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[bookmark: _Toc39347674]Abstract
An investigation into the feasibility of hybridizing a fully electric motorcycle is to be conducted with the goal of improving the range of a fully electric motorcycle while still retaining an emission friendly product. The current need for motorcycles with reduced emissions while maintaining similar characteristics to their non emission friendly gasoline counterparts is the driving force behind this project.
The creation of a custom-made Simulink simulation was developed to validate against a real world fully electric motorcycle to create a reliable and robust starting point for a hybrid powertrain. The simulator was then modified to incorporate multiple hybrid scenarios to determine the most feasible option. The results generated from the simulation effectively demonstrate that during certain drive cycles the addition of a hybrid powertrain to a motorcycle can be beneficial both in terms of creating an emission friendly design, as well as creating a system that is useful for performance orientated motorcycles.
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[bookmark: _Toc39347677]Abbreviations 

Wb		Wheelbase
Aft		Frontal Area - Tucked
Rr		Rear Wheel Radius
μd		Drag Coefficient 
Fr		Front Wheel Radius
μf		Friction Coefficient
V		Velocity in m/s
P		Tire Pressure 
Hf		Centre of Gravity Height
RRC		Rolling Resistance Coefficient
Re		Rolling Resistance
Rc		Rear Circumference 
T		Half of The Tire Thickness 
b		Wheelbase minus Centre of Gravity in the X direction
g		Gravity
Ar		Average Wheel Radius
ρ		Air Density
NOx		Nitrogen Oxides
CO		Carbon Monoxide
THC		Total Hydrocarbons
NEDC		New European Drive Cycle

WMTC		World Motorcycle Test Cycle

[bookmark: _Toc39347678]Introduction 
The passion motorcyclists have for their beloved motorcycles has shaped the way the motorcycle industry develops new innovations since the inception of the motorcycle. That strong passion has led to the inception of a wide range of advancements such as supercharged / turbocharged engines in the 1980’s as well as safety features such as traction control being introduced. The enthusiasm motorcyclists have for being on two wheels has somewhat hindered the development of modern motorcycles as they are unable to part ways with certain components, and one of these components is the combustion engine. Although many riders would argue that the heart of the motorcycle lies within the component that converts gasoline into freedom, it is also the component that is under the most criticism in this modern day world. This is due to the constant pressure OEM manufactures are under to produce products that are emission friendly and can be sustainable for future generations. Now, much like the author of this report, many riders believe that without the combustion engine there is no point in owning a motorcycle, which is partly why the motorcycle industry has fallen so far behind the automotive industry with regards to alternative powertrain designs. Until a couple of years ago, these lack of advancements were not concerning as rules and regulations were not as strict as they are becoming. The general public also did not want a “greener” solution, but the time has come where the motorcycle industry is faced with the tough task of developing an emission friendly product while still delivering that same passion that so many people have come to love. 
The uncertainty on which direction to take the motorcycle is currently plaguing the motorcycle industry and is the reason why this project will explore the possibility of hybridizing the modern motorcycle. The current solution that some OEM manufactures have decided to go with is a fully electric option. Although this has proven to be somewhat of a smart decision as there is a growing number of people interested in this strategy, the vast majority do not appreciate the design as the range and performance of the fully electric motorcycles do not rival their much cheaper combustion engine motorcycles. This current inherent problem comes down to the limited battery capacity that manufacturers are able to package on board a motorcycle, and until the battery technology advances to a point where a fully electric motorcycle can compete against combustion engine motorcycles the need for creative solutions will exist. 
The central goal of the project will be to determine if hybridizing a fully electric motorcycle is a feasible path for OEM / custom manufacturers, or if other technologies need to be further researched. The starting point of this project was to research the designs and advancements that the automotive industry has made in order to find out if certain principles will directly transfer over, along with discovering why certain creative motorcycle designs have failed in the past. The next step would be to then build a validated Simulink model capable of simulating fully electric and hybridized systems. They key element to this project would be validating the model so that further conclusions could be made about the results generated. This validation stage would be achieved with the comparison of real world data taken from a Zero SR/F. From there, the main goal of the project will be to determine if hybridizing the motorcycle will be advantageous for OEM manufactures to pursue in order to fulfil the ever changing emissions laws. 

[bookmark: _Toc39347679]Project Aims and Objectives 
The purpose of this project is to first develop a Simulink model capable of accurately simulating a fully electric motorcycle. The next step will be to incorporate a hybrid system into the model which can dynamically alter the component sizing and hybrid strategy depending on the various drive cycles. The results generated from this model will then be used to determine if a hybrid powertrain is suitable or not for a motorcycle, and more importantly if a hybrid system is feasible, then what hybrid system would be appropriate for certain drive cycles.   
To fully understand the governing principles of a fully electric / hybrid powertrain a great deal of time will be spent researching how the automotive industry was able to successfully hybridize passenger cars. This research will provide insight on how to adapt automotive hybrid technology to work on a motorcycle platform. Upon completion of the Simulink model the results will then be discussed and analysed to determine if they can be validated against third party data and thus potentially be used for a real world application of a hybrid powertrain. 


[bookmark: _Toc39347680]Project Planning 
To ensure a successful project, a detailed strategy was created with short, medium, and long term objectives. The objectives would then be tracked throughout the project to allow for any alterations in the project to be remedied immediately and thus reducing the amount of potential lost time.   
[bookmark: _Toc39347681]Goals
Short Term
· Ongoing research into new hybrid technologies 
· Weekly progress reports to ensure a successful / meaningful report 
· Begin to develop individual Simulink systems (i.e. battery model, generator model)
Medium Term
· Validate a fully electric Simulink model with third party data
· Continue to research the best strategy for implementing hybridization
· Meetings with supervisors to ensure project validity  
Long Term
· Well-defined understanding of hybrid / fully electric systems
· Develop a dynamic Simulink model for fully electric and hybrid powertrains
· Critically analyse the simulated results and provide insight on the validity of the results 
· Determine if hybridizing a motorcycle is a feasible / valuable solution 

[bookmark: _Toc39347682]Project Planning Conclusion 
With the completion of the project planning finished the project could now be started. The first step was to clearly determine the current problem and need for a more sustainable form of  motorcycle transportation. This would include a detailed literature review of current automotive hybrid powertrains and would also consist of the reasoning behind the project. 


[bookmark: _Toc39347683]Project Relevance and Reasoning 
The European emission standards have recently introduced Euro 5 emission standards for motorcycles this January, 2020, with a total compliance being enforced by January 2021 (Balloni, 2019). The change means that the amount of carbon monoxide (CO) will decrease be 140 mg/km, and the total hydrocarbons (THC) plus nitrogen oxides (NOx) will decrease by 100 mg/km as shown in the figure 1. This means motorcycle Euro 5 standards for tailpipe emissions are now the same has the Euro 6 emissions for passenger cars and indicates that the motorcycle industry is currently six years behind the automotive industry with regards to emission standards.
[image: ]
Figure 1: Motorcycle Euro Emission Standards (Balloni, 2019)
The new Euro 5 standard for motorcycles will play a significant role in how motorcycle manufactures will design future products due to the need for a “greener” solution moving forward. When the Euro 6 standard was introduced into the automotive  industry it promoted new technologies such as fully electric and hybrid vehicles to be produced in order to meet the overall manufacturer fleet emissions limit. Much like the automotive industry, the motorcycle industry will also need to develop new technologies in order to comply with these new standards, but the key obstacle the motorcycle industry will face is what should manufactures begin to design in order to produce more emission friendly fleets. Unlike the automotive industry, where manufactures have been anticipating a large push for emission friendly products for years. The motorcycle industry has somewhat been caught off guard and is not necessarily ready to start producing radically different products that could meet new emission regulations. Typically in the past, both industries have been able to mimic new technologies from each other in order to advance their industry, but the problem with retrofitting existing automotive emission technologies for motorcycles is the direct adaption of current technologies such as fully electric or hybrid powertrains do not scale correctly. This scaling problem can be observed in current fully electric motorcycles, where the maximum range is compromised due to the lack of available space for an adequate amount of battery cells. This scaling problem can also be noticed in the Honda PCX hybrid motorcycle, where the total amount of emission reduction over the similar Honda PCX is negligible and thus the hybrid adaptation is nothing more than a marketing scheme (Polanía-Restrepo, 2020). It is clear that the motorcycle industry has not yet been able to decide which technologies should be investigated further and how future emissions standards will be met. This uncertainty is the reason why this project will try and determine if hybridizing a motorcycle is a reasonable solution to the current / future demands of emission friendly products. 

[bookmark: _Toc39347684]Literature Review 
1. [bookmark: _Toc39347685]Automotive Hybridization History
The utilization of a hybrid powertrain is not a new concept and has been around since 1898 when Ferdinand Porsche developed a hybrid car called the System Lohner-Porsche Mixte (Berman, 2011). This design utilized a series hybrid powertrain which used hub-mounted electric motors in the front wheels and was powered by batteries which were then charged by a gasoline engine. Although the first breakthrough in vehicle hybridization occurred over 120 years ago the underlying principles have not drastically changed, and the two most common forms of modern hybridization are series and parallel type powertrain. Both systems utilize an internal combustion engine and an electric motor, but the key difference is that the parallel hybrid is able to use the electric motor and internal combustion engine to directly power the car at the same time and was developed in 1996 by Wolfram Bruschhaus (Gale, 1996). While the series hybrid uses the internal combustion engine to charge the battery pack and does not directly power the vehicle, much like the new BMW i3 with the range extender option. One of the most infamous hybrid vehicles, the Toyota Prius, utilizes a combination of both types of hybrid systems shown in figure 2, by using a special gearbox that connects the gasoline engine, generator and electric motor all in one unit and thus the vehicle is able to split the power between all of them in a series-parallel type system (Severinsky, 1994). The key advantage to using this type of system is the flexibility in which the vehicle utilizes the strengths of each system and more importantly allows the designer to manipulate how the systems interacts during different drive cycles and thus provides a solution that can tackle a wider range of real world drive cycle scenarios.  
[image: FIGURE 2.1 Plug-in hybrid electric vehicle concepts. SOURCE: Toyota.]
Figure 2: Series vs Series-Parallel System, (Technologies, 2010)
[bookmark: _Toc39347686]Automotive Hybridization Principles 
The idea behind combining an electric motor along with an internal combustion engine is to ultimately reduce emissions while still retaining an acceptable amount of range. The reason why there has been such a push for hybridization over the last fifteen years is the political and economic pressure on the automotive industry to produce a “green” solution to the consumer transportation sector while not comprising on the capabilities of the vehicle. Currently fully electric vehicles are range restricted due to the maximum energy density that the individual battery cells are capable of storing, which means that the amount of batteries needed to produce a similar range when compared to an internal combustion engine would be unrealistic due to the vast number of cells needed (E. D. Tate, 2008). This is why the automotive industry introduced hybrid systems to attempt to overcome this problem by utilizing an internal combustion engine along with an electric motor to fix the “range anxiety” experienced by fully electric powertrain owners. Although this range problem was more prevalent in the first fully electric vehicles such as the Tesla Model 3, the range problem still currently exists.
[bookmark: _Toc39347687]Motorcycle Hybridization 
The automotive industry has successfully hybridized the modern vehicle by either using a series, parallel or series-parallel type powertrain which has resulted in vehicles that have reduced emissions while maintaining the driveability of their internal combustion engine counterparts. Typically the motorcycle industry is able to adapt certain principles from the automotive industry with relative ease, for example Bosch retrofitted the anti-lock braking system in 1988 which was first developed by Mercedes Benz in 1978 (Hoffmann, 2006), but the hybridization of motorcycles has been much harder to retrofit due to the packaging issues and additional weight needed to achieve a hybrid powertrain. These problems have limited manufactures when exploring the possibilities of hybrid motorcycles and one of the only designs to successful come to market is the Honda PCX Hybrid which utilizes similar technology to the Toyota Prius. The PCX uses both the combustion engine and the electric motor at high load situations (i.e. starting and high acceleration phases) and then only uses the combustion engine during normal operating conditions. This series-parallel powertrain method was applied to try and reduce the time the combustion engine is having to strain during high loading situations and thus limiting the exponential amount of fuel used during those high load situations. Originally this design was supposed to be much more fuel efficient due to the series-parallel system, but the real world data demonstrated that the hybrid version of the PCX only resulted in an average of 1.68% in MPG over the original 125cc version (Polanía-Restrepo, 2020). The major reason why the hybrid powertrain was not able to yield better real world results is due to the strategy used by the Honda designers. The key downfall was trying to optimize an already fuel efficient motorcycle instead of trying to optimize other platforms, as well as trying to use a series-parallel system which overcomplicates the system and adds extra weight.
[bookmark: _Toc39347688]Fully Electric Motorcycles 
In order to properly understand how to design a hybrid motorcycle, a fully electric system must first be properly understood due to the potential of using this system as the main source of propulsion and using an internal combustion engine in series to create a viable hybrid system. This will hopefully overcome the problems associated with past designs like the Honda PCX which tried to directly adapt the best hybrid automotive principles into motorcycles (i.e. series-parallel system such as the Toyota Prius). Currently one of the most successful fully electric motorcycle manufactures is Zero Motorcycles due to the wide array of designs along with the highly competitive specifications when compared to combustion engine competitors. One of the main advantages that Zero Motorcycles has over other fully electric manufacturers is there powertrain components, which is why this platform will be used later on in this report to validate the fully electric system. Zero’s competitive edge is their state of the art Z-Force motor which is capable of  a maximum rotor speed of 6000 rpm with a continuous current draw of 200 amps and is also designed for battery packs around 100 VDC (Motorcycles, 2020). Another key advantage they have is utilizing the square type Farasis 25 - 32Ah cells to make their battery packs. These cells typically create a battery pack that is on average 2.2 kg lighter when compared to an 18650 battery pack due to the reduced amount of epoxy needed. Although this weight savings is an improvement the current issue will still be the battery capacity per kilogram, and until the battery technology progresses further (i.e. solid state cells) the need for extended range will be applicable. 

[bookmark: _Toc39347689]Regulated Drive Cycles and Real World Drive Cycles 
In order to properly gauge the results from the addition of a hybrid powertrain, the benchmark chosen to properly monitor these changes were the following drive cycles: US06, WMTC, NEDC and a combination of real world drive cycles provided for a fully electric motorcycle from Jarret Sinclair. The reason for various drive cycles is to stress test the simulation with a wide array of situations so that the author can be certain the model is capable of producing accurate results regardless of the drive cycle inputs. The main reason for using regulated drive cycles is that the speed input variable is very distinct, as shown in figure 3 and thus the simulated drive cycle speed can be easily correlated to the regulated cycle. This direct comparison will allow the base model to be validated initially and can then be used for dynamic drive cycles such as the provided real world scenarios. 
[image: Vehicle speed versus time in the NEDC-legislated driving cycle ...]
Figure 3: NEDC Drive Cycle (Konstantas, 2008)
[bookmark: _Toc39347690]Data Acquisition 
In order to determine if the Simulink simulation would be able to provide reasonable and accurate results for a hybrid powertrain the first step was to create a fully electric base case. The initial problem faced when creating this base simulation was to determine if the model was generating robust and precise results. The decision was then made to acquire real world data as a starting point so that all further work could be validated. This decision would hopefully improve the chances of having to redo the base model later on in the project and thus save precious time and ensure a more precise finished simulation. Fortunately, a third party source (Jarrett Sinclair) was contacted early on in the project and was able to provide a wide range of real world data for a fully electric motorcycle, and more importantly the data was for a Zero SR model, figure 4. This meant that the fully electric model could not only be validated but also be used as the perfect starting platform for a hybrid powertrain due to the extensive literature review performed on the advantages of the Zero motorcycles powertrain.    
[image: ]
Figure 4: Zero SR Real World Data Set Example
The data set provided also included a drive cycle for each journey and was acquired through the OEM OBD-2 port, figure 5 is an example drive cycle. The scan tool used was the OBDLINK MX+ professional scan tool and provided raw data channels for all data used in this report. 
[image: ]
Figure 5: Example Drive Cycle, Total Time - 2:40:51, Average Speed - 40.1 mph
1. [bookmark: _Toc39347691]Data Channels Used
The provided data set included various channels that were undesirable (i.e. trip odometer), as well as calculated channels such as “total kilowatts used”. The decision was made to not use any calculated channels as this could cause unknown errors and provide a false security in the end results. The following channels were used in the report and were deemed acceptable since they were all unmanipulated.
     	[image: ]
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· Distance travelled (miles)
· Time (seconds)
· Speed (mph)
· GPS position
· Battery Voltage (v)
· Battery Current (amps)
· Motor Temperature (Celsius)
· Battery Temperature (Celsius)
· Throttle Input (%)
· Brake Input (%)

[bookmark: _Toc39347692]Raw Data Analysis
Since the majority of the model validation will be directly correlated to the raw data supplied from Jarrett Sinclair, it was critical to ensure that the data is credible and reliable. The first step to guaranteeing the data being supplied would be helpful to validate the model was to determine if the source (Jarrett Sinclair) had any motives to supply false or misleading data. It was concluded that the source was not affiliated with any OEM or aftermarket companies that would benefit from supplying misleading data, and in fact the source was acquiring the data originally to validate their own purchase of a Zero SR/F against the claimed OEM specifications. This motive of trying to investigate the discrepancies of claimed vs real world performance of their fully electric motorcycle would actually prove to be beneficially due to the fact that the source wanted to ensure the data being acquired was representative of a real world application and was not trying to skew the results in a given direction. This unbiased testing that Jarrett Sinclair was performing was the main reason why the author decided to use his data, since the majority of other sources that were contacted earlier in the research somehow were affiliated with the end product and thus producing data with the motive of obtaining specific results. 


[bookmark: _Toc39347693]Methodology 
In order to develop a robust and accurate Simulink model for motorcycle hybridization the first step was to develop a steady state excel model that would be capable of validating the Simulink model. The overall concept behind using a software like Simulink over a program like excel is because the Simulink program is able to dynamically model components and systems, whereas excel has its limitations when trying to solve for systems dynamically. The major benefit to using both programs in conjunction with each other is that excel can be used as a steady state validation tool due to the fact that the model will be constructed from simple dynamic equations and thus the author can be confident in the generated results and can then be used to help determine if the complex Simulink blocks are behaving as anticipated.
1. [bookmark: _Toc39347694]Initial Specifications 
In order to develop a correlation between the two models the list below outlines the initial specifications that were used for both models.
· Motorcycle Geometry -  Adapted from a 2020 Zero SR/F (Motorcycles, 2020).
Table 1: Zero SR/F Specification
[image: ]
· Traction Coefficient – The friction coefficients used for acceleration and braking situations were based on research conducted by SAE International (Lambourn, 2010), which involved investigating the peak traction coefficients between motorcycle tires and dry roads. The following values were extrapolated:
· Driving Traction Coefficient – 1.2
· Front Tire Braking Coefficient – 0.9
· Rear Tire Braking Coefficient – 0.7
[image: ]Table 2: Example Drag Coefficients

· Drag Coefficient – A drag coefficient of 0.65 was determined by using table 2, provided by (Bowling, 2019) and extrapolating the difference between low and medium values for the drag coefficient. 

· Electric Motor – Due to Zero motorcycles cutting edge technology, the decision was made to use their latest electric motor which is the Z-Force Motor 75-10. This specific motor is capable of 80KW and 140 lb-ft with the following efficiency parameters (Motorcycles, 2020).
[image: ]
Figure 6: Z-Force Motor 75-10 Efficiencies (Parker, 2019) 

· Battery Pack – The Zero motorcycles battery pack used with the Z-Force Motor 75-10 was chosen as the designated starting battery pack. The pack consisted of the Farasis 32Ah cells in a configuration of 28 Series and 2 parallel. This configuration resulted in a maximum voltage of 116V and a nominal pack charge of 102V, the data sheet can be found in the appendices. 
[bookmark: _Toc39347695] Steady State Excel Model    
The steady state model built in excel was used as a correlation tool for the Simulink model and also used to verify that the software is accurately determining the driving forces governing the motorcycle. The following  formulas were used to build the quasi-static model.
1. Acceleration Limitations (m/s2)	- Only used as a check to determine what scenario is limiting power to the wheels based on the Z-Force Motor 75-10 efficiency graph and dyno chart, figure 7.
[image: ]
Figure 7: Example Zero SR/F Dyno Graph

Traction Limited		
Equation 1
Power Limited			
Equation 2
Wheelie Limited		
Equation 3
* The limiting acceleration factor based on the chosen input parameters was a power limited scenario.
2. Aerodynamic Resistance (N)			
Equation 4
3. Rolling Resistance Coefficient 			
Equation 5
4. Rolling Resistance (N)	 			
Equation 6
5. Required Power to Overcome Drag (W)		
Equation 7
6. Steady State Range (km)	
Equation 8
[image: ]The results achieved from this method were then compared to the real world data supplied for the Zero SR/F model, figure 8. As you can see the calculated results follow the trend line effectively and have an average overprediction error of 18.2%. This error is mostly due to the simplified input variables such as not accounting for battery degradation or not considering the mechanical / thermodynamic losses coming from the powertrain components. Although there is considerable error, the results are promising due to the fact that the excel model is so limited in how it can predict real world applications, and this is why Simulink will be used as the core modelling software. The correlation between the excel model and real world results can then be applied to the Simulink model to help validate the steady state results and thus improving the confidence of the predictive capabilities of the dynamic results. Figure 8: Steady State Excel Model vs Real World Data

[bookmark: _Toc39347696]Simulink Model Construction
In order to successfully model a complete hybrid powertrain in the given time, the decision was made to use the Powertrain Blockset™ components that come with the Simulink package. The benefit of using these standard blocks as a base model is that they have been previously validated by third party sources and can then be used to help validate custom blocks that will be developed specifically for this report.
[bookmark: _Toc39347697]Initial Model  
The first variation of the Simulink model was adapted from the MATLAB and Simulink Racing Lounge Suite (MathWorks, 2017). This base system was originally developed for hybrid / fully electric automotive vehicles and included a highly developed battery and electric motor block, which is why this was chosen as the starting point. The figure below is the original model arrangement. 
[image: ]  [image: Viewing and cutting plane lines.]
[image: Viewing and cutting plane lines.]  [image: ]
Figure 9: Initial Simulink Model
The following list outlines the specific task / parameters used for each Simulink block:
1. PID Controller – The purpose of this block is to automatically apply a corrective measure to a control function which is based off a supplied input goal. For this specific application, the PID controller was used to control the throttle and brake input percentages to control the vehicle’s speed, figure 10. The vehicles speed was then modified to match the supplied input goal, which in this case was the drive cycle speed. 
[image: ]
Figure 10: PID Controller
The most important parameter for this block was to correctly set the proportional and integral function for the PID algorithm. This was important because if setup correctly the vehicle speed would not oscillate on either side of the input speed and thus producing an accurate drive cycle condition. This was achieved by using the proportional values of 20 and an integral value of 0.2. The results can be seen below, the left is unchanged and, on the right, the final parameters.
[image: ]     [image: ]
       Figure 11: Unmodified PID Controller		                 Figure 12: Modified PID Controller
2. Battery – The biggest advantage to using the Powertrain Blockset™ is the battery model. The reason is because the model accounts for a wide array of input variables and has been previously validated to real world battery packs. For this specific report, the battery pack was modelled after the latest Zero Motorcycles battery pack which used Lithium-ion pouch cells. The following two figures outline the basic block structure and specific input parameters for Zero’s battery pack. 
[image: ]
Figure 13: Initial Battery Block
[image: ]
Figure 14: Battery Input Variables
[image: ]The modelled battery pack utilized internal resistance data and temperature break points from reversed engineered battery packs that were sourced from third party testing (Motorcycles, 2020). The battery model was validated against real world data and the following figure shows that the initial and final pack voltage match real world specifications.Figure 15: Simulated Voltage Drop

3. Electric Motor – In order to properly model the Z-Force Motor 75-10, the efficiency tables and torque graphs were extrapolated and input into this block. Essentially this block receives what the PID controller is requesting for the vehicles speed and then translates how much available power can be applied to the vehicle by cross referencing the battery pack voltage, motor RPM, efficiency table and torque output, figure 16. The maximum torque available for that instant is then sent to the wheels and brake block for further refining. 
[image: ]
Figure 16: Electric Motor Block
4. Wheels and Brakes – The purpose of this block is to translate the requested braking percentage along with the requested driving torque output and provide the amount of force generated on each wheel. This generated force can then be used in the vehicle dynamics block to determine the physical limitations of the motorcycle. 
[image: ]
Figure 17: Wheels and Brake Block
5. Vehicle Dynamics – This block is the final component to the system and ultimately decides how the motorcycle will respond to all the generated input values from the other blocks. This is achieved by taking the force generated on each wheel and modifying the requested force into a possible force, and thus generating the potential speed the motorcycle is capable of. This loop is then continuously happening until the vehicle speed output is the same as the vehicle speed input. 

[image: ]
Figure 18: Vehicle Dynamics Block

[bookmark: _Toc39347698]Steady State Simulink Validation 
The purpose of using the Simulink model instead of the excel model is because the Simulink model is capable of handling dynamic speed values and thus can model any drive cycle relatively easily. The results generated earlier in this report have shown that the excel model was able to predict real world steady state results within 18.2% error, which was deemed acceptable due to the variable limitations. The entire purpose of those results however was to correlate them to the results generated from the Simulink model. This correlation would allow the author to validate the Simulink results against the excel and real world data and thus create a greater confidence in how the Simulink model will be able to handle dynamic input variables. The results achieved from the initial Simulink model can be seen in figure 19 below and generated a similar trend which was promising. The biggest improvement over the excel model was the battery degradation and thermal loses that contribute to range drop at high speeds. The most important results achieved from this correlation study was that the Simulink model was more than capable of generating accurate and reliable data for steady state modelling and thus dynamic modelling such as drive cycle inputs could now begin.
[image: ]
Figure 19: Si0mulink Steady State Model Validation
[bookmark: _Toc39347699]Drive Cycle Modelling 
The first step was to determine if the positive results from the steady state modelling would translate into dynamic modelling. The baseline drive cycle used to validate the dynamic modelling was the supplied drive cycle data from Jarrett Sinclair. Below is the comparison between the Simulink model and real world data for the drive cycle trend. 
[image: ][image: ]    [image: ]  
Figure 20: Simulink Drive Cycle Data	                                                   Figure 21: Real World Drive Cycle
The above figures show that the dynamic modelling from the Simulink model is accurately mimicking the real world drive cycle and thus the results from the battery pack voltage drop can then be analysed. The following figures are a direct comparison of the voltage drop for the above drive cycle.
[image: ][image: ]   [image: ]
Figure 22: Simulink Baseline Voltage Drop		   Figure 23: Real World Battery Pack Voltage Drop
The Simulink model produced an overall battery pack voltage drop of 19.42 V which equates to an overall charge loss of 30.9% and the real world voltage drop was 19.12 V with a total charge loss of 31.1%, which meant that the Simulink model was producing results within 1.57%. The model was then stress tested against four other provided real world drive cycle / voltage drop data and the results are shown below.
Table 3: Simulink Model Stress Testing
[image: ]
The simulations resulted in an average error percentage of 2.4% and more importantly the model was able to correctly scale with longer drive cycles. This meant that the fully electric Simulink model was successfully validated against real world data and that hybridization could now be implemented into the simulator. 

[bookmark: _Toc39347700]Simulink Hybridization 
The research completed earlier in this report had demonstrated that due to the packaging constraints that motorcycle engineers are faced with, the direct conversion from automotive hybridization could not be implemented into motorcycles successfully. This issue was evident in the Honda PCX hybrid motorcycle, as it was unable to benefit from a direct conversion of parallel-series type system. The authors decision was to then pursue a series type hybridization as this seemed to be the most feasible method due to the simplicity of the system. Unlike other systems, the series hybrid system is capable of being implemented into a fully electric system with only the addition of an ICE and a DC generator. This simplicity meant that the scaling of the components could be quickly manipulated in order to produce an optimized system. In order to properly develop a hybridization system that would be able to smoothly integrate into the current fully electric simulation, the author developed a custom Simulink block. Unlike the already developed Simulink hybridization blocks, this custom block would be able to incorporate very important variables such as mechanical / thermodynamic generator losses, as well as being able to dynamically change the hybridization strategy. The following list explains the step taken to create the Simulink hybridization block used in this report. 
1. DC Generator, figure 25 – The key component to this system is the DC machine block, this block takes a torque input and converts it into a functional output voltage. This is achieved by using a wound field type and a mechanical input value.
[image: ]
[bookmark: _Hlk38976723]Figure 24: Custom DC Generator
The key parameters that were manipulated in the DC machine block are the armature and speed parameters, figure 26. The settings used were directly taken from the chosen generator which was the Lynch DC Motor – 126. The specification sheet can be viewed in the appendices. 
[image: ]
Figure 25: DC Machine Parameters
The reason why the Lynch DC motor series was the chosen generator is due to the components ability to efficiently convert mechanical effort into a useable voltage in a very small and lightweight housing. The other key reason why the Lynch motor was chosen is due to the affordability and accessibility that the series has over other competitors. The next step was to design a robust way of adding an internal combustion engine along with a method to change the hybridization strategy, figure 27.
[image: ]
Figure 26: Final Hybridization Block
Instead of modelling a combustion engine in its entirety, the author decided to save time and simplify the block by using a constant valve for the torque output generated at the shaft for a chosen engine. This would allow for efficient changes in engine design and would also help in deciding the final engine specifications. The other key component was the logic switch that was implemented before the engine. This switch will be used to control how the engine will be used to power the generator and thus charge the battery pack. The figure above was the first iteration and shows a strategy of turning on the engine once the motorcycle reaches 40 mph and then delaying the switch by 5 seconds to aid in smoothly implementing the engine operation.

[bookmark: _Toc39347701]Preliminary Hybridization Results
The newly designed hybridization system was then implemented for the drive cycles that were validated earlier in this report. The average speed and drive cycle length were unchanged and thus the critical data that was compared was the battery pack voltage drop and the percentage of charge used. The initial results achieved from implementing an ICE capable of outputting 10 N.m with a strategy of charging the batteries once the motorcycle reaches 40 mph can be viewed below.
Table 4: Hybridization Proof of Concept
[image: ]
The first hybridization test demonstrated the potential benefits of implementing a hybridization system to a fully electric motorcycle. The results have also shown that the biggest advantage will occur during longer drive cycles as the importance of keeping the batteries charged and in their optimal discharge region will increase performance and range of the entire system. The next step was to correctly size the ICE engine that would be used for further testing and then implement different hybridization strategies. 


[bookmark: _Toc39347702]Hybridization Component Sizing
[image: ]In order to avoid packaging issues the author decided to use a prebuilt engine that would include a gas tank along with the necessary components to be directly bolted into a fully electric motorcycle with some fabrication work. The chosen engine was the Lifan LF170F-BDQ electric start 4-stroke gasoline engine, figure 29. The reason for choosing this engine was due to the lightweight-high performance specifications along with the fact that it would be readily available to the general public. The exact specification can be found in the appendices. The method used to correctly size this engine was based off the preliminary hybridization results. The initial torque value of 10 N.m provided a maximum voltage charge rate of 22 V and a maximum current draw of 235 amps once converted from the DC generator. A standard off the shelf DC/DC converter was then used to convert the generators voltage into the pack voltage, a typical efficiency rate of 90% was used (STAFF, 2016). The following equation was then used to determine the power output needed for the chosen engine. Figure 27: Lifan LF170F-BDQ (Industries, 2020)

1. Power Requirement (kW)	   = 4.136 kW / 5.55 hp
Equation 9
The horsepower rating for the Lifan LF170f-BDQ was 7 hp at 3300 rpm which met the power requirements and allowed for 27% of mechanical loss from the engine to the generator. Assuming a fully tank of gas and all related components including a starter motor for the engine and the DC generator, the total added weight to the motorcycle was 38.67 kg. This additional weight would then be added to the model parameters and further testing could be performed.

[bookmark: _Toc39347703]Hybridization Strategy 
In order to maximize the efficiency of the hybridization components, the system would need to be operational the entire drive cycle but due to realistic conditions, constant engine operation would offset the benefits of a owning a “green” motorcycle as most consumers would not want to buy a hybrid motorcycle yet still be consuming gasoline at a red light. This is why the next step was to simulate the effects of having the engine charge the battery cells at different vehicle speeds in order to determine what the perfect balance would be. The following table show the results achieved for the different strategies. 
Table 5: Hybridization Strategies
[image: ]
The overall trend of the results demonstrated that the longer the engine is operational the voltage drop would improve which makes sense. However, the results from a strategy of 20 mph had the largest increase proportionally and would also allow the charging of the batteries to become unknow to the rider due to the wind / road noise at that speed. The following figure is the voltage, drive cycle speed and current draw generated from 20 mph for the first drive cycle.
[image: ]
Figure 28: 20 mph Results
The results from the 20 mph hybridization strategy over four different drive cycles resulted in an average improvement over a fully electric motorcycle of 12%, which corelates to an additional range of 3.35 – 12.34 miles over the four drive cycles. 
[bookmark: _Toc39347704]Final Hybridization Specifications 
For the purpose of this report certain logistical specifications such as brackets or mounting locations for the hybridization components were not included as this report was solely used to determine if hybridizing a fully electric motorcycle is feasible. Based on the previous simulations completed for this report the following hybridization components that would be used for the final results are as follows.
1. Motorcycle Geometry – Zero SR/F was used for all baseline specifications.
2. Electric Motor – Z-Force   Motor 75-10 adapted from a 2019 Zero SR/F.
3. Battery Pack – Farasis 32Ah cells in a configuration of 28 Series and 2 parallel.
4. DC Generator / DC-DC Converter – Lifan  LF170f-BDQ generator along with a standard converter.
5. Hybridization Strategy – ICE operational at 20 mph with a 5 second delay.
The next step would be to run simulations with these specified components for the different drive cycles and determine if hybridizing an electric motorcycle will be a potential solution for the current / future movement for sustainable motorcycles. 

[bookmark: _Toc39347705]Results
In order to determine the real world and OEM specified range improvement from hybridizing an electric motorcycle the following drive cycles were investigated. 
I. [bookmark: _Toc39347706]Steady State Drive Cycles
Although a steady state drive cycle is not realistic and does not have much validity when trying to find out the range of a motorcycle, it was used a comparison against the claimed figures stated for the Zero SR/F.
[image: ]
Figure 29: Zero SR/F Claimed Steady State Range
Much like the previous steady state modelling the results from the final simulation parameters demonstrated that the real world results are slightly less than the claimed results, but the most important data from these simulations was the benefits from adding this specific hybrid system. The hybridization achieved an extended range of 29.52 – 9.35 km at varying speeds from 72 -145 km/hr, figure 30. 
[image: ]
Figure 30: Steady State Hybridization Results
II. [bookmark: _Toc39347707]World Motorcycle Test Cycle
The WMTC was used to further stress test the simulator and acquire more data proving the validity of hybridizing a motorcycle. The figure below shows the results achieved. 
[image: ]
Figure 31: WMTC Hybridization Results
The hybridized powertrain resulted in a range extension of 15.15% which would translate into 14.32 additional miles of range for this drive cycle.
III. [bookmark: _Toc39347708]Supplemental Federal Test Procedure - US06
This drive cycle was used because of its high acceleration and aggressive driving schedule. The results from the US06 drive cycle resulted in similar data to the other regulated drive cycles. The results were a range extension of 13.28% which was 11.28 further miles for this drive cycle.
[image: ]
Figure 32: US06 Hybridization Results
IV. [bookmark: _Toc39347709]Real World Drive Cycles
In order to properly gauge if the positive results achieved from the regulated drive cycles would directly translate into a real world scenario the four drive cycles used in the past section were used. The results from the first drive cycle have been graphically shown below.
[image: ]
Figure 33: Real World Hybridization Results, Drive Cycle 1 

The real world drive cycle results generated better results then when compared to the regulated drive cycles. The potential reason for this is due to real world drive cycles being longer and also the amount of charge time during real world drive cycles was greater. The outcomes from these variables generated a reduction of 22.15% voltage drop, which equates to an additional range of 19.83 miles. The results from all four real world drive cycles can be viewed below in table 6.
Table 6: Hybridization Real World Drive Cycle Results
[image: ]
The average improvement from the four drive cycles was 20.1%, so clearly the addition of a hybrid powertrain will yield significant performance benefits for a real world application of a fully electric motorcycle. It is also important to note that based on the original specification for the internal combustion engine, the fuel consumption would allow the fuel tank to last up to 2.15 charging cycles.
[bookmark: _Toc39347710]Analysis of Results
The correlation between the excel model, Simulink model and real world data for steady state cycles proved to be very beneficial in the process of trying to Simulate a hybridized motorcycle. The validation allowed the author to have a greater confidence in the Simulink models predictive capability for dynamic drive cycles due to the successful steady state validation. The Simulink model’s results from the stress test against the real world dynamic drive cycles proved to be successful and was generating results that were within 2.4%, which meant that the model could then be used for the addition of a hybrid powertrain. The results generated from the hybridization proved to also be successful due to the additional range displayed over many different types of drive cycles, but unlike the fully electric model which was validated against real world data the hybrid results could not be directly compared and thus the validity of the results must be in question. Also, the variables chosen for this specific report could limit the application of hybridization due to only using the Zero SR/F motorcycle as the initial baseline. Another potential source of error would be how the battery cells are able to function with the constant charging and discharging cycles, potentially a separate battery pack made of capacitors should be used to handle the quick change in charge rates, but this would need to be explored further to limit this potential source of error. 
[bookmark: _Toc39347711]Recommended Further Work 
In order to determine if the results generated from this report can be used to aid in the design of hybrid motorcycles a proof of concept must be constructed first. If a fully working hybrid motorcycle was built based off the specifications from this report, it would enable a correlation between the simulation and real world results and thus allow the author to establish a higher level of accuracy for the simulator. Once the simulator was validated against real world results additional studies and testing could be completed using the simulator which could then be used to generate different hybridization strategies along with different components in order to optimize a real world hybridization setup. 
Immediate further work that could take place is a more robust model of the battery pack and charging strategy used in the model. Due to time constraints, the complexity of charging cells in different arrays was not explored and this could potentially have a huge impact on the generated results. Research based on how to efficiently charge the main battery pack with smaller additional packs could also be very advantageous to optimizing the current model. Another key feature that should be researched further is the packaging issue. In order to properly determine if all the hybridization specifications outlined in this report would adequately fit inside a motorcycle frame a study consisting of scale CAD models should be completed to guarantee proper fitment. Furthermore, the cost effectiveness of hybridizing a motorcycle should be investigated to see if the benefits of having the extra range are worth the time and effort of producing hybrid motorcycles in the first place. 
[bookmark: _Toc39347712]Conclusion 
To conclude, this report has successfully demonstrated the method used to develop a robust and accurate Simulink model that was capable of proving the benefits of hybridizing a fully electric motorcycle. The research showed that by implementing a relatively simple hybridization system to a fully electric motorcycle the range could be extended up to 20.1%, which on average yielded an additional mileage of 18.15 miles per charge cycle. However, these results have only been validated from the correlation of real world data for a fully electric motorcycle and thus should only be taken as preliminary findings due to the fact that the validation for a hybrid motorcycle was not possible. Lastly, the research has demonstrated that hybridizing a motorcycle is a feasible solution to the ever changing demands on OEM manufactures for producing an emission friendly product. 
[bookmark: _Toc39347713]Pandemic Impact
Fortunately, the majority of this project was completed via online methods and thus the implications due to the Covid-19 pandemic did not alter the results and goals originally planned. The only consequences caused by the pandemic was vital time lost due to having to move back to Canada along with multiple days lost because of underlying health related issues being affected by the pandemic. The overall effect the pandemic had on this report is negligible and did not cause substantial changes in the original plan. 
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(Farasis, 2019)
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Air Drag Coefficients and Frontal Area Calculation

The use of coefficient of drag and frontal area are common when determining horsepower requirements for vehicles in motion. One source of these figures are past issues of Car and Driver or Road and Track magazines. These values can also be determined using the following (obtained from
“The ACCELERATOR Slide Rule")

Coefficient of Drag

‘The aerodynamic "features” of a vehicle in motion are reflected in its drag coefficient values. Low coefficients indicate low air resistance. The following chart list some ranges for various vehicles, which will suffice when actual measured values are not available:

Vehicle Drag Cosfficient (cg)
Description Low  Medium High
Experimental 0.17 o021  e.23
Sports 0.27 031 0.3
Performance 032 032 0.3
60's Muscle 0.3 0.2 o5
Sedan 0.3 039 .50
Hotorcycle o0 0.9  1l.eo
Truck 0.0 0.9  1l.eo
Tractor-Trailer ©0.60  0.77  1.20

Calculation of Frontal Area
Frontal area (fy.;) represents the front projection area of the vehicle. If one takes a picture of a vehicle, it s the area included in the outline. Use the following to calculate:

1. Calculate the area of a rectangle which would encompass the front of the vehicle (multiply width by the height). For motorcycles, use the handlebar width (to a maximum width of 30 inches) and a height consisting of seat height plus an estimated "seat fo helmet" height.

2. Adjust the figure obtained above for areas not included, such as top rounded corners, ctc. Typical adjusting values are 85 percent for cars, 70 percent for motorcycles, and 100 percent for trucks.

Bruce Bowling
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Drive Cycle Drive Cycle Length (mi) Average Speed (mph) Battery Pack Voltage Drop (V) Charge Used

1 65.21 45.4 33.26 54%

2 32.07 43.2 14.17 23%

3 104.23 46.7 54.21 88%

4 83.52 45.6 41.89 68%

Drive Cycle Drive Cycle Length (mi) Average Speed (mph) Battery Pack Voltage Drop (V) Charge Used

1 65.21 45.4 34.10 55%

2 32.07 43.2 14.17 23%

3 104.23 46.7 55.83 91%

4 83.52 45.6 43.12 70%
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Drive Cycle Battery Pack Voltage Drop (V) Charge Used Battery Pack Voltage Drop (V) Charge Used Imporovement

1 34.10 55.4% 32.05 52.0% 3%

2 14.17 23.0% 13.60 22.1% 1%

3 55.83 90.6% 49.13 79.8% 11%

4 43.12 70.0% 39.24 63.7% 6%

Fully Electric  Hybridization - 40 mph
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Drive Cycle Battery Pack Voltage Drop (V) Charge Used Imporovement Over Fully Electric

1 32.74 53.1% 2.2%

2 13.89 22.5% 0.5%

3 51.36 83.4% 7.3%

4 40.53 65.8% 4.2%

Drive Cycle Battery Pack Voltage Drop (V) Charge Used Imporovement Over Fully Electric

1 32.05 52.0% 3.3%

2 13.60 22.1% 0.9%

3 49.13 79.8% 10.9%

4 39.24 63.7% 6.3%

Drive Cycle Battery Pack Voltage Drop (V) Charge Used Imporovement Over Fully Electric

1 30.01 48.7% 6.6%

2 13.04 21.2% 1.8%

3 48.01 77.9% 12.7%

4 38.38 62.3% 7.7%

Drive Cycle Battery Pack Voltage Drop (V) Charge Used Imporovement Over Fully Electric

1 27.28 44.3% 11.1%

2 11.90 19.3% 3.7%

3 43.55 70.7% 19.9%

4 34.93 56.7% 13.3%

Drive Cycle Battery Pack Voltage Drop (V) Charge Used Imporovement Over Fully Electric

1 25.92 42.1% 13.3%

2 11.62 18.9% 4.1%

3 41.87 68.0% 22.7%

4 33.63 54.6% 15.4%

Drive Cycle Battery Pack Voltage Drop (V) Charge Used Imporovement Over Fully Electric

1 23.87 38.8% 16.6%

2 9.21 15.0% 8.0%

3 34.61 56.2% 34.4%

4 30.18 49.0% 21.0%

 Hybridization - 50 mph

 Hybridization - 20 mph

 Hybridization - 10 mph

 Hybridization - Constant 

 Hybridization - 40 mph

 Hybridization - 30 mph
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