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[bookmark: _Toc183952145]Introduction
This report examines the impact of introducing a Kinetic Energy Recovery System (KERS) to reduce fuel consumption in a 2007 Volvo C30 2.4 Diesel. The analysis identifies key WLTP cycle phases requiring KERS, specifies component efficiencies, and compares performance against a conventional ICE vehicle.
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(Figure 1 - Volvo C30 SE 2007)

[bookmark: _Toc183952146]Vehicle specifications 
The selection of the Volvo C30 is justified due to its diesel engine offering high torque at a low engine speed which can aid energy recovery and deployment with reaching higher speeds The D5 can be regarded as both a good city car due to its compact shape as well as having a good reputation for long distance driving due to superior comfort and low fuel consumption. Therefore, a KERS system can aid this practicality as well as provide a boosted performance.
Test mass: 1668.5kg. Weighed using calibrated scales at UWTSD with a driver, 3passengers, a cargo load of 50kg and a full tank of fuel.
Frontal area: 2.18m2 (carfolio.com [1])
Rolling Resistance Coefficient: 0.012 estimated due to dependency on tyre pressures, tyre condition and road surface. With the average road vehicle having a coefficient between 0.01 and 0.015 (engineeringtoolbox.com [9]), the Volvo C30 not being relatively heavy and having average mid-range and relatively narrow tyres (205mm), a coefficient of 0.012 is reasonable. 
Aerodynamic drag coefficient: 0.31 (carfolio.com [1])
WLTP class: With a factory stated power of 132 kW and a test mass of 1668.5kg the vehicle has a power to weight ratio of 79.11kW/kg. This falls under WLTP Class 3 as the power to weight ratio is greater than 34kW/kg. 
Presumptions
The inertia of the wheels and drive train is ignored to reduce the complexity of the calculations. This is due to the variation of vehicle velocity throughout the WLTP cycle. 


[bookmark: _Toc183952147]What is the Worldwide harmonised Light vehicles Test Procedure?
The Worldwide Harmonized Light Vehicle Test Procedure (WLTP) is a globally standardized testing framework designed to measure vehicle emissions, energy consumption, and fuel economy more accurately than the New European Driving Cycle (NEDC). The WLTP has four phases (Low, Medium, High, and Extra-High), reflecting real-world driving conditions with variable speeds, accelerations, and decelerations. It has 3 different classes 1-3 based on the vehicles power to weight ratio. Compared to the NEDC, the WLTP produces more accurate measurements, with higher energy demands and CO2 emissions closer to empirical data. As it has better reliability, the WLTP helps manufacturers make more informed decisions regarding vehicle performance and environmental impact. It can be used to determine braking and tractive energies that can aid the development of KER systems. (Pavlovic, Marotta, & Ciuffo, 2016 [8])
Figure 2 shows a graph for the WLTP cycle class 3. The 4 cycles are possible to dictate from the change in maximum values across time. (Figure 2 – WLTP Cycle Class 3)




[bookmark: _Toc183952148]Kinetic Energy Recovery Systems (KERS)
With the aim to increase the vehicles economy and power at the same time three possible KERS systems must be considered: Flywheel based, Ultracapacitor based, or a battery based. Each have their own advantages and suitability to various vehicle types.
The system must be able to take a maximum of 2.64kWh as this is the peak braking energy.
[bookmark: _Toc183952149]Flywheel KERS 
A flywheel KERS system will be best for improving the vehicles performance without having a large weight addition. A flywheel KER system is a relatively new creation that was first introduced at Le Mans in 2011 in the Hope Racing LMP1 car to improve vehicle performance through the deployment of more power. It works through converting mechanical energy to rotational energy with the use of a clutch and CVT. The energy can either be stored or used to accelerate the flywheel.  As the energy can be stored in the flywheel as rotational energy, we can have zero battery utilization so that the energy level can remain unaffected during acceleration and deceleration, the battery will only be needed to overcome mechanical frictions (N. Farrokhzad Ershad et al [2]). A key drawback of this system is that the flywheel needs to be rotating at a very high rate for maximum efficiency and least energy loss. It can rotate up to around 60,000 rpm (Mathews and Nishanth, 2013 [3]). This adds extra strain to the system and brings in an additional safety fact that must be considered before implementation. Therefore, a lighter system can be implemented, so there is no loss of handling ability or acceleration. As the flywheel can store and release energy multiple times, they are ideal for motorsport uses to provide more power after corner exit when large amounts of energy can be produced from friction brakes. (Figure 4- Exploded view of a Flywheel KERS system model (Mathews and Nishanth, 2013 [3]))
(Figure 3 – Flybrid Flywheel system)

Figure 3 shows the Flybrid Clutched Flywheel Transmission (CFT) KERS developed by the engineering company Flybrid which is lighter and more efficient than most other hybrid systems weighing only 5kg. It can reduce emission by 20% and is being implemented to road going cars as well as track cars.   
[bookmark: _Toc183952150] Ultracapacitor KERS
An ultracapacitor-based KERS is designed to recover and reuse kinetic energy during vehicle operation. The system comprises a supercapacitor bank, a motor-generator unit (MGU), a power converter, and a drivetrain connection. During braking, the MGU functions as a generator, converting the vehicle's kinetic energy into electrical energy, which is stored in the supercapacitor via the power converter. The converter adjusts the voltage to optimize storage. During acceleration, the MGU operates as a motor, drawing energy from the supercapacitor to assist the internal combustion engine (ICE) or directly power the drivetrain. The system delivers rapid bursts of energy due to the high-power density of ultracapacitors, making it ideal for frequent acceleration and braking scenarios. A SC can discharge all its energy in 10 seconds compared to a lithium-ion battery taking 10-60 minutes. Ultracapacitors are highly durable, capable of over 500,000 charge-discharge cycles, and function effectively in extreme temperatures (-40°C to 100°C). Despite lower energy density compared to batteries, they offer significant weight savings and fuel efficiency improvements, reducing fuel consumption and emissions by up to 20% in suitable applications​ (Pipitone & Vitale, 2020 [5]). These characteristics make ultracapacitor KER systems suitable for aggressive driving when there are a multitude of stop and go periods such as an urban environment. (Figure 5 – an example layout of an ultracapacitor KERS, (Pipitone & Vitale, 2020 [5])) 
(Figure 6 – Graph of Power Converter efficiency against input and output power)

[bookmark: _Toc183952151]Lithium-Ion Battery Based KERS
A KER system that uses a lithium-ion battery works very similarly to an ultra-capacitor system but has a much greater energy density. This is ideal for an extended driving range with a sustainable power supply whereas the supercapacitor provides stronger yet shorter bursts of power.  A lithium-ion battery will also have an efficiency of ~ 90-95% due to the chemical reactions that occur internally as well as heat loss. Another drawback of the chemistry of these batteries is that they typically have a cycle life of around 500 to 3,000 cycles, varying based on their chemistry and operating conditions. Over time, they experience degradation, with frequent deep discharges and exposure to high temperatures significantly affecting their performance. These factors accelerate chemical deterioration and reduce the battery's effective capacity. (Edge et al., 2021 [6]). (Figure 7 – Discharge curve for lithium-ion battery, researchgate.net [7])

Figure 7 dictates the charge and discharge curve of a typical Lithium-Ion battery.  It shows that when discharging it only supplies its maximum voltage when nearly full charged and when it is at around 10% capacity remaining drastically drops off in the voltage it can supply. This is inversed for the charge cycle as it only reaches peak voltage at ~98% capacity and reaches mean velocity between 30 – 70%. 
The larger weight and bulkiness of lithium-ion batteries make them inappropriate for motorsport use as they will decrease handling performance by reducing the maximum cornering speeds as more force is applied through the tyre creating a larger lateral load. 
[bookmark: _Toc183952152]Summary
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When selecting the most appropriate system for the Volvo C30 in the WLTP Class 3 factors such as economy and the ability to charge and discharge must be considered. As all the energy produced during each period must be discharged by the next regeneration period the system must have the capability for a fast charge/discharge cycle. This would come from either a flywheel KERS or an Ultracapacitor KERS. The Ultracapacitor is much easier to integrate into a road vehicle due to its compact shape and size. For these reasons the Ultracapacitor is the ideal system that will be investigated to be implemented into this scenario. 



[bookmark: _Toc183952153]System Operation
[bookmark: _Toc183952154]Ultra-Capacitor KERS Operation
[bookmark: _Toc183952155]Energy Regeneration: Motor-Generator
The generator transfers kinetic energy from the braking system into electrical energy. For this system particularly a Permanent Magnet Synchronous Motor (PMSM) is used due to its high efficiency motor drives. The PMSM is an AC synchronous motor that utilizes permanent magnets to generate its field excitation, producing a sinusoidal back electromotive force (EMF) waveform. (uk.farnell.com, 2023 [4]). The energy is sent from the MGU to the Ultra capacitor via a power converter where it is adapted to be stored. 
[bookmark: _Toc183952156]Power converter
A power converter is used to manage the multi direction energy between the UC and the MGU. It can convert from A/C to D/C and vice versa to adapt voltage and adapt currents efficiently. It must support a 48dcV supply. 
The DC-Converter 757-48-SD from DEMKE Electronic is suitable for this system. The specification sheet can be found in appendix 2.
[bookmark: _Toc183952157]Energy Deployment: Motor-Generator
In the energy deployment phase, the MGU functions as a motor powered by the UC. The electrical energy is taken by the MGU and converted to mechanical energy to power the vehicles drive system. When deploying the power converter is used to match the voltage from the UC to what is required of the MGU. A fixed gear ratio will be used to retain the most efficiency possible by the lack of a complex drivetrain.
For example, the Innotec Power 145-DZ48-020 Permanent Magnet Synchronous Motor is designed with a peak power of 4.7kW and a 93% efficiency. See appendix 1 for specification sheet.
The deployment of the UC energy will be inline with the engines transmission to maximise the deployments efficiency. 
[bookmark: _Toc183952158]Energy Storage 
For the storage device an ultracapacitor is used for its efficient charging and discharging capabilities. In this specific system the maximum energy the UC could be exposed to is 2.64kWh as this is the maximum energy generated by the brakes at any point. Using a 48 Volt KERS system the UC must be able to deliver 55Ah to hold and disperse 2.64kWh (9506kJ). 

To find the capacitance requirements the maximum voltage and energy values are used. The maximum energy the system could be subject to must be at least as large as the maximum braking energy. 

[image: A battery with a cable and a black cable

Description automatically generated with medium confidence]Using this value a reasonable capacitor to use would have a capacitance of 10,000 F such as the Maxwell Technologies DuraBlue® 48v module: https://maxwell.com/products/ultracapacitors/48v-module-with-durablue/. With a 10 year DC life and high power density it is suitable for this KERS. (Figure 8- Maxwell Technologies 48V Ultra Capacitor)

[bookmark: _Toc183952159]Energy Management System
The energy management system is used to control the charging and discharging rate to maintain the health of the UC. It does this by managing the energy produced from braking and the redeployment of this energy. 
[bookmark: _Toc183952160]Cooling system
A cooling system is required to keep the system running at maximum efficiency at the maximum time possible. It will only require around 2% off the systems power to operate. 



[bookmark: _Toc183952161]Graphs and analysis
When calculating the energy that is possible to be recovered during braking phases the tractive forces on the vehicle must first be known. Graphs found in appendix 3, 4, 5, 6, 7.
[image: ](Figure 9 – Graph of tractive energy and braking energy vs time)




 



Figure 9 shows the cumulative tractive energy and cumulative braking energy through the cycle. The difference between these two values is equal to the losses that are incurred through the cycle at any point. The cumulative braking energy values can be used to calculate the energy that can be recovered for redeployment. The larger the braking energy the more energy can be used to charge the KER system. 


To find the kinetic energy that can be generated and redeployed to the wheels the efficiencies of all mechanical and electrical components must be considered. The greater the efficiency of components the more braking energy can be redeployed into the KER system. (Figure 10 – Graph of Kinetic energy recovered to the wheel vs time) time)


Figure 10 shows the losses of energy from the braking energy to the regenerated energy. The difference between the regenerated energy and the kinetic energy redeployed shows the losses in the KER system due to the component efficiencies. 
[bookmark: _Toc183952162]Driver Feel
The driver of the vehicle will feel a change in the vehicle’s dynamics. One of the changes will be a marginal loss in the vehicles handling capabilities due to the added weight of the system. As the vehicle has a greater mass it will not be able to corner at the same ability as before due to larger lateral loads being put through the tyres at the same velocity. 
Despite the vehicles additional weight, it will have a greater acceleration from zero velocity due to the rapid discharge capabilities of the Ultra Capacitor. 
Due to the addition of the MGU the braking capabilities of the vehicle will be increased as there are multiple devices taking energy from the brake rotor. This may take the driver time to become acquainted with but will aid to improve the vehicles safety.  


[bookmark: _Toc183952163]Conclusion
The investigation has demonstrated that a well-integrated KERS can significantly enhance both energy efficiency and performance. By analysing the energy recovery and deployment cycles during the WLTP cycle, the ultracapacitor-based KERS system is the most suitable solution. Its high power density, rapid charge-discharge capability, and compact design suit the vehicle’s requirements, particularly in urban driving scenarios. The efficiency analysis of system components indicate that this system can achieve meaningful fuel savings and reduce emissions by up to 20%.
In conclusion, implementing an ultracapacitor-based KERS in the Volvo C30 D5 would optimize the vehicle's energy recovery capabilities, and provide significant economic and environmental benefits. Future investigations should focus on tuning the system parameters and testing under real-world conditions.
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Specification list for PGMU 145-DZ48-020 from: https://www.pmgenerators.com/home/brushless-dc-motors/48-volt-motors/145-dz48-020-1kw-pmsm/
2. [image: A screenshot of a computer

Description automatically generated]
Specification list for DC-Converter 757-48-SD from DEMKE electronic from: https://demke-electronic.com/wp-content/uploads/wpallimport/files/files/757.005_DB_EN.pdf
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(Figure 11 – Graph of total tractive forces and total tractive force vs time)

4. [image: A graph showing a number of forces
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(Figure 12 – Graph of total tractive forces vs time)

[image: A graph showing a graph of time

Description automatically generated with medium confidence]5. (Figure 13 – Graph of acceleration resistance vs time)



[image: ]6. (Figure 14 – Graph of aerodynamic drag vs time)
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Description automatically generated]7. (Figure 15 – Graph of rolling resistance vs time)


[image: ](Figure 16 – Graph of tractive power vs time)
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Mounting Fiange





image23.PNG
SPECIFICATIONS

ultra wide input voltage range

19..70VDC

Max. input peak voltage

75VDC

efficiency

95% (nominal load)

‘Output voltage / output power

48.0VDC/ 700 watts

Typical max. output current

15.0ADC

‘Extrem high specific power per weight (gravimetry)

0.8 watts/gramm

EMCiypetest




image24.png
e Forcesvs Time /o

—hecodyramic osg
—Roliog resistance

— Acelraton Resstance

§

Time (seconds)





image25.png
Force (Newtons)

4000

3000

2000

1000

-1000

-2000

-3000

Total tractive forces vs Time

—Total Tractive
Forces

5(

N[

20

00

Time (seconds)





image26.png
Force (Newtons)

4000

3000

2000

1000

o

-1000

-2000

-3000

Acceleration Resistance vs Time

il

A
50 of M W lescp ¥

Time (seconds)

—Acceleration
Resistance

1\
|

2000





image27.png
Force (N)

600

500

400

300

200

100

-100

200

400

Aerodynamic drag vs Time

600

800 1000 1200

Time (Seconds)

1400

—Aero drag

1600

1800

2000




image28.png
Force(N)

300

=N
o o
o O o

200

400

Rolling resistance vs Time

600

800

1000

Time (seconds)

1200

—Rolling resistance vs Time

1400 1600 1800 2000




image29.png
Power (W)

50000.00

40000.00

30000.00

20000.00

10000.00

0.00

-10000.00

-20000.00

-30000.00

-40000.00

poo

Tractive power vs Time

600

1000 1200

Time (seconds)

—Tractive power

l
1604

f1g00

2000




image2.jpeg
Prifysgol Cymru
Y Drindod Dewi Sant

University of Wales
Trinity Saint David




image3.png




