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1. INTRODUCTION
Currently on the market there is a large range of off-road vehicles which provide an adrenaline filled experience, companies use these off-road vehicles to offer safe opportunities for corporate events or recreational use. When placing an order for an off-road vehicle, a buggy in this case, the company must understand the operating cost of these events. This report will cover an in depth look at a typical duty cycle that these types of vehicles will endure, the buggy in question; the Renegade DX10-C Corporate 300cc. this report will help the company understand the fuel consumption and forces subjected on a typical multi-surface track. 
The focus of the task was to develop a vehicle drive cycle, duty cycle, of a typical multi surface track with undulations which would be used for corporate events. The duty cycle produces various windows to investigate further and allows for comparison of the buggy’s performance, fuel consumption, and operating ability which can be used to evaluate the buggy and validate design and mechanical changes (Barlow, et al., 2009).
1.1. NATURE OF THE PROBLEM

The principle reason for understanding the performance characteristics of this particular off-road vehicle is to evaluate the amount of carbon dioxide is produced and how much energy is recoverable over the course of the duty cycle. The purpose of this investigation is to evaluate whether a hybrid or electric variant of the powertrain system would be beneficial for the company as opposed to its 300cc internal combustion engine.
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Figure 1 - Renegade DX10-C (Blitzworld, 2021)
2. VEHICLE AND TRACK

2.1. THE VEHICLE

The off-road vehicle selected for this duty cycle investigation is the Renegade DX10-C Corporate 300cc buggy, the full specification of which can be found in appendix 1. The buggy is fitted with a single cylinder motorcycle that is limited to 30mph utilising a CVT automatic transmission fitted low down to create a very low centre of gravity and long travel suspension so that it can easily handle any terrain that it may encounter (Blitzworld, 2021).
2.2. THE TRACK

The track that has been designed for this duty cycle investigation is 1.34km long and includes an elevation change of over 20m, the surface is split into three sections with varying surfaces; tarmac, gravel, and mud so that different traction conditions can be trialled and tested. The track has been designed to offer an entertaining yet safe experience while encompassing the full range of the off-road vehicles power and torque range.
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Figure 2 - Multisurface buggy track

It can be seen from the image above that there are a wide range of sections across the track with long straights, fast and slow corners and the three very distinct sections; section one has a tarmac surface that encompasses the start finish straight round to the end of turn 5, after this the surface switches to gravel for a short run down to the beginning of turn 9, where the surface changes to mud to bring the buggy back round to the final corner where the tarmac resumes. With many of the corners long and sweeping or short and shallow many of the corners theoretically can be driven at maximum velocity however owing to the traction level the velocity is balanced so that the traction limit is not exceeded. Further                                                                                                         details on the track such as a more in depth look at the track dimensions is shown in appendix 2.
3. METHODOLOGY

The equations below explain how the duty cycle was created in an excel spreadsheet.

3.1. INITIAL EQUATIONS

3.1.1. ACCELERATION

[image: image3.emf]acceleration =
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(BBC , 2021)
This equation was used to calculate the acceleration in miles per hour, this was then multiplied by 2.237 in order to convert it into meters per second.

3.1.2. ROLLING CIRCUMFERENCE
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(X-Engineer, 2019)
3.1.3. GRADIENT
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(The Engineering Toolbox, 2021)
3.1.4. POWER CONVERSION
[image: image8.emf]w = BHP -0.7457 - 1000










3.1.5. TORQUE
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3.1.6. GEARING

Working in order from the primary reduction, the buggy has an initial reduction of 3.36:1 which means that the engine is rotating 3.36 times faster than the gearbox input shaft. As the buggy is fitted with a constant variable transmission (CVT) this means that the gear ratio is constantly changing to optimise the ratio for the deserved velocity and torque requirement, for this reason three distinct gear ratios were determined with realistic maximum velocities. The gear ratios can be seen in the table below and the velocities in each theoretical gear at each engine speed are displayed in appendix 3, however the maximum velocity in first gear is 16mph, second gear is 23mph, and third gear has a maximum velocity of 30mph at 6500rpm.
Table 1 - Buggy theoretical gear ratios

	GEARING

	REDUCTION
	INPUT
	OUTPUT
	RATIO
	FINAL RATIO

	PRIMARY
	25
	84
	3.36
	 

	FIRST
	26
	11
	2.36363636
	29.60132231

	SECOND
	29
	18
	1.61111111
	20.1769697

	THIRD
	32
	26
	1.23076923
	15.41370629

	FINAL
	11
	41
	3.72727273
	 


3.2. DUTY CYCLE EQUATIONS

3.2.1. RESISTIVE FORCES

A crucial element of the duty cycle is calculating the forces that are acting upon the buggy while it travels around the track. The forces acting upon the buggy are; acceleration resistance, gradient resistance, rolling resistance drag, and aerodynamic resistance. The buggy will only be able to accelerate if the sum of these forces are lower than the power available by the single cylinder ICE unit the buggy is fitted with.

3.2.1.1. ACCELERATION RESISTANCE

All aspects of the ICE unit and powertrain system are plagued by frictional losses and internal masses. The acceleration resistance force is the force required to overcome these losses so that the vehicle can accelerate to the requested velocity. Firstly a reduced mass is calculated below with the results listed in appendix 1, the reduced mass equation considers the engine inertia, the rolling radius of the driven wheel, and the selected gear ratio. To reach the acceleration force from this equation, the reduced mass then needs to be multiplied by the acceleration of the buggy.
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Where, RM = reduced mass, M = mass, Iw = wheel inertia, IE = engine inertia, rr = rolling radius, and GR = gear ratio.
(Williams, 2019)
3.2.1.2. GRADIENT RESISTANCE

The gradient resistance is the force applied to any object that is moving along a slope or in this case undulations on a track surface, this force acts against the buggy when travelling up a gradient but acts with the buggy when travelling down a gradient.
[image: image11.emf]«=M-G-SIN(O)










3.2.1.3. AERODYNAMIC RESISTANCE

The aerodynamic force that is applied to the buggy consists of the air resistance, coefficient of drag along with the frontal area of the buggy and the acceleration.

[image: image12.emf]w=05p-Ar-Cp-V?2










Where, Fa = aero force, ( = air density, Af = Frontal area, CD = coefficient of drag, and V = velocity.
3.2.1.4. ROLLING RESISTANCE DRAG
The rolling resistance of the surface is an important factor when investigating this duty cycle as this is the coefficient that resists the wheel rotation, the engineering toolbox state that;
· Car tyres on asphalt = 0.013

· Car tyres on gravel = 0.04

· Car tyres on mud = 0.1

(The Engineering ToolBox, 2008)
The rolling resistance is then inserted into the following equation to calculate the drag force that is formed from the resistance of the road surface.

[image: image13.emf]RRD=G-M-r










Where, RRD = rolling resistance drag, G = gravity, M = vehicle mass, and rr = rolling resistance coefficient.
3.3. POWER REQUIRED PER SECOND
[image: image14.emf]otal resistive forces -V = PP










Where, PPS = power per second, and V = velocity.
3.4. FUEL CONSUMPTION

Brake specific fuel consumption (BSFC) is the measure of efficiency in any engine that burns fuel to produce rotational power, the BSFC value describes how efficiently the engine converts fuel into useful work (Azad, 2019). The BSFC graph below sourced from X-Engineer describe the relationship of torque and engine speed in the consumption of fuel, this graph is a representation of a single cylinder 4 stroke ICE, similar to the one found in the buggy.
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Figure 3 – single cylinder 4stroke motorcycle ICE BSFC graph (X-Engineer, 2021)
From here a table was populated with fuel flow values that could then be extracted to find the fuel flow per second at varying engine speeds and torque requirement. The full BSFC table can be found in appendix 4. Using excel formula functions it is able to identify the engine speed then reference this value against the torque figure, this function then displayed the relevant fuel flow cell value in grams per kilowatt hour into the duty cycle where it can be converted to grams per second.
4. ANALYSIS

The duty cycle that has been developed has produced a comprehensive set of data that can be analysed in depth in relation to, power, torque, fuel consumption, acceleration, and resistive forces among others.

The buggy itself is limited by its power and torque values of 12.97Kw and 20.64Nm respectively, this is shown in the figure below as a power torque curve that is often seen produced in the form of dyno graphs. This is an excellent source in the analysis of a vehicle as it clearly shows where peak power and torque are located within the engines operating range. This is also a powerful tool when evaluating engine performance as engine tuners can adjust these curves to deliver reach specific goals. 
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Figure 4 - Power and torque curves of the buggy

4.1. TRACK ELEVATION

As described in the project brief the duty cycle required an elevation change of at least 20m, this was achieved by altering the elevation over each second of the duty cycle which can be seen in the graph below showing the profile of the elevation change.
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Figure 5 - Elevation change

4.2. POWER REQUIREMENTS 

When looking at the resistive forces in comparison to the resistive power the first observation is that they are, for the majority, proportional to degree as they show similar peaks and troughs. At the beginning there is a clear surge in the resistive force which translates to a more gradual rise in resistive power when the buggy first accelerates from a stop at the start of the duty cycle.
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Figure 6 - Resistive force Vs resistive power

At the points where the resistive power drops significantly below the resistive forces curve these are the points where the buggy is decelerating, during these periods the buggy no longer requires power input or very little which means these are potential areas where energy regeneration can be implemented. This storage of energy could then be stored and utilised at other points during the duty cycle (Toll, 2018). This analysis can also be observed when looking at the figure below showing the resistive forces and acceleration of the buggy, there are now several significant troughs in the acceleration which are ideal examples of where the energy can be recovered.
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Figure 7 - Resistive force Vs acceleration

4.3. FUEL CONSUMTION
The figures in the table below describe the fuel consumption figures of the buggy over a one lap period and a one hour period. Giacchino states that in the year 2011 the average fuel economy for this type of vehicle is around 39.5mpg, this value was reached from the average mpg of ATVs on sale in the US (Giancchino, 2021). With this figure in mind it is not unreasonable to suggest that the figures that have been reached during this duty cycle are reliable as they are in line with real world figures, the buggy however may actually provide vastly varying results as different drivers will use different amounts of throttle.
Table 2 - Fuel consumption figures
	FUEL CONSUMPTION
	PER LAP

	81.82
	G

	0.08
	KG

	0.11
	L

	0.02
	GALLON

	 
	PER HOUR

	27
	TOTAL LAPS

	36.31
	KM 

	22.69
	Mi

	0.67
	GALLON

	34.07
	MPG


When analysing the figure below looking at fuel consumption and acceleration across the duty cycle, it can be seen that for the vast majority of the cycle range that the two curves are proportional as they share many common peaks and troughs. As the buggy decelerates the fuel consumption curve follows the trend although even during heavy deceleration the value never reaches zero, meaning that there is a constant fuel flow to the engine. During these periods of deceleration the energy released is currently being wasted with the powertrain arrangement, if a hybrid energy recovery system were to be implemented then this energy loss could be harvested and stored for release at a later period.
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Figure 8 - Resistive force Vs acceleration
During the construction of the BSFC table shown in appendix 4 from figure 3 the optimal operating conditions were identified as being between 5000rpm and 6250rpm with between 10Nm and 15Nm of torque to provide the lowest fuel flow figures with enough power and torque to deliver useable power. The figure below shows the points of rpm and torque that were produced during the duty cycle per second. It can be seen that the vast majority of points fall into the 4750rpm to 6500rpm category although this is then spread across the torque range with many of the points showing a torque value lower than 10Nm. The results do show however that there is a high percentage of points that fall into the optimal operating window, meaning that the fuel economy figures shown above are realistic of what is to be expected during a corporate event.
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Figure 9 - Torque Vs RPM scatter graph
5. CONCLUSION

The duty cycle that has been created for this project consists of a suitable track and conditions that would be expected in the real world with the described application of the buggy. A high level of accuracy can be taken from this duty cycle as described above during the analysis although these results cannot be taken as completely accurate due to some of the assumptions made throughout the calculations owing to a lack of physical data.

When evaluating the fuel consumption of the vehicle data that was returned by the duty cycle the results showed values that were in line with real world applications although with the average mile per gallon figure taken from the US market ten years ago the true alignment of the values may differ to the current market. With this said the figure that was returned, 34.07mpg, is not extremely low and on par or higher with many vehicles on the road at the time of writing. The buggy utilised the optimum operating range of the engine however many points during the duty cycle still fell outside of this zone. With a human operating the engine it would be impossible for all of these points to fall within this area although for the application of hybridisation an ICE unit could consistently operate at a fixed point defined as the peak operating point of 13Nm at 5500rpm. A series hybrid system would be beneficial in this scenario as the engine can maintain this point while electric motors deliver torque to the wheels, this also means that a regenerative braking system could be implemented to recharge the battery. Ultimately this system would reduce fuel consumption due to operating at a fixed point while also reduce kinetic energy lost during deceleration or braking which could now be harvested and converted to electrical energy for later use.
Looking at the forces subjected on the buggy during the duty cycle the highest peak of the required power to overcome these forces is around 11Kw meaning that the buggy still has a reserve of around 2Kw. By reducing these forces the required power could be significantly reduced, this could be by the means of weight reduction and aerodynamic improvements among a vast field of engineering principles, fundamentally if the engine has a decreased load then the lower the power requirement.
In conclusion the duty cycle has proved to be a detailed source when evaluating the possibility of a hybrid buggy, from the results of the resistive power and acceleration it is clear that the buggy would greatly benefit from an energy recovery system which could be utilised further along the track. The option of a series hybrid ICE system means that the ICE unit could in fact be reduced in size and run at a fixed operating point would vastly improve the fuel economy rating of the buggy thus in turn reducing CO2 emissions. Further suggestions of weight reduction and aerodynamic improvements would also be beneficial as these would reduce the forces subjected on the buggy during the duty cycle.
6. APPENDICIES

6.1. APPENDIX 1

Table 3 - Vehicle specifications
	VEHICLE

	NAME
	Renegade DX10-C

	ENGINE
	4-Stroke Petrol ICE

	TRANSMISSION
	Automatic CVT

	DRIVE
	CVT Clutch

	DIFFERENTIAL
	Locked Rear Axle


Table 4 - Engine specifications

	ENGINE SPECIFICATION

	VOLUME
	278
	cc

	POWER
	18
	BHP @6500RPM

	POWER
	13.42281879
	Kw @5500RPM

	TORQUE
	22
	NM


Table 5 - Vehicle dimensions

	VEHICLE DIMENSIONS

	LENGTH
	2.62
	m

	WIDTH
	1.65
	m

	HEIGHT
	1.62
	m

	GROUND CLEARANCE
	0.3
	m

	FRONTAL AREA
	1.8711
	m²

	C.o.G
	"Very Low"
	 

	FUEL TANK
	29
	l


Table 6 - Vehicle characteristics

	VEHICLE CHARACTERISTICS

	MAX VELOCITY
	30
	mph

	MAX VELOCITY
	13.41081806
	m/s

	FRONTAL AERO AREA
	2.178
	m²

	COEFFICIENT OF DRAG
	0.35
	ASSUMPTION


Table 7 - Wheel specifications

	WHEEL DIMENSIONS

	FRONT WHEEL SIZE
	12
	in

	FRONT WHEEL SIZE
	0.30480061
	m

	FRONT TYRE SIDE WALL
	0.1524
	m

	REAR WHEEL SIZE
	10
	in

	REAR WHEEL SIZE
	0.254000508
	m

	REAR TYRE SIDE WALL
	0.1397
	m

	ROLLING RADIUS
	0.266700254
	m

	ROLLING CIRCUMFERENCE
	1.675727117
	m


Table 8 - Weight specifications

	WEIGHT

	CURB WEIGHT
	365
	kg

	DRIVER
	80
	kg

	DRIVER KIT
	10
	kg

	PASSENGER
	80
	kg

	PASSENGER KIT
	10
	kg

	FUEL
	22.33
	kg

	TOTAL
	567.33
	kg


Table 9 - Gearing specifications

	GEARING

	REDUCTION
	INPUT
	OUTPUT
	RATIO
	FINAL RATIO

	PRIMARY
	25
	84
	3.36
	 

	FIRST
	26
	11
	2.36363636
	29.60132231

	SECOND
	29
	18
	1.61111111
	20.1769697

	THIRD
	32
	26
	1.23076923
	15.41370629

	FINAL
	11
	41
	3.72727273
	 


Table 10 - Inertia and Reduced masses

	INERTIA AND REDUCED MASSES

	WHEEL INERTIA
	0.95
	kgm²

	ENGINE INERTIA
	0.17
	kgm²

	1
	594.9307301
	 

	2
	587.7819377
	 

	3
	585.1985951
	 


6.2. APPENDIX 2

Table 11 - Track dimensions

	START
	SURFACE
	DISTANCE
	TOTAL DISTANCE

	STRAIGHT 1
	TARMAC
	86.20m
	86.20m

	TURN 1
	TARMAC
	34.76m
	120.96m

	TURN 2
	TARMAC
	28.15m
	149.11m

	TURN 3
	TARMAC
	20.33m
	169.44m

	STRAIGHT 2
	TARMAC
	46.12m
	215.56m

	TURN 4
	TARMAC
	51.96m
	267.52m

	STRAIGHT 3
	TARMAC
	154.00m
	421.52m

	TURN 5
	TARMAC
	87.57m
	509.09m

	STRAIGHT 4
	GRAVEL
	83.13m
	592.22m

	TURN 6
	GRAVEL
	29.17m
	621.39m

	TURN 7
	GRAVEL
	19.59m
	640.98m

	STRAIGHT 5
	GRAVEL
	30.84m
	671.82m

	TURN 8
	GRAVEL
	18.84m
	690.66m

	STRAIGHT 6
	GRAVEL
	52.53m
	743.19m

	TURN 9
	MUD
	29.53m
	772.72m

	STRAIGHT 7
	MUD
	102.68m
	875.40m

	TURN 10
	MUD
	36.34m
	911.74m

	STRAIGHT 8 
	MUD
	42.16m
	953.90m

	TURN 11
	MUD
	23.16m
	977.06m

	STRAIGHT 9
	MUD
	23.75m
	1000.81m

	TURN 12
	MUD
	26.90m
	1027.71m

	STRAIGHT 10
	MUD
	23.39m
	1051.10m

	TURN 13
	MUD
	19.78m
	1070.88m

	STRAIGHT 11
	MUD
	96.00m
	1166.88m

	TURN 14
	MUD
	22.78m
	1189.66m

	STRAIGHT 12
	MUD
	37.85m
	1227.51m

	TURN 15
	MUD
	27.74m
	1255.25m

	STRAIGHT 13
	TARMAC
	89.50m
	1344.75m

	FINISH
	 
	 
	 


6.3. APPENDIX 3

Table 12 - Buggy velocities
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5250 14.25] 10626225 2159 | 5.76544597] 12.8973026] _3.099234111] .45839722] 18.9214346] _ 2.13820519] 11.0722769] 24.7686834] _1.64064069)
5500 15| 111855 2200 |6.03999101] 13.5114599] _3.114062983] 8.86117804| 10,8204553| _2.148435837] 11.5995282] 259481446 _1.648430645|
5750 1575 11744775 2151 | 6.31453606] 16.1256172] 3.127602387] 9.26395886] 20.723476] _2.157776862] 12.1267795| 27.1276057] 1655657996
5000 165 1230405 2102 | 6.5890811] 14.7397744| _3.140013508] 9.66673968| 21.6244967| _2.16633946] 12.6540308| 28.3070668| _1.662228067|
6250 17.05 12663325 2053 | 686362615 15.3539317] 3151431738 10.0695205] 22.5255173] _2.174217067| 13.181282] 29.4865279] 1668272533
"6500) 18] 134226] 2004 | 7.1381712] 15968089 3.161971644] 104723013] 23.426538] 2.181488696] 13.7085333] 30.665989]  1.67385204]





6.4. APPENDIX 4

Table 13 - BSFC table for single cylinder motorcycle engine
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