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	In the entertainment industry where vehicles such as the DX10 buggy are used to entertain customers running costs are a key factor in the profitability of any enterprise. Currently the ICE engine is mechanically connected to the driving wheels of the vehicle. This means that with load and speed variation the efficiency of the ICE greatly varies. At its most efficient operating point the ICE is approximately 
	A series hybrid system incorporates the energy storage capacity of and IC engine with an electrical drive system to utilize the most efficient operating range of the ICE. This maximizes the energy produced per unit fuel thereby reducing both the cost of running and the greenhouse gas emissions. This can yield significant benefits for both users and owners. To evaluate the performance of a series hybrid system in comparison to the fuel used per lap and overall cost of the two systems can be used. This will be done by calculating the total fuel sued by both systems per lap and through a perfunctory analysis of the relative costs. 
	Key requirements for the design of the system will be:

	Energy Flow routes
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	There are several technologies for storing electrical energy which may be useful in a series hybrid application. These can be briefly summarized as, chemical storage, capacitive storage and kinetic storage. When comparing storage methods there are several important factors to consider, energy and power capacity and density. Some systems such as lithium ion batteries have extremely high energy densities but very low power densities where the inverse is true of supercapacitors. 

[bookmark: _Toc99319231]	Capacitive storage

	Due to the nature of capacitive storage the voltage fluctuates significantly during charge and discharge. This effect means that the useable energy in a supercapacitor is limited to that which is stored above the useful voltage threshold. Typically, this equates to approximately 50% of the energy capacity of the device(Ehsani, 2019, p452). 

						
Equation 1-Capacitor energy storage capacity (Nave,2008)

	The primary advantages of capacitive storage is the extremely high power density in comparison to batteries and the high efficiency of charge and discharge.

[bookmark: _Toc99319232]	Battery Storage

	Lithium-ion batteries are the most widely used form of energy storage in the automotive industry for traction batteries due to their high energy capacity and comparatively light weight. When specifying a battery system, the depth of discharge is particularly important as forcing a cell to discharge too far can lead to that cell becoming unusable and overcharging a cell can cause dangerous situations. Lithium batteries are also sensitive to operating temperature, assuming a minimum operating temperature of 0C 18650 cells will operate at 92% of their capacity at 25 Celsius (Linden, 2017). This factor does not affect the specification of the battery storage as the limiting factor is power output not energy capacity. Other types of battery such as Ni-MH and lead acid batteries have much lower specific energies and specific powers. And in some cases suffer from voltage fluctuation due top state of charge changes (Lead acid) making them less effective solutions for traction batteries in this case(Linden, 2017).
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There are numerous methods for storing energy mechanically, here a flywheel system is considered. A similar issue arises with motion-based storage as does with capacitive storage in that the useful energy stored is only in the top 50% of the systems capacity due to the way it is discharging.


Equation 2-Energy stored in a flywheel

The greatest limitation on flywheel systems is the limited useable capacity and the rapid self-discharge due to bearing losses (Gao, 2015).  A flywheel system requires an added level of complexity in so far as a second generator is required to allow for discharge of the storage. Some systems include the motor/generator unit as a component of the flywheel itself. There are a wide range of potential mechanical and pneumatic methods of storing energy however due to a lack of available information and likely prohibitive costs of creating bespoke systems these are not considered. 

Technology Review

	Motor technologies are developing rapidly, from relatively simple AC machines to the most modern switched reluctance motor (SRM). The cost and efficiency range of motors is great. Generally electric vehicle motors can be categorized as: 
	
PSM -  Permanent Field Synchronous
ESM – Electrically Excited
SRM – Switched Reluctance Motors
ASM – Asynchronus machine

(Bosch, 2018 p847)

SRM machines are the most advanced and typically the most efficient however they require complex control systems where PSM machines have relatively simple control systems but require expensive rare earth magnets in their construction (Bosch, 2018, p849).


	Component
	Power (KW)
	Useable DOD (KJ)
	Efficiency

	Motor
	14
	
	

	Controller
	To match motor 
	
	

	Storage
	8.4
	216
	

	Generator
	8.8
	
	

	ICE
	8.8
	
	


Table 1-Component minimum Requirements
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	There are two paths by which energy will flow between the generator and the motor a simple calculation of overall system efficiency is not sufficient to provide an accurate specification for the required power output of the ICE (Ehsani, 2019). To better understand these two overall system efficiencies have been calculated, one applying to the energy that moves through the energy storage system and one to describe the energy that the controller sends straight from the generator to the motor. Using these two values described in equations 1 and 2 the approximate power requirement for the ICE can be estimated.

	Average Power (All through Storage)
	Average Power (Split)

	9.7KW
	8.8KW


Table 2-Average power difference due to energy flow differences

	Table two shows a 9% difference in average power values when considering the split energy flow. This difference in average power values is highly sensitive top the charge and discharge efficiencies of the storage medium. For instance, with a supercapacitor with a nominal efficiency of 0.98 the difference in average power is only 1%. However, lithium cells being swiftly charged and discharged through a BMS provides a significantly higher discrepancy.

[bookmark: _Toc99319235]Regenerative Braking
	
	Due to the nature of the application the loads on the rear axle are too low to generate any significant regenerative braking on the rear axle. As well as this if considering using KE recovery ono the front axle the peak power output of a regen system would require highly expensive motors to withstand the loads which could peak as high as 40KW for very brief periods of time. Furthermore, the added complexity of the system may require a more expensive battery management system. The application also calls for the simplest system possible to allow easy on-site maintenance and repair. 

Insert available tractive effort at rear wheels graph here

	Strategic placement of the electric drive systems may allow for greater vertical loads on the rear axle and make the use of regenerative braking a more viable option. However, this has not been considered due to the cost and complexity issues which also arise with the system.

	Part Name
	Overall Capacity (KJ)
	Max Useful DoD (KJ)
	Power (KW)
	Mass (KG)
	Cost (£)
	Charge/Discharge Efficiency (nominal)
	N cycles

	Eaton XLM Supercapacitor (Eaton, 2021)
	501.12
	205.61
	143.9
	16
	2400
	0.98 (Zhang 2012)
	1*10^6

	18650 Samsung Cells
(RS-Components, 2022)
	52565??
	36796??
	8.4
	5.5
	1586
	0.97
	

	Flywheel
	420
	210
	8.4
	20
	Unknown
	0.95
	

	Yuasa Lev 50 (Lithium ion prismatic) (Linden, 2017)
	666
	
	0.935
	1.7
	
	0.96
	


Table 3-Storage System Comparison
	Considering the data in table 3 lithium cells appear to be the most cost-effective solution for this application. As well as being lighter than the supercapacitor and flywheel options the overall efficiency is greater than the flywheel which must pass energy through an electrical machine to convert between kinetic and electrical energy. Table 3 does not include a battery management system which would be necessary for the operation of a lithium-ion pack due to charge balancing needs and safety constraints.

	Part Name
	Specific Energy (KJ/KG)
	Specific Power (KW/KG)

	Eaton XLM Supercapacitor (Eaton, 2021)
	31.32
	8.99

	18650 Samsung Cells
(RS-Components, 2022)
	802.8
	1.53

	Flywheel
	
	

	Yuasa Lev 50
	392
	0.55


Table 4-Comparison between energy storage formats

[bookmark: _Toc99319236]	Motor

Considering the size of application two types of motor are useful to consider. AC induction motors which tend to be cheaper relative to DC brushless motors. Although an AC motor requires a DC-AC converter which reduces the overall system efficiency the reduced initial cost and relatively high efficiency figures in comparison to a similar DC brushless motor makes the AC motor a better choice for this application. 

	Parameter
	AC-09 Motor,  Curtis 1236SE-5621 controller (EV-west, 2022)
	[bookmark: OLE_LINK1]PMAC G8055 Gen 4, Electric drive system (Electric Motorsport, 2022)

	Efficiency
	0.89
	0.84

	Peak Power (KW)
	17
	32

	Continuous Power (KW)
	
	

	Cost
	2371
	3325

	Mass (KG)
	20.8
	16.4


Table 5-Motor comparison
[bookmark: _Toc99319237]	ICE

	There is a wide range of petrol ICE’s that may serve well as a constant power source. 
The ICE selected to replace the current vehicles ICE is the Honda gx630 (Honda, 2022). This is usually used as a statice motor designed to act as an electrical generator. The peak output of the engine is much higher than necessary but the lower rpm at which it can be used will have a significant effect on customer experience as a lower specification engine running at 6500RPM may be somewhat off-putting for an ordinary consumer. The BSFC figure used is scaled from the previous data. As both ICE’s examined are single cylinder carbureted engines from the same manufacturer it is likely that the data is reasonable to scale. However as one is more modern than the other figures may have improved. 

[bookmark: _Toc99319238]	Generator

	The generator in the system is key. Primarily as its efficiency will determine a significant portion of the overall system efficiency as the ICE always feeds the generator whereas there are time during which the energy does not flow through the motor and even greater periods where the storage is not being used. There are several types of electrical machine which could be used as an electrical generator. The selection made is based on the continuous power required, cost, mass, and efficiency of the machine. Where a more expensive tesla style system using permanent and generated magnets would provide an ideal part these are both highly expensive and, in the size, required generally unavailable. Hence an AC system has been selected. This requires an AC to DC converter to be included in the system reducing the efficiency however the relative cost of other systems is prohibitive towards using them.
	


Figure 1-Energy stored over time.
	Figure 1 shows the total range of energy stored by the system assuming a 0 charge start point. In operation the system must achieve a charge level over 140KJ to complete a lap. Assuming this initial condition is met the vehicle will be able to continually operate until the fuel is depleted from the ICE.
	
Table 6-Selected components for the series hybrid system
	Component
	Selection

	Motor
	AC-09

	Generator
	AC-09 

	Storage
	117 18650 Lithium ion cells With appropriate BMS 

	Controller
	Curtis 1236SE-5621

	Total Approximate System Cost (£)
	6240


	

	Through Storage
	Excluding Storage

	0.80
	0.84


Table 7-System efficiencies

	The final drive ratio selected is 8:1 this allows the motor to operate between2 and 5000 rpm for most of the cycle which is the motors optimum operating range in terms of efficiency.

	System
	Efficiency

	Charging
	0.95

	Discharging
	0.95

	Motor
	0.89

	Generator
	0.95

	Controller
	Inc in motor

	Final drive
	0.95


Table 8-Susbsytem efficiency factors
[bookmark: _Toc99319239]Conclusion

	The series hybrid system described reduces the fuel used per lap of the vehicle from 246 g to 216 g. Assuming that the vehicle is used for a total of 80 laps per day each vehicle saves 2400g of fuel per day. This yields an approximate saving of 480 pence per vehicle per day. Considering the cost of the overall system and an operating fleet of ten vehicles as well as an operating year of 300 days. The yearly cost saving is approximately £14,400. Considering the approximate cost of the system is £6240 if all ten vehicles were installed with the system the payback time for the owner would be 4.3 years. Not including maintenance costs. 
	The proposed series hybrid system significantly reduces the fuel use of the vehicle therefore reducing the environmental impact of the business and increasing the profit margins. The proposed costings do not include the fabrication time for the various mounting and safety features that would be required to implement a real system. These costs may result in the system having a much longer payback period.
	Regenerative braking would be a useful system to further improve the efficiency of the system, however in its current configuration the vehicle could only reasonably implement the system on the rear axle which does not have sufficient available tractive force during descents and large braking zones. If it could be viably implemented with in-wheel motors on the front axle significant benefit could be gained from the system.
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