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[bookmark: _Toc135992192]Kinetic energy recovery system introduction:
Kinetic energy recovery takes some of the energy lost due to braking and stores that energy ready to assist with powering the vehicle. Regenerative braking systems cannot replace friction brakes. This is due to limited storage capacity; limited power flow capacity and limited ability to distribute braking force. In series, the kers system is charged and then the friction brakes take over slowing the car down when its fully charged. This should be done smoothly and have the same pedal feel and the same ABS/ESP/TCS functionality. Temperature, debris, moisture and materials affect this. This is usually done with electrical friction brake application and full brake by wire (electrical braking). In parallel, the friction brakes and kers work at the same time. There are different types of kinetic energy recovery systems: Mechanical, Electrical, Hydraulic and Chemical (or combinations of).
KERS reduces carbon dioxide and emissions, it improves the vehicles fuel efficiency (BSFC) and it decreases brake pad wear (which would be useful in endurance racing events). It also gives the car more power, that would otherwise be lost to braking, and can be used engaged the driver desires.


[bookmark: _Toc135992193]Porsche Technical Specifications:
The vehicle I have chosen to investigate is a 2019 Porsche 911 GT3 RS
Curb Mass: 1430 kg
Frontal Area: 2.14 m^2
Rolling Resistance Coefficient: Michelin Pilot Sport Cup 2 – 0.00941 N/N (toptirereview)
265/35 - 20 (front tyres)
325/30 - 20 (rear tyres)
Coefficient of Aerodynamic Drag: 0.36
Power – 387764 W
Power to Weight (W/Kg) – 271
Max Speed – 193mph 311kph
For the Worldwide Harmonised Light Vehicles Test Procedure test, this would fall into the class 3 as the power to weight is above 34

[bookmark: _Toc135992194]Mechanical KERS (Flywheel):
Rather than turning the energy from braking into heat, the KERS turns it into useful energy that you can use to accelerate (or power electronics / charge battery). As you brake, it sends rotational energy into some motors which then act as generators. This electricity is then passed to the flywheel (mass with inertia). When you want to use this rotational energy the process is reversed to power the wheels.
Formula 1 KERS: The flywheel is contained in a containment ring. The flywheel is made of carbon filament wrapped around a steel ring. Due to its high tensile strength, it stops it from shattering at such high RPM. This weighs roughly 5kg. This gives the KERS a high power density. In order to reduce friction and heat losses, the flywheel is kept in a vacuum. The flywheel reaches speeds of up to 64,500 rpm which means a smaller and lighter flywheel can be used. This system can store 60kW but due to the high speeds of the shaft, the torque is only 18Nm. Magnetic bearings are also used to significantly reduce the friction, also mechanical bearings wouldn’t be able to handle the friction of the flywheel.
Another setup can be used which the unit sits between the engine and the transmission (clutched flywheel transmission). This uses lots of gears and high speed clutches. The gears in the KERS combines with the gears on the transmission to provide a number of ratios between the gearbox and flywheel. The clutches ensure a smooth transition with no torque interruption. This is small, lightweight and cost effective. In formula 1 the flywheels are capable of 60kW and 400kJ per lap and weighing only 18kg. (Racecar engineering).










[bookmark: _Toc135992195]Positives of a flywheel: (researchgate (2013))
It can store lots of energy for its weight.
It can store the energy efficiently. Tests have proven that the KERS can recover and restore 70% of the cars energy.
It can be charged / discharged very quickly.
It’s more efficient compared to electro hybrid systems.
It’s cheaper than electro hybrid systems. And the maintenance cost is low.
It offers significantly lower fuel consumption. The lightweight design means that it is more beneficial to use it than not use it for better fuel consumption.
It is compact so it can fit into most vehicles easily (for cars it would go in the passenger side for better weight distribution).
It reduces brake wear.

[bookmark: _Toc135992196]Negatives of a flywheel:
Failure of the flywheel at 60000 rpm and with 400kJ of energy would cause massive amounts of damage. Therefore a lot of focus has to be on safety. If this was to happen, the company and the system itself would risk being obsolete.
Bigger flywheels can store and deliver more power but that comes at the cost of additional weight to the vehicle. This can not only affect the handling, but a lot of racing series (such as f1) have a weight limit. Sometimes the extra fuel consumption would be more than if the system wasn’t put in place originally. (KERS in F1 (2016)).


[bookmark: _Toc135992197]Other types of KERS: (comparative study on various KERS (2013))
Ultracapacitor –  (An ultracapacitor means that it is longer life, rapid charging, low internal resistance, high power density compared to a capacitor). A generator charges the capacitors as the driver brakes just like the flywheel. These were used in F1 (Any 3 forms of KERS from mechanical, ultracapacitor and hydraulic). There is a risk of shorting out if its not properly grounded.
The electrical KERS uses an electromagnet to transfer the kinetic energy to electric potential energy that is eventually converted to chemical energy that is stored in a battery. It then redelivers the stored energy to the drive train by powering a motor (KERS in F1 (2016)). A hydraulic KERS uses a pump in place of the MGU and an accumulator in place of the batteries. So when driver applies the brake the rotational energy is harnessed by the pump as it pumps the fluid into the high pressure accumulator from the fluid reservoir. (Auto space (2012)).

Here are a few visual representations for comparison to the different types of KERS. As you can see the Flywheel system is the cheapest, more reliable and lasts longer. Batteries would have to be replaced more often (last less cycles). (Auto space (2012)). For a normal road car, a battery might be a better option as the kinetic energy in the flywheel is always depleting whereas the energy in the batteries can hold their state of charge over a long period of time.
[image: ][image: ]
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Description automatically generated]Figure 3 shows a comparison between power and energy densities with all the different types of KERS that were shown in the wk6 lecture. The batteries discharge when they release energy. They don’t last for many cycles and the more cycles they go through the less efficient they get. Lead acid batteries are cheap (have last for the least amount of cycles (200)) although the valve regulated ones are more expensive (safer, no drying out, vibration resistance and it may require thermal management). NiMH are more expensive, have a lower cell voltage. They last around 800 cycles. Li-Ion is a similar price to NiMH and due to their complex battery management you must not overcharge. Charge acceptance and Depth of discharge (usable range) is an important factor when comparing batteries as the DOD shows the efficiency (looking at the number of cycles curve). Some of the batteries are sensitive to temperature as well such as NiMH.
[bookmark: _Toc135990058]Figure 1
[bookmark: _Toc135990059]Figure 2
[bookmark: _Toc135990060]Figure 3

[bookmark: _Toc135992198]Flywheel Specifications: 
(ars technica (2021))
Porsche 911 GT3 R Hybrid KERS:
It uses a generator mounted between the two front wheels to gather the energy from braking. This KERS helped Porshe lead the Nurburgring 24hr race in 2010 up until they dropped out 8 hours before the end. This was mainly down to a 25% increase in fuel effieciency.
Made from aluminium and carbon fibre - at speeds of up to 40,000rpm
2 electric motors 60kW each (120kW total)
Power used in 6 seconds
Carbon fibre composite flywheel is 0.406m diameter (this doesn’t take up much space and can be located in the cockpit with the driver so this system is compatible with the car that I have chosen)
Capacity: 0.2 kWh (or 720kJ)
Weight of flywheel and support structure: 47kg (I would assume the flywheel to be between 8-9kg)
M=(2xKe)/(k^2 x angular vel^2) (assuming k=0.707x0.203) This would mean the flywheel is 4kg but the mass in the flywheel might not be evenly distributed and this is assuming 100% efficiency.
Over a million cycles
2.55 kW/kg (power density)
I couldn’t find the efficiency for the system but a similar system has an efficiency of 70% (Racecar engineering)


[bookmark: _Toc135992199][image: A screenshot of a computer

Description automatically generated]Cumulative tractive energy and cumulative braking energy:[bookmark: _Toc135990061]Figure 4

As you can see in figure 4 and figure 5 there is a line for cumulative tractive energy and cumulative braking energy. The difference between these two is the mechanical losses (eg. due to friction). With the higher speed tests the difference between these two gets larger. This makes sense as the faster the car goes the more resistive force the car will be experiencing and therefore would require more tractive force. Adding a KERS would significantly reduce these losses (at least while it is activated).
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Description automatically generated]The kinetic energy that is recovered is following the red line (cumulative braking energy) up until it reaches the maximum storage of the KERS system (720kJ) and then the friction brakes will smoothly takeover for the rest of the braking. (This is assuming the KERS is 100% efficient).



[bookmark: _Toc135990062]Figure 5

[bookmark: _Toc135992200][image: A screenshot of a computer

Description automatically generated]Kinetic energy change over time graph:[bookmark: _Toc135990063]Figure 6
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Description automatically generated] The steepest part of the graph on figure 6 is the last bit where the car is decelerating. The vehicle goes from having 951kJ at 1732 seconds and then no kinetic energy at 1803 seconds. This is a 951kJ drop in 71 seconds. This would give a power of 13.39 kW that could go into the KERS. 951 kJ is the largest amount of kinetic energy that car has throughout the whole test.
[bookmark: _Toc135990064]Figure 7
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Cost is the main drawback of every Hybrid vehicle.
Causes of high cost are the materials used in making these
vehicles and their storage technologies. Figure 6 shows that
flywheel system is the cheapest after batteries with 15% and
6%. However, flywheels are currently use because of the
efficiency they give in this low cost. Batteries cannot store
enough cnergy and hence charge and discharge quickly.
Hydrauic systems are the most expensive of them all
followed by super-capacitorswith  47% and  32%
respectively.

V. CONCLUSION
KERS is an effective type of regenerative braking which
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