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1. [bookmark: _Toc216037430]Introduction 
1.1. [bookmark: _Toc216037431]Background
Kinetic Energy Recovery explores the idea of designing a system that will reduce fuel consumption and toxic gas emissions. This report is about the main motivation for these KERS systems, which would be the tightening of emission standards. Vehicle manufacturers use various methods to reduce the harmful emissions such as hybrid drives with energy recovery systems and utilizing exhaust gas recirculation. The first KERS designs were in 1949 in something called a “Gyrobus” that used a flywheel recovery system, this then led to the first concepts of the hybrid car in 1970 that used a similar system, but it was directly linked to the powertrain which requires a more complicated system.
This research is what aided developers and manufacturers of modern hybrid and electric cars in both civilian settings and in motorsport.
1.2. [bookmark: _Toc216037432]Report Objectives
The objectives of this report are to correctly research and identify different KERS systems and choose one correct for the vehicle chosen, choosing a vehicle, the dynamic analysis of that selected vehicle. This would include finding the required vehicle specifications, calculating energy from those specifications, and analysing the performance of this vehicle to determine which KERS system would work best.
1.3. [bookmark: _Toc216037433]Selected Vehicle Rationale
The chosen vehicle for this report is a 2017 Volkswagen Golf 5-door. The vehicle was chosen as it has a high production volume which means that the technical specifications are posted in many technical papers, owners forums, or by manufacturers themselves. This also means that the further analysis is for the wasted braking energy that the hypothetical KERS could recover.


2. [bookmark: _Toc216037434]Vehicle Dynamics and Energy Requirement Analysis 
2.1. [bookmark: _Toc216037435]Vehicle Specification and Test Cycle
2.1.1. [bookmark: _Toc216037436]Required Dynamic Characteristics
The researched values for this vehicle are:
[bookmark: _Toc216022831]Table 2‑1: Table of Researched Values
	Test Mass
	1560

	Frontal Area
	3.024284

	Coefficient of Drag
	0.32

	Coefficient of Rolling Resistance
	0.01

	Air density
	1.293



All of these values are taken from websites where specifications are posted and kept for a number of different vehicles and vehicle manufacturers.
2.1.2. [bookmark: _Toc216037437]WLTP Cycle
The Worldwide Light vehicle Testing Procedure is the system that replaced the older “New European Driving Cycle (NEDC)” which provides figures that are much closer to real-world driving conditions. The WLTP Driving Cycle is a more dynamic and stringent laboratory test than the NEDC, which is based on a global statistic survey of real driving profiles.
The WLTP cycle is characterized by four phases, or speed segments, which simulate road types. The four phases are:
· Low [This is for city driving where the maximum speed is 56.5km/h or 35mph]
· Medium [This phase is for town or suburban driving where the maximum speed is 76.6km/h or 50mph]
· High [This is for rural or main road driving where the maximum speed is 97.4km/h or 60mph]
· Extra High [This phase is for motorway or highway driving where the maximum speed is 131.3km/h or 81mph]
These phases are the basis for the testing of vehicles in this more modern WLTP cycle. The chosen vehicle tested would be subject to testing in a 23°C laboratory, which would result in the CO2 values being corrected to 14° to better reflect the European average ambient temperature.
2.2. [bookmark: _Toc216037438]Tractive and Breaking Energy Calculations
In the table of data calculated in Excel (as seen in Appendix), there were different equations required.
Using values in the table above, you need to calculate different values using different equations.
The first equation is used to calculate acceleration force using the Test Mass (Kg) multiplied by the acceleration (m/s^2), using Newton’s First Law below:

[bookmark: _Toc216037467]Equation 1: Newton's First Law
Then, to calculate the Rolling Resistance, the Coefficient of Rolling Resistance must be multiplied by the Test Mass and then multiplied further by the force of gravity.

[bookmark: _Toc216037468]Equation 2: Rolling Resistance
To calculate the Aerodynamic Drag Force, ½ is multiplied by the air density which is then multiplied by the Coefficient of Drag and is then multiplied by the Frontal Area and, finally, is multiplied by the velocity.

[bookmark: _Toc216037469]Equation 3: Aerodynamic Drag Force
The Total Resistance is then calculated with the following equation:

[bookmark: _Toc216037470]Equation 4: Total Resistance
To further develop a KERS potential, energy saving needs to be identified and plotted on a graph. Tractive Power is then calculated by using the equation below:

[bookmark: _Toc216037471]Equation 5: Tractive Power using Total Force
Cumulative Tractive Power is calculated by using the following equation listed below:

[bookmark: _Toc216037472]Equation 6: Cumulative Tractive Power
The equation to calculate Cumulative Tractive Power is the equation used most in WLTP cycles, as seen below:

[bookmark: _Toc216037473]Equation 7: Cumulative Braking Energy
From analysing the values calculated and the graphs that were plotted, the Total Traction Energy required and the Total Braking Energy available can be calculated and inferred.
The Total Traction Energy, as seen in Figure 2 which is represented by the orange line, is calculated by analysing the graph and seeing the ending value of the graph. This ending value, as seen on the graph below, is 14,000,000 Joules, which is then simplified into 1.4 x10^7 J. To summarise what this value means, it means that this value is the total energy the engine had to provide in order to overcome air resistance, rolling resistance, and inertia over the 23km trip.
Like the Total Traction Energy, the Total Braking Energy available from the vehicle is represented in the same graph (Figure 2) by the blue line instead. The ending value of this line is 3,000,000 Joules, which is then simplified into 3.0 x10^6. This value represents the total kinetic energy dissipated by the brakes. This value is also the theoretical amount of energy a KERS could save when implemented.

Total Traction Energy- 14, 000, 000 Joules / 3, 600, 000 = 3.89 kWh
Total Braking Energy- 3, 000, 000 / 3, 600, 000 = 0.83 kWh
In order to calculate the potential of efficiency gained, we have to use the equation below:
Recovery Potential [%] = (Total Braking Energy/Total Traction Energy) x 100
[bookmark: _Toc216037474]Equation 8: Recovery Potential (%)
All that is needed to do is to substitute the values into the equation to get the percentage.
Recovery Potential = (3,000,000/14,000,000) x100 = 21.4%
Over the WLTP cycle, approximately 21.4//5 of the energy expended to drive the vehicle dissipated as thermal energy during braking. This value represents the theoretical maximum fuel potential of a 100% efficient Kinetic Energy Recovery System.
[bookmark: _Toc216031278]Figure 1: Tractive Power (W) v Time (s)
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[bookmark: _Toc216031279]Figure 2: Cumulative Power (W) v Time (s)
[image: A graph of a person

AI-generated content may be incorrect.]
From 0 – 1000s, the cumulative braking energy of the vehicle rises steeply which could indicate that the vehicle was driving in a city/suburban setting which then means that a lot of braking is involved. After analysing this part of the data in the graph, this section shows that a KERS system would be most effective in a city driving setting as there is a lot of start-stop activity that the KERS system could capitalise on.
1500 – 1800s is when the cumulative braking energy of the vehicle levels out. This indicates that the vehicle is driving on a motorway which involved a lot of high-speed cruising and little to no braking. This means that a KERS offers little to no benefit during motorway driving, meaning that it would not be effective at high speeds.


3. [bookmark: _Toc216037439]KERS System Requirements and Component Sizing
3.1. [bookmark: _Toc216037440]KERS System Requirements
Looking at Figure 1, one could infer that the maximum KERS power input required to be efficient would stem from the most aggressive deceleration moment. This value is inferred by analysing the graph and seeing where the braking energy is at it’s peak and then infer what system would be best for this specific vehicle.
The value that has been inferred from the graph as the maximum power input would be at 900 seconds and the power demand spikes to -30,000 Joules. Then this value is needed to be converted into kWh.
30, 000 Joules  -0.0083333333 kWh
Although a KERS would recover some of that energy, it would realistically only recover part of it due to other factors such as Traction limits of the tyres as they can only handle so much force before locking up, stability, and the “possible” limit which would be about 60% of peak braking.
After analysing the WLTP cycle data in Figure 2, the single biggest vertical step in the data happens around about 1150 seconds and 1200 seconds. This indicates what the maximum energy storage requirement is based on the largest continuous recovery period. 
3.2. [bookmark: _Toc216037441]KERS System Specification and Component Selection
3.2.1. [bookmark: _Toc216037442]KERS Type Justification
The selected KERS system for this vehicle is the use of a Supercapacitor. This is due to the peak power demand for this vehicle means that it needs to be able to capture the energy of every single braking event to maximise power output when it is needed. The cycle life and durability are another reason why this system was chosen as the KERS system will cycle hundreds of times in a single WLTP drive, the supercapacitor system offers millions of charge/discharge cycles with little to no degradation, far surpassing the life cycle of power-focused batteries. The low mass of the system also allows the system to meet the 30 kWh power requirement but also allows for the lowest overall mass penalty compared to a more commonly used lithium-ion battery pack sized for the same output.
3.2.2. [bookmark: _Toc216037443]Component Sizing and Efficiency
The main components in the Supercapacitor system are:
· Motor/Generator [This converts the braking vehicle’s kinetic energy into electrical energy (regeneration) and converts the stored electrical energy back into mechanical energy when needed]
· Energy Storage Unit [The Supercapacitor Bank stores the high-power, short-duration electrical energy captured during braking events]
· Inverter/Converter [These components manage the flow of high-voltage DC power between M/G (AC/Variable DC) and the capacitor bank (DC). This includes the control system]
· Mechanical Integration [This includes all of the gearing, differential, and cooling jacket required to interface with the M/G with the vehicle’s drivetrain system]
The type of motor/generator needed is a high-speed Permanent Magnet Synchronous Moror (PMSM) or a high-efficiency Induction Motor (IM) is required due to their high power density (Kw/kg) and fast response time. The energy storage needs a total required capacitance of 1.25F which is calculated by the following equation:
[bookmark: _Toc216037475]Equation 9: Energy Storage Capacity
[image: ]
This means that the capacitors will be achieved by arranging multiple high-capacity cells (3000 F cells) in a series-parallel configuration to reach the 600V target while meeting the 1.25F requirement. The power electronics alsoi have to handle the 30kWh requirement. The DC-DC converter is required to manage the variable voltage of the capacitor bank and the fixed voltage of the vehicle. This component must be rated to a peak power of 35kWh (using a 15% safety margin over the 30kWh requirement).
While the system overall is very efficient, no system us 100% efficient. Every component takes some energy to operate which means energy will be lost throughout the system, even if the loss is only miniscule. The motor/generator is highly efficient due to the use of PMSM technology operating near optimal speed/torque during regeneration. The Inverter/Converter is where loss is primarily for high-quality, high-switching frequency SiC (Silicon Carbide) converters, which are necessary for handling high power density. The capacitors themselves have a very low internal resistance resulting in minimal resistive heat loss, making them highly efficient for transient storage. The mechanical transmission is also a high energy loss point due to the interfacing gears or chain drive connecting the M/G to the vehicle’s axle.
The derived 85% total system efficiency must be factored into the final fuel savings calculation, demonstrating a realistic assessment of energy recover losses within the integrated system.

4. [bookmark: _Toc216037444]KERS Performance and Operational Analysis
4.1. [bookmark: _Toc216037445]Recovered Energy Analysis
The energy recovered and retuned to the wheels is the Gross Braking Energy Available multiplied by the System’s Two-Way Efficiency. Since energy is recovered during braking and then returned during boost, the losses occur twice.
The total efficiency for the energy to go into the store and then out of the store back to the wheels is the product of the one way efficiency squared or the product of all components in tge round trip:
· One-Way Efficiency is the efficiency of energy captured during braking
[image: A black background with white text
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Figure 3: One-Way Efficiency Calculation
· Round-Trip Efficiency represents the full cycle of energy capture and reuse.
[image: ]
Figure 4: Round-Trip Efficiency Calculation
[image: Exergonic vs Endergonic Reactions and Processes]
Figure 5: Reaction Comparison Graphs

The calculated recovered energy from every component is:
· Motor/Generator = 92%
· Power Electronics = 95%
· Capacitor = 99%
· Mechanical Transmission = 98%
4.2. [bookmark: _Toc216037446]Operational Aspects and Assumptions
System Operation: Explain the sequence of operation for the selected KERS
Driver Variations: Explain the physical variations the driver may feel compared to a conventional ICE/Friction brake vehicle
Assumptions and Practical Viability: State all major assumptions made during analysis. Discuss the practical viability of implementing your sized system, considering factors like packaging, mass penalty, and cost
5. [bookmark: _Toc216037447]
Conclusion
In conclusion, the Supercapacitor system is highly efficient but wouldn’t be a realistic choice for the chosen vehicle as it is a domestic vehicle and not a vehicle that uses high, short bursts of energy like a drag car or something of that nature would. Those sort of cars would benefit from it more. The Volkswagen Golf would probably be fitted with a commonly used Lithium-Ion battery system instead of a Supercapacitor system due to cost and feasibility of using a system like that in an everyday civilian car.
[bookmark: _Toc216037448]
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Appendix
Data Table:
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[image: A close up of a screen

AI-generated content may be incorrect.]
Page 2 of 2

image3.png
Cumulitive Power vs Time

16000000

14000000

12000000

10000000

—Cumulitive Traction Power
—Cumulitive Braking Energy

5000000

[m] s2mog

5000000

4000000

2000000

o

TogT
81
st
s
sut
T
601
P
Lso1
6691
91
091
sssT
Los1
stsT
TesT
etsT
sert
s
6svT
et
s
sorT
o
soeT
TsET
seeT
ster
ezt
6u21
Toz1
szt
szt
coz1
6811
vt
est1
se1t
i
6601
801
901
stor
201
5001
166
s
556
6
616
06
<88
so8
w8
4
ne
N
sit
s
seL
e
0r
589
99
69
Te9
19
ses
us
655
ws
s
05

Tsr
sev
Y
168
e
98
eve
sze
1oe
68z
uz
sz
sez
az
61
181
o1
o1
i
601
T8

s

ss

s

st

Time [s]




image4.png




image5.png
NOne-Way = 7T X Tlv/G X TPE X 7C

one-Way = 0.98 x 0.92 x 0.95 X 0.99 ~ 0.849 (or 84.9%)
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TRound-Trip = 7JOne-Way X 7One-Way ~ 0.849 X 0.849 ~ 0.721 (or 72.1%)
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Low 59 59 126 033 3.50 520.00 153.036  7.664382456 68070 2382451339 2382.451339 0 163918.5224 -83650.3483 83650.34828
Low 60 60 4T 038 408 585.00 153.036  10.43207612 748.47 3056244644 3056.244644 0 166974.7671 -83650.3483 83650.34828
Low 61 61 153 017 425 260.00 153.036  11.30105372 42434 1803432473 1803.432478 0 168778.1996 -83650.3483 83650.34828
Low 62 62 159 013 242 195.00 153.036  12.20479043 360.24 1591063491 1591.063491 0 170369.2631 -83650.3483 83650.34828
Low 63 63 162 017 450 260.00 153.036  12.66969245 42571 1915675621 1915.675621 0 172284.9387 -83650.3483 8365034828
Low 64 64 74 022 475 346.67 153.036  14.11654116 513.82 2440641237 2440.641237 0 174725.5799 -83650.3483 83650.34828
Low 65 65 78 014 494 21667 153.036  15.29593687 385.00 1903.604206 1903.604206 0 176629.1841 -83650.3483 83650.34828
Low 66 66 181 0.08 5.03 130.00 153.036  15.81587513 298.85 1502560817 1502.560817 0 1781317449 -83650.3483 8365034828
Low 67 67 184 031 511 476.67 153.036  16.34450318 646.05  3302.018868 3302.018868 0 181433.7638 -83650.3483 83650.34828
Low 68 68 203 067 564 1040.00 153.036  19.89427668 121293 6839.57906  6839.57906 0 188273.3429 -83650.3483 83650.34828
Low 69 69 232 0386 6.44 1343.33 153.036  25.98436138 152235  9810.72381 9810.723810 198084.0667 -83650.3483 83650.34828
Low 70 70 265 092 736 1430.00 153.036  33.90219564 161694  11902.46172 11902.46172 0 2099865284 -83650.3483 83650.34828
Low 71 71 298 085 828 1321.67 153.036  42.87149279 1517.57  12562.14165 12562.14165 0 22254867 -83650.3483 83650.34828
Low 72 72 326 064 9.06 996.67 153.036  51.30636872 120101 10875.80404 10875.80404 0 2334244741 -83650.3483 83650.34828
Low 73 73 344 040 956 62833 153.036  57.12851866 83850 8012312808 8012.312808 0 2414367869 -83650.3483 83650.34828
Low i 365 028 9.6 43333 153.036  60.84050132 647.21 6382208092 6382.208092 0 247818.995 -83650.3483 83650.34828
Low 75 364 026 1011 41167 153.035  63.9644758 628.67 6356523329 6356.523329 0 2541755183 -83650.3483 83650.34828
Low 76 374 029 10.39 455.00 153.036  67.52728397 675.56 7018351895 7018.351895 0 261193.8702 -83650.3483 83650.34828
Low il 385 026 10.69 41167 153.036  7.55789175 636.26 6804453194 6804.453194 0 267998.3234 -83650.3483 83650.34828
Low 78 393 014 10.92 21667 153.036  74.5626232 44427 4849.896081 4849.896081 0 2728482195 -83650.3483 83650.34828
Low 79 395 -0.04 10.97 -65.00 153.036  75.32346136 163.36  1792.416312 1792.416312 0 2746406358 -83650.3483 83650.34828
Low 80 390 0.4 10.83 216,67 153.036  73.42860743 9.80 1061443582 106.1443582 0 2747467802 -83650.3483 83650.34828
Low 81 385 -0.24 10.69 -368.33 153.036  7.55789175 14374 -1537.2134720 -1537.21347 2747467802 -85187.5617 85187.56175
Low 82 373 021 10.36 -325.00 153.036  67.16665827 -104.80 -1085.816902 0 -1085.8169 2747467802 -86273.3787 86273.37865
Low 83 370 -0.08 10.28 -130.00 153.036  66.09057434 8913 916.0231251 916.0231251 0 275662.8033 -86272.3787 86273.37865
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