transistor model was reversed to design the Current-Control system. However, the inversion of a transistor is too complex to implement it in practice because it is a nonlinear device. Instead, the MOSFET should be linearized for a given bias point in order to simplify the complexity of the control structure.

To limit the start-up current, transistors are controlled in linear mode, i.e. operating in the 'Saturated Region'. In this, the MOSFETs are modelled as a current source only controlled by the Gate-Source voltage, V GS . Consequently, to design the control system, Fig. 3.11 Scheme of the Stop-Start system using MOSFETs in linear mode the current source can be linearized at a given operating point Q(I DS , V DS ) using the small signal equation, as follows:

Q GS m DS V g I ∆ = ∆ ( 3.20 )
Then, the controller to be used will be in charge of correcting the non-linearity of the closed-loop system.

On the other hand, not all system variables can be directly measured in practice. This is the case of E Starter, R Bat and U oBat which are internal to the starter and battery respectively.

Other variables however can be measured but they are not practical from a cost point of view. This is the case of I Loads , which can be omitted considering that is significantly lower than the starter current. Accordingly, the controller must be performant enough to compensate for the lack of measurements.

-1/R Bat _ + U Bat_Ref Voltage Control U oBat I Loads _ + T T R S L + ⋅ 1 E Starter K K U oBat + T' Mth T Mtho ω Starter _ θ Mtho Non-Linear Function θ Mth + _ R Bat U Bat ω Starter R R > 400rpm
Start-up OK Finally, in order to implement the control system, the only two controlled variables will be measured: I Starter and U Bat . In Fig. 3.13 is shown the 'Practical Control Structure'.

As in the ideal Series-VSS, the control system is composed of a 'Current-Control' and a 'Voltage-Control'. The Current-Control is in charge of limiting the starter current to a desired reference, I Starter-Ref . On the other hand, the 'Voltage-Control' system is in charge of generating I Starter-Ref necessary such that the battery voltage (U Bat ) does not drop below the voltage limit, U Bat-Ref . In the next section both subsystems will be developed.

Current control system

The Current-Control system is composed of the controller, the driver and the current sensor, shown in Fig. 3.14. The controller compares the measure through the sensor with

T T R S L + ⋅ 1 E Starter K K U oBat + T' Mth T Mtho ω Starter _ θ Mtho Non-Linear Function θ Mth + _ R Bat U Bat ω Starter R R > 400rpm
Start-up OK In order to calculate the parameters of the controller, firstly the small-signal model of the plant to be controlled is defined, shown in Fig. 3.15. The output variable is 'i starter ' and the input variable is 'v gs '. For small-signal analysis all voltage sources are shortcircuited and all current sources are opened.

The transfer function is as follows:

) ( The current sensor consists of a shunt resistor and a gain. The resistance is selected as small as possible so as not to disturb the system, R Sh =0.1mΩ. The gain amplifies 10 times the voltage over the shunt resistance to be fed-back. The transfer function is as follows:

V Sh Starter Sh G R I V H ⋅ = = ( 3.23 )
Finally, the closed-loop system is shown in Fig. 3.16.

To calculate the coefficients K pI and K iI , the root locus method is used. The rise time t Rise was chosen to be five times faster than the time constant of the system, around L T /5R T =0.2ms. The overshoot chosen was 1%. The coefficients calculated are as follows:

K pI = 1.14 K iI = 9.33·10 3 
The step response simulated in 'Matlab' is shown in Fig. 3.17.

PI I-PS

i starter-ref As it illustrated, the rise time is around 0.25ms and the steady state error is null. The overshoot is around 2%.

_ + P i starter H v gs H v Sh

Voltage control system

The Voltage-Control system is in charge of generating the right reference current (I Starter- Ref ) during the start-up in order to limit the battery voltage drop to the fixed value, U Bat- Ref . As the parameters of the battery (R Bat and E oBat ) are unknown and can change in respect to its SoC and its lifetime, the control system must be able to correct variations for any condition. For this, a Proportional-Integral controller is used, shown in Fig. 3.18. The parameters K pV and K iV are the proportional and the integral coefficient of the controller respectively, as follows:

S K S K PI iV pV PS V + ⋅ = - ( 3.24 )
The voltage sensor measures U Bat using a differential amplifier to adapt the feedback. The gain is H V =0.33. Regarding the controller, to calculate the coefficients K pI and K iI , the root-locus method is used. The rise time t Rise was chosen to have the same reaction time as the time constant of the system, around L T /R T =1ms, five times slower than the Current-Control system. The overshoot chosen was 1%. The coefficients calculated were as follows:

K pI = -10 K iI = -3·10 5 
The step response simulated in 'Matlab' is shown in Fig. 2.22.

As illustrated, the rise time is around 1ms and the steady state error is null. There is no overshoot.

MOSFETs in parallel

As the MOSFET works in linear mode, the power dissipated is high and only one MOSFET will not be possible to be implemented because there is no transistor available to support this current and power currently. Instead, MOSFETs in parallel is used.

Unfortunately, no matter how carefully devices are matched for one given characteristic, for example threshold voltage (V TH ); differences in other parameters and variations in mechanical assembly will generally conspire to unbalance paralleled devices [START_REF] Pelgrom | Matching properties of MOS transistors[END_REF][START_REF] Forsythe | Paralleling Of Power MOSFETs For Higher Power Output[END_REF][START_REF] Graovac | Parallel Operation of Power MOSFETs[END_REF][107][START_REF] Kabashi | The impact of mismatch threshold voltage MOSFETs in parallel connection of Push-Pull Power Inverter[END_REF] Fig. 3. [START_REF] Legranger | Design of a Brushless Rotor Supply for a Wound Rotor Synchronous Machine for Integrated Starter Generator[END_REF] Step response of the Voltage-Control system in small-signal model forced to be the same for all MOSFETs. In this condition, because V TH and g m are not identical for all MOSFETs, some worst-cases could lead to huge dispersion in current sharing. The Fig. 3.21 shows the transfer characteristics curves of two MOSFETs with different V TH .

As illustrated, for the same V GS , the sharing current (I D1 , I D2 ) can be significantly different and, because they are connected in parallel and V DS is the same, the power generated will not be shared in the same way causing overheating of one transistor. This problem is even worst using the new generation of MOSFET supporting high levels of current due to its elevate transconductance (g m ).

In order to share equally the power dissipated, the key is to share accurately the current for each MOSFET. For this, it is necessary to perform individual Current-Controls (CC) systems for each transistor and thus, heating in the same way. The scheme is shown in Fig. 3.22. Since the transistors are in parallel, the voltage V DS is the same for each one, as follows:

DS DS DS DS DS DS V V V V V V = = = = = 5 4 3 2 1 ( 3.25 )
If the starter current (I Starter ) is shared equally in linear mode, the current for each MOSFET is as follows: Following this reasoning, if the current is equally divided, the power dissipated in each transistor is as follows:

M M DS M DS M DS M DS M DS P I V I V I V I V I V = ⋅ = ⋅ = ⋅ = ⋅ = ⋅ 5 5 4 4 3 3 2 2 1 1 ( 3.27 )
Consequently, instead of measuring the I Starter , the current through each MOSFET (I Mx ) must be measured independently. For this, shunt resistors are used in series to each transistor (not represented in figure) as low value as possible to prevent a voltage difference between the MOSFETs terminals and V DS .

In the next section, simulations will be performed to verify the design and robustness of the control systems.

Simulation results

In order to verify the proper operation of the transistors in linear mode and the control systems designed, the complete system including the LVSS was modeled in PSpice using To test the robustness of the control system due to the difference in MOSFET's parameters, one of transistors is replaced with another of different characteristics. For this, four transistors are 'IPB160N04S2-03' (Infineon Technologies) and the fifth is 'SPI80N03S2-03' (highlighted with a blue circle in Fig. 3 

I M1 I M2 I M3 I M4 I M5 I Rp V GS1 V GS2 V GS3 V GS4 V GS5 M 2 M 1 M 3 M 4 M 5
Fig. 3.23 Electrical scheme of the complete system including the LVSS modeled in PSpice 122 high at first and then gradually decreases, while the current through all the transistors begins almost zero and then increases to become more prominent at the end of the linear period, ∆t Lin . At the initial instant, the MOSFETs current (I MOS ) overshoots due to the time it takes for the control system to react.

On the other hand, Fig. 3.25 shows current by the transistor M1 (I M1 ) and M5 (I M1 ), and the control signals V GS1 and V GS5, respectively.

As illustrated in Fig. 3.24, even if the MOSFETs are of different characteristics, the sharing current through each transistor is well controlled during ∆t Lin . Because they have different transconductance and V TH , the control signals are also different. After ∆t Lin , the MOSFETs become fully closed and the difference of current I M1 and I M2 is due to the different R DSon . In this period of time, the V GS is no longer controlled.

In the next section, the prototype will be tested in a real car in order to obtain experimental results. 

Prototype and Experimental Results

Once selected the components and designed the control system, a prototype composed of five MOSFETs in parallel to a resistance R p = 20mΩ was performed [START_REF] Chiappori | Low cost linear current limiter for Stop-Start vehicles[END_REF][START_REF] Chiappori | Linear Voltage Stabilization System for Stop-Start vehicles[END_REF][START_REF] Chiappori | Linear Voltage Stabilization System[END_REF][START_REF] Chiappori | Systeme de stabilisation d'une tension d'alimentation d'un reseau elctrique de bord d'un vehicule automobile[END_REF], shown in Fig. 3 The housing was chosen made of aluminum, shown in Fig. 3.30. It is used as heat-sink but the main purpose is to maintain the temperature inside homogeneous and thus protect the transistors of any external heat-source.

Normally, during the linear mode period, the current through the transistors is controlled and shared equally. However, after this time, the current is no longer controlled (transistors fully closed) and, if for some external reason one of the transistors heats more than the others, the shared current could become unbalanced and fail. The parallel power resistance R p is 20mΩ, able to dissipate 25W. It is screwed to the aluminum housing to increase its power capability (Fig. 3.31).

Thermal test

In order to graphically visualize the power distribution between the MOSFETs, a thermal camera was used to capture the case-temperature of transistors in a test performed in the laboratory. It consists of stabilizing the voltage of a lead-acid battery supplying a starter without mechanical load. This test was repeated five consecutive times with an interval of 1 second each time. The electrical scheme is shown in Fig. 3.32 and a photo of the test is shown in Fig. 3.33.

The thermal camera was used to take pictures at the beginning and at the end of the test. Experimental results are shown in Fig. 3.34 and thermal pictures in Fig. 3.35 and Fig. 3.36. The Fig. 3.34 shows one start-up, with and without the LVSS. As illustrated, the battery voltage is well stabilized at 9V and the starter current at 400A. It is important to note that I Starter is not limited to an exact value, but to the value corresponding to maintain voltage at 9V. This is because the internal resistance of the battery has a certain dynamic depending on the SoC and in this case, the variation is compensated by the control system. Reference System LVSS The thermal camera uses the infrared radiation to measure temperature. For this reason, the measurement in some part of the circuit is incorrect because in fact, the brightness is shown. Fig. 3.36 shows a thermal picture at the end of the test. Here, the overall temperature of MOSFETs is 28.4°C. As illustrated, the case-temperature was increased 5°C in comparison to the previous case (23.4°C). The maximum difference of temperature between two different transistors is 1.3°C (S P1 -S P4 ).

In the figure two main important issues can be highlighted. The first is that the casetemperature of the transistor does not vary significantly, indicating the correct power shared at a steady state. However, during the transition, these measurements are not valid and to know the junction temperature of each transistor, a 3D thermal model is required.

The second issue is that the temperature of the copper bus-bar does not increase, indicating that the thermal capacity is high enough to suppose that is an ideal heatsource during a single start-up. 

Real car test and experimental results

Once the laboratory prototype was performed, it was tested in a real car RENAULT Clio 1.5L Diesel [START_REF] Chiappori | Linear Voltage Stabilization System for Stop-Start vehicles[END_REF][START_REF] Chiappori | Voltage Stabilization System for Stop -Start Vehicles: Systemic Approach[END_REF], shown in Fig. 3.37. This car is not equipped with Stop-Start system, which means that the engine start-up is done manually with the key switch. Firstly, the engine start-up was performed without the LVSS in order to measure the battery voltage and current through the Starter. These measures will be the reference to later compare the results.

Consecutively, the LVSS was connected in series with the Starter. Because the battery of this car is in good condition, the voltage limit is set at U Ref =10V in order to highlight the voltage limitation. The results are shown in Fig. 3.38.

As it can be seen in Fig. 3 Since the current is limited, the LVSS introduces a delay. This can be noticed as the time-difference between the oscillations, around ∆t Delay = 50ms, not really significant in respect of the total start-up time ∆t Start-Up = 850mSec.

An important remark is that limiting the start-up current, the life-time of the battery and the starter can be increased considerably because they are not subject to such current stress.

The voltage V DS across the LVSS is shown in

The power dissipated in the LVSS and in the MOSFETs was calculated through the experimental measurements as ( 3.28 ). The results are shown in Fig. 3.40. In order to meet the Junction temperature variation (∆T J ) the power dissipated in MOSFETs was divided by a factor of 5 (the number of transistor in parallel) and it was injected into the thermal model developed in the second chapter. The result is shown in Fig. 3.41 for only one transistor. As it can be seen in Fig. 3.41, the junction temperature variation reaches the maximum at 20°C, still in the limits (lower than 50°C).

The main advantages of the LVSS are its small volume, there is no EMC perturbation as the transistors works in linear mode and especially its low cost considering only the use of five MOSFETs and a power resistance.

Alternative: LVSS-SC

The main drawback of the LVSS system is the delay introduced starting the engine in the worst-case scenario (old battery, discharged), because the start-up current is limited.

In this sense, an alternative scheme to solve this problem is to use 16V super-capacitor. This structure is called LVSS-SC and is shown in Fig. 3.42. In the scheme, the LVSS is in charge of limits I Starter in order to stabilize the battery voltage limiting the I Starter whilst the super-capacitor is in charge of supply the extra energy to start the engine faster. In Fig. 3.44, both current and voltage in blue color corresponds to the measures without the LVSS-SC, e.g., a normal start-up. As it can be seen, the battery voltage drops to 8.18V and the starter current increases to 754A.

Then, the LVSS-SC is connected and the experimental results are compared. First of all, it can be seen that the battery voltage is stable at 10.3V while the battery current (pink curves) is limited to approximately 300A. The super-capacitor module adds around 200A peak, given a motor starting current (I m , green curve) of 500A. The engine compressions occur almost at the same time, meaning the engine start-up is not delayed while the battery voltage is correctly stabilized.

The great advantage of this scheme compared to the conventional use of super-capacitors in parallel with the battery is the low capacity required for this function. The C=58F is considerably smaller than using super-capacitor modules (C=200F) required for this application. In addition, the transistors work in linear mode for shorter time ∆t lin =70ms with respect to the previous case using the LVSS alone and the battery life-time is increased because it is not subjected to the normal current stress.

Even if the use of super-capacitors increases the overall cost, this solution could be interesting in countries where temperatures are low and where adding energy to the system is absolutely necessary to start the engine.

Conclusion

In this chapter, the 'LVSS' prototype composed of five MOSFETs working in linear mode in parallel with a resistor was designed and tested. 'Planar' transistors are used since they are thermally more stable than 'Trench'.

The practical control structure is composed of two cascaded PI controllers corresponding to Voltage-Control and Current-Control. Each transistor has an individual Current-Control system to balance the power dissipated in the same way.

The prototype was developed considering mainly the thermal aspect of the transistors. The MOSFETs are welded to a copper bar serving as a heat-sink and at the same time as a connector with the others parallel transistors. The housing is made in aluminum serving as heat-sink also but mainly to protect the MOSFETs from external heat sources which could generate a current imbalance and cause a failure.

Once developed the prototype, it was tested in the laboratory to stabilize the voltage of a lead-acid 12V battery supplying a starter without mechanical load. Using a thermal camera, the shared power was visualized similar in all MOSFETs. The bus-bar was used as a heat-sink.

Finally, the prototype was tested in a real car. The voltage was well stabilized and the delay introduced was not really significant. Even if the power dissipation in the prototype could be high, thanks to the paralleled resistance, the variation of the junction temperature remains below the maximum allowed level (50°C).The mains advantages of the LVSS are its small volume, there is no EMC perturbation as the transistors works in linear mode and especially its low cost considering only the use of five MOSFETs and a power resistance.

An alternative was presented to reduce the time delay caused by the LVSS to start-up the engine. It uses a 16V super-capacitors module to increase the current through the starter, limiting the current supplied by the battery. This alternative, although more expensive, could be interesting in countries where temperatures are low and it is absolutely necessary to add energy to start the engine.

General Conclusion and Perspectives

The automotive industry is one of the major causes of pollution. Accordingly, the main objective of this thesis was to address the problem of voltage drop in Stop-Start vehicles using the Reinforced Starter and to find solutions with the highest cost/benefit possible ratio to introduce into the market.

In the first chapter, the implementation of the Stop-Start system was presented using two complementary solutions: the Reinforced Starter and the Alternator-Starter. A test performed in a car (Citroën DS5) exceptionally equipped with both systems has shown that starting the engine with the Reinforced Starter, the battery voltage drop is critical. In order to analyze the problem in detail, a system model was developed and validated by measurements. Using this model, simulations in best and worst battery conditions were performed. The energy balance has shown that in the worst-case scenario, i.e. old discharged battery with increased internal resistance, the start-up current decreased, but the battery needed to supply more energy to start-up the engine.

In the second chapter, the objective was to address the problem of battery voltage drop and find solutions with the highest cost/benefit possible ratio. To do this, a study was performed on the background of the existing solutions available in the market. Different ways to implement storage elements and dissipative systems were analyzed.

The model developed in the first chapter was used to simulate their behavior and to perform a general balance, comparing performance and cost. The results have shown that solutions using an additional storage element were the most expensive, without necessarily improving performance. On the other hand, the more economical solutions were those limiting the current through the starter introducing external resistance. Its major drawback was the poor performance, since they are sized to operate in the worstcase scenario, greatly reducing performance in better battery conditions without any adaptive control system.

In this sense, taking into account the advantages and disadvantages of existing solutions, we have presented an approach to the problematic considering the use of an ideal 'Series Voltage Stabilization System' (S-VSS). This was based on introducing an ideal variable voltage source in series with the Reinforced Starter to limit the current in a controlled way and hence, to limit the battery voltage drop. We have studied its overall performance and benefits.

Simulation results have shown that the voltage drop was properly stabilized, limiting the starter current in both, the worst and best-case scenario. In the worst-case scenario, the start-up was delayed 72ms (9% of the reference 800ms when the battery is old and discharged) and the total losses were increased by 18%. In the best-case scenario there is practically no delay and the total losses were reduced by 11% since, even if a part of the energy is dissipated in the S-VSS, losses R Bat ·I Starter 2 were reduced squared limiting the starter current. The overall energy balance has shown that although losses increase in the worst-case, the impact of the S-VSS in the Stop-Start system performance is insignificant.

Accordingly, we have studied the possibility of implementing the practical system. For this, the variable voltage source was replaced by a variable resistor. We have presented two ways of implementing a variable resistor: Discrete and Linear. Discrete form was based on the use of a set of resistors and switches to perform multiple values. The linear form was based on using MOSFETs working in linear mode. Considering the number of transistors required and accuracy to limit the current offered by both forms, we have chosen to implement the system in linear form, using MOSFETs working in linear mode.

This prototype was called 'Linear Voltage Stabilization System' making reference to the linear mode of the MOSFETs.

In the third chapter the 'LVSS' prototype composed of five MOSFETs working in linear mode, in parallel with a resistor was designed and tested. 'Planar' transistors were used since they are thermally more stable than 'Trench' technology.

The prototype was developed considering mainly the thermal aspect of the transistors. The MOSFETs were welded to a copper bar serving as a heat-sink and at the same time as a connector with the other paralleled transistors. The housing was made in aluminum serving as heat-sink but mainly to protect the MOSFETs from external heat sources which could generate a current imbalance and cause a failure. Once developed the prototype, a thermal camera was used in laboratory test to verify the shared energy in all MOSFETs.

Finally, the prototype was tested in a real car Renault Clio. The voltage was correctly stabilized and the delay introduced was not really significant. Even if the power dissipation in the prototype could be high, thanks to the parallel resistance, the variation of the junction temperatures remain below the maximum temperature allowed (50°C).

One of the main advantages of the LVSS is its small volume because no bulky supercapacitor modules are required. Instead, only a power resistance and five MOSFETs welded over a copper bus-bar are used.

Another advantage is the fact does not emit EMC perturbations, as transistors work in linear mode. This is a very important feature in the automobile industry where the least possible disturbance between the different subsystems is desired.

The great advantage and consequently the originality of the proposed solution is the low implementation cost considering only the use of five MOSFETs and a power resistance, compared to performant existing solutions. In addition, by limiting the start-up current, the life-time of the starter and the battery are increased since they are no longer subject to such current stress. Consequently, both the starter and battery could be downsized.

On the other hand, the major drawback was the thermal issue. MOSFETs working in linear mode are subject to high thermal stress due to the simultaneous strong current and voltage on the device. However, the problem is not only the dissipated energy, but also the phenomenon of thermal runaway. For this, it is important to select the correct transistor technology to avoid thermal runaway and to calculate the correct number of transistors in parallel to support the power dissipation.

Another main drawback is the delay introduced. Whilst for the given conditions stated in this thesis is not significant, in countries where temperatures are much lower, the delay could be more important due to an increased internal resistance of the battery. For this, at the end of the third chapter an alternative was proposed to reduce the delay starting the engine. It uses a 16V super-capacitors module to increase the start-up current, limiting the current supplied by the battery. This alternative, although more expensive, could be interesting in countries where temperatures are low and where is absolutely necessary to add energy to start the engine.

Through this application we have shown that classical power electronics theory using switching solutions is not the best option. DC converters are commonly used in steady state applications to obtain as high efficiency as possible. However, in this case, where the problem occurs during a short transient period, classical power electronic solutions become expensive and bulky. Our results have shown that in this case, the use of linear power electronics with energy dissipation, even allows real savings (fuel, volume, energy, investments ...).

The concept of linear current limitation was used in this particular application to stabilize the battery voltage in Stop-Start vehicles. However the same concept could be applied for any system where the start-up current is an important factor. The LVSS limits the current independently of the machine used.

As perspectives, it would be interesting to study how far we can reduce the volume of prototype to make it even easier to integrate into the vehicle. In the laboratory prototype, we have used operational amplifiers and discrete resistors but the circuit could be easily integrated into a chip.

Another perspective should consider the matter of 'Safety'. The aim of this thesis was to analyse and validate the concept, but to get to a final product this aspect must be extensively developed.

Finally, in countries where temperatures are lower and energy is needed to add to the system to start the engine, it would be interesting to work on the technology of the storage element with the alternative proposed in order to reduce the cost and further increase the start-up performance. "$ "
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 11 Fig. 1.1 Rejection of toxic emissions to the environment

  Autonomy range: This first issue makes the electric car unusable for a majority of people. While standard vehicles regularly have a range of 400km, the autonomy of the electric vehicles currently available is up to 200km. For example, the Renault ZOE (Fig. 1.3a) has a range of 150km (fully charged), while the Nissan LEAF (Fig. 1.3b), top selling EV of 2011, has a claimed 200km range standardized in NEDC (New European Driving Cycle).
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 13 Fig. 1.3 Examples of EV: a) Renault ZOE and b) Nissan LIEF

. 4 .

 4 The 12V power supply is highlighted in yellow color while communication control signals and hydraulic signals are in green and blue respectively. The Reinforced Starter (or the conventional Starter in case of using a Starter-Alternator) is signaled by (1), while the Starter-Alternator (or the conventional Alternator in case of using a Reinforced Starter) is signaled by (2). The Engine Control Unit (ECU) (3) is the computer that controls the actuators of the internal combustion engine to ensure optimal performance. It contains the software to realize the Stop-Start function. The ECU reads measures from a multitude of sensors and adjusts the actuators accordingly. The Electronic devices (4) are composed of all devices supplied by the 12V board-net. It includes the radio multimedia, GPS, power steering, etc. The State of Charge battery sensor (5) (SoC battery sensor) measures the current, voltage and temperature of the battery to determine its state of charge through a lookup table, in order to check if it is enough charged to perform the Stop-Start function. The minimum SoC required is 70%.
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 1 Fig. 1.18 Measured torque supplied to the crankshaft during the start-up
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 1 Fig. 1.19 Crankshaft torque T* Mth extracted from measurement

  Mth is a non-linear function, it must be evaluated on , where is the initial crankshaft rotor position. The block diagram of the model is depicted in Fig. 1.20 showing the different torque components acting on the crankshaft. The effective start-up of the engine depends on one condition: the crankshaft rotational speed has to be greater than 400 rpm in order to generate the first spark and start the 4-stroke cycle.
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  a second order system and the two state variables are I Starter and Starter ω mechanical time constant is much higher than the electric time constant ( model using all system equations is shown in Fig.1.22. The dotted boxes represent each subsystem.
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 11 Fig. 1.22 Complete model of the Stop-Start system during the start-up

  is deduced from the open-circuit voltage measured before the start-up and R Bat is the internal resistance calculated from the measurements. The values obtained represent battery in perfect condition, corresponding to the Best-Case scenario (fully charged and the smaller internal resistance). The model was calibrated by adjusting the amplitude of T* Mth to fit measurements. Both the Reinforced Starter and the ICE parameters are presented in the Appendix A1. The simulation results are shown in Fig. 1.23. In the Fig. 1.23, simulations and experimental results are compared. The start-up time is
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 1 Fig. 1.23 Experimental validation results during the engine start-up
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 1 Fig. 1.24 Battery and Starter power calculated from simulations, best-case scenario
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 1 Fig. 1.25 Start-up simulations varying R Bat and U oBat
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  Fig. 2.3Reference system without any VSS
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 2 Fig. 2.5 Dual Battery scheme: One battery supplies the starter and the 12V-Loads and the other one to supplies the under-voltage sensitive loads
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 2 Fig. 2.6Dual-Battery model system without UVS loads
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 92 Fig. 2.7Dual-Battery simulation results in the worst-case battery scenario
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 2 Fig. 2.20 Resistive-Inductive filter to limit the start-up current
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 2 Fig. 2.24 Control system structure deduced by the step-by-step inversion
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 22 Fig. 2.25 Current-Control system using a Proportional-Integral controller
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 2 Fig. 2.27 Current-Loop simulation limiting the starter current at 400A
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 2 Fig. 2.28 Current limitation Vs. Start-up time simulations
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  Fig.2.29 shows the non-linear relationship between the current limitation and the startup time in both cases. This test defines the 'Operation Range' of the current-control system for a given start-up time specification. In this case, it is assumed that the start-

Fig. 2 .

 2 Fig. 2.30. The voltage limit was fixed at U Bat-Ref = 9V. The results in the worst and best case scenario are shown in Fig. 2.31 and Fig. 2.32, respectively.
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 2 Fig. 2.29 Current limitation Vs. start-up time under the worst and best-case battery conditions
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 2 Fig. 2.35 Powers supplied by the battery to the Starter, with and without the Series-VSS
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 2 Fig. 2.36 Power consumption in the Starter and the line, with and without the Series-VSS

  On the other hand, the energy supplied by the battery using the S-VSS is equivalent to staying at idle state during t idle_2 calculated as follows:
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 2 Fig. 2.37 Equivalent resistance of the Series-VSS in the worst and best-case battery scenario
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 2 Fig. 2.46 Voltage across the S-VSS, worst and best-case scenario
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 2 Fig. 2.47 Power dissipation in Rp, MOSFETs and the S-VSS. a) Worst-case b) Best-case
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 3 Fig. 3.1 LVSS using MOSFETs working in linear mode

  Fig. 3.2 a) Basic MOSFET structure b) MOSFET terminology
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 33 Fig. 3.3MOSFETs characteristic curves and operating regions
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 34 Fig. 3.4MOSFETs manufacturing

  Fig. 3.5Thermal stability conditions

  Fig. 3.6Transfer characteristic curves of a MOSFET

  Fig. 3.7Thermal stability defined graphically according to α and β values at T J =100°C

  Fig. 3.8 a) Trench structure b) Planar structure

  Fig. 3.9Voltage across the S-VSS in the worst and best-case battery scenario
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 3 Fig. 3.10 Thermal stability analysis for the MOSFET IPB160N04S2-03, T J =100°C
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 3 Fig.3.12 System model and control structure deduced from the step-by-step inversion using a 'Super-MOSFET'
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 3 Fig. 3.13 Practical Control Structure using a 'super MOSFET'
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 3 Fig. 3.14 Current-Control principle scheme using 'super MOSFET'
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 3 Fig. 3.16 Current-Control system
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 3 Fig.3.17 Step response of the Current-Control system in small-signal model
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 3 Fig. 3.18 Voltage-Control principle scheme using 'Super-MOSFET'
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 3 Fig. 3.21 Transfer characteristics curves of two MOSFET with different V TH
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 3 Fig. 3.22 Parallel MOSFETs using individual CC to share the power dissipation equally

  .23). This was selected such that the transconductance curve and the V TH voltage are as different as possible from the first one. The characteristics of both are shown in Appendix A3. The simulation results are shown in Fig. 3.24 and Fig. 3.25.In Fig.3.24, the waveforms of voltage and current during start-up are shown. The battery voltage is well stabilized at 9V and the starter current is limited at 318A. The transistors work in linear mode during ∆t Lin =200ms. The current through the resistor is
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 3 Fig. 3.24 LVSS simulation results using the PSpice model
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 3 Fig. 3.25 Current though the MOSFETs M 1 and M 5 and the control signals V GS1 and V GS5, respectively
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 33 Fig. 3.26 LVSS prototype
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 33 Fig. 3.29 Both sides of the LVSS PCB
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 33 Fig. 3.33 Laboratory test using a thermal camera
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 33 Fig. 3.36 Thermal picture after 5 consecutive start-ups
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 33 Fig. 3.39 Voltage across the LVSS during the engine start-up
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 33 Fig. 3.40 LVSS Power dissipation during the engine start-up, experimental results
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 333 Fig. 3.42 LVSS together to a 16V super-capacitor module used to faster start-up the engine
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1.1.3 Review on HEV and global market

  

	Over 7.2 million of HEV have been sold worldwide through December 2013 since its
	beginning in 1997. Toyota Motor Company (TMC) is the leader in the market with more
	than 6 million vehicles sold, followed by Honda Motor Co. with more than 1.2 million
	hybrids cumulative global sales. Hybrid electric vehicle market is top sale in North
	America, Europe, and Asia-Pacific, but limited elsewhere. Growth in HEVs sales will
	stem from increasing vehicle production, decreasing prices and consequently rising fuel
	prices, improving global light-duty vehicle market.
	New standards established by the European Parliament restricts emissions of light-duty
	cars to 130g of CO 2 /km (5,2L/100km) in 2015 and 95g CO 2 /km (3.7L/100km) in 2020

(Regulation N° 443/2009

). Accordingly, Stop-Start vehicles (Micro-Hybrids) are particularly of great interest in today's market thanks to the fuel economy reduction benefits, up to 10%, without any significant change in respect to standard vehicles structure. After proving its popularity among consumers, because of its better fuel economy and the engine silence when it is stopped at traffic lights, Stop-Start technology is seen as a low-cost and highly beneficial investment for car-manufacturers to meet standards. According to a new report from 'Navigant Research'

[START_REF] Alexander | Stop-Start Vehicles: Micro Hybrid Technologies[END_REF]

, worldwide sales of Stop-Start vehicles will grow to 55.4 million in 2022, accounting for 54.3% of total vehicle sales.

  One case corresponds to an old and discharged battery, i.e. U oBat =12.35V (SoC 70%) and R Bat =8mΩ, being the worst-case scenario. The second case corresponds to a new and fully charged battery as U oBat =12.8V and R Bat =4mΩ, being the best-case battery scenario. Both cases are summarized in Table1.2.

	Battery conditions	R Bat	U oBat
	Best-Case	4mΩ	12.8V
	Worst-Case	8mΩ	12.35V
	1.3.1 Loads model		
	Loads are considered as all the electronic devices connected to the battery. They are Table 1.1 State of Charge (SoC) of a battery 12V 60A.h 680CA divided in two groups: "12V-Loads" and "Under Voltage Sensitive Loads".
	Fig. 1.11 Battery electric model composed of a voltage source in series with a resistance

Table 1

 1 

	.2 Worst and Best-case battery conditions

Table 1 .

 1 3 summarizes the energy balance between the worst-case and the ideal-case calculated before.

	62k

In the best-case scenario, the difference between E Bat-StartUp and E Bat-StartUp (∆E) corresponds to battery losses and has a value of 400J. The start-up time is 375ms, which is very performant. The maximum current through the starter is 1200A and the battery voltage falls to 7.7V.

  and ESR=1.6mΩ. Switches are assumed ideal. The results are shown in Fig. 2.13.Fig. 2.12 Model of the system including a 5V super-capacitor module in series with the battery Fig. 2.13 Simulations results connecting a 5V super-capacitor module in series with the battery, worst-case scenario

							Battery voltage		
			15		∆t Start-Up					
	U Bat [V]	5 10 9	← U Bat =6.64 V				Reference System Series-SC to the battery
			-0.1	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9
								Time [s]			
							Starter current		
		1000	← I Starter =1056 A					
	I [A] Starter	500							Series-SC to the battery Reference System
			-0.1 0	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9
								Time [s]			
	As Fig. 2.13 shows, the start-up time has been significantly reduced to ∆t Start-Up =320ms.
	The starter current has increased to 1056A while U Bat still drops to 6.64V. In this case,

Fig. 2.11 5V super-capacitor module in series with the battery

  .29.

							Battery voltage		
			14								
			12								
	U Bat [V]	8 10								
			6								
			-0.1 4	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9
								Time [s]			
							Starter current		
		800							Current limited at 500A
	I [A] Starter	-0.1 0 200 400 600 I Starter-Ref	0	0.1	0.2 ∆t Start-Up 0.3	0.4	0.5	0.6 Current limited at 400A 0.7 0.8 Reference System	0.9
								Time [s]			

  The start-up time is ∆t Start-Up = 872ms. Since the current is limited, the delay introduced is around ∆t Delay = 72ms, not really significant in respect of the reference start-up time (800ms). It is important to remark that even if the current was limited and consequently the starting torque as well, the engine still start-up.On the other hand, in Fig.2.32 the battery voltage is correctly stabilized as well at 9V (red curve), limiting the starter current at 850A. The Series-VSS works only during ∆t = 32ms. The start-up time is ∆t Start-Up = 375ms. Since the current is limited, the delay introduced is around ∆t Delay = 5ms, negligible in comparison to the reference start-up time (370ms) in the best-case scenario.The voltage V DS across the S-VSS in both cases is shown in Fig.2.33. In order to calculate the power dissipated on the Series-VSS in both cases, the voltage drop (V DS ) is multiplied by the current I Starter as ( 2.7 ). The results are shown in Fig.2.34.

	Series VSS 0.8 ∆t Delay Worst Case 0.6 Best Case Reference System (Best-case) Time [s] ∆t 2 Battery voltage ∆t Start-Up 0.4 Battery voltage Starter DS I V ⋅ V DS Voltage 0.3 0.4 0.5 0.6 0.7 0.8 Time [s] Series VSS Fig. 2.33 Voltage across the S-VSS, best worst-case scenario ∆t 1 U Bat [V] Fig. 2.30 S-VSS simulation scheme 0.2 4 14 ∆t Start-Up VSS Series P = -V DS [V] and secondly ∆t 2 = 20ms. 0 6 8 10 12 9 ∆t -0.1 0 0.1 0.2 Bat [V] U	( 2.7 )
				Starter current Series-VSS Power Dissipation		Reference System	
	-0.1	0	0.1	0.2 3120W	0.3	0.4 Time [s]	0.5	0.6	0.7	0.8	0.9
	I Starter [A] I 318 500 0 1000 850 Starter [A] P Series-VSS [W]	0		0.2 2230W ∆t 1	Starter current Time [s] 0.4 Series VSS 0.6 Reference System (Best-case) Series VSS Reference System 0.8 Worst Case Best Case	
	-0.1 Fig. 2.32 Simulations results limiting the battery voltage drop at U Bat-Ref =9V, best-case 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Time [s] battery scenario ∆t 2 ∆t
	Fig. 2.31 Simulations results limiting the battery voltage drop at U Bat-Ref =9V, worst-case -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
	battery scenario				Time [s]					
	.31, the battery voltage is correctly stabilized at 9V (red curve), Fig. 2.34 Power dissipated on the S-VSS under the best and worst-case battery scenario
	limiting the starter current at 318A. The Series-VSS works firstly during ∆t 1 = 260ms
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	1 Energies involved during the start-up in the worst-case scenario, with and without
	the ideal S-VSS

  .46.Fig. 2.44 Simulations results using the S-VSS in parallel to R p , worst-case battery scenario Fig. 2.45 Simulations results using the S-VSS in parallel to R p , best-case battery scenario

					Battery voltage				
	Bat [V] U								Series VSS	
									Reference System	
	-0.1	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9
						Time [s]					
					Starter current		I Starter		
									I MOS		
	Fig. 2.43 Model of the system including the variable voltage source in parallel to a fixed I I R [A] Starter Reference System
	resistance										
	-0.1	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9
						Time [s]					
					Battery voltage				
	10.8 Bat [V] U						Series VSS			
							Reference System (Best Case)	
	-0.1	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9
						Time [s]					
					Starter current				
							I Starter				
	I [A] Starter						I MOS I R Reference System (Best Case)	
	-0.1	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9
						Time [s]					

  . If several MOSFETs are connected in parallel without individual gate-resistances, V GS is

					Step response	
		1.2					
		1					
				← t rise =1ms			
		0.8					
	u Starter [V]	0.6					
		0.4					
		0.2					
		0	0	1	2	3	4	5
					Time [ms]		

  .26.

							MOSFETs Current	
	M1,2 [A]	50 100		Δt Lin						I M1 I M5
	I									
			0	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8
								Time [s]		
							Gate-Source Voltage	
			15							
	V GS1,2 [V]	5 10 0								V GS1 V GS5
			-5	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8
								Time [s]		

  .38, the battery voltage is well stabilized at ≈10.3V (red curve), limiting the Starter current around 300A. MOSFETs work in linear mode just for ∆t Lin = 200mSec. It can be noted two marks on the time axis, t f1 and t f2 . As mentioned above, the startup is done manually by the driver. However, it is possible to identify when the machine has really started once the oscillations exceed a certain level. The time t f1 indicates when the engine has started-up without the LVSS while the time t f2 indicates when the engine has started-up with the LVSS.

							Battery voltage
			12 13	Δt Lin			Δt Start-Up	Δt Delay
	Bat [V] U	8 10 11 9	← U Bat = 8.18V				Normal start-up LVSS
				0	0.2	0.4	0.6	0.8	t f1 t f2	1	1.2
							Time [s]	
						Currents during the start-up
	Currents [A]	200 400 600 800 300	← I Bat = 754A				I Starter Normal start-up I Starter with LVSS I MOS with LVSS I Rp with LVSS
			0	0	0.2	0.4	0.6	0.8	1	1.2
							Time [s]	
	Fig. 3.38 Experimental results starting the engine of a Renault Clio, with and without using
		the LVSS				

  The reduction of fuel consumption and CO 2 emissions in this sector is an important issue. New standards restricting CO 2 emissions from vehicles push automakers to gradually open the cleanvehicle market. In this sense, hybrid vehicles are a promising solution.In this thesis, we have worked on Stop-Start vehicles (Micro-Hybrids), particularly using a Reinforced Starter. Its simplicity and low implementation cost, in comparison to the Starter-Alternator, is of great interest for today's market to perform the Stop-Start function in low-cost vehicles. Nevertheless, starting the ICE, the sudden and rapid increase of the Reinforced Starter current makes the battery voltage unstable, falling to unacceptable low levels.
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Conclusion

In this chapter the existing current solutions in the automotive market were studied. The Stop-Start system model developed in the first chapter was used to simulate its behavior and to perform a general balance comparing performance and cost. As a conclusion of the first part, the solutions using an additional storage element are most expensive. On the other hand, the more economical solutions are those that limit the current through the starter introducing external resistance. The major drawback of the current systems using this principle is the poor performance since they are sized to operate in the worst case, greatly reducing performance in better conditions.

In this sense, considering the advantages and disadvantages of existing solutions, an analysis of an ideal 'Series Voltage Stabilization System' was proposed. The voltage drop was properly stabilized limiting the starter current both in the worst-case (U oBat =12.35V, R Bat =8mΩ), as in the best-case scenario (U oBat =12.8V, R Bat =4mΩ). In the worst-case, a delay of 9% was introduced in comparison to the reference and the total losses increased 18%. On the other side, in the best-case scenario there is practically no delay and total losses were reduced 11% since, even if a part of the energy is dissipated in the S-VSS, the losses R Bat ·I Starter 2 were reduced limiting the starter current.

The overall energy balance has shown that although the losses increase in the worst-case, the impact of the S-VSS is insignificant in respect of the performance of the Stop-Start system.

In the last part, we have studied the thermal capability of implementing the system. For this, given that the voltage source was replaced by a variable resistor, we have presented two ways to implement it: Discrete and Linear.

The discrete implementation has the main disadvantage of requiring more than two transistors MOSFETs connected in parallel to perform a switch and at the same time, requiring several switches to obtain a reasonable precision for a performing currentcontrol. In addition, the use of costly µ-processors is required to perform the control of the switches at the correct time depending of the battery voltage drop and, transistors switching at high frequencies add EMC issues to the overall complexity of the vehicle.

Instead, the implementation of a variable resistor can be performed using transistors MOSFETs working in linear mode. This solution, with the help of a parallel resistor, it

Prototype construction

The most important aspect in the construction of the prototype was the temperature of the MOSFETs working in linear mode.

The transistors were welded directly to a copper bus-bar to interconnect the MOSFET's Drains but also serving as a heat-sink to evacuate the heat from the transistors. Its dimensions (Appendix A2) were selected as a trade-off to obtain low electrical resistance, but also reduced thermal resistance to the ambient and high enough thermal capacity to store the energy dissipated without increasing its temperature considerably in each engine startup. MOSFETs were spaced 1cm each other to avoid transient thermal coupling, shown in Fig. 3.28.

In order to be easily integrated into the vehicle, the aim was to develop the prototype as small as possible to highlight this advantage. For this, the electronic components were placed on the bottom side of the PCB, shown in Fig. 3.29. So, they take up less space and are thermally coupled to the housing, serving as a sink. The routing of the PCB was made as symmetrical as possible in order to avoid disparity between the current through the transistors. The copper bus-bar is also thermally coupled to the housing by a thermal conductor, but electrically insulated. 

Static Characteristics

Drain-source breakdown voltage

Zero gate voltage drain current

Drain-source on-state resistance 4) Gate charge total

Gate plateau voltage

Reverse Diode

Inverse diode continuous forward current

Inverse diode forward voltage 
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