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Abstract
Growing worldwide concern for the environment has triggered a recent resurgence of ‘green’ technology in the transport industry. Vehicles using electricity as their main source of drive are increasing in popularity and with this the demand for them to perform. To assist the power source and decrease emissions, kinetic energy recovery systems (KERS) are being used as a way to recover energy that would have otherwise been wasted. This research project has looked into two forms of KERS and their potential energy yields. Regenerative braking systems and regenerative suspension systems have been investigated to find which is most suited for a motorcycle race application. Research has been conducted on modern forms of KERS including Audi’s “electromechanical active roll stabilisation” to understand the current technology and innovations. Other research projects have also been reviewed to gain perspective on potential energy gains and integration of KERS technology into conventional systems, including an investigation into energy yields for a regenerative suspension system and investigation into Intelligent regenerative braking control. Furthermore, from research, calculations of a regenerative braking system in a race setting were conducted to acquire potential energy yields and evaluate their effects through expressing the results in terms of fuel and range, in order to decide if it is a valid option for motorcycle racing. Using the Isle of Man mountain course for its advantages of being a public road track, potential yields of up to 2.6km of additional range were seen.
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[bookmark: _Toc39448426]Introduction
The application of electricity as a source of power in racing has been around for the last 10 years. Formula one introduced regenerative braking systems as part of a hybrid setup with the intention of increasing performance and stepping in the direction of going ‘green’. Formula-E later joined the picture, seeing electrical stored energy as its only source of power. The Isle of Man TT Races has also contributed toward electrically powered racing with its TT Zero, since its inception however, it has seen a steady decline of participants towards the point of a temporary cancellation. This is all in spite of the huge leaps seen in the technology used including energy storage and power management. Whatever happens in the car industry seems to happen years later in the motorcycle industry in terms of technological advancements and applications. Does this mean its only a matter of time before electric motorcycle racing really takes off or does more need to be done to kick start the sport again and level its popularity with formula E?
[bookmark: _Toc39448427]Motivation
Increasing demand from consumers and the world’s governments for a more environmentally friendly approach to transportation has triggered a race for the next dominant power source to take over. There are currently two types of power source that are competing to either get to the top or stay at the top, internal combustion engines (ICE) and electric power. Internal combustion engines are primarily powered by fossil fuels, the most popular types are petrol and diesel. These fuels are created from crude oil through refining in a process called fractional distillation. 
This report is not focussing on the environmental impacts of the use of fossil fuels or the current and future state of the world environment. The intention of this report is to research methods of KERS that can apply to a motorcycle race setting. In addition, to increase the viability of an increasingly popular power source and make it more ‘user friendly’. That being said, aside from the environmental impact of using fossil fuels there is also a supply issue. It has been a well-known issue for a while now and the ‘running dry’ date is fast approaching. Globally, we currently consume 4 billion tonnes of crude oil every year. Continuing on at this rate suggests that all known oil deposits will run out soon and reports have said this could happen within the next 50 years (Ecotricity, 2018).  Having said that, the world has apparently almost run out of oil multiple times over the past 100 years, below show some examples of predictions.
· "The world will run out of oil in 10 years." - U.S. Bureau of Mines (1914)
· "The world will run out of oil in 13 years." - U.S. Department of the Interior (1939 and 1950)
· "The world will run out of oil and other fossil fuels by 1990." - Paul Erlich, Limits to Growth (1973)
· "The world will run out of oil in 2030, and other fossil fuels in 2050." - Paul Erlich, Beyond the Limit (2002)
(Department of Energy and Mineral Engineering, n.d.)
Nevertheless, this report will be based on electricity as a power source. The two main ways of storing energy for electrical use is via hydrogen or within a battery cell. Both have storage issues, current battery technology has not advanced enough to store a capacity equivalent to most diesel cars and still suffers from excessive ‘refuelling’ times compared to petrol diesel or even hydrogen. Hydrogen is a highly volatile gas (see Hindenburg disaster) and due to its small atomic structure is difficult to contain for extended periods of time. Whichever method is chosen for storage, increasing range and efficiency will always be a goal. 

[bookmark: _Toc39448428]Aims and Objectives
The aims and objective in this research project are set to be:
· Literature research into what has already been done involving different forms of kinetic energy recovery systems and its history.
· Familiarise myself with the methodology used in the research and results gained
· Learn basic principles of the forms of kinetic energy recovery systems including regenerative braking and suspension.
· Investigate research into KERS and its potential additional applications
· Combine acquired knowledge with the knowledge obtained over my years of study in motorcycle engineering.
· Apply the methodology learned from the literature review to a motorcycle race setting and evaluate the potential gains.

[bookmark: _Toc39448429]Research
Research began with gaining a basic knowledge of various forms of Kinetic Energy Recovery Systems and modern examples of its use. It then went more in-depth to find an additional application of regenerative braking systems and ‘ideal’ energy yields of a regenerative suspension system,
[bookmark: _Toc39448430]Recovering Energy
Recovering energy is one of the primary ways to increase range and overall efficiency within an electric powered vehicle. The recovery of energy that would have otherwise been wasted is an important advantage that electric powered vehicles have over ICE powered vehicles. The energy, when not recovered is commonly dissipated as heat.
[bookmark: _Toc39448431]The first use of KERS
The first kinetic energy recovery system to be used in a vehicle was in 1897 in Paris by M. A. Darracq and was powerful enough to create a braking effect while reportedly providing an increase in range by up to 10%. Earlier vehicles had made use of electric motor braking, but the energy was dissipated in a resistor instead of being used to recharge a battery. (Westbrook, 2001)
[bookmark: _Toc39448432]Regenerative Braking
When a vehicle is braking, its kinetic energy is dissipated as heat via friction created by the brakes. When regenerative braking is used the kinetic energy is converted back into electrical energy. Regenerative braking works in a similar way to engine braking, when there is no driving power the wheels continue to turn the motor. However, instead of the resistance against motion coming from the engine compression and frictional forces within the engine, the resistance comes from the torque required to turn the motor. Figure 1 shows the basic configuration of the system that drives the vehicle and recovers energy. This example shows a two-wheel drive vehicle but also applies to four-wheel drive and motorcycles. 
[image: ]
[bookmark: _Ref39422603][bookmark: _Ref39422618]Figure 1 Basic setup of regenerative braking system
When the throttle is in the off position, the direction of the motor is reversed and is used as a generator to convert the kinetic energy to electrical energy. Ewbank (2018) describes the process as during generation the motor gives the electrons a push which increases the electromotive force in the circuit, this extra energy needs to go somewhere and so goes to the battery and charges it. If there is no battery the energy goes else where such as a capacitor, or a resistor to be dissipated as heat (Ewbank, 2018). Ewbank also talks about the limitations of regenerative braking stating that “the limitations of regenerative braking are a consequence of inefficiencies in the drive train” but also points out that most current manufacturers electronically limit the amount of energy recovered, a possible bid to limit battery degradation.
J.B. Straubel (2008), a CTO at Tesla, groups energy loss distribution from a moving vehicle, three of which would affect the regenerative braking yield: aerodynamic losses, tyre losses and drivetrain losses (Straubel, 2008). G. Solberg (2007), a Firmware engineer for Tesla, gives a good example towards drivetrain efficiencies effecting regeneration of energy in terms of battery power regained. In a report of the regenerative braking of the Tesla Roadster the ‘battery-to-wheel’ conversion efficiency is stated as being approximately 80%. However, because the energy makes a full circle it gets converted twice (80% x 80%) making the net efficiency 64% (Solberg, 2007). 
From the equation relating to the energy of a moving object  it is possible to calculate a maximum theoretic yield of energy (assuming 100% conversion efficiency) from a vehicle decelerating through the medium of electric motor braking, from a given speed to a stationary position. Within a racing condition a vehicle is not brought to a complete stop until after the race; of which the energy harvested from this will not be of any use. Therefore, the difference in energy from its initial speed down to its slower speed; normally a cornering speed, can be regarded as the maximum theoretical energy yield. 
The equation used in this circumstance is best expressed as:
 
[bookmark: _Ref39223691][bookmark: _Ref39223701]Equation 1 Kinetic Energy
Where 
E is Kinetic energy (J)
m is mass of vehicle and rider (kg)
v is velocity of vehicle (m/s)
The assumption of a 100% conversion efficiency will result in inaccurate values, as a percentage of the energy will be lost due to the three energy loss groups Straubel identified. This is a property of any moving part and cannot be avoided here on earth. 
When a vehicle is allowed to coast and the brakes are not actuated, the vehicle will still come to a stop but at a significantly slower rate than if brakes were used. The kinetic energy is still dissipated through rolling resistance and aerodynamic drag. When the vehicle is moving these drag forces are constantly acting. The driving power on a vehicle can be calculated by:

[bookmark: _Ref39422676]Equation 2 Driving Power (Ehsani, 2018)
Where
Pd is the driving power (kW)
M is the mass of the vehicle (kg)
g is gravitational acceleration (9.81m/s)
fr is the tyre rolling resistance coefficient
ρa is the air mass density (1.205kg/m3)
CD is the aerodynamic drag coefficient
A is the frontal Area of the vehicle (m2)
V is the vehicle speed (m/s)
δ is the rotational inertia factor
 is the vehicle acceleration (m/s2)
Integration of Equation 2 over the driving time can give both tractional energy and braking energy for a drive cycle. Ehsani (2018) suggests that energy braking in a typical urban area  could reach up to 34% of the traction energy and 80% in large cities (Ehsani, 2018).  Traction energy is the required energy to drive a vehicle, and the braking energy is the energy dissipated through the brakes. The graph below (Figure 2) shows traction and energy dissipation in an FTP75 urban drive cycle.
[image: ]
[bookmark: _Ref39422777]Figure 2 Traction and braking energy dissipation in an FTP75 urban drive cycle (Ehsani, 2018)
     
 The table below (Figure 3) shows the comparison of different drive cycles and their traction and braking energy dissipation levels. From this table it can be seen that braking energy is highest in faster cycles however, slower cycles have a higher percentage of the total energy as braking. This is because of the exponential increase in drag force in relation to speed.        
[image: ]
[bookmark: _Ref39422846]Figure 3 Traction and braking Energy dissipation (Ehsani, 2018)
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
[bookmark: _Toc39448433]Tesla and an efficiency test
A huge advantage to new electrical based vehicles is the increased management of the vehicle system through computer software. This allows features to be added, removed, and improved without ever having to take the vehicle to a dealership or even plug it in at a land-based source. Tesla was able to do an ‘over the air’ (using Wifi) software update with their model 3 in relation to the regenerative braking system and make it ‘stronger’ just over a year after it was launched (Lambert, 2018). Another feature tesla has implemented on their regenerative braking is the ability for the driver to customise its effect. A test of Tesla’s ‘standard mode’ and ‘low mode’ showed results of -0.19g and -0.1g respectively (Omair Siddiqui, 2020).
A recent test performed by the author, with the assistance of Mr. Luke Haynes (2020), who provided the Tesla and assisted with the data acquisition shows the effect of Tesla’s regenerative braking during a real-world drive cycle. The test was conducted using a custom-built model 3 to OBD2 port wiring harness a wireless receiver. The data was acquired using two separate data loggers, Scan my Tesla and TeslaFi. The vehicle used was a Tesla Model 3 Performance Dual motor, which produces a maximum of 577bhp and can accelerate from 0-60 in 3.2 seconds. Figure 4 shows a fuel equivalent consumption and speed over distance during the drive cycle. The horizontal sections show that the net energy consumed is negligible due to the use of the regenerative braking system. The Model 3 returned the equivalent fuel economy of 153mpg over a distance of nearly 20miles including a mixture of rural, city and motorway driving.
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[bookmark: _Ref39445946]Figure 4 Tesla energy consumption during real world drive cycle
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[bookmark: _Ref39447282]Figure 5 Model 3 battery level, speed, and power (Stubbings, 2020)
A section of the drive cycle (Figure 5), where a large amount of braking occurred clearly shows an increase of the battery level as a direct result of the regenerative braking system. In addition, the negative power displayed on the graph shows the amount of power recovered from the regenerative system. It can also be seen that fast deceleration yields the most amount of energy but does begin to decrease once the vehicle is under a certain speed.

[bookmark: _Toc39448434]Regenerative Suspension
Regenerative suspension works in the same way as its fellow braking system, it converts otherwise wasted energy into electrical energy. A basic suspension unit comprises of a spring and a damper, its main function is to maintain contact between the tyre and the surface being ridden or driven on. The spring compresses and expands to follow the undulations of the underneath surface and the damper ‘dampens’ the spring’s action to control its reaction response and stop the spring oscillating any more than needed. The damper works by converting kinetic energy in to heat to be dissipated into the surrounding area.
[image: ]
Figure 6 Diagram of a conventional damper (Harris, 2005)
When the damper moves it forces fluid from one chamber to another through a valve, the size of the valve holes and the viscosity of the fluid change the damping rate. The compression and movement cause the fluid to heat up, similar to the braking system it is this wasted energy that can be recovered. By utilizing the fluid movement, a generator can be turned to create electricity, or you can use a linear magnet and coil setup to create the damping.
[bookmark: _Toc39448435]Audi
Current forms of regenerative suspension include Audi’s electromechanical active roll stabilisation that features an electric motor with a three-stage planetary gearbox system that separates the two halves of the stabiliser. The primary use of this system is as an active suspension system, Audi stated that it results in “taut, sportier handling”, “the car rolls less in the corners” and that “the tendency to understeer is reduced”. However, it has the advantage of being able to recuperate some of the energy lost, thanks to this feature minimal additional power is needed. If the wheels on the same axel are deflected to differing extents, the bumps on the road excite the stabiliser and the motor now operates as a generator.[image: ]
Figure 7 Image of Audi's electromechanical rotary damper (Auto Times News, 2016)
Audi also had a similar prototype in development that uses a lever arm to transmit the motion from the suspension through a gear system to a generator. As well as a generator, the system also acts as an active damper that allows independent variation on the compression and rebound damping. Audi have said the output from this system is on average 150watts with a range of 3 watts to 613 watts from freshly tarmacked roads to poorly maintained country roads (Audi, 2015)
[bookmark: _Toc39448436]Clear Motion Inc.
In 2008 a patent was filed for by a company called Levant Power Corp., which has since been changed to Clear Motion Inc., set up by a team of MIT graduate students. The patent was for a hydraulic ‘energy-generating’ shock absorber called ‘GenShock’ that had a potential to produce up to 10% improvement on fuel efficiency. The students found that an average of 1Kw could be generated from each shock on a 6-wheel heavy good vehicle (HGV). Figure 6 shows the ‘GenShock’ prototype developed by the MIT students. The shock absorber uses the hydraulic principles of conventional dampers to force fluid through a turbine; instead of a valve, that is attached to a generator.  An additional claimed feature for the shock absorber is active control of the damping. The students believed they could save Wal-Mart as much as $13 million per year in fuel if its fleet were converted to using these shock absorbers (Chandler, 2009). 
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[bookmark: _Ref39423097]Figure 8 Image of 'GenShock’ prototype (Chandler, 2009)
[bookmark: _Toc39448437]Formula one
Formula one has been using kinetic energy recovery systems in the form of regenerative braking since 2009. The power recovered from the brakes gives the drivers access to an additional 80bhp for up to 6.7 seconds. The 10% power increase can be worth up to 0.4 seconds per lap and could also be used to get “10 to 20 metres ahead by the first corner” as said by Lotus-Renault’s technical director, James Allison (2011) (Marks, 2011). The implementation of KERS cost the teams between $25m and $40m and added an additional 30kg of weight to the cars. This additional weight was not well received by the teams and had a poor uptake, it was relaunched in 2011 and KERS became common place. This was mainly due to the car weight limit being increased to 640kg, meaning there was no longer a weight penalty associated with it. In addition to its power benefits, the system improved the sport’s ‘green credentials’ by displaying this ‘green’ technology, a step that was needed to show formula one’s commitment towards the environmental effort. (Holt, 2012). 
[image: ]
Figure 9 Image of Formula-E car exploded (Sjursen, 2019)
Electric power was originally used in a hybrid system designed to give an additional ‘boost’ to the cars ICE. Since the creation of Formula-E in 2014, which are driven solely from an electric motor, regenerative braking has been used.
[bookmark: _Toc39448438]Isle of Man TT Zero
Isle of man TT zero has been a part of the Isle of Man TT races since 2010, it consists of a single lap of the 37.7-mile course and has to be completed on a fully electric bike. The motorcycles had to be powered solely by stored electricity, had to weigh between 100kg and 300kg, and the voltage was limited to 800 volts. (ACU Events, 2017). Advancements in electric motorcycles have increased hugely since the beginning of the TT Zero ten years ago. Figure 8 by Lennon Rodgers shows the increase of average speeds for electric and petrol-powered bikes since the beginning of the TT races. 
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[bookmark: _Ref39425656]Figure 10 Graph of fastest average speeds for petrol and electric TT bikes (Rodgers, 2019)
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Figure 11 Image of the Shinden (Oxley, 2019)
The Mugen Shinden was one of the competing bikes in the TT Zero and has dominated the race since 2014. The bike is powered by an oil cooled, three-phase brushless motor that produces an equivalent of 200bhp. Battery technology has always been a big issue in the TT zero with many competitors not even finishing a single lap, but Mugen’s battery technology has improved considerably since its first race, with the charge time being improved from 8 hours to 90minutes. (Oxley, 2019)
Unfortunately, shortly after the start of this project it was announced that TT Zero would be suspended for two years, this was mainly due to a steady reduction in the number of competitors. A Department for Enterprise spokesman also said that the decision would “allow the motorcycle industry" to catch up with the zero-emissions machinery raced in the event (BBC Sport, 2019). In addition, during this project it was also announced that the 2020 TT races were cancelled due to the COVID-19 crisis.
An appropriate question given the suspension of the TT Zero would be: if advancements in KERS would help to revive the motorcycle racing interest and involvement?



[bookmark: _Toc39448439]Literature Review
[bookmark: _Toc39448440]Intertronic Gresser GmbH
Intertronic Gresser also holds a patent for a suspension system that recovers electricity (Patent number 8874291) the patent application describes the system utilisation as “produced within the vehicle by converting kinetic energy, in particular components of the kinetic energy that are caused on the vehicle bodywork as gravitation effects and components of the kinetic energy from curve centrifugal forces and acceleration motions of the vehicle body, the vertical dynamic acceleration motions of the wheels”, this essentially means electrical energy produced by the suspension, which is not just from the wheels reacting to the surface underneath but also from the body reacting to other forces as well (Gresser, 2014)
. [image: ]
Figure 12 Model of Intertronic's regenerative suspension system (Intertronic Gresser GmbH, n.d.)


Intertronic Gresser published a presentation on their research into the “recuperation of electrical energy instead of heat generation in the shock absorbers”. A main feature of the presentation was an analysis of road conditions, which aided in the validation of the suspension system for road use. This was achieved by correlating the condition of road surfaces and the energy yield. They used the statistical analysis of road surface irregularities, which was developed by the road traffic sector. This is including a value for general surface irregularities in cm3 and the undulation, w (dimensionless). They used both of these parameters based on a longitudinal road profile which was measured using the Fourier analysis. Fourier’s analysis is a way of defining a waveform using trigonometric functions, this is made up of the summation of sine and cosine functions, much like the Taylor series: as the number of additions of the functions increases so does the accuracy of the trigonometric representation of the wave (Rouse, 2005). Three measured profiles were used: ‘new road’ – 1cm3, ‘rural roads’ – 6cm3, and ‘bad quality rural roads’ – 25cm3.  
The presentation goes on to say that the energy yield is dependent on several factors. The energy yield will be limited by the efficiency of the conversion of mechanical energy to electrical energy. This includes flow losses in the hydraulic system, friction between mechanical components and losses in the generator. This shows that the company is not considering the vehicular system as a whole i.e. “how much of the energy used by the motor can be converted back?” but focusing purely on the abilities of the regenerative system. Intertronic also say that the results of the numerical analysis of the system show that weight of the vehicle has a high impact on the energy yield, whereas the speed is much less impactful. This is because the increased speed of the vehicle does not increase the speed of vertical displacement of the wheel to the same degree, also the damper will limit the maximum speed the spring can compress and extend. Increasing tyre pressure was also said to increase the energy yield, this will decrease the vertical movement in the tyres and increase the movement in the suspension system in compensation. A suggested efficiency for the overall chain of components was 60% however, this was stated as being higher than the results suggested.
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[bookmark: _Ref39423472]Figure 13 Typical longitudinal road profiles (Intertronic Gresser, 2016)
Figure 11 shows the road profiles used for evaluation purposes. As can be seen there are substantial differences between each road condition.
[image: ]
[bookmark: _Ref39423627]Figure 14 Vertical movement of the wheel, vehicle and driver in a vehicle with conventional suspension (Intertronic Gresser, 2016)
Figure 12 shows a comparison of the road profile and the vertical deflection of the wheel, vehicle, and driver.  This data was taken using a conventional suspension set up, as expected the wheels follow the road profile fairly closely with slightly less deflection on most peaks and troughs, the distortion of the tyre accounts for this. The vehicle and driver deflection shows a much smoother version of the road profile, this shows the suspension is doing a good job of ‘soaking up the bumps’ with only the larger irregularities affecting the car and driver. The driver deflection is also slightly delayed compared with the vehicle deflection. This is because they have considered a spring between the driver and the vehicle, whether this takes shape a physical suspension system or just accounting for structural flex is unclear (Figure 13).
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[bookmark: _Ref39423798]Figure 15 Springs considered for vertical movement of wheel, vehicle, and driver (Intertronic Gresser, 2016)
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[bookmark: _Ref39423917]Figure 16 Vertical movement of the wheel, vehicle and driver in a vehicle with regenerative suspension system (Intertronic Gresser, 2016)
Figure 14 shows a comparison of the road profile and the vertical deflection of the wheel, vehicle, and driver with the regenerative suspension set up. There is no change to the wheel deflection as the changes made occur after them in the model setup. For the vehicle and the driver, the installation of the regenerative suspension system has resulted in zero deflection during the course of the simulation. This could be explained one of two ways, either they have an active damping feature perfectly functioning in a way that provides the ultimate smooth ride, or they have assumed that 100% of the energy is absorbed by the suspension and recuperated as electrical energy. The following graphs show that the latter is the case. 
[image: ]
[bookmark: _Ref39424037]Figure 17 Potential energy yield based on road profile (Intertronic Gresser, 2016)
Figure 15 shows the results of energy yield from the vehicle when travelling at 50km/h over different road surface conditions.  The numerical value of the results is of no significance as a 100% yield is impossible to achieve. They do serve a purpose of being used as a good indication of yield if a known efficiency of the system is used though. The graph also shows how the mass of the vehicle affects the energy yield, with a 40,000kg vehicle producing roughly fifteen times as much kWh/100km as a 2,000kg vehicle. It also shows the biggest change in energy yield being between 1cm3 and 6cm3 (AUN).
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[bookmark: _Ref39424138]Figure 18 Comparison between Intertronic’s results and the equivalent motorcycle weight
Using scaling factors from Intertronic’s results, the results were adjusted to make an estimation of how a motorcycle would fair on this test.  Figure 16 depicts a graph of the motorcycle’s predicted results in comparison to the results of the 2,000kg and 40,000kg vehicles. A significantly low amount of energy is recoverable compared to the other vehicles. This is evidence of Intertronic’s deduction that the vehicle’s mass factors heavily into the energy yield and suggests regenerative suspension systems for motorcycles with a primary function of recuperating energy may not be worth the financial outlay.
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[bookmark: _Ref39424230]Figure 19 potential energy yield based on vehicle speed (Intertronic Gresser, 2016)
Intertronic also simulated energy yield against vehicle speed (Figure 17), this was simulated purely on the rural road profile with 100% theoretical efficiency. When compared with Figure 15, it is clear that speed does not affect the energy yield as much as mass. An increase in speed by a product of 3 only increases the energy output of less than double. Resulting in only a 55% increase in energy yield with increasing speed compared with 75% increase in energy yield with mass.
Based on the results, Intertronic said if a 20 tonne HGV that has a fuel efficiency of 30l/100km (diesel) then their suspension system could result in an equivalent saving of 5.2l/100km of diesel. This is a 17% saving in fuel (based on a 60% efficiency of the conversion system).
Intertronic concludes that their system “has the potential to produce a significant ‘energy yield’” and is particularly advantageous for HGVs. This implies it would not be particularly beneficial for smaller non-commercial vehicles and thus even less so for motorcycles. They also said that the hydraulic system is very efficient at energy conversion and that a conversion rate of >60% would be needed for economical operation. They did not however, provide any evidence to suggest that their system had the ability to reach or surpass the 60% efficiency mark. The final comments of the presentation were additional advantages of the system being “increased driver comfort”, “environmentally friendly” and benefits the user with lower costs. To improve on this, further investigation or explanation could have been offered for the efficiency of each component and how the efficiency of the moving parts may have changed with speed or change in temperature.
[bookmark: _Toc39448441]Regenerative Intelligent Brake Control for Electric Motorcycles
A report, “Regenerative Intelligent Brake Control for Electric Motorcycles” by Aguilar, Fernandez, Garcia, and Carrillo (2017), investigates the use of a regenerative braking system on a motorcycle and how it can be used to create maximum energy yield. The report simulates multiple scenarios that assess the use of an intelligent control system to safely control the bike under braking, while increasing the potential for energy regeneration. 
Aguilar et al begins by making the point that current systems are “designed with a low fixed maximum regeneration rate”. The reasoning given is it prevents rear wheel slip in all road conditions. In addition, Aguilar et al points out that storage systems are too inefficient and have a limited ability to store electrical energy quickly. Further on in the report the suggestion is made to use ‘ultra-capacitors’ to rapidly store the electrical energy made by the generator. Importance placed on safety when braking means these systems do not use all of the regenerative power available. Aguilar et al proposes an intelligent control system that maintains vehicle stability and braking control while recovering maximum electrical energies.
An estimation algorithm is used to obtain tyre forces, vehicle speed and road adhesion, based on this information an algorithm based on fuzzy logic is used to optimise control. “Fuzzy Logic is a generalisation of standard logic” (Elkan, 1999), standard logic applies to concepts that are either true or false, these are represented by the numbers one (true) and zero (false). Fuzzy logic is used for concepts that are vague or that hold a degree of uncertainty. It uses values between zero and one to represent the degree to which the concept is correct (Zilberstien, 1999). 
For the purposes of simulation, the torque on the rear wheel had to be known, this was achieved by modelling the electric motor. Aguilar et al used a Permanent Magnet Alternate Current Motor, with the generated current limited to 150A, the maximum torque that could be applied was 80Nm. Figure 18, shows how the torque relates to the angular speed of the motor by the variation of the accelerator position and the motor’s angular speed.
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[bookmark: _Ref39432309]Figure 20 Torque curves of the electric motor (Aguilar, et al., 2017)
It was observed that the curves are proportional to the throttle/regeneration rate. The positive torque is a product of the motor’s drive and the torque due to regeneration is represented as negative. These results were obtained using a dynamometric test. A model was also created using lookup tables for an adjustment function and using the following equation:

Equation 3 Torque at the rear wheel
Where
T is the torque on the rear wheel (Nm)
φ is the transmission ratio between the motor and rear wheel
f is the adjustment function
ωm is the angular velocity of the motor (rads/s)
TR is the throttle/regeneration rate
A comparison was made the between the real data and the model in order to validate the model. This was done by measuring the response to the controller input. 
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[bookmark: _Ref39424944]Figure 21 Real and simulated response to controller input (Aguilar, et al., 2017)
Figure 19 is the comparison of modelled and measured responses from the controller input. The responses are suitably comparable for the validation of the model. 
The road condition was determined by using the variation of the longitudinal coefficient and level of slip on each wheel (δμ/δs). Wheel slip is the difference in wheel speed and vehicle speed, positive slip is when the wheel’s speed is greater than the vehicles speed while negative slip is when the wheels speed is slower, in this case the slip will be negative as the vehicle is braking. While under braking, slip is defined as:

Equation 4 Wheel slip during braking
Where 
s is the level of slip 
ω is the angular velocity of the wheel
r is the radius of the wheel
vx is the horizontal speed of the vehicle
The longitudinal coefficient value was estimated using the following expression.

Equation 5 Longitudinal coefficient
Where
μ is the longitudinal coefficient
Fxr is the Longitudinal rear wheel force
Nr is the normal rear force
Aguilar et al finished off the simulation preparation by setting up the regeneration control to obtain maximum energy recovery. This was based on the slip error and its variation in time, the slip error being defined as the difference between the optimal slip and the actual slip. This is used as a multiplying factor for the regeneration rate established in the previous time interval. 
The simulations carried out were to show that the control system optimises the energy regeneration on multiple road surfaces and to "evaluate the potential and feasibility of the of the proposed regeneration algorithm”. Multiple simulations were performed using varying road conditions and vehicle starting speeds. The maximum regeneration was limited to 50% which provides 148A, this was chosen to keep the charging current below the 150A maximum recommended by the manufacturer. 
One of the simulations tested the response to the transition between a high adhesion surface, a low adhesion surface and back again. The first two surfaces were 40m each in length, with the final one being as long as needed. 
[image: ]
[bookmark: _Ref39424685]Figure 22 Regeneration rate in simulation (Aguilar, et al., 2017)
Figure 20 shows the control of the regeneration rate during the simulation. The system appears to have a slow reaction to decreasing the regeneration as it transitions from the high adhesion surface to low adhesion surface at the 40m mark. However, when observing this data with the slip data (Figure 21), it can be seen that the system is able to detect the change in surface well and that the delay is from the motor’s reaction time to increasing regeneration as can be observed in Figure 19.
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[bookmark: _Ref39424798]Figure 23 Optimum slip, real slip and speed (Aguilar, et al., 2017)
An interesting proposition that was simulated was how the system reacted in comparison to an Anti-lock Braking System (ABS). Two simulations were conducted, one with a high adhesion surface and a second with a low adhesion surface. The initial and final speeds were 80km/h and 20km/h respectively, and the braking was considered as ‘emergency braking’.
[image: ]
[bookmark: _Ref39425022]Figure 24 Wheel slip and speed (high adhesion) (Aguilar, et al., 2017)
Figure 22 shows that the conventional ABS system was able to slow the bike down faster and within a shorter distance. Aguilar et al said that the regenerative braking system was at a disadvantage as the regeneration rate was limited to 50%, meaning the braking torque provided would not be as efficient as the ABS. This statement was reinforced by the second simulation (Figure 23). In this instance the regenerative system outperformed the ABS, slowing the bike down more efficiently. The low adhesion surface means the motor can produce adequate braking torque to reach optimal slip. This shows the regenerative system has better control over the wheel slip.
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[bookmark: _Ref39425085]Figure 25 Wheel slip and speed (low adhesion) (Aguilar, et al., 2017)
Table 1 (below) summarises the results of the ABS and the regenerative braking system.
[bookmark: _Ref39425221]Table 1 Summary of results (Aguilar, et al., 2017)
[image: ]
This table also includes the results of a simulation with an increased regeneration rate to 80%. The regenerative braking was able to perform better on the low adhesion surface due to “a better and more stable control on the rear wheel slip”. However, it still did not outperform the ABS on the high adhesion surface despite improving its results. 
Aguilar et al concluded that the algorithms used were successful in estimating parameters and controlling the regeneration. In addition, the system recovered more energy than the constant rate systems. Furthermore, the system could replace or work with a conventional friction brake and would cope with any changes to the road’s surface condition. However, the maximum regeneration limit would need to be increased and as a result the battery would have to be upgraded to allow for a higher charge rate or an ultra-capacitor could be used.
It is worth noting that the work carried out is primarily exploratory and for the purpose of increasing regeneration rates. Additional testing and research should be carried out for validating the replacement of the rear wheel brake and ABS. 
Applications in a race setting would allow a rider to fine tune their desired amount of rear wheel slip whilst under braking, and under low adhesion conditions, to assist in controlling the stability of the rear wheel and help to reduce stopping distances. This can be achieved while also maximising the amount of energy recovered during the race. 
There may be cause for debate over variations in amount of energy recovered in wet conditions versus dry and whether this recoverable energy should be relied on to finish the race. Its variation ability, however, would make the regeneration rate optimisation system a must have for any regenerative braking systems being used in a race setting.  

[bookmark: _Toc39448442]Renewable Energy
Looking at renewable energies also has potential to be beneficial towards increasing range and efficiency of the electric vehicle. Wind power can be utilised by using a fan or turbine to turn a generator when a vehicle is decelerating. Thermal energy produced by the battery and motor (or in an ICE) could also be harnessed. Due to time constraints and the additional need of a second project the above-mentioned methods were not researched however, are worth mentioning as future possibilities for the transport industry. 
Whilst there is a limited amount of research on these topics specifically applying to vehicles, Hassan Fathabadi has written two research papers on these subjects. “Possibility of Utilising Wind Turbine to Recover a Portion of the Kinetic Energy Losses of a Car”, this concludes that with the use of 100w turbine and a permanent magnet synchronous generator (PMSG) within an electric vehicle gained an additional 6.4km, an increase of 0.2% (Fathabadi, 2019). In addition, Fathbadi’s paper titled “Internal Combustion Engine Vehicles: Converting the Waste Heat of the Engine into Electric Energy” concluded a recovery of 1kWh of electrical energy after 17 hours of engine running. A thermally regenerative electromechanical cycle system was used to harvest the heat energy from the engine which captured between 6% and 7.2% of the engines waste heat energy (Fathabadi, 2018).

[bookmark: _Toc39448443]Simulation
Based on the research performed and reviewed up until this point it was concluded that regenerative braking would be the most beneficial method to simulate for a motorcycle within a race setting.
[bookmark: _Toc39448444]The Data
The isle of man TT mountain course used for the simulation was chosen for specific reasons: the track length is 60.72km, long enough to gather multiple braking scenarios to increase accuracy of the results; the track is made up of public road and so contains both an element of track and public road conditions, this would have also been beneficial for the suspension simulation.
[bookmark: _Toc39448445]Methodology
The data provided by Dr. O Williams was exported from the analyser into an excel spreadsheet. For analysis of the data the appropriate channels were singled out : Time (s), distance (m), front wheel velocity (m/s), rear wheel velocity (m/s), throttle position (%), and braking pressure (bar). The motorcycle had an assumed weight of 200kg (in accordance with the TT Zero Regulation) and the rider weighed 75kg. Software used for the data manipulation were Microsoft Excel and 2D Data Analyser.
[bookmark: _Hlk39220470]Firstly, an analysis of accelerating versus decelerating was performed, due to the nature of the event being a race a rider’s time is split between accelerating and decelerating, constant speeds are not seen. To differentiate between acceleration and deceleration, an ‘if statement’ was utilised, this produced the number one if the bike’s speed increased and a zero if the bike’s speed decreased. Following this, the throttle position and braking pressure were also analysed in the same respect. The rider was deemed to be braking if the brake pressure measured >0.1bar. The state of the engine braking was decided by the throttle position, if the throttle position began to decrease the bike was identified as being under engine braking. Analysing the throttle position and braking pressure allowed the differentiation between the rider using just engine braking to slow the bike down or brakes as well. This was important for deciding how much of the deceleration could be done with the regenerative braking system and how much would still require hydraulic intervention. The break down of the bike’s acceleration and deceleration are shown in Table 2.
Table 2 Accelerating and decelerating time distribution
[image: ]
Table 2 shows decelerating accounts for 37.69% of the total lap time and braking takes place for 23.35% of the total lap time. The 14.34% difference is the time spent decelerating just by the engine braking. It is this percentage that was used for the regenerative braking calculation. This assumes that the resistance of the motor from generating electricity is the same as the resistance of the engine when the throttle is closed. An advantage of the regenerative braking system in a race setting is that the slowing affect it has on the bike can be easily be altered to the rider’s specifications. 
The potential energy recovered by the regenerative braking system was calculated using the kinetic energy equation (Equation 1). The change in velocity determines the change in kinetic energy, and the maximum amount of energy potentially recovered by the braking system. Integrating the differentiation between engine braking and hydraulic braking begins to show a more realistic value for the amount of energy that is actually recoverable.
A way to increase the energy yield of the braking system is to increase its involvement in the braking process. By attaching a sensor onto the brake lever, the first part of travel can be utilised to increase the effect of the regenerative braking power, at the rider’s discretion. This is calculated by increasing the threshold for the brake pressure before it is recognised as braking. This works better than just adding additional percentages of the calculated energy as braking pressures will not have been used an equal amount of times.

[bookmark: _Toc39448446]Results and Analysis
The potential energy recovery from the braking system is calculated at just under 7.3Gj (2kWh).  Figure 24 shows a graph displaying additional levels of the braking being done with the regeneration system instead of the brakes. This assumes that the resistance of the generator is still equal to the engine braking but when the brake lever is pulled in, it increases the resistance of the generator for a percentage of the travel before the hydraulic system kicks in. The graph also shows the change in regenerative braking as the braking pressure threshold increases. This shows that of the 50% braking value, most is happening in the 10%-20% region, where less braking occurs in the 30%-40%. This helps to tailor the regenerative braking capabilities to this particular circuit, and how this particular rider reacts arounds the circuit.

[image: ]
[bookmark: _Ref39434300]Figure 26 recoverable energy as regenerative braking % increases and change in braking


As evidenced above (Figure 24) there is additional potential energy to be gained by increasing the involvement of the regenerative braking system in the braking process.  
[bookmark: _Ref39434745]In accordance with the isle of man TT regulation, a maximum of 24litres of fuel is permitted. Based on the assumption that the bike is refuelled every 2 laps and uses nearly all of its fuel in this time, the bike is using approximately one litre of fuel every 5.06km (or just over 14mpg). A fuel equivalence was calculated for the amount of energy recoverable. Petrol contains 31.536MJ of energy per litre. By use of this figure the electrical energy recoverable by the regenerative braking system can be expressed in terms of a fuel amount. The table below (Table 3) shows recoverable energy in the equivalent volume of fuel (litres). This value was used along with the fuel economy of the engine to calculate the additional range the bike would gain during a single lap of the race.
Table 3 Summary of data
	Braking (%)
	Energy recoverable (kWh)
	Fuel Equivalent (l)
	Additional Range (km)
	Percentage of total lap (%)

	23.35
	2.02
	0.23
	1.17
	1.92

	18.66
	2.68
	0.31
	1.55
	2.55

	14.43
	3.28
	0.37
	1.89
	3.12

	11.67
	3.66
	0.42
	2.12
	3.49

	9.10
	4.03
	0.46
	2.33
	3.83

	5.79
	4.49
	0.51
	2.60
	4.27



The extra range shows an increase of between 1.9% and 4.2% of the total distance of the lap. The equivalent fuel saved would be between 0.23 and 0.51 litres per lap. This is a potential saving of 3 litres over a 6lap race. The energy yield also has the potential to increase if the negative torque from the regeneration is strong enough to completely take over from the rear brake. If this were to happen this system would be operated by a sensor on the rear brake pedal that would vary the regeneration effect with pressure on the lever. This allows the rider to remain in control of their own brakes.

[bookmark: _Toc39448447]Conclusion
Based on the results from the TT race data, the regenerative suspension system for motorcycles would be best used primarily as an active damping suspension system, with an additional function of being able to recuperate energy for its own use. This would make it a low power consuming unit and put less strain on the battery for power. 
Furthermore, the utilisation of the regenerative system as an intelligent control system for rear wheel slip similar to the proposed system by Aguilar et al, would provide further advantage. This system would outperform conventional ABS as suggested in the study of “Regenerative Intelligent Brake Control for Electric Motorcycles” (Aguilar, et al., 2017) especially if a higher regenerative rate could be achieved. Wet conditions on the TT course would give opportunity for a distinct advantage against motorcycles without the system, as braking distances into corners would be reduced. 
Regenerative suspension systems would not provide any tangible energy benefits, based on the research of Intertronic Gresser the lightweight feature of a motorcycle would mean energy yield would be very limited. However, similar to the braking system, having an active damping system on uneven and varying road surfaces would provide further advantage in the stability aspect of the bike. The recovered energy from the system would reduce the net energy consumption of the unit, which would contribute towards power availability for the motor. 
The potential energy yields could make a useful contribution towards the range of the motorcycle and could be the difference between a motorcycle finishing a race or not. In the case of providing enough power for a bike to finish a race, the regenerative braking system would be an invaluable addition to have. On a bike that does not have an issue with finishing a race the additional energy would allow additional power to be used at crucial acceleration points which could provide an important time advantage. 
It can be conclusively said that the technical advancements for KERS could provide teams with the necessary tools to compete in electric motorcycle racing more effectively and promote further innovations within the electric sector of the motorcycle industry.


[bookmark: _Toc39448448]Evaluation
The calculations conducted on the race data gave a useful indication of potential energy yields from regenerative braking. Further work could be done to refine the values to provide more significance and for evaluation of cost versus benefit. Additional factors to be considered would be efficiency of the energy conversion system, the rolling resistance and aerodynamic drag. A comparison of the potential yields of the regenerative braking system would have also provided more insight into its advantages and disadvantages compared to regenerative braking in a race environment.
For further research, renewable energies could be investigated, and calculations performed to gain comparative results against the commonly used regenerative braking system. The potential could be measured for the use of turbine to recover energy during deceleration, and how this may affect the stability of the bike through reconfiguration of the aerodynamics. The heat produced from a motor and battery could be measured to estimate energy yields from a thermally regenerative electromechanical cycle system, as used by Fathabadi.



[bookmark: _Toc39448449]Pandemic Impact
The Covid-19 pandemic had a large impact on this project. Due to the closure of the University of Wales Trinity Saint David resources were reduced. In addition, the author held a part time job which once the pandemic became a growing public concern increased to full time in order to assist the elderly, vulnerable, and those self-isolating. This caused a significant reduction in the time available for the completion of this project and other ongoing coursework. 
Given the extra time and resources, the project would have given an added focus to the regenerative suspension by further development of the simulation on the TT lap data to include potential energy gains from the suspension,  which was not included in the final results due to lack of time for development. This aspect of the simulation was based on V. Cossalter’s equation for energy dissipation by a shock absorber:

Equation 6 shock absorber energy dissipation
Where
Δ is the amplitude of the shock absorbers movement (m)
v is the velocity (m/s)
Cc is the compressive damping coefficient
Ce is the extensive damping coefficient
(Cossalter, 2006)
In addition, an experiment would have been undertaken to validate the suspension data using a shock absorber and measuring the amount of heat energy dissipated while oscillating under set conditions. Varying of speed and amplitude would have given results to compare their effects on the heat produced. This would have been linked to the conditions of the road surface and the speed of the vehicle. 
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FIGURE 14.2
Traction and braking energy dissipation in an FTP75 urban drive cycle.

TABLE 14.1
Vehicle Parameters Used in This Paper

Item Symbol Unit Value

Vehicle mass kg 1500 (fully loaded), 1250 (unloaded)
Rolling resistance coefficient 0.01

Aerodynamic drag coefficient 0.3

Front area 22

Wheel base 2.7

Distance from gravity center to front wheel center 1.134 (fully loaded), 0.95 (unloaded)
Gravity center height 0.6 (fully loaded), 0.5 (unloaded)

FIGURE 14.3
Forces acting on a vehicle in braking.
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