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An OBD2 tool (Scan XL by Palmer Performance Engineering) was used to record a typical drive cycle for the following vehicles.
· 2016 Toyota Aygo (998cc, petrol) – Small Hatchback
· 2011 Triumph Tiger (800cc, petrol) - Motorbike
· 2016 Volvo V40 Cross Country (cc, diesel) – Sports Utility Vehicle
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· Interpret data across each vehicle to determine validity of channels.
· Compare the different vehicle types through a shared drive cycle.
· Suggest alternative propulsion methods to provide a solution to a more efficient vehicle and examine the specific requirements for said technologies.
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· Use Microsoft Excel and MATLAB to process the logged OBD vehicle data and extract relevant information for the investigation.
· Produce a MATLAB script and apply maths channels to each of the vehicles referring to powertrain and efficiency related data.
· Produce a theoretical model for alternative powertrain strategies and provide numerical evaluation for each.
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1. [bookmark: _Toc35842816]Vehicle Data Extraction via EOBD Port

The current EOBD standards (ISO, 2015) require manufacturers to make certain information readily available for diagnostics purposes. In recent years, this information has extended to the inclusion of primary live sensor data. The ScanXL is only operating at OBD2, so the number of live data channels are limited when compared to those available through enhanced (EOBD2) tools. However, the ScanXL tool produces close to 100 output channels which is an unrealistic amount of real sensor data for its platform. There are also inconsistencies with available channels and total log counts owing to the variance between each vehicle and journey.
Therefore, it is imperative that all data logs are examined for authenticity and processed correctly. A MATLAB script will be written to extract the relevant information directly from the original data files. From this, comparisons and analysis can be performed for each presented vehicle.
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[image: ]The output channels are split up into groups as shown in figure 1. The tree items in green highlight the preferred channels to use for this investigation, as these can be validated or assumed accurate (if directly supplied from an engine ECU, GPS or accelerometer). Channels within the grey section appear to be derived from vehicle data but are likely to apply additional equations/assumptions to gain an output value. For this reason, these channels will be discounted unless the use is absolutely necessary.
The engine Performance Information Data (PID) suffers with latency issues where multiple sensors are logged simultaneously. (Pattengale, 2005) states that this can reduce sample time from 0.1 sec/sample for one sensor, to 1.0 sec/sample for 10 sensors, although this phenomenon will not impede the investigation.Figure 1 - Output Channels

The ScanXL tool piggybacks a mobile device (in this case, an iPhone) for its auxiliary channels. This means the iPhone GPS and accelerometer are utilised for data collection. A conscious attempt was made to position the device relative to the direction of travel in all vehicles for consistency. This acquisition method necessitates validation before comparisons between each vehicle can be made.



[bookmark: _Toc35842818]Validation of Vehicle Motion

Table 1 highlights the GPS related channels output from ScanXL. The data implies a minimum accuracy of 10m horizontal and 4m vertical through the experiment. However, it is unclear as to how this tolerance is established. GPS accuracy can depend on dynamic variables such as ground reflection, atmospheric refraction and satellite location/timing (ephemeris). In addition, the types of positioning technologies used within the iPhone can also influence the accuracy as stated by (Zandbergen, 2009).
This section will demonstrate the validity of the GPS channels through the Aygo data. The same process was also applied to the other two vehicles.


Table 1 - Output Channel Table
	Channel Name
	Units

	Latitude
	Decimal Degrees

	Longitude
	Decimal Degrees

	Horizontal Accuracy
	Metres

	Vertical Accuracy
	Metres

	Altitude
	Metres

	GPS Course (direction of travel)
	Decimal Degrees

	Vehicle Speed
	Km/h and mph
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The GPS coordinates were first plotted in MATLAB to generate the route profile, as shown in figure 2. This confirms no major disparities exist between the data collected from each journey.
Google Earth was then implemented to produce a render of the route, whilst providing an additional method of data validation. The latitude and longitude channels were extracted from the output data and converted to a Google Earth specific .KML file. The rendered route overview can be seen in figure 3.
[image: ]Figure 2 - GPS derived drive cycle route in MATLAB

[image: ]Figure 3 - GPS Overview Google Earth

Convergence with the associated roads was assessed by tracing the route close to ground. Figure 1 and 2 demonstrate how the overall correlation between road contours and GPS position is good. Figures 6-9 highlight some small errors introduced, predominantly due to ground reflection.
[image: ][image: ]
Figure 4 - Navigation through open space with no errors
Figure 5 - Example of navigation


Figure 6 - GPS reflection errors
Figure 7 - GPS error at bridge

Figure 8 - Addition GPS reflection errors
















Figure 9 - GPS jump in altitude through obstacle reflection
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[image: ]The elevation changes through the drive cycle are logged as a GPS channel, which is plotted against distance. This channel is partially validated by comparing against the altitude derived through latitude and longitude coordinates in Google Earth, as shown in figure 10. The peak altitude and general trends are consistent, although some small discrepancies occur at points.
[image: ]Figure 10 - Comparison of Altitude plots between GPS and Google Earth
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The cumulative distance travelled by each vehicle is not determined through the trusted channels from the ScanXL. A calculated channel for trip distance is available, but the precise method for which this is calculated is unknown. Some alternative methods were employed to determine the authenticity of the distance travelled for each vehicle.

The distance between two points on earth can be found using trigonometry, with a conversion from spherical polar to cartesian coordinates, known as the Great Circle method. The following assumptions apply,
· The earth is a perfect sphere
· The mean radius of the earth is 6378km
Although these statements introduce errors, the margin is considerably small due to the proximity of each sample point. 






For distance between points,






A trapezoidal integration (cumtrapz) function was also applied to both the GPS speed and Vehicle Speed Sensor channels, providing further approaches for the cumulative distance. Figure 11 highlights the contrast in results between all methods as a product of time. The integration methods are seen to introduce errors through a consistent underprediction when compared to the Google Earth journey, estimated to be 31.3km in total.
[image: ]Figure 11 - Distance Calculations for validation
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For this investigation, the lateral accelerations produced by each vehicle is not necessary. However, the longitudinal vehicle accelerations are of interest for subsequent calculations and assumptions. The device orientation and stability can interfere with the validity of the accelerometer data, causing spikes and noise when compared with the true vehicle body accelerations. 
Validation against the 1st derivative of vehicle speed and GPS speed is favoured. The 2nd derivative of distance could also be used.
[image: ]Figure 12 - longitudinal acceleration study






[image: ]Figure 13 - Longitudinal acceleration from speed sensor

Figures 12 and 13 compare the GPS and speed sensor derived accelerations and road speeds against the raw accelerometer data.
The accelerometer trace (blue) can be seen to remain positive through accelerations as well as decelerations, suggesting there is no accounting for direction. This also results in condensed, noisy data.
Both the GPS and vehicle speed sensor plots (orange) show a distribution of positive and negative accelerations across the zero point, representing the direction of accelerations experienced. This format improves the presentation of data, specifically around braking zones (Elbestawi, 2002). 
When compared to the vehicle speed sensor, the GPS speed can be considered more erratic. Evidence of this can be seen where the instantaneous spikes reach a higher magnitude of G force and occur more frequently. For this reason, the more stable vehicle speed sensor is preferred for determining vehicle acceleration.
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The GPS data from each vehicle journey was used to compile a standardised drive cycle and altitude map. This section will determine the attributes for the proposed drive cycle, with respect to the original data.
[image: ]Figure 14 - Drive Cycle comparison


Note: A small drift in X axis alignment can be seen due to the approximated total distance of the simulated drive cycle being greater than the real journeys.
Figure 14 provides a visual representation of the simulated drive cycle speeds superimposed to the real GPS data, for all three vehicles. The NEDC structure is replicated by using constant velocity sections (Pacheco, Martins and Zhao, 2013). This method is preferred given the range in recorded values for each journey.


[image: ][image: ]Note: A small drift in axis alignment can be seen due to the approximated total distance of the simulated drive cycle being greater than the real journeys. Figure 15 - Average elevation angles
Figure 16 - Altitude comparison


[image: ]Figure 17 - Acceleration comparison



Note: A small drift in axis alignment can be seen due to the approximated total distance of the simulated drive cycle being greater than the real journeys.

Figure 17 shows a comparison of accelerations between the simulated drive cycle and real GPS data. The Volvo accelerations can be seen to contain significant noise as the peak value occurs in excess of 30m/s2. This suggests the real data would have to be smoothed considerably to retain more representative values. However, the simulated data shows a maximum acceleration of around 2m/s2 which tends to be in line with average road vehicle accelerations. These accelerations further validate the simulated drive cycle against reality.





[image: ]
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1. [bookmark: _Toc35842825][image: ]Volumetric Efficiency
Figure 18 - Volumetric Efficiencies






Volvo is turbocharged so can achieve higher volumetric efficiency, but results can suffer from latency and air leaks between the sensor and the cylinders. Aygo is more sporadic but two visible concentration lines can be seen at low and high volumetric efficiency with increased engine speeds.	
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As discussed in sections 3 and 4, the real data fluctuates for each journey which causes problems for direct comparisons. For this reason, the simulated drive cycle will be applied to each vehicle to establish relative power requirements per metre.
A list of required vehicle constants can be seen in table 2.
Table 2 - Vehicle variables
	Variable
	Value (Aygo, Tiger, Volvo)
	Unit

	Mass
	890 , 305 , 1740
	kg

	Coefficient of drag
	0.28 , 0.7 , 0.26
	coeff

	Coefficient of lift
	0.1 , 0.09 , 0.08
	coeff

	Coefficient of rolling resistance
	0.02 , 0.02 , 0.02
	coeff

	Coefficient of friction (static)
	0.9 , 1 , 0.9
	coeff

	Frontal Area
	2.04 , 0.5 , 2.2
	m3

	Wheel radius (inc. tyre)
	0.3173 , 0.3209 , 0.3397
	m








The vertical forces acting on each vehicle can be found by,


[image: ]Figure 19 - Vertical Forces



For aerodynamic resistance (Newtons),






[image: ]
Figure 20 - Drag Forces

Figure 20 demonstrates how the aerodynamic resistance is a product of velocity (Sadraey, 2009). 


For Aerodynamic lift (Newtons),




[image: ]Figure 21 - Lift Forces


All vehicles generate a small amount of lift which in turn reduces the overall vertical force acting on the vehicle. However, this value is negligible when compared to the vehicle mass and vertical forces due to the grade. 

For rolling resistance (Newtons),




[image: ]
Figure 22 - Rolling Resistance


The coefficient of rolling resistance for tyres on fair asphalt is assumed 0.02 (Andersen et al., 2015). The actual rolling resistance would tend to increase with vehicle speed. However, the magnitude of the resistive force is small in comparison to the other modes of resistance so can be neglected.



For Total Tractive Effort (TTE) in Newtons,




[image: ]
Figure 23 - Total Tractive Effort

Figure 23 proves that the combined resistive forces are dominated by the aerodynamic drag forces in each vehicle. 

 
To convert the total forces into power required (Watts),








Table 3 - Power comparison
	
	Aygo
	Tiger
	Volvo

	Peak Power (kW)
	36.34
	13.96
	65.66

	Mean Power (kW)
	8.9
	4.28
	13.19




Table 3 summarises the power requirements from each vehicle. The simulated drive cycle has provided a direct comparison that is representative of expectations.

To find the total energy required to overcome the resistive forces (convert Watts to Joules),



[image: ]Figure 24 - Cumulative energy requirement



The specific energy for the Triumph is 42J/kg, the Volvo is 24J/kg and the Toyota is 31J/kg. This correlates to the trends shown in figure 24. The triumph Tiger finishes the duty cycle with a 20% efficiency which is reasonable. The Toyota and Volvo fall below the expected efficiency criteria which suggests they are consuming more fuel than the indicated 50mpg.


For the torque required at the drive wheel (Newton Metres),




To verify the wheel torque requirements against the maximum torque the wheel can experience before slip,





	
Table 4 - Torque comparison
	Vehicle
	Peak wheel torque from drive cycle (Nm)
	Maximum wheel torque before slip (Nm)
	% of maximum

	Toyota Aygo
	175.6
	622.6
	28.2

	Triumph Tiger
	190.8
	479.6
	17.2

	Volvo V40 xc
	265.1
	1303.1
	17.3



Table 4 shows the Volvo has the greatest wheel torque, primarily due to its mass. The Aygo achieves a quarter of its allowable wheel torque through the journey. 
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1. [bookmark: _Toc35842828]Kinetic Energy Recovery System

[image: ]The total power that is potentially recoverable through the simulated drive cycle is calculated through the same methods in section 3. However, it is necessary to account for the braking forces (deceleration) instead of the acceleration forces in this scenario. This is shown in figure 25.Figure 25 – KERS required power


From this, it is possible to find the actual energy recovered, assuming a harvesting efficiency of 85%.
[image: ]
Figure 26 - Recovered Energy
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The following revisions must be made to the vehicle to incorporate start/stop capability.
· Upgraded main bearings to improve dry lubrication due to lack of hydrodynamic lubrication
· Upgrade to heavy duty starter motor
· Enhanced battery technology (EFB/AGM) for increased electrical load due to lack of alternator charge and increased starter motor usage.
· Auxiliary cooling system (electric water pump to take over from crankshaft driven pump).
· Control system to monitor charge and switch when safe.
Assumed option price for a mass-produced vehicle is £200. 
The real data was analysed to find the longest hypothetical time that any of the vehicles were stationary. This was found to be 70 seconds per full cycle (return journey).
It was estimated that the average fuel flow at idle is 0.01 gallons per hour, per litre of engine displacement as follows,







	Vehicle
	Idle Fuel Flow
(litres/sec)
	Fuel per Cycle
(litres/cycle)
	Cycles per Litre
(cycles/litre)
	Time for 1 Litre
(years)

	Aygo
	0.00001248
	0.0008733
	1145.1
	3.2

	Tiger
	0.00000998
	0.0006991
	1430.4
	4

	Volvo
	0.00002461
	0.0017
	580.4
	1.6




Realistically, the Triumph would not benefit from this fuel saving method due to the likelihood of filtering through traffic at busy junctions and traffic lights. In addition, the smallest engine in the Tiger means it would be an economical solution. The Volvo is equipped with start/stop technology but would also not really benefit from this duty cycle.

[bookmark: _Toc35842830]Battery Electric Vehicle (BEV)

The Toyota Aygo will be studied to ascertain viability of electric propulsion. The values calculated through section 3 will be used to evaluate a suitable specification for the simulated duty cycle. 
[image: ] Figure 27 - Direct Motor Speed


Figure 27 indicates the wheel speeds for each vehicle. Based on these results, it is conceivable to use a direct drive system capable of maximum output speeds in excess of 950rpm for the Toyota Aygo.

The motor efficiency will be assumed to be 88% of total power, a typical value for electric motors used in the automotive industry. To account for these losses, the minimum total energy storage requirement can be calculated through,

The power requirement for the desired storage pack is found to be a minimum of 41.29kW.

A range of voltages are found within the EV industry meaning it can become challenging to directly compare capacities of different systems (Larminie and Lowry, 2003). Therefore, it is necessary to define the energy storage requirements in kilowatt hours (kWh). This provides a platform for direct comparison of power capacity across battery packs through all ranges of series and parallel configurations.

(hrs)


Figure 28 concludes the minimum requirement for the Toyota Aygo electrical storage pack to be 8.5kWh. This will provide enough power to complete one return journey as it can be assumed that the vehicle will be fully charged between each cycle (Young et al., 2013).
[image: ]
The mean power requirement through each duty cycle is 9kW with a peak of 35kW @ 176Nm through the acceleration/grade events. Figure 28 - Power Storage Requirement

An example of a suitable motor to replace the duty cycle requirements is shown in TABLE.

Table 5 - Motor Specifications
	
	Warp 11-HV DC Motor

	Rated Torque
	234.6 Nm

	Rated Power
	43.3 kW

	Max Voltage Input
	280 V

	Rated Current
	597 A

	Rated Motor Speed
	1442 RPM

	Max Efficiency
	88%

	Mass
	101 kg




The suggested motor provides 33% more torque and 24% more power than the maximum duty cycle requirements at the rated output. This margin of safety is necessary to ensure the motor is not stressed and to anticipate any small deviations in ratings to actual performance.

The resultant current draw is found by transposing the power formula. This calculation is essential to avoid damage and overheating of electrical and mechanical components.



Figure 29 confirms the maximum power requirements would not exceed the rated current of the motor. 






[image: ]Figure 29 - Current Drawn

An example battery module configuration will be investigated to store the required power for the duty cycle. 

Table 6 - Battery Specifications
	
	LG CHEM Lithium Ion Battery

	Capacity
	2.6kWh

	Maximum Discharge current
	800 A (10 sec)

	Voltage
	60.8 V

	Continuous current
	200-400 A

	Mass
	17 kg







The module configuration can be manipulated to reach the requirements of the vehicle. By including six modules (1p6s), a total capacity of 16kWh can be achieved. This translates to a 50% power reserve after one duty cycle. The total voltage of the energy store would equate to 365 V.

The voltage achieved through this module configuration would surpass the motor maximum input. Therefore, a DC converter would be needed. It can be assumed that the DC converted would have a conversion efficiency of approximately 95%. This would have to be accounted for in the total power requirements but would not be critical for the proposed drive cycle.
The maximum regeneration for the battery is 16.5kWh providing it takes place over a short time period. The system voltage is 280 V. From this, the recovery can be calculated as 58.93Ahr. As the battery back is configured in series the module recovery rate is equal to the whole pack. Peak regen is found to be 1.378C which is acceptable given the maximum module charge rate is 2C. This ensures the Kinetic Energy Recovery System will not breach the charging capabilities for the proposed modules (Arora, 1999).


[bookmark: _Toc35842831]Conclusion

From this investigation, the most viable solution to improve the powertrain efficiency and emissions is to use a full electric propulsion system as discussed in the previous section. The relative power requirements for the small Toyota mean that changing the engine and transmission with an electric motor, module pack, DC converter and additional components will only see a small rise in total vehicle mass to the original car. In addition, the current alternative powertrain options fall behind on delivery and technologies. Current electric vehicles are restricted by the battery technology and range capabilities but there is likely to be some improvement into this area over the next couple of years due to the vast research and development ongoing. 

The limiting trusted data channels for each vehicle cycle meant that some assumptions and restrictions applied where attempting to calculate and model the alternative powertrain systems. This could be further improved by including a more comprehensive scanning tool that can record additional engine parameters. Such areas as exhaust emissions, fuel delivery and additional engine sensors / ancillaries could be incorporated to the investigation to further refine each modelled section whilst providing further scope to include additional methods. 
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