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Abstract
A research project is proposed which would focus on the validation of a series hybrid motorcycle powertrain in a continuation of research carried out in 2010. The proposed research would use modern modelling techniques and current energy storage technology to re-evaluate the previous work’s conclusions regarding the viability of series hybrid motorcycles. To accomplish this, two independent models are proposed; an analytical model and a multiphysics model, to be used in tandem with a custom drive cycle created from real commute data and work from the related field of electric vehicle range extension to characterize the emissions profile of the proposed powertrain. Considering the promising results from similar studies conducted on parallel hybrid motorcycles, a great increase in efficiency and attendant decrease in emissions over equivalent petrol motorcycles is expected—within the range of 25% to 40%.
1 Introduction

Small motorcycles with engine displacements under 400cc are expected to have a compound annual growth rate of 4.7% in the 2022 – 2026 period, with a predicted 61 million units globally by 2026 (Research and Markets 2022). Paired with this, proposed bans of petrol and diesel vehicles are undergoing reconsideration both in Europe and the UK (Martin 2023), while emissions regulation nonetheless continues to become more stringent over time (TransportPolicy.net 2020). Given these developments, the motorcycle industry can reasonably expect to continue producing petrol powered motorcycles in the near and mid-term, albeit with tighter and tighter emissions targets.
One way in which the automobile industry met emissions targets was with the development of hybrid vehicles, and though some research and development in hybrid powertrains has been applied to motorcycles, they are nowhere near as prevalent as hybrid cars. Yuki Hosoi published a series of papers outlining designs for a Yamaha electric motorcycle over a decade previously (Hosoi 2011), and in 2021 Kawasaki announced its intention to sell only electric or hybrid electric vehicles by 2035 (Purvis 2021). Despite these advancements and goals, as of 2023 neither Yamaha nor Kawasaki have yet included any hybrid motorcycles in their product lineups.
Academically, some research into hybrid motorcycles has been undertaken, such as Iodice, Fornaro, and Cardone’s conference paper exploring the use of a small hub-mounted electric motor to reduce engine emissions during brief high-load periods such as acceleration from stops (2022). Additionally, there has been work characterizing the behavior of a 2-wheel drive motorcycle in terms of front wheel torque control, the easiest method for which would be an electric front wheel motor making such a vehicle be, necessarily, a kind of hybrid (Bonci, Longhi, and Scala 2020). However, most published work in this area focuses on parallel hybrid or else series-parallel hybrid powertrain architectures such as Hosoi's prototype, in which the petrol motor is still mechanically connected in some fashion to the driven wheel(s) (Hosoi 2011). Regarding strictly series hybrid powertrain motorcycles, there is substantially less available literature—indeed, Harrington et al’s 2010 research paper “Low Cost Hybrid Motorcycle Optimization Model,” which the research proposed here will seek to build upon, seems to be the central contribution. Even then, it should be noted that in that work, the authors survey a variety of powertrain formats and eventually discount series hybrid powertrains for motorcycles, mostly due to limitations of energy storage technologies at the time (Harrington et al, 2010).
It would seem ripe then, for an updated study to revisit Harrington et al’s results taking into account modern technology and with more complex modelling techniques, to determine whether a series hybrid powertrain is truly a non-viable option for motorcycles, or if it may successfully fill the particular niche left in the current literature. Can a series hybrid powered motorcycle exceed current emissions requirements with enough of a margin to proof it against near and mid-future regulatory revisions while still allowing for sustained motorway speed travel? The research proposed here will attempt to answer that question by building off the groundwork set by Harrington et al and incorporating works from related fields, such as electric vehicle range extender generators.

2 Literature Review

[image: ]In “Low Cost Hybrid Optimization Model,” Harrington, Vaughan, Allen, Smither, and Farmer attempt to determine the possible configurations of a theorized hybrid motorcycle. As the title suggests, their chief judgement criteria was economical—although the authors never define exactly what “low cost” means in terms of a concrete budget, they do spend time comparing the costs of different energy storage solutions, which they must have assumed to be the greatest expense of the system as no other cost comparisons are present. They input their results to a matrix which is displayed in table 1. Notable are the cost per kWh values for the supercapacitor and lithium ion options—in 2010 the price of such components was much higher than it is now. Modern lithium ion batteries cost a comparatively low $137 per kWh (O’Dea 2023), while supercapacitors may be found in the range of $2400 – $6000 per kWh (PowerUp Tips 2021). Clearly, any determinations dependent upon the economic conditions of 2010 cannot be relied upon to remain true today.Table 1: The specifications of different energy storage systems (Harrington et al 2010)

Aside from energy storage systems, Harrington et al compare the three different hybrid architectures, parallel, series, and series-parallel (which they refer to as ‘complex’), however they immediately discount the series-parallel configuration due to economic constraints:

Also as this project is aimed at existing legacy platforms, minimising integration is also a major factor in reducing cost. With this in mind, the complex compound hybrid platform will be discarded (Harrington et al 2010).

This leaves only parallel and series hybrid configurations, of which Harrington’s team then built models, shown below in figures 1 and 2:
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Figure 1: The Parallel conceptual model (Harrington et al 2010)
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Figure 2: The Series conceptual model (Harrington et al 2010)
As the authors point out, one issue with the parallel model is that the internal combustion engine (ICE) is mechanically coupled to the wheel speed (shown in figure 1 via the ‘T’ or torque connections) and thus its rotational speed is directly proportional to the vehicle speed—by contrast, a series hybrid has only electrical connections between the ICE and the wheel, allowing the engine to be run at a constant RPM which, ideally, would be its most efficient operating point (Harrington et al 2010). It is this point which has become the central justification for limiting the proposed research to series hybrid architecture only.
Harrington’s team then proceed to create four analytical models: a baseline mechanical model for comparison, a parallel hybrid model, a series hybrid model with a battery, and a series hybrid model with a capacitor. These models were run through a series of basic maneuvers and drive cycles specified by the user in order to assess their performance (Harrington et al 2010). While the results did not indicate any particularly impressive reduction in with the hybrid architectures over the mechanical model, the authors explain that due to project constraints, only one engine could be characterized and so the mechanical model uses the same engine as the hybrid models do, making it underpowered and, thus, underreport its consumption values. In terms of model limitations, the authors also state that none of their models incorporated regenerative braking capabilities, and that

capacitors would be worthy of further examination if pure reduction in consumption is the target with no PHEV functionality and regenerative braking were available. It should also be noted that no availability of regenerative braking energy disproportionally penalises capacitors, as they have no regenerative power limits and the efficiency loss is less than battery technologies (Harrington et al 2010).

So while Harrington’s team ultimately determine lithium-based parallel hybrid systems as the optimal configuration for their requirements, they do acknowledge their decision comes with certain qualifiers. Given the reduction in cost of energy storage systems and the recent political climate regarding petrol powered vehicles, even Harrington et al might now reconsider their earlier conclusions, especially considering that pure reduction in consumption is precisely what the research proposed here will attempt to quantify.
Reduction in brake specific fuel consumption (BSFC) is also what Iodice, Fornaro, and Cardone were concerned with in their 2022 paper “Hybrid Propulsion for Motorcycle Application to Reduce Engine-out Emissions.” Their research focused on the comparison of a previously tested motorcycle to a simulated model of the same vehicle with an added rear-wheel electric hub motor. In their experimental results, part of which are shown in figure 3,  the authors discovered that high transient loads, such as those encountered when accelerating from a stop, corresponded to spikes in carbon monoxide and hydrocarbon emissions; they explain that during these times the engine is forced to run rich by the engine control unit (ECU) in order to provide the torque requested, and that this rich mixture can overwhelm the capacity of the attached catalytic converter (Iodice, Fornaro, and Cardone 2022 pp3).
The authors then propose a model of a parallel hybrid motorcycle wherein a small hub motor is mounted to the rear wheel to assist with these high-load transients and thus reduce the need for the ICE to run such a rich mixture. The model they propose is, like Harrington et al, an analytical model based on summing up various forces to arrive at a total demanded load on the powertrain, however the equation used by Iodice’s team for aerodynamic resistance may be incorrect: it is written as

   (Iodice, Fornaro, and Cardone 2022 pp5)			[1]

whereas the standard equation for aerodynamic drag is more commonly annotated as

 (Cossalter 2006 pp74)					[2]

While most of Iodice’s equation is simply rearranged (the authors state that the Greek letter delta represents the density of air, so it is identical to Cossalter’s rho in equation 2), the velocity is raised to the power of 8 instead of squared. This could be nothing more than a transcription error, but it does introduce doubt as to whether or not Iodice, Fornaro, and Cardone’s model was properly calculating the vehicle load. Despite this doubt, there are two reasons their work may still be of merit: the first is that as can be seen in figure 3, the drive cycle used to compare the model to the experimental data does not exceed 50km/h, which generally is not fast enough to incur significant drag forces, and secondly, even if the error seen in equation 1 accurately reflects the behavior of Iodice’s model, it would result in an overestimation of drag forces, consequently underestimating the model’s consumption reduction.
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Figure 3: Experimental emissions results (Iodice, Fornaro, and Cardone 2022 pp3)
And regarding the model’s reduction in consumption, the results are very promising. Iodice, Fornaro, and Cardone found that their model boasted a 40% reduction in carbon monoxide emissions and a 25% reduction in hydrocarbon emissions from the experimental results—including a brief environmental study estimating the emissions that would be produced generating the electricity to charge the model’s batteries when plugged in (Iodice, Fornaro, and Cardone 2022 pp10).
Yukiharu Hosoi found similar albeit less drastic gains in the physical testing of his prototype hybrid motorcycle. Hosoi’s prototype employed a central planetary gearset linkage to create a series-parallel hybrid powertrain for a motorcycle. As illustrated in figure 4, the planetary gearset linked a conventional ICE  both directly to the rear wheel and also to an assemblage of two motors and a battery, with the engine torque split between them at a set percentage (Hosoi 2011).
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Figure 4: Hosoi's prototype drivetrain schematic (Hosoi 2011)
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Description automatically generated]In this configuration, the engine could drive the wheel either alone or assisted by the battery and motor 2, or charge the battery via motor 1, or drive the wheel while charging the battery. In testing, Hosoi found this configuration to have a 40-100% improvement in fuel consumption compared to a 250cc scooter upon which the prototype chassis was based (Hosoi 2011). The 100% improvement is likely due to the fact that the hybrid powertrain was capable of running in a purely electric mode, so the lower value of 40% may be more reflective of typical use. In a later paper in the series, Hosoi further improves this consumption to the values seen in figure 5 by introducing additional fuel saving control strategies such as better fuel-air mixtures and fuel cuts when the engine state and throttle position meet certain parameters (Hosoi 2012). While the hybrid prototype does indeed display a significant efficiency increase (from which it can be assumed emissions of the vehicle drop in proportion), it is worth noting that throughout the prototype’s development, Hosoi was primarily concerned with eliminating any loss of performance compared to similarly sized petrol motorcycles: “the stoichiometric air fuel mixture adaptation of the engine with the strong hybrid system has attained to reduce fuel consumption without any degradations of the driving performance” (Hosoi 2012). Considering the increases Hosoi was able to make while binding himself to such strict requirements, one wonders what might be possible should a similar hybrid powertrain be developed without concern for performance beyond a predetermined baseline level. Figure 5: Hosoi's prototype compared to a control vehicle across three drive cycle tests (Hosoi 2012)

Regardless, both Hosoi’s and Iodice, Fornaro, and Cardone’s works illustrate the immense gains possible with regards to emissions and efficiency in the hybridization of motorcycles. Despite this, Iodice, Fornaro, and Cardone’s model and Hosoi’s prototype are still limited by their hybrid architecture: both are parallel hybrids which mechanically link the engine speed to the rear wheel speed, meaning that at low or high velocities, the ICE might still be running out of its most efficient range. The strong point of a series hybrid architecture is, as Harrington et al pointed out, that it does not link the ICE to the rear wheel as parallel hybrids do. Given the gains observed by Iodice’s team and Hosoi despite this disadvantage, and Harrington et al’s own admission that a series hybrid powertrain might be worth further investigation despite discounting it for their own research, the next logical step—and perhaps a valuable contribution to the modern literature—would seem to be obvious.

3 Research Methods

The research proposed here would consist mainly of three distinct activities: construction of a drive cycle and construction of two independent motorcycle models. First, riding data of a real commute will be collected—some preliminary data already has—and used to create the drive cycle. With a timestamped record of GPS locations, it is possible to not only recreate the distance ridden but also the speed and, by extension, the acceleration along the recorded route. This record of velocity and distance traveled then becomes the drive cycle, and depending on the capability of the recording device, elevation changes might also be recorded such that a gradient profile at each point along the route can be reconstructed as well in order to more accurately define the tractive loads during the trip.
The first model would be an analytical one much like those seen in Harrington’s and Iodice’s teams’ projects. It will be developed in Matlab according to first principles and at its most basic will sum up inertial, aerodynamic, and gradient forces to determine the total tractive load the model must satisfy. Since such a model is essentially a straight-line simulator, the complexity of the model will likely be increased to include such inputs as maximum lean angle and leaning moment of inertia as well as gyroscopic effect from the wheels. It is important to keep in mind, however, that these are all physical properties and at no point in the proposed research is a physical prototype planned to exist. Therefore, the values for these properties will necessarily need to be estimations adapted from measurements taken of bikes of similar dimensions and mass to the proposed model—and with each estimation comes more opportunity for inaccuracy. It will be important, then, to define the point at which minimum input provides maximum accuracy—this can be done by validating the model against the machine used to collect the drive cycle data first before it is modified to the proposed hybrid architecture.
The second model will be a multiphysics model built in VI Grade or a similar multiphysics simulation environment. The VI Grade package offers generic motorcycle models which can then be modified according to the user’s requirements—modifying one of these models into the proposed series hybrid motorcycle in incremental steps will likely be the easiest way to arrive at functional simulation, according to past experiences with the software. Fortunately, VI Grade also supports the importation of custom tracks, and a utility program to convert GPS data to data readable by VI Grade software has already been built, making it trivial to bring the developed drive cycle into the simulation environment.
However, neither of these models can intrinsically calculate ICE emissions. Therefore a final ‘post processing’ step will be necessary to arrive at the project’s judgement metrics—emissions data—from the models’ raw output. This post processing may be done in two ways: the first uses reference data from similarly-sized ICE to what will be in the proposed hybrid powertrain to create a look-up table which will return BSFC figures based on instantaneous demand generated by the models. Fortunately, there exists a ready body of knowledge from which these sorts of tables may be derived: the range extender unit proposed by Capaldi, Dannier, and Spina (2012) is, though intended for electric vehicles, conceptually nearly identical to the series hybrid architecture proposed here, and this and similar works can provide useful insight both when sizing the ICE as well as when determining [image: Diagram

Description automatically generated]characteristic BSFC maps. The second method employs ANSYS Forte software to create a computational fluid dynamics combustion model of the ICE component of the proposed hybrid motorcycle and use a series of simulations at differing loads and RPM to generate the tables needed by the analytical and multiphysics models.Figure 6: Reiteration process of the proposed research

In concert, the research will proceed as detailed in figure 6. Once the drive cycle is created, it will be used to create an initial sizing of the series hybrid motorcycle powertrain components, which will in turn enable an exploratory simulation run on the two models. Then, using the previous results, powertrain components can be resized and the models simulated again until they meet the desired criteria or they are determined incapable of doing so. 

4 Research Results

The proposed series hybrid architecture will be considered successful if it can satisfy two criteria:
1. It can travel at sustained motorway speeds (70 mph)
2. It exceeds current emissions requirements to such a degree that it can be expected to meet future emissions requirements as well.
The first criterium is absolute, and is more of a performance lower limit. Assessment of the proposed hybrid vehicle in regards to this criterium is therefore straightforward: if the onboard ICE is found to be incapable of sustaining a constant motorway velocity plus a safety margin of perhaps 5-15%, it will be considered a failure. The second criterium is more difficult to judge since it depends on legislation and regulation which has not yet been proposed or drafted. However, by line or curve fitting past trends, it should be possible to generate a reasonable guess as to what future emissions regulation may be, provided the hard 0 emissions limits are indeed repealed as suggested by recent politics (Martin 2023). These projections may then be used to set the emissions limits which the simulated hybrid motorcycle must meet to be considered successful. If one model meets the requirements and the other does not and the two cannot be brought into agreement, then the one which most closely matched the commuting vehicle used to create the drive cycle will be favored over the other, though the project will not at that point be considered a complete success even if the favored model does meet the criteria.




5 Research Evaluation

While this author is confident the proposed methods and judgement criteria can produce clear and significant results, there are nonetheless several limiting factors which may influence the success of the project.
The first is primarily budgetary. Neither the researcher nor the university possess ready capital which can be used to create a working prototype of the proposed hybrid motorcycle. As such, the scope of the research is limited to only what can be accomplished in digital space—the simulation of models. Since no such hybrid vehicle yet exists, the validation of these models is also suspect, as it will have to be done with standard petrol motorcycles deemed ‘similar enough’ to the proposed models to allow fair comparison. Here too—if no such motorcycles are available to the researcher or the university, a less similar model will have to be used, further compromising the models’ validation. It is for this reason that, unlike the other literature surveyed in this proposal, the research here will use two independent models of separate types—if the models do not agree on any one simulation, that may serve as indication of problems within one or both of the models themselves.
The second limitation is one of over-specialization. As currently proposed, the research will be based off a single drive cycle recorded by one rider over several sessions. It is thus possible—indeed, likely—that this one rider’s commute may not be wholly reflective of the vehicle’s performance in a more general sense. Therefore, it may become necessary in the course of the research to include standardized drive cycles such as the World Harmonized Light Vehicle Test Procedures (WLTP) and/or request different commuting routes from the rider in order to have a more varied and hence more generally applicable dataset upon which to evaluate the models.
The third is a time limitation. In order to meet the project submission deadline, this research which cannot be started before April 24th must also be completed by August 13th, which leaves roughly three and a half months for the entirety of the endeavor. Unforeseen issues, particularly in the development of one or both models, may cause delays which at best will sacrifice time to evaluate and reiterate the models and at the worst case might push the project completion past the submission date. As such, a schedule of  milestones has been created in table 2 which is built on the researcher’s past experience with analytical models of this type and with VI Grade software. Of note is the increasing time intervals between later milestones—these are built in as precautions against delays in earlier stages. The final deadline milestone is also set one week previous to the official deadline in order to add some extra time as a contingency. Fortunately, main tasks of the proposed research may be undertaken sequentially, so the scheduling of the project is not as complicated as it might otherwise have been.

Table 2: Research Project Milestones
	Research Milestone
	Proposed Deadline

	Drive Cycle Developed
	1 May

	Powertrain Initial Sizing & Specification
	19 May

	Analytical Model Developed
	26 May

	Multiphysics Model Developed
	15 June

	Re-Simulation
	30 June

	Research Report 1st Draft Complete
	14 July

	Research Report Submitted
	7 August


6 Conclusion

A research project has been proposed which would seek to build upon the previous work presented in Harrington et al “Low Cost Hybrid Motorcycle Optimization Model” (2011) and re-evaluate a series hybrid motorcycle powertrain taking full advantage of over a decade’s worth of technological advancement in the field of energy storage and modeling ability. In the proposed research, two specific criteria will be used to evaluate the powertrain instead of cost: the ability to sustain motorway speeds and emissions falling well under current regulated levels. To accomplish this, data from a real world commute will be used to create a drive cycle, which in turn will be used to evaluate two independent hybrid motorcycle models. The analytical model will be built in Matlab and will be similar to models employed in previous works. The multiphysics model will be built in VI Grade and will make use of the generalized model skeletons already extant in the software to ease the construction process. Both models will be used to iteratively refine the proposed hybrid motorcycle until it either meets the judgement criteria or is determined incapable of doing so. To aid in the evaluation process, work from related fields such as electric vehicle range extenders will be employed to better characterize the emissions profile of the simulated models. Judging from results obtained by similar research regarding parallel hybrid motorcycles, a significant decrease in emissions from same-size petrol bikes can be expected in the proposed series hybrid vehicle.
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