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	Abbreviation
	Meaning

	HEV
	Hybrid Electric Vehicle 

	PHEV
	Plug-in Hybrid Electric Vehicle 

	BEV
	Battery Electric Vehicle 

	ICE
	Internal Combustion Engine 

	PPS
	Peak Power Source 

	SOC
	State of Charge 

	DOD
	Depth of Discharge

	DC
	Direct Current 

	AC
	Alternating Current 

	KERS
	Kinetic Energy recovery System 
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1. [bookmark: _Toc35838379]Introduction
Following on from the Part 1 this assignment looks at the design of a hybrid buggy for a given duty cycle. Component sourcing for specific requirements, comparing different energy storage technology and cost is researched and reviewed. Hybrid component’s data is incorporated into Excel using the duty cycle to calculate energy flow, usage, and regeneration and efficiency losses. Results from both ICE and hybrid systems are compared and concluded. With additional information such as other findings, issues and recommendations. 






















2. [bookmark: _Toc35838380]Research
The reasoning for a HEV to be designed is based from the previous duty cycle due to various advantages with a HEV system. As alluded prior the drive cycle outlined in Part 1 has areas on track where the total vehicle resistance is negative predominantly when descending a slope. Hence these areas can be exploited to use energy recovery systems to generate and store in PPS to then later be used alternative to an ICE. 
[bookmark: _Toc35838381]2.1 Hybrid systems 
HEV architecture can be series, parallel, series-parallel or complex. 
[image: ]
[bookmark: _Toc35838362]Figure 1, Architecture of hybrid systems, sourced (Ehsani , et al., 2010)
Series hybrid (figure 1, a) has Tractive power delivered via an electric motor, while the ICE produces electrical power to drive the motor via a generator. With no physical connection to the driving wheels the ICE can be operated at peak efficiency while in use.  Excess power can be stored via a battery pack. (Paraphrased from (Barcaro, et al., 2009))
The Series hybrid has been chosen for the application in the buggy as compared to the Series-parallel (Figure 1, c) and Complex (Figure 1, d) systems the architecture is more basic and easier to implement in this scenario. Compared to a Parallel hybrid (Figure 1, b) the Series hybrid is always within an efficient operational range meaning the emission produced are limited. A Parallel system has both electric motor drive and ICE drive meaning the efficiency of the ICE can fluctuate in efficiency due the mechanical link (Ehsani , et al., 2010). Without this mechanical link present in the Series hybrid system the system can operate like a BEV during certain operations. For these reasons the series hybrid system has been selected. 
[bookmark: _Toc35838382]2.2 Series hybrid 
[image: ]
[bookmark: _Toc35838363]Figure 2, Series hybrid drivetrain overview, sourced (Ehsani , et al., 2010) 
Figure 2 shows the components layout of a series hybrid as well as the traction and battery power pathways. As previously mentioned the series hybrid can be operated based solely on battery power and engine power via an electrical supply chain. Charging the battery as seen in figure 2 can be achieve via the ICE, regenerative braking and Plug in charging. 











3. [bookmark: _Toc35838383]Amendments
The Following list of amendments was made prior to undertaking part 2 of this assignment.(9.1) 
1. Track was divided by seconds contrasting to sectors before. 
2. Acceleration has been reduced accounting for tractive effort, hence track time increase and traction is maintained. 
3. Acceleration resistance has been included in total forces. 
4. Occupant’s weights have been added to total weight. 
Average power requirement is 30.8kw and max power is139kw. 
[image: ]
[bookmark: _Toc35838364]Figure 3, Power requirements and averages in amended Drive cycle, Standing 2020.







4. [bookmark: _Toc35838384]Component specification

[bookmark: _Toc35838385]4.1	Propulsion Motor
The propulsion motor selected is the “Yasa P400R” (YASA, 2018). As expressed in figure 3 the maximum power required at the wheels is 139kw. The selected motor supplies 160kw meaning with a transmission efficiency of 87% or more it can meet this requirement. 

[bookmark: _Toc35838386]4.2	Final drive solution
The following section discusses the ratio of the propulsion motor to the wheels using a final drive ratio. The intension of a single gear HEV gives one gear ratio and a differential ratio. 
[bookmark: _Toc35825570]		Equation 1 (Ehsani , et al., 2010)
The motor RPM notated  for this system is 6500rpm which is where max efficiency (94%) is achieved.  represents RPM of the wheels at max velocity. 
			Equation 2
Equation 2 expresses  as  for the max vehicle speed (22.975m/s) and  for the circumference of the wheel with 0.3185m radii.  
These provide a final drive ratio of 9.44 (3sf). Currently the differential on the vehicle runs a 2.5:1 ratio (Quaife, 2018) with a 95% efficiency (Bhatia, 2020)(Figure 11). Hence a 3.75:1 single gear ratio at 95% efficiency (helical gear) would suffice the requirement of the final drive ratio. 

[bookmark: _Toc35838387]4.3	Controller 
The motor comes with a controller, “Yasa Si400” (YASA, 2019). This controller requires an input DC voltage of 50-400volts to provide 700-800volts to the motor required for +160Kw power output.   

[bookmark: _Toc35838388]4.4	Convertor
The Intention is for the system to run on either a 12-24v battery system. TIDA-BIDIR 400-12 (Texas Instrumentation , 2015) supplies plans for a DC-DC converter which runs an efficiency of 79% @ 12-400volt boost. (figure 4)
[image: ]
[bookmark: _Toc35838365]Figure 4, DC-DC voltage converter efficiency, sourced (Texas Instrumentation , 2015)
[bookmark: _Toc35838389]4.5	Battery
The max power required of 139Kw (figure 3) supplied via batteries alone with 6000Arms would be equivalent to 23v usage. This voltage drop would be above 80% (figure 6) of the DOD in a 24v battery, which can reduce battery longevity (figure 5). Hence the ICE in the upcoming section will supply a minimum of 34Kw (~25% max Power). From Appendices 9.1 the calculation of 14.22v max battery discharge can be seen from the introduction of an engine. 2x Yangtze 12V 500ah Lithium Ion batteries (Yangtze, 2020) have been selected for the voltage supply and high Amp hours. 
[image: ]
[bookmark: _Toc35838366]Figure 5, Reduction of battery capacity for DOD percentage though No. of cycles, sourced (Yangtze, 2020)
[image: ]
[bookmark: _Toc35838367]Figure 6, Battery voltage depletion from capacity usage in different temperature ranges, sourced (Yangtze, 2020) 

[bookmark: _Toc35838390]4.6	ICE
As mentioned in 4.5 the engine in excel been specified to 34kw. The 2019 Kawasaki Ninja 650l (Kawasaki, 2019) supplies 37.8Kw of power @ 8000rpm. 

[bookmark: _Toc35838391]4.7	Generator 
The generator selected for the ICE power generation is another “Yasa P400R” as at 8000rpm the efficiency is 90-92% meaning to power supplied to either the battery or motor can be 34-34.7v respectively. 

[bookmark: _Toc35838392]4.8	Overview
	Component
	Make and Model (No. required)
	Reference

	Motor (Generator)
	Yasa P400 R (x2)
	(YASA, 2018)

	Motor controller 
	Yasa Si400 (x2)
	(YASA, 2019)

	Converter
	TIDA-BIDIR 400-12
	(Texas Instrumentation , 2015)

	Batteries 
	Yangtze 12V 500ah Lithium Ion (x2)
	(Yangtze, 2020)

	Replacement engine 
	2019 Kawasaki Ninja 650l
	(Kawasaki, 2019)

	Original engine 
	2012 Kawasaki ZZR1400
	(Kawasaki, 2012)

	Original gearbox
	Quaife QBM5M
	(Quaife, 2018)


[bookmark: _Toc35838368]Figure 7, Specified components make and model, Standing 2020  

In figure 7 the component term refers to the make and model for the rest of this paper, additional information for each component can be seen in the reference provided. 











5. [bookmark: _Toc35838393]Methodology
The method to which the engine recharges the battery and/or supplies power to the motor is based on a thermostat control system as seen in figure 8. 
[image: ]
[bookmark: _Toc35838369]Figure 8, Example of engine thermostat control system, sourced (Ehsani , et al., 2010)
The principle is the SOC of the PPS (Batteries) maintains within an amplitude of max stored power and minimum stored power. This system can be used to set a simple DOD limit where the engine is operated hence the battery capacity remains above 20% (figure 5, 6), in addition the batteries max cut off saves fuel by turning off the engine. 
6. [bookmark: _Toc35838394]Analysis

[image: ]
[bookmark: _Toc35838370]Figure 9, Component pricing and weight, Standing 2020
Looking at the cost for the setup outlined as seen in figure 9 the price for all major components comes to £26,500, with the possibility to sell off the original engine and gearbox the total costs drop by £10,200 to £16,300. These are hypothetical and doesn’t consider the additional materials such as wiring. The weight increases by only 133kg in total after removing original components even though additional components such as wiring would be added the fuel tank could be reduced in size therefore the 133kg is a good estimate. 
Figure 10 shows that the Motor/Generator takes up the bulk of the budget closely followed by the batteries. Similarly for weight the batteries are the heaviest components added equaling more than the original engine and gearbox combined.  

[image: ]
[bookmark: _Toc35838371]Figure 10, Cost and Weight Pie charts of new components, Standing 2020

HEV results can be seen in appendices 9.3 (figure 12-15)
In figure 13 the sum of both the Battery power and the Engine supply is equal to or greater than the ABS resistive power in figure 12. The points at which the combined supply of the battery and engine exceed the ABS resistive power the battery SOC would increase. This also happen when the total resistive power (seen figure 12) goes negative. Where the vehicle descends a slope as seen in figure 14 where the SOC increases without the engine being on, ergo charging the battery. Figure 15 shows a trend line of the % SOC, this increases over the drive cycle. This is beneficial as the model used doesn’t take in to account the power to start the engine, which happens 6 times of the cycle. Gone unnoticed the engine wouldn’t have enough power to start leaving the vehicle on battery alone for the short duration it would last. 












7. [bookmark: _Toc35838395]Conclusion 
Comparing the two systems there is significant differences. Starting with the cost the value of the HEV conversion as a one off is as expensive as buying another buggy. However the small engine runs at peak efficiency, and for a shorter duration (27 seconds seen figure 14) than the ICE buggy counterpart. The additional weight to the HEV means that more power is required and the efficiency losses through the series powertrain are slightly greater than the ICE buggy. 61% efficiency from engine to wheel in the HEV and 79% efficiency battery to wheel (9.1) whereas transmission loses from the ICE are the main efficiency loss apart from the engine. 
In general the HEV costs too much but fuel economy means less money spent using the vehicle. The weight of the batteries is a technological issue but the vehicle is “greener”. Overall in the long run the HEV buggy could be a feasible concept, but the batteries have a set amount of cycles and (figure 5) and using an engine is always going to produce hydrocarbons. Overall the BEV would be my recommendation as a battery, converter/controller, and motor system would have less efficiency losses and would cost possibly just as much. The benefits of a PHEV without having to add fuel. However in a decision between the ICE and HEV for a corporate events I would choose the HEV. The green aspect appeal to large companies, the increased weight is not an issue as generally the occupant won’t push the vehicle to the limits and in the long run money is saved on fuel. 
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8. [bookmark: _Toc35838397] Appendices 

[bookmark: _Toc35838398] 9.1	 Excel Submission 
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[bookmark: _Toc35838399]9.2 	Gear Efficiency 
[image: ]
[bookmark: _Toc35838372]Figure 11, Gear efficiency, sourced (Bhatia, 2020)

[bookmark: _Toc35838400]9.3	Resultant HEV Drive cycle graphs

[image: ]
[bookmark: _Toc35838373]Figure 12, Resistive power at wheel over the drive cycle, Standing 2020 
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[bookmark: _Toc35838374]Figure 13, Engine and battery supply to wheels, Standing 2020
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[bookmark: _Toc35838375]Figure 14, Thermostat Engine Control as outlined by (Ehsani , et al., 2010), Standing 2020
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[bookmark: _Toc35838376]Figure 15, Battery operation percentage and voltage, Standing 2020
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Component  Make & Model (No. #) Component Reference Price (£)Price Reference  weight (Kg) Weight Reference 

Motor Yasa P400 R (x2) Yasa 2018 16,000DIYElectricCar, 2016 68.4Yasa 2018

Motor controller  Yasa Si400 (x2) Yasa 2019 8,000DIYElectricCar, 2016 5.7Yasa 2019

Converter TIDA-BIDIR 400-12 Texas instrumentation, 2015 200EST 2.5EST

Batteries  Yangtze 12V 500ah Lith Ion (x2) Yangtze,2020  1900Yangtze,2020  150Yangtze,2020 

Replacement engine  2019 Kawasaki Ninja 650l Kawasaki 2019 400EST 52EST

Original engine  Kawasaki ZZR1400 Kawasaki 2012 2500EST 107LOCOSTBUIDERS, 2014

Original gearbox Quaife QBM5M Quaife, 2018 7700Quaife, 2018 39Quaife, 2018

26,500 279

16,300 133
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Gear Efficiency Comparison Table

Spur 11106 94-98%
Straight Bevel 3210511 93-97%
Spiral Bevel 3:2t04:1 95-99%
Worm 5:11075:1 50-90%
Helical 32101041 94-98%
Hypoid 101102001 80-95%
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