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[bookmark: _Toc99970399]Introduction 
This paper is intended to show a duty cycle analysis of an off-road buggy using a series hybrid system. The existing duty cycle was used to calculate new fuel economy with specified components in the series hybrid system and examine the effectiveness of the system in this particular case
[bookmark: _Toc99970400]Aims
· Assess feasibility of implementing series-hybrid system into buggy.
· Spec full series hybrid system to incorporate into buggy
· Compare fuel usage and cost effectiveness of system to convention internal combustion engine vehicle


[bookmark: _Toc99970401]Literature Review
This review will consist of comparisons between components and technologies used in series hybrid systems that could be implemented into the off-road buggy in question.
The basic idea of a hybrid electric vehicle is to use an alternative form of energy to power the vehicle, in conjuction with the normal combustion of hydrocarbons, to reduce harmful emissions and improve overall efficiency. 
There are multiple configurations of hybrid electric vehicles, which have different ways of coupling various components. This report will be based on what is called a ‘Series’ hybrid system, where 2 sources of electrical power are coupled. The fuel tank, the IC engine, and the generator constitute the primary energy supply, and the batteries function as the energy bumper. (Mehrad Ehsani, n.d.) Figure 2 shows this configuration.
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Description automatically generated]Figure 2 - Series Hybrid system configuration

The advantages to using a series system include, being able to run the internal combustion engine at any rpm to utilise the most efficient part of the power from the engine. This can be demonstrated with a BSFC chart. In this report, the ICE will be run at a constant 3600 rpm where the power produced is enough to cater for the maximum tractive effort and still be at the ideal BSFC value. Furthermore, the mechanical decoupling of the engine from the drive wheels allows the use of high-speed engines, where it is difficult to directly propel the wheels through a mechanical link, such as gas turbines or power plants that have slow dynamic responses (e.g., Stirling engine). (Mehrad Ehsani, n.d.). 
[image: ]Another big advantage to this configuration, is the ability to use the electric motor alongside only a single gear transmission as the torque-speed profile of an electric motor is very similar to the ideal traction profile.  This may not be perfect for offroad applications, but with a specific throttle map there is no reason this method cannot be an effective option. Figure 3  - Series Hybrid system configuration


As shown in figure 3, the norm is to utilise a convention battery pack as an energy store. An alternative is to use a flywheel mechanism to store and deploy the energy generated by the motor generator and regeneration from the traction motor. The use of a flywheel though can add inefficiency as instead of just 2 changes in energy from mechanical to electrical and back, this introduces a third change.
A flywheel energy storage system has many advantages for it is running in a high-vacuum environment and has no friction loss, small wind resistance, a cycle efficiency of 85%–95%, long life, and is ecofriendly and free of maintenance. It also has disadvantages such as low energy density, high self-discharge rate, complex system, and high technical requirements for rotor and bearing. (Academic Press, 2019)
In a paper reviewing flywheel energy storage for automotive applications, it was demonstrated the cost of a low-power, low-energy flywheel (30 kW) cost significantly more than a similarly rated battery pack, due to the latter being mass produced and former requiring a more tailored production to the end product. (Magnus Hedlund *, 2015)
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Description automatically generated]A serious issue and consideration for the use of lithium-ion battery packs is the heavy degradation that occurs to the depth of discharge over a high number of charge and discharge cycles. Typically, in a series hybrid electric vehicle, the number of cycles is high enough that the depth of discharge can be as low as 20% of the original. In the case of this buggy, this is not a particular concern as the number of cycles on the battery will likely not reach the amount at which major degradation occurs. Figure 4 - Depth of discharge of lithium-ion battery against number of cycles (Kevin Mallon, 2017)


Figure 4 shows that after only 500 cycles the depth of discharge can drop by 20%. 1000 cycles can reduce DOD to around 50%. Many different sources show a huge difference in recharge cycles to reach the same levels of depth of discharge. For example, (L.Garcia, 2020) cites a figure where to achieve a depth of discharge of 50% in lithium-ion batteries, the number of cycles may be closer to 8000. This discrepancy in data makes it difficult to accurately specify a battery for an end use without over estimating the required capacity of the battery.


[bookmark: _Toc99970402]
Component Specifying
[bookmark: _Toc99970403]Internal Combustion Engine
Due to the inefficiencies of each component in the series hybrid system, to sustain the required power at the wheels, the demand on the ICE increased over the previous ICE only buggy. The power needed was increased to 17.9 kW. This meant a new engine had to be specified. 
A 4-stroke twin cylinder 740cc petrol engine from Powersport was chosen that produces 19.2 kW at 3600 rpm. (Powersport Engines, n.d.) The mass of the engine is 43kg which would be assumed to be more than the original powerplant, but no data was listed so it can be assumed to be 20kg heavier in total than the previous engine. The cost of the engine was £1150.
[bookmark: _Toc99970404]Generator
A 48V 25kW belt integrated starter-generator by SuperGen was chosen to act the starter motor for the internal combustion engine, and the generator to charge the battery pack for the system. (SuperGen, n.d.) The total mass of the component is 7.5 Kg. It is slightly over the required 17 kW for the generator, but the next option was a 14 kW version. The price of the component had to be assumed to £3000, which is probably way over the retail price, but no costing data was supplied by the company or any subsidiary that sells the component. 
[bookmark: _Toc99970405]Battery and Battery management system
A FOX LV5200 battery was chosen for the hybrid system, it has a capacity of 5.12 kWh and depth of discharge of 90%. (FOX ESS, 2020) With a claimed recharge efficiency of 98% and being an expandable system, it seems like a good choice for the cost of £1800 when paired with a Tracer 10415AN battery controller. (Bimble Solar, n.d.) From a depth of discharge of 90%, the actual useable capacity would be 4.6 KWh, but as mentioned previously this won’t become an issue for a while due to low amount of running compared to other series hybrid systems such as in passenger cars. The expandability of the battery pack will be useful when the problem occurs, the maximum expansion capacity is to 20.48 kWh so there will no issue with lack of capacity in this use case. The mass of the chosen battery pack and controller is 56 kg. 
[bookmark: _Toc99970406]Motor and controller
The chosen motor was a Lynch Electric Motors (LEM) 170-127 which produces a peak power of 16 kW and continuous power  of 5.54 kW. (Lynch Electric Motors, n.d.) These values are pared nicely to the maximum required power as calculated in the duty cycle after the efficiency of 90% is considered. It is paired to an EM-243C DC-MOTOR CONTROLLER 12-48V 50A. The combined cost is £1450 and combines mass of 8.5 kg.
[bookmark: _Toc99970407]Final Drive
As previously commented, the torque-speed curve of electric motors is very close to the ideal traction curve, so it was decided a single gear transmission would suffice for this buggy. A final drive ratio of 6.5:1 was calculated to give a theoretical top speed of 52 kph from a tyre rolling radius of 0.266m at the peak motor speed of 3200 rpm.



[bookmark: _Toc99970408]Conclusions 
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Description automatically generated][image: ]The total cost of the series hybrid system is £7400 and with a total combined mass of 72kg it increased the total buggy weight to 602kg. The existing duty cycles was modified to run at the constant engine speed of 3600 rpm to give a BSFC value of 175. This resulted in a 55% MPG increase which sounds very promising. However, the author would not recommend implementing such a system into this use case, and the cost is far too high to justify the system. With a new MPG of 39.4 and total fuel usage per lap 98.1 g compared the previous 152.1 g, the cost per lap at the fuel price of £1.50 per litre, it would take 92,500 laps to break even on the cost of the system, or 78,500 miles. This is not acceptable as you could never expect to that kind of mileage in this use case over a short enough period to justify the initial cost. The author believes the consideration for such as system was never going to be fruitful, as with all of the individual component inefficiencies compounded, the required power from the ICE was increased significantly such that a new engine had to be specified. A conventional ICE only vehicle is much more effective in terms of cost in a singular buggy. Figure 5 - Fuel usage comparison

Figure 6 - Cost effectiveness of series hybrid system
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Roll Cage Bolt on Brush Cage
• Frame Material Steel
• Safety Harness 4 Strap British Safety Harness
• Seats Easy Clean Vinyl Bucket Race Seats
• Headlights None (Rear Stop light only)
• Seat Runners YES - Drivers Seat
• Brakes Hydraulic Disc Front & Rear
• Handbrake Yes
• Petrol Tank Material Stainless Steel
• Bulkheads Steel to Engine Bay
• Horn Yes
• Passenger Grip Handles Yes
• UK Certification UK Approved Kit Car Manufacturer
Warrranty:
• Warranty Duration 1 Year Parts
Service & Repair:
• Parts Availability on Shelf - Next Day Blitz world
Engine Specification:
• Engine Type 4-Stroke Single Cylinder
• Engine’s' 278cc
• Fuel Type 4 Stoke Petrol
• Power 18 HP @ 6500 rpm
• Torque 22 Nm @ 5500 rpm
• Power to Weight Ratio 49.3 hp @ Ton
• Transmission Automatic CVT with F/N/R
• Drive 2WD Rear Fixed Axle via Chain
• Diff Lock Locked Rear Axle
• Reverse Yes
• Oil Cooling Sump
• Engine Cooling Liquid Cooled
• Exhaust Custom Built Stainless Steel with removable baffle
• Clutch CVT Drive
• Start Key
Electrics:
• ECU Type No ECU - Carb
Dimensions:
• Length o/all 2620mm
• Width o/all 1650mm
• Height o/all 1620mm
• Weight (kgs) 365 Kgs
• C.O.G Very Low
• Ground Clearance 300mm
• Wheel Centres 1940mm
• Petrol Tank Capacity 29 Litres 6.4 Gallons
Build Features:
• Steering Side LHD
• Power Steering Not Required - Light
• Wheel Sizes 12" ATV Front & 10" ATV Rear
• Wheel Material Alloy
• Bolting Centres 4 /110
• Steering Wheel Steel & Polyurethane
• Steering Type Rack & Pinion
• Frame Colour Red
• Panel Colour Silver - can be custom painted
• Mudguards Fitted Side, Bonnet & Firewall
• Dash panel Speedo Start Ignition Key Only
• Front Suspension Custom Made Rebound Damped Coil Over Adjustable Strut
• Rear Suspension Custom Made Rebound Damped Coil Over Adjustable Strut
• Front Tyres 24x8x12
• Rear Tyres 23x10.5x12 or 25x10x12 more clearance
• Winch Optional
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