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[bookmark: _Toc124676845]Introduction

This paper investigates the validity of converting a gasoline vehicle from a solitary internal combustion engine (ICE) configuration to a hybrid vehicle via the use of kinetic energy recovery and storage systems. The vehicle studied in this investigation is a 2012 Toyota GT86, a front engine, rear wheel drive sports car utilising a 4 cylinder, 1998cc petrol boxer engine as its primary power source. This investigation involved assessing the vehicle’s tractive and braking energy values based off the Class 3 Worldwide Harmonised Light Vehicles Test Procedure (WLTP), a test procedure enforced to measure passenger vehicle fuel consumption, CO2 emission, and other pollutant levels (Worldwide Harmonised Light Vehicle Test Procedure | VCA, n.d). These energy values were used to determine a suitable Kinetic Energy Recovers System (KERS) to retrofit to the vehicle, considering component efficiencies, sizes and location within the vehicle. Considerations into the change in driver feel will also be discussed.




[bookmark: _Toc124676846]Background and Literature

Plug-in Battery Electric vehicles (PBEV), Plug-in Hybrid Electric Vehicles (PHEV), and Hybrid Electric Vehicles (HEV) are becoming increasingly popular with fears about vehicle emissions and the harmful effects the automotive sector has on the environment. This, backed by the UK governments pledge to halt all sales of conventional petrol and diesel cars by 2030 means that the transition to EV’s and HEV’s is inevitable (www.GOV.UK, 2020).

[bookmark: _Toc124676847]Plug-in Battery Electric Vehicles

These vehicles run solely on electricity to power them, making them a zero-emission vehicle. They require the battery to be recharged before it depletes, with no ICE to fall back on. Due to this, a major issue that remains with the PBEV vehicles is a terminology branded as “range anxiety”. Automotive World described this term as the underlying fear of not being able to reach a charging station before the vehicle’s charge levels deplete. This fear has been lessened in recent years as EV range has increased around 15% to an average range of 200 miles/320Km (How to say goodbye to EV range anxiety, 2021). This is enough range for daily trips and medium range driving, however a 2020 study by the RAC highlighted that this still falls short of 375 miles that PBEV and PHEV drivers say they wanted. (RAC Drive, 2020). 

[bookmark: _Toc124676848]Hybrid Electric and Plug-in Hybrid Electric Vehicles

PHEV’s and HEV’s are the stopgap between PBEV and fossil fuel ICE engines. They incorporate energy harvesting and storage systems working alongside an ICE engine. This means that these systems still produce emissions but on a smaller scale than the conventional ICE system. These systems resupply the harvested energy back into the vehicle drive under acceleration, allow the engine to be downsized, aiding in a reduced fuel consumption. Additionally, the harvested energy can be deployed at points where an engine is most inefficient, such as starting the vehicle from stationary, high acceleration scenarios like overtaking, and high load scenarios such as driving up an incline, further decreasing fuel consumption.


 The main difference between the two hybrid variations is that PHEV’s have a bigger battery capacity than HEV’s allowing them to run for an estimated 35-40 miles on fully electrical power compared to the estimated 1-2 miles on HEV’s. This makes PHEV more efficient for longer journeys, whereas the HEV excels at short stop start journeys, such as inner city driving (DS Automobiles, n.d). This report will analyse which of these systems would be best suited for the investigated vehicle, as well as which type of energy harvesting system will be the most efficient for the vehicles intended use.

[bookmark: _Toc124676849]WLTP Data and Analysis

This section displays the WLTP data for the GT86. The WLTP is a worldwide test for passenger vehicles to assess their pollutant levels, fuel consumption, and CO2 emissions over strictly controlled, pre-set, speed and times. The cycle is broken into 4 sections: low speed, mid-range speed, high speed, and ultra-high speed. Figure 1 displays the test velocities against time.

[image: ]
[bookmark: _Toc124676860]Figure 1: WLTP Cycle
The GT86 was chosen as it a versatile vehicle. Its powerful enough to be used on track yet economical enough to be used under daily driving conditions. It has a reputation of being a slow sports car, so additional power from hybrid technology would improve the vehicle’s power as well as improve miles per gallon (MPG). 
The GT86 has a 4 cylinder, 1998cc naturally aspirated petrol engine producing 147 KW (200 HP) and 205 Nm (151 lb/ft) torque. It produces 181 g/Km of CO2 with an average fuel consumption of 36 MPG. On average, hybrids use 30% less fuel per mile than an ICE ( RAC Drive, 2021), suggesting that if an efficient energy harvesting system was installed, this vehicle’s fuel consumption would improve to an estimated 51.43 MPG, as seen in Table 1. However, this value would likely be an overestimation as this system’s intended use would be to increase performance instead of a purely economical improvement. 

[bookmark: _Toc124676870]Table 1: Hybrid GT86 Estimate Fuel Efficiency
[image: ]
A rolling resistance coefficient of 0.02 was used referring to standard car tyres on tarmac (Rolling Resistance, n.d). The frontal area of the vehicle was derived from the length and heigh values displayed in Figure 2 and equates to a total of 2.343m. Figure 1 also displays the drag coefficient of 0.27.
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[bookmark: _Toc124676861]Figure 2: GT86 Exterior Dimensions and Specifications

These values were inputted into Microsoft Excel to calculate the frontal area and aerodynamic resistance of the vehicle, along with other calculations such as the rolling resistance and total forces, displayed in Figure 3.
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Description automatically generated with medium confidence][bookmark: _Toc124676862]Figure 3: Total Force calculations for Toyota GT86 under WLTP Cycle


The forces were overlayed into a graph to provide a visual reference of the magnitude of each force, displayed below in Figure 4. This displays the first 120 seconds of the low-speed test.
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[bookmark: _Toc124676863]Figure 4: Graph of All Forces Acting on the Vehicle, 0-120 Seconds
These values were then used to calculate the power forces the vehicle produced during the cycle. The power was calculated in Watts initially, before being converted into KW/h. This produced both positive and negative numbers which were then separated to provide the tractive and braking energies respectively as shown in Figure 5.
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These values were implemented into a graph (Figure 6) showing the cumulative tractive energy and cumulative braking energy against time for the entire WLTP. The braking has been inverted from negative to positive for evaluative purposes against tractive forces.
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[bookmark: _Toc124676865]Figure 6: Graph of Cumulative Traction and Braking vs Time
Figure 6 shows that the tractive and braking energies are of similar value up until 600 seconds, at which point the tractive energy required begins to exponentially grow in relation to the braking energy. At this point in the WLTP cycle, the test has finished the low-speed tests and moves on to the middle speed test, increasing the maximum speed from 56.5 Km/h in the low speed to 76.6Km/h. This implies that the forces acting on the vehicle at higher speeds, such as aerodynamic resistance, require more power to overcome.
The cumulative tractive energy has a maximum value of 2.75 KWh compared to 0.93 KWh from cumulative braking. The difference between the two equates to the energy lost as heat, light and noise, when braking making this energy unrecoverable by a kinetic energy recovery system. The most suitable energy harvesting period is during braking. 
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There are 2 main types of KERS, mechanical, electrical, and electro-mechanical. 

[bookmark: _Toc124676851]Mechanical Kinetic Energy Recovery

Mechanical systems use a constantly variable transmissions to transfer energy to and from the driveline and uses flywheel technology to store the energy recovered during braking. The CVT is required as the engine and flywheel operate at different speeds. Under braking, the vehicle speed is reduced yet the flywheel speed is increased, up to 60000rpm in some cases, as energy is stored. The opposite happens under an acceleration event; the vehicle speed increases, and the flywheel speed decreases as energy is depleted and sent back to the wheels. The CVT allows for this variation between the speeds by seamlessly changing between various combinations of non-defined gear ratios (Radhika Kapoor and C. Mallika Parveen, 2013). This system has few energy conversions through the system and is regarded as 70% efficient.

[bookmark: _Toc124676852]Electrical Kinetic Energy Recovery

The second system is electrical. These systems harvest energy via the use of electric motor-generator units (MGU’s), a battery, and a power control unit (PCU). The MGU has 2 sets of coils wrapped around a single rotor, allowing for both energy harnessing and deployment. The harvested energy is then sent to a battery, usually Lithium Ion as it 55% lighter, stores energy faster, has a much longer cycling performance, and has a greater power delivery over its discharge cycle compared to standard lead acid (The Complete Guide to Lithium vs Lead Acid Batteries - Power Sonic, n.d). The drawback of these battery storage systems is the cooling. The battery becomes hot due to the constant charge-drain cycle so a robust cooling system must be implemented to maintain the correct operating temperatures, increasing weight and component size. To overcome this, banks of ultra-capacitors may be used instead as they share more attributes with a flywheel system such as the ability to quickly store and release energy more efficiently. The PCU controls the inversion of polarity, effectively switching the MGU between a motor and generation unit. Under braking, it will activate the coils that harvest energy, under acceleration it will activate the motor coils, sending energy back to the wheels. These systems have more electrical losses through the system and are regarded to have an efficiency of 31-34%  (Prasad Lohar, 2016). 
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The third type of KERS is a combination of both electrical and mechanical KERS. These systems may run MGU’s at the wheels yet store the energy in a flywheel system that links directly to the MGU’s. Porsche designed a race car that utilised this system, allowing the driver 5-7 seconds of KERS deployment to two 80hp MGU’s attached to the front wheels. They stated that this system weighed less than a conventional battery storage system, simultaneously increasing power yet saving weight. However, it was also stated that the flywheel system wasn’t capable of storing large amounts of energy and that battery technology is a more stable, long-term solution for energy storage on an average vehicle hybrid system (Eric Tegler, 2021). 

There are additional Kinetic energy recovery systems available such as Hydro-electric and hydraulic KERS that are implemented on larger vehicles, yet these are unsuitable for passenger vehicles as they require a large packaging space that becomes inefficient on smaller vehicles. 

[bookmark: _Toc124676854]Driver Feedback and Vehicle handling

Aforementioned was the Porsche torque vectoring solution to vehicle handling. If this torque vectoring wasn’t implemented, the predominantly rear wheel drive vehicle car would begin to mildly torque steer from the front wheels, leading to an understeer characteristic when KERS was activated. This is not an issue with front wheel drive vehicles as the suspension geometry is already set to compensate for these effects as they are the primary driving wheels. 

Another factor drives may experience on PBEV’s and PHEV’s is noticeable deceleration when releasing the accelerator pedal. These types of vehicles have higher energy harvesting than a HEV’s with bigger MGU’s and batteries. Drivers have reported that the effect is so strong that, if driven sensibly, the brake pedal barely needs to be used to slow the vehicle from a moderate speed. When they do need the brake pedal, some drivers noted an odd sensation on certain hybrid systems as the vehicle switches from regenerative braking to conventional hydraulic brakes (John Tallodi, 2022).





GT86 Hybridisation

This section evaluates the data and assesses the best system from retrofitting a hybrid system onto the chosen vehicle. Due to the intended usage of this car being performance based as well as economy, a lightweight system would be preferable to a heavier system. This suggests that this vehicle should be converted to a HEV rather than PHEV. Additionally, the flywheel system would be the most suitable choice as the system is 70% efficient, is lighter due to the lack of batteries and cooling systems, and the flywheel can be mounted centrally to the vehicle to maintain weight distribution. To maintain the vehicle handling feel, the fully mechanical system should be implemented with the CVT gearbox, providing power through the driveline to the rear wheels only. This system does have a drawback though, the energy capacity of the system is limited, so under economical driving conditions, KERS would need to be deployed under high load scenarios to optimise the efficiency of the vehicle. As this is a mild hybridisation of the vehicle, heavy deceleration should not be felt when the system is harvesting energy and only small changes to brake feel should be noticeable.

 Figure 7 displays the WLTP cycle with the regenerative braking portion that is returned to the road wheels added for reference against tractive and braking energy.
[image: ]Figure 7: Graph of Tractive, Braking, and Regenerative Braking vs Time, WLTP
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Conclusion

This report has summarised hybridisation methods for a passenger vehicle, specifically a Toyota GT86. Difference variations of hybrid vehicles were analysed alongside alternative ways to implement the KERS to assess which method is suitable for the vehicle. Using the WLTP drive cycle as reference, it was determined that the vehicle would only need to store small amounts of energy for high power output rather than large amounts of energy for economical driving. For this reason, a mild hybridisation method was chosen, using flywheel and CVT technology to harvest and redeploy power. The systems small capacity means that the vehicle driver should redeploy the KERS under high load scenarios to optimise the power delivery. With this system fitted, it was estimated that under the correct driving conditions and KERS deployment, the vehicle’s fuel consumption would reduce, and its MPG should increase to an estimated 51.43 MPG.
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