
A study into Hybrid drivetrains for increased vehicle efficiency.
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Everyday vehicles that use internal combustion engines deliver good performance and long operating ranges, this is a result of petroleum based fuels high energy density. However the high number of vehicles in use that rely on burning hydrocarbon fuels has caused a number of serious issues for the environment and human life, these being air pollution, global warming and the depletion of available petroleum resources. In comparison battery powered electric vehicles have some advantages such as high-energy efficiency and no environmental pollution but their operating range is not as good due to the much lower energy density of the batteries than that of petroleum based fuels. Hybrid vehicles use two power sources usually an internal combustion engine and electro-chemical batteries as power sources and have the advantages of both the internal combustion engine vehicle and the electric vehicle and is able to overcome their disadvantages. (Ehsani, 2004)
This has led to a growing interest in EV’s and HEV’s from large automotive manufacturers such as Toyota and Honda etc. the production of the Prius and Civic hybrid has shown that major manufacturers expect to see HEV’s as a solution for more efficient transport.  In comparison to other new technological powered vehicles, HEV’s do not require any new infrastructure. This will also be appealing to the consumer.
[bookmark: _Toc373445501]Abstract
This report will look at the benefits of using hybrid electric drivetrain in a vehicle and how the vehicle could be made more efficient than if was powered by an internal combustion engine alone. It will also contain a brief overview of the main different hybrid drivetrain systems and the functions/ components that define them, future plans for the on going project and a sum of the necessary calculations performed/ formulas used to calculate the forces acting upon a vehicle whilst in motion, the power required to move the vehicle and the power supplied by the driveline of the vehicle. 
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Euro legislation is becoming an increasing issue for the automotive industry due to increasing and evermore stringent laws.  One of the latest announcements to be passed is that by 2040 the production of new petrol and diesel-powered vehicles will stop. (Swinford, 2017)
Therefore in a short period of time a dramatic change will occur within the motor industry, the main forerunner for the future of cars is currently the electric vehicle, these vehicles will produce propulsion on pure electrical energy with no aid from an ICE. 
[image: ] (Swinford, 2017) Image represents the prediction of types of road vehicle in the future.
However during this transitional period a number of ‘hybrid’ vehicles have occurred, such as the prius. Hybrid vehicles offer the best of both worlds by allowing vehicles to be run on pure electric whilst being recharged by the engine, in some cases and in other cases the electrical system merely offers an aid to the ICE. The different types of available hybrid systems will be explained in the next section of the report.

[bookmark: _Toc373445503]Hybrids explained
Many automotive companies are producing EV’s and HEV’s already, these vehicles can vary in many different ways for example the vehicles platform, size of the internal combustion engine, electric motors and batteries. The manner in which these components are sized, packaged and controlled will have a large impact on economy, performance, environmental impact and consumer acceptance. (Little, 2002)
The simplest description of a Hybrid is a vehicle that utilizes two different propulsion systems. Although this report will look at hybrids in a more narrow sense using only ICE and electric motors (rather than the other options I.e. fuel cells or gas turbines as a replacement for the ICE).
There are two main types of hybrid systems, these are more commonly known as “series” and “parallel”.
[bookmark: _Toc373445504] Parallel hybrid systems
A vehicle that uses a parallel hybrid system has a direct mechanical connection between the driven wheels and the power source the same as ICE powered vehicle, but also uses electric motors to deliver power to the wheels. This system has some advantages, these being: the energy does not need to be converted into different forms therefore no conversion losses in efficiency can occur. The system is also smaller and more compact than a series system, which will allow it to be packaged into a vehicle more readily. The down sides to this system are the fact that the engine is directly coupled to the driven wheels therefore it cannot be run at its peak efficiency constantly and also due to its complex structure and advanced control strategy is required. (Lesueur, 2000)
This systems features include: regenerative braking and is able to use all the same drive modes as the series system. It also utilizes a mechanical coupler to join the engine and motor to the final drive.
[bookmark: _Toc373445505]Series Hybrid Systems
A Series hybrid vehicle does not have a direct mechanical link between the power source and the driven wheels; the wheels are driven by electric motors, which have a torque-speed profile meaning that no geared transmission is required. The advantages of this system include: the fact that there is no mechanical connection between the engine/generator and the wheels means that the engine is able to run at its most efficient point when required. Also because of the nature of the system a simple control strategy is applied to the driveline. Although the disadvantages of the system include: the energy produced by the engine/generator must change its form twice which will lead to a loss in efficiency. The system’s generator is a costly component and is also heavy, therefore making the vehicles mass greater and requiring more force to drive the vehicle.
The series systems features include: pure electric drive mode, pure engine drive mode, hybrid traction mode, engine traction with battery charging mode, regenerative braking and hybrid charge mode. The system uses an electrical coupler to join the engine/generator and the battery to the driving motors.
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Electric propulsion systems are amongst the fundamentals of Hybrid drive vehicles, they are made up of electric motors, power converters and electronic controllers. The motor converts the supplied electrical energy into mechanical energy to enable the vehicle to move and are also able to allow regenerative braking to generate electricity to charge the on board batteries. The power converter supplies the motor with the correct voltage and current to allow operation and the electronic controller controls the power converter by providing it with signals to control the operation of the motor to produce the required speed and torque to satisfy the drivers needs. (Ehsani, 2004) 
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[bookmark: _Toc373445509]Permanent magnetic motor drives 
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Before the motors are able to turn the wheels first it must get its energy from somewhere, this is where the issue of a suitable energy storage system arises.
An Energy storage device can be defined as a device that is able to store energy, discharge energy and be charged with energy from an outside source. A vehicles energy storage solution has a number of requirements, such as its specific energy, specific power, efficiency, maintenance requirements, cost and safety. (Ehsani, 2004)

The main solutions that are used for energy storage in automotive applications include: Chemical Batteries, ultra or super capacitors and high-speed flywheels.
[bookmark: _Toc373445511]Chemical Batteries
Batteries are electro-chemical devices that convert electrical energy into chemical energy whilst charging and chemical energy into electrical energy during discharging. A battery’s specific energy is its energy capacity per the weight of the unit (wh/kg). The Specific power of the battery is defined as the maximum power per battery unit weight that the battery is able to output in a short period of time. The Energy efficiency of the battery can be shown through the form of voltage loss during the battery’s charging and discharging cycles and is usually expressed as a percentage. From a maintenance perspective most modern batteries will require little to none due to the fact that they are mostly sealed units, although most will require charging periodically when stored for extended periods of time, the duration of a battery’s service life is directly affected by the number of discharge cycles, depth of discharge, ambient temperature and the charging voltage. (Young, 2013)
	System
	Specific energy (Wh\Kg)
	Peak Power (V/Kg)
	Energy Efficiency (%)
	Cycle life
	Self Discharge (% per 48H)
	Cost (US$/KWh)

	Lead/acid
	35-50
	150-400
	>80
	500-1000
	0.6
	120-150

	Nickel cadmium
	50-60
	80-150
	75
	800
	1
	250-350

	Nickel/iron
	50-60
	80-150
	75
	1500-2000
	3
	200-400

	Nicel/zinc
	55-75
	170-260
	65
	300
	1.6
	100-300

	NI-MH
	70-95
	200-300
	70
	750-1200+
	6
	200-350

	Aluminium/air
	200-300
	160
	<50
	?
	?
	?

	Iron/air
	80-120
	90
	60
	500+
	?
	50

	Zinc/air
	100-220
	30-80
	60
	600+
	?
	90-120

	Zinc/bromine
	70-85
	90-110
	65-70
	500-2000
	?
	200-250

	Vanadium redox
	20-30
	110
	75-85
	-
	-
	400-450

	Sodium/sulphur
	150-240
	230
	80
	800+
	0
	250-450

	Sodium/nickel chloride
	90-120
	130-160
	80
	1200+
	0
	230-345

	Lithium/iron sulphide
	100-130
	150-250
	80
	1000+
	?
	110

	Li-I
	80-130
	200-300
	>95
	1000+
	0.7
	200


There is a selection of different battery technologies available on the market today: lead acid, nickel-based (Nickel\iron, Nickel\cadmium and NI\MH) and lithium based.  


Below is a table illustrating the current battery technology’s that are commonly used in automotive applications along with their specific energy, peak power, energy efficiency cycle life and rate of self discharging displayed along with their average cost per unit.
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A Capacitor is a device that physically stores energy in the form of an electrical charge without the need for a chemical reaction. Capacitors can have 10 – 100 times the power of a battery, a thousand times the lifecycle and a faster charging time. An “ultra-capacitor” can have 1,000,000 times the energy of a “regular” capacitor. (Daugherty, 2015)
Even though the Ultracapacitor has a much higher specific power in comparison to batteries, they also have a much lower specific energy. Its specific energy can be as low as a few watt-hours per Kilogram (Wh/Kg) but on the other hand its specific power can be up to 3Kw/Kg which is much more than most types of chemical battery. Due to the ultracapacitors much lower specific energy it is not very effective to use them as an energy storage device in automotive applications, however if used as an auxiliary or alternate power source along side a primary source (usually a battery) a number of benefits can be had. For example when using an ultracapactor and battery hybrid storage system specific power and specific energy requirements do not have to be directly linked, meaning that the battery can be designed to achieve the highest specific energy and longest cycle life without worrying about the compromise of specific power. Another advantage of using an ultracapacitor alongside a battery for energy storage, is due to the nature of the capacitor the high current charging of the battery from regenerative braking and discharging are minimized allowing the battery’s available energy and overall lifecycle be improved.
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Flywheel systems have been used as an energy storage device for thousands of years in the past, for example potters wheels, water wheels, lathe’s and hand mills all use flywheel technology to store energy and allow the devices to rotate and maintain its energy under its own inertia. A Flywheel is a device that stores energy in the form of rotational kinetic energy. As the flywheel stores energy it speeds up and whilst discharging it slows down, most modern applications use an electric motor generator to exchange the energy from electrical to kinetic and kinetic back to electrical. (E.Amiryar, 2017)
More recently flywheels have been used for energy storage in automotive applications, for example in Switzerland the first passenger vehicle powered only by a flywheel was produced and was recharged at each stop by electricity. Another example of this technology being used was by Porsche with their 911 GT3 R Hybrid. This vehicle used its conventional combustion engine to power the rear wheels and a flywheel to store the energy captured under braking and deliver it to the front wheels of the vehicle upon driver demand for corner exit or overtaking, not only did this system give the vehicle a boost of power it also made it a lot more fuel efficient. The motors powering the front wheels of the Porsche are controlled and parameters such as accelerator pedal position and steering wheel angle are taken into account when the power is applied. (Heeps, 2014)
Flywheel Systems offer advantages such as the ability to rapidly charge and discharge repeatedly unlike batteries, are lighter than conventional hybrid systems and require no maintenance. 
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Another feature of Electric and Hybrid Electric vehicles is the ability to recover energy produced under braking, the motors used to drive the vehicles wheels can also be used as generators to convert the potential or kinetic energy of the vehicles mass into electrical energy and then stored and reused when the vehicle requires it to increase vehicle performance, improve fuel economy and reduce exhaust emissions.
When a conventional vehicle applies its brakes, kinetic energy is converted to heat as friction between the brake pads and wheels. This heat is carried away in the airstream and the energy is effectively wasted The total amount of energy lost in this way depends on how often, how hard and for how long the brakes are applied. (S.J, 1996)
Regenerative braking systems in hybrid and electric vehicles are faced with two major issues, how to distribute the required braking force between the regenerative brakes and the conventional friction brakes in order to recover as much energy as possible from braking and how to distribute the braking forces between the vehicles two axles in order to maintain stability whilst braking. More commonly regenerative braking is most efficient when used on the driven axle, the electric motor must be controlled to produce enough braking force for recovering energy and it must also be able to decelerate the vehicle at the pace that the driver requires. Regenerative braking cannot be applied as a standalone braking system in HEVs, PHEVs or EVs; it needs to be accompanied by the conventional friction brake system. This is because the maximum braking torque that can be provided by the electric motor is a decreasing function of the speed. (Bayar, 2012)

There are two main types of regenerative braking systems that are typically used, these being a parallel hybrid brake system which has a simple structure, control and retains most of the major components of a conventional braking system. And the other being a fully controlled hybrid brake system, this can control the braking force applied to each wheel individually therefore improving the vehicles braking performance on any surface. Although the controlled hybrid brake system seems like the best option it is a lot more complicated than the parallel system and much more costly.  
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The simplest solution and the closest to conventional braking system, as mentioned earlier it maintains the major components of the brake system and adds electric braking force to the driven axle (usually the front). The motor will apply braking torque to the axle and is governed by the vehicle controller to apply a force based on vehicle speed and brake pedal position. The friction brakes are still controlled by the driver. The main issue with this system is its ability to control the electric braking force in regards to recovering as much energy as possible. 
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A fully controllable hybrid brake system (or series system) uses only electric motor braking to the point where the limits of motor torque or the vehicles stability are reached, if the brake pedal is then depressed further the system commands the friction brakes to satisfy the driver’s request. Therefore this system will provide not only a consistent feel of the brake pedal but also be able to use the full potential of regenerative braking leading to better fuel economy in comparison to the parallel system. (Bayar, 2012)
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The next part of this report will include the relative data for the selected vehicle that has been chosen to implement a hybrid drivetrain into.
The vehicle that has been chosen for this project is the Mazda MX-5. Reasons for choosing this vehicle are its large popularity all over the world (production of the mk1 started in 1989 and the newer models are still being produced today), affordability ( the mx5 has been renown for being “cheap and cheerful”) and its room for improvement from a performance and economy point of view.
The mx5 uses a four cylinder petrol engine mounted in the front and delivers the drive to the rear wheels, this layout gives the vehicle a near 50/50 weight distribution this will be challenging to maintain whilst implementing a hybrid drivetrain into the vehicle.

Mazda Mx-5 vehicle Data

	Engine
	1597cc 4cyl petrol

	power
	115bhp, 85.75Kw

	Mass
	Curb weight 955Kg

	Co-efficient of aero drag
	0.38

	Frontal area
	5.36M

	CdA
	2.0368M

	Co-efficient of rolling resistance
	0.025



The information in the table above will be used to calculate the applicable forces acting upon the vehicle and this will give a baseline of what the vehicles driveline must overcome.
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The behaviour of a vehicle that is moving with a given direction is determined by the forces that are acting upon it in this direction. These forces are defined as vehicle resistance, the forces that are opposing the moving vehicle are rolling resistance, aerodynamic drag and gradient resistance.
 
Below is a list of the formulas that will be used to calculate the forces acting on the vehicle.
Acceleration
      =                

The force required to accelerate the vehicle can be calculated using the following:

      =                 

To calculate the gradient resistance acting on the vehicle the following formula is used: 
     =     

The force of aerodynamic resistance acting upon the vehicle can be calculated using the following formula.



The rolling resistance of the vehicle can be calculated using the following formula: 
;             

the rolling resistance coefficient is dependant on the road surface and nature of the vehicles tyre, for example an mx5 using standard specification tyres on asphalt has a rolling resistance coefficient of 0.025.

The total tractive effort is calculated by the sum of the forces acting on the vehicle,






[bookmark: _Toc373445519]Conclusion / Project Plans
Future plans for the project include the modelling of a Hybrid Electric drivetrain into the selected vehicle. The type of hybrid drivetrain will be selected along with its corresponding parts and features. In order to calculate how much power will be required by the new driveline a duty cycle will need to be produce which will represent how the vehicle will be driven in different scenarios (urban, extra urban etc). The duty cycle will be produced using a data logger in the selected vehicle and driving it on a selected route. Once this is done the points of accelerating and braking can be seen and the energy that is used or can be recovered can be calculated. The overall outcome of the report will be to see how the efficiency of the vehicle can be increased by using a hybrid drivetrain (economy and performance).
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