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Abstract 

In recent years, rising fuel costs and a growing sense of environmental 
responsibility have led to an increasing demand for hybrid and fuel-efficient vehicles. 
Accordingly, current trends in the automotive market gravitate toward clean, renewable 
energy and fuel-efficiency.  The goal of this project is to develop a zero-emissions 
human-electric hybrid vehicle to fulfill this growing demand.  The vehicle is designed for 
urban commuting, having the same ease of use as a conventional bicycle and the 
performance of an automobile.  As of the completion of this report, the overall vehicle 
design has largely been completed, although design of specific mounting hardware and 
other construction details still need to be finalized.  Although the project is currently 
behind schedule due to extra time spent in the engineering phase, the teams are putting 
forth a concerted effort to finish the vehicle on time for the ASME HPV design 
competition in April.  Accordingly, the team members are devoting extra time each week 
to the completion of engineering tasks, procurement of vehicle components, and 
construction of the vehicle.  The vehicle is also over budget, and so the teams are 
developing plans to use two existing human-electric hybrids as taxis throughout the city 
of Philadelphia and to solicit donations from local businesses.  The vehicle is expected to 
be completed on schedule and meet or exceed the proposed performance requirements. 
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Problem description 

The number of automobiles in the United States has grown in recent years to a staggering 
136 million, the vast majority of which are powered by internal combustion engines (National 
Transporation Statistics, 2007).  In urban environments especially, these vehicles are a major 
contributor to three serious problems: congestion, air pollution, and the consumption of non-
renewable resources.  A comparison of the size of an automobile to that of a bicycle shows why 
automobiles play such a large part in urban congestion.  A typical automobile requires a footprint 
of approximately 3 meters width and can be over 4 meters in length, whereas a bicycle requires 
approximately 0.75 meters in width and is approximately 2 meters in length.  Accordingly, a 
bicycle has a footprint approximately 14% of that of a car (Layton et al., 2007).  Despite the 
large disparity in size, these vehicles are typically used for the same purpose, namely the 
transportation of people from one location to another. 

In addition to causing congestion, traditional automobiles also contribute to air pollution.  A 
conventional car engine, like all internal combustion engines, produces exhaust containing 
hydrocarbons, oxides of nitrogen, and oxides of carbon.  According to the EPA, the average 
passenger car emits 11,450 pounds of carbon dioxide per year (Census, 2003), making 
automobiles one of the greatest man-made contributors of the greenhouse gas.  Air pollution is 
estimated to have caused four to five million cases of chronic bronchitis worldwide, and caused 
five-hundred thousand premature deaths (Soubbotina, 2004).   

In addition to the air pollution, the internal combustion also relies on non-renewable fossil 
fuels as their energy source.  Although the introduction of gas-electric hybrids has helped to 
decrease fuel consumption in automobiles, many experts believe that more has to be done to 
decrease reliance on fossil fuels.  Various studies indicate that a worldwide peak in oil discovery 
occurred over fifty years ago, and predict a peak in oil production in the next forty years 
(Newman, 2007).  Accordingly, reliance on fossil fuels has become an issue of economic 
sustainability.  The issue is especially acute in the United States, where the average annual oil 
consumption is 56 gigajoules (GJ) per-capita, approximately seven times more than the 
consumption of Tokyo and Barcelona, which average 8 GJ, and significantly more than many 
Chinese and Indian cities, which average 2 GJ (Newman, 2007).  This large disparity in oil 
consumption can be largely attributed to the United States’ dependence on automobiles.  
Introducing a self-sustainable automobile with performance specifications suited for urban 
driving would serve to help decrease this dependence on oil. 

The goal of this project is to address the problems of pollution, congestion, and oil 
consumption associated with traditional automobiles by creating a new, lightweight vehicle 
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useful for urban commuting.  The vehicle is to be powered by both a human and an electrical 
element, and designed to mimic the performance of traditional automobiles in urban 
environments.  Since the vehicle will derive a portion of its power from a human element, it must 
remain as light as possible as to limit the power requirement for the human and electric motor 
elements.  Minimizing the weight of the vehicle will serve to increase the energy density and the 
overall efficiency of the vehicle. 

Since the vehicle is being designed to be driven on city streets alongside passenger 
automobiles and busses, the vehicle is to be designed to accelerate from zero to thirty miles per 
hour 70-75% as quickly as an average five-passenger sedan.  Additionally, the vehicle is being 
designed to travel at least 35 miles per hour (56 kilometers per hour), the speed limit on the 
majority of urban streets.  Adherence to these two criteria will allow the vehicle to seamlessly 
integrate with traditional automobiles on city streets.  Accordingly, the vehicle must meet or 
exceed the following design criteria: 

• Accelerate from 0 to 56 km/h in less than 16.3 seconds 
• Decelerate from 56 to 0 km/h in less than 18 meters 
• Have a turning radius no larger than 5.5 meters 
• Have a top speed of at least 56 km/h 
• Fit within a bicycle lane 
• Have a total cost of under 3,000 USD 

Due to the scope of the project, three separate design teams are working together to ensure 
the vehicle’s successful completion.  Accordingly, the vehicle’s design has been separated into 
the following components which have been divided among the groups: 

• overall design integration, 
• frame, 
• electric motor and controller, 
• battery, 
• seat, 
• wheels, 
• drive train, 
• solar energy, 
• regenerative braking, 
• aerodynamic shell enclosure, and  
• data acquisition. 
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This document details the progress specific to the vehicle components the four members of 
this senior design team have played integral roles, namely the drive train, the aerodynamic shell, 
the electric drive components, and the suspension.  Responsibilities have been divided as 
follows:  Ray Canzanese leads the design of the mechanical elements of the drive train and the 
study on regenerative braking, with assistance from John Palermo and Joe Porcelli.  Joe Porcelli 
leads the design and selection of the electrical components, assisted by Ray Canzanese.  John 
Palermo leads the construction of the aerodynamic shell enclosure and vehicle stability testing 
and simulation.  Joe Hirschkowitz’s focus is on creating the suspension system for the vehicle. 

Progress report 

Considerations for alternative solutions 

The goal of this project is to create a vehicle for urban commuting that is zero-emissions and 
regenerative.  Accordingly, the teams considered the following alternative solutions to a human-
electric vehicle.  Hybrids requiring an internal combustion engine were omitted from 
consideration because they do not meet the zero-emissions requirement: 

• A solar-powered vehicle, 
• An electric vehicle charged through the power grid, 
• A human-powered vehicle, 
• A vehicle equipped with regenerative braking. 

In considering the alternatives, no single solution proved to be the best solution.  The teams 
eliminated the idea of a strictly solar-powered vehicle due to the size of the solar panels that 
would be required to power the vehicle, and the vehicle’s inability to be used in the absence of 
sunlight, either during the nighttime or in inclement weather, without some sort of additional 
energy storage.  Solar arrays, however, were deemed an appropriate method of supplementing an 
electric vehicle’s energy sources.  The teams also eliminated a strictly electric powered vehicle 
because the vehicle would be used to transport humans, who constitute a perfectly viable energy 
source.  However, since humans alone would be unable to provide the power to meet the 
performance specifications required for such a vehicle, the teams decided to build a vehicle 
deriving its power from both a human and electrical element.  Finally, since a vehicle with 
regenerative braking would require a method of energy storage, the teams deemed regenerative 
braking possible for any vehicle requiring battery storage.  Accordingly, the teams did not 
eliminate the possibility of using regenerative braking or solar-power, as these technologies 
could be used to recharge the battery used to store energy for the electric motor.  Rather, these 
two possible sources of energy were considered as part of a feasibility study of the use of these 
alternative energy sources, detailed in the following section.   
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Feasibility study 

In order to determine the feasibility of creating a human-electric hybrid for urban 
commuting, the teams performed an extensive study of currently available human-electric hybrid 
vehicles.  These vehicles include but are not limited to Advanced Vehicle Design’s (AVD, 2007) 
Taxi vehicle, FineMobile’s TWIKE (Twike, 2007), and Mantra’s MS1 (Mantra-Ms, 2007).  A 
complete listing and analysis of these vehicles can be found in the proposal for this project, 
“Proposal for Human-Electric Hybrid Vehicle” (Canzanese, Hirschkowitz, Palermo, and 
Porcelli, 2007).  Throughout the duration of the project, the teams have had access to two AVD 
Taxis, which were used extensively to quantify their performance and test and explore various 
design considerations.  Tests performed on the AVD taxi have underscored the importance of 
having a full, aerodynamic enclosure for the vehicle, a transmission for the electric motor, and a 
lightweight design. 

Additionally, the teams met with Stephen Mosca, owner and seller of the Go-One human-
powered vehicle (“HPV”).  The teams were able to discuss design considerations with Mr. 
Mosca, test ride the vehicle, and perform tests for aerodynamic drag on the vehicle. 

The teams also consulted with Rich Sadler and John Tetz of the Metro Area Recumbent 
Society (Douglas, 2006), who shared their experience in building both human-powered and 
human-electric vehicles, as well as providing the teams with access to their current vehicles.  
Both Mr. Sadler and Mr. Tetz agreed to serve as advisors to the teams, aiding with design and 
construction of the vehicle.  These meetings served as an experimental feasibility study, wherein 
the possibility of building a low-cost, light weight human-electric hybrid was confirmed through 
the research and testing of the available vehicles. 

Regenerative braking 

In addition to a study of the overall feasibility of creating the proposed human-electric hybrid 
vehicle, additional studies of the feasibility of including regenerative braking and solar power on 
the vehicle were also performed.  Both of these technologies would need to be explored in depth 
and their performance quantified in order to determine whether the added cost, mass, and 
complexity of incorporating the technologies in to the vehicle would be outweighed by benefit of 
the additional energy they supply to the vehicle.  Solar energy will not be discussed within the 
scope of this report, however, regenerative braking will be discussed in depth. 

Regenerative braking requires a drive train wherein the motor is engaged with the rear wheel 
during stopping to allow for the transfer of energy from the rear wheel to the electric motor.  
Accordingly, a traditional rear bicycle wheel could not be used, due to its use of a freewheel, 
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which allows the wheel to spin freely such that the rider may coast rather than pedaling at all 
times.  The configuration needed for regenerative braking is akin to the configuration of a fixed-
wheel bicycle, wherein the pedals always spin with the rear wheel and the rider forces the 
bicycle to stop by resisting the forward motion of the pedals.  Regenerative braking would work 
much in the same fashion:  Rather than the rider’s legs opposing the motion of the pedals, the 
electric motor would oppose the motion of a jackshaft attached to the rear wheel to stop the 
vehicle. 

 Because the vehicle is being designed to be lightweight, efficient, and affordable, and 
because the vehicle is powered in part by the pedaling motion of the riders, the drive train is also 
to be designed to be as lightweight and efficient as possible.  Accordingly, the following drive 
train solutions were considered: 

1. A standard bicycle derailleur system with a fixed hub. 
2. A separate wheel that makes contact with the rear wheel during regenerative braking. 
3. Use of a hub motor. 
4. An internal hub gear with a disabled freewheel mechanism. 

In order to determine the feasibility of the first solution, a mountain bike with a derailleur 
system was used to simulate the chain tension created during regenerative braking.  Figure 1 
shows the bicycle derailleur in its standard position.  During normal operation, the tension 
driving the wheel is in the top of the chain, while the springs in the derailleur maintain tension on 
the bottom of the chain to prevent it from falling off.  During braking, however, the tension is in 
the bottom of the chain.  Figure 2 shows the position of the derailleur during braking, where the 
derailleur is fully extended, and the chain is completely slack at the top, causing the chain to fall 
off the sprockets or jam.  If enough force were to be applied to the pedals during braking, the 
front and rear derailleurs, as well as the chain, could be damaged.  Accordingly, a standard 
derailleur configuration cannot be used for regenerative braking. 
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Figure 1 Derailleur, standard position 

 

 
Figure 2 Derailleur, during braking 

Although the standard derailleur does not pose a viable option for a drive train with 
regenerative braking, the possibility of including a new type of derailleur was explored.  This 
system would require the driver to manually adjust the tension along discreet intervals.  Such a 
derailleur system would require extensive design work, machining, and additional interaction 
from the driver.  Accordingly, the solution was considered out of the scope of this project, 
although future research into its viability is to be performed during the remainder of this project. 

The second solution is to use a roller attached to an electric motor which is brought into 
contact with the rear wheel during braking.  This solution requires friction with the tire to 
perform braking, and would result in increased wear on the tire.  This system would also 
introduce mechanical complexity to the system as it would require the rider to engage this wheel 
during braking, applying appropriate force to the wheel, and would require an attachment to the 
existing motor or an additional motor.  Due to the mechanical complexity, difficulty of use, and 
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wear on the rear wheel, this solution was deemed feasible, but was abandoned for the hub geared 
solution. 

The possibility of using a hub motor is a viable solution for regenerative braking, as 
evidenced by the existing bicycle electric assist system BionX (Bionx, 2005).  Although this 
solution is good for regenerative braking, the motor is attached directly to the rear wheel without 
the use of a transmission, and therefore could not be used to accelerate the vehicle within the 
design criteria.  Accordingly this solution was also abandoned in favor of the final solution. 

The final solution relies on a mechanism known as an internal gear hub.  An internal gear 
hub is a rear wheel hub that contains an enclosed gearing system with three to five discreet 
speeds.  Such a mechanism traditionally utilizes a freewheel, allowing the rider to coast, that 
would need to be disabled to allow for regenerative braking.  Disabling the freewheel can be 
performed by removing components from the mechanism, although this process typically 
decreases the number of speeds available to the rider (Brown, 1999).  Accordingly an internal 
hub gear provides a viable solution for regenerative braking.  This configuration is used for the 
remainder of the discussion regarding regenerative braking, which continues after the following 
discussion of electric motor design, as the discussion regenerative braking requires an 
understanding of the considerations taken into account for the motor design. 

Computational analysis 

Motor design calculations 

An important design consideration is the size of the motor and battery that will be used to 
power the vehicle, and to determine the fraction of the vehicle’s power that will be provided by 
the motor as compared to the rider.  For a successful design, it is important that the rider(s) 
contribute a significant amount of power to the vehicle in order for the vehicle, since the goal is 
to create a pedal powered vehicle with an electric motor assist, rather than an electric vehicle 
with pedal assist.  During the design process, the motor design team performed a series of 
calculations to estimate the power of the motor required for such an application. 

The first calculation was to determine the amount of power required for the vehicle to 
maintain its desired maximum speed, 56 km/h.  Equation (1) shows the expression for the power 
delivered to the wheels Pw as a function of the power contributed by the driver(s) Ph and the 
motor Pm, where ηm is the transmission efficiency, defined to be in the range 0.85-0.97 (Wilson, 
2004).  

 ( )w m h mP P Pη= +  (1) 
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In order to maintain a constant speed, the riders and motor will need to provide a force equal 
to the forces acting to impede the vehicle’s motion, namely aerodynamic drag and friction with 
the driving surface.  Equation (2) shows the equation for the work required to overcome 
aerodynamic drag Pd where ρ is air’s density, v is the vehicle’s relative velocity, A is the frontal 
cross sectional area of the vehicle, and Cd is the unit-less drag coefficient.  Equation (3) shows 
the equation for the work to overcome rolling friction, where CR is the coefficient of rolling 
friction between the tires and road surface, m is the vehicle’s mass, and g is the gravitational 
constant. 

 31
2d dP v ACρ=  (2) 

 r RP C mgv=  (3) 

By combining equations (1) through (3), the following expression for the power required to 
power the vehicle is derived. The variables in Table 1 provide an estimate of the variables 
needed to solve the expression.  Values for coefficients of drag, area, and transmission efficiency 
are estimates for a commuter HPV (Wilson, 2004).  The mass is estimated according to Table 2.   

 31 1
2( )

mh m d RP P v AC C mgvη ρ+ = +  (4) 

Table 1 Estimated vehicle measurements 

Metric symbol value 
transmission efficiency ηm 0.91 
air density ρ 1.2 kg / m3 
fontal cross section A 0.5 m2 

aerodynamic drag coeff. Cd 0.2 
rolling drag coeff. CR 0.003 
total mass m 239 kg 
gravity g 9.81 m/s2 

 
Table 2 Vehicle mass estimation 

 

 

element mass (kg) 
captain 100 
stoker 100 
motor  2 
battery 2 
frame 10 
extras 25 
total 239 
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Substituting the values in Table 1 into Equation (4), with a velocity of 15.6 m/s (35 mph) 
yields a power requirement of 374 W.  Assuming a rider can deliver 100 W of power 
continuously (Wilson 2004), the motor would be required to deliver 174 W of power.  Thus, the 
human-element at top speed will provide more than half of the vehicle’s power.  Figure 3 depicts 
the power required in a range of velocities varying from 0 to 15.6 m/s.  The curve indicates that 
the riders will be able to provide 100% of the power below 27 mph.  Figure 3 also depicts the 
power required for the same velocities when only 1 driver is present in the vehicle, and the 
associated power requirements.  This graph indicates that a single driver requires additional 
power from the motor, a maximum of 223 watts. 
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Figure 3 Power required for speed maintenance of vehicle 

Figure 3 also shows the power required to maintain velocity on a hill of positive and negative 
slopes of three percent (1.7 degrees), the slope of a modest hill (Wilson, 2004).  For these 
calculations, an additional term was added to Equation (4) for the power required to overcome 
gravity during ascent or the power added by gravity during descent.  This additional term relates 
the power in terms of the angle of the slope α, the mass of the vehicle m, the gravitational 
constant g, and the velocity of the vehicle, v.  Equation (5) is the resulting equation.  The 
negative values in the graph correspond to power that will either accelerate the vehicle or will be 
dissipated during braking.  If regenerative braking were to be implemented on the vehicle, this 
power could be recaptured by the vehicle, at the aforementioned efficiency.  Situations involving 



 

 10

hill ascent and descent are to be examined more closely during the upcoming months in regards 
to their effect on the efficiency of regenerative braking. 

 31 1
2( sin )

mh m d RP P v AC C mgv mgvη ρ α+ = + +  (5) 

The preceding figures and equation only provide insight into the amount of power required 
for velocity maintenance.  These calculations indicate that the maximum sustained power of the 
electric motor must be 223 W for a single rider, and 174 W for two riders.  The motor will also 
need to be able to deliver larger bursts of power in order to accelerate the vehicle from 0 to 15.6 
m/s in less than 16.3 s.  Acceleration within this time frame will allow the vehicle to integrate 
with urban traffic, based on a study of vehicles accelerating from a controlled intersection 
(Wang, Jun, et al 2004).  Equation (6) related power to mass m, velocity v, and acceleration 
dv/dt, and was used to determine the power required for acceleration.  

 dv
dtP mv=  (6) 

In order to solve the equation for the power, given the values in Table 1, Equation (6) was 
integrated as is shown in Equation (7).  The result of the integration is shown in Equation (8).  
Substituting the values in Table 1, the equation yields a power requirement of 1795 W for 
lossless acceleration.  For a single rider, the decreased mass yields a power requirement of 1044 
W. 

 

max

0 0

accelt v
Mdt vdv
P

=∫ ∫  (7) 

 

2
max

2 accel
mvP
t

=  (8) 

To determine the max power to be delivered by the motor Pmax, the power required for 
acceleration Paccel is added to the power required to overcome the frictional forces Pconst and the 
power delivered by the riders is subtracted Prider, as in Equation (9).  In the case of acceleration, 
the power delivered by a rider is assumed to be 250 W, as the human body can maintain this 
higher power output for the short 15 second duration needed for acceleration (Wilson, 2004).  
When substituting the previously calculated values, this yields a motor peak output of 1670 W or 
2.25 hp.  Accordingly, a motor with at least 223 W sustained output and 1670 W peak output is 
needed to enable the vehicle to integrate fully into urban traffic. 
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 max 2accel const riderP P P P= + −  (9) 

Regenerative braking calculations 

Given the preceding discussion of motor design, a series of calculations were performed to 
determine the feasibility of including regenerative braking on the vehicle.  The effectiveness of 
regenerative braking can be quantified by examining the efficiency of the regeneration process 
and also by examining the fraction of the energy recaptured by regeneration and comparing it to 
the amount of energy used during a variety of simulated trips. 

The overall efficiency of the regeneration process can be estimated by Equation (10), where 
ηi is the efficiency of each individual system involved in the regenerative process. Table 3 
shows the estimated values for each ηi.  The motor efficiency is the efficiency of the electric 
motor, which will not be operating at its peak efficiency of 84% as it decelerates from its peak 
efficiency to a stop.  Accordingly, the efficiency of the motor during braking is estimated to be 
two-thirds its peak value, or approximately 56%, during braking, from examination of the 
motor’s efficiency curve.  For more information regarding the selected motor, see the following 
section entitled Component Selection.  The controller efficiency is the estimate provided by the 
manufacturer of the selected controller discussed in the Component Selection section.  The low 
speed loss is the energy that will be lost at low velocities when the motor is no longer spinning 
fast enough to generate any electricity.  This value was determined experimentally by pedaling 
an exercise bicycle attached to an electric motor.  The value for transmission efficiency is lower 
than the previously used value, because a hub gear has a lower efficiency than a derailleur 
system (Wilson, 2004). 

 iη∏  (10) 

The value of the percent of the losses due to friction is estimated based on the power 
calculations for constant velocity maintenance and a study of braking (Wicks and Donnelly, 
1997).  This study estimated comfortable deceleration of an automobile to be 1.6 m/s2.  For a 
vehicle stopping from 15.6 m/s, this yields a stopping distance of 76.1 m and a stopping time of 
9.75 seconds by Equation (11).  Since the power required to overcome frictional forces has 
already been calculated and graphed in Figure 3, we can use the average value of the power (123 
W) in Equation (12), which shows power P in terms of energy E and time t.  This yields an 
energy loss of 1200 J during stopping.  Equation (13) shows the equation for kinetic energy T in 
terms of mass m and velocity v.  By using this equation, we can determine the amount of energy 
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required to be dissipated to stop the vehicle to be 29 kJ.  Thus, the energy lost to friction is 
approximately four percent of the total. 

 
va
t

Δ=
Δ  (11) 

 
EP
t

=  (12) 

 21
2T mv=  (13) 

 
Table 3 Efficieny of regeneration elements 
 

source of energy loss efficiency 
motor efficiency 0.56 
transmission 0.85 
friction 0.96 
controller 0.96 
capacitors 0.96 
low speed loss 0.90 
total efficiency 0.38 

The product of the values in Table 3, 0.38, represents the overall efficiency of the 
regeneration system.  Take note that this system assumes that a capacitor system is used for 
storing the energy recaptured during regeneration.  Capacitors can be charged at a higher rate and 
more efficiently than for example a nickel metal hydride battery.  If the recaptured energy were 
used to charge the battery instead, the efficiency would have to be multiplied by the battery 
charging efficiency, approximately 70%, reducing the overall efficiency of regeneration to 28%.  
Thus, a capacitor-based regeneration circuit will be able to recapture 38% of the kinetic energy 
of the vehicle when stopping the vehicle from top speed, or approximately 11 kJ. 

In order to obtain a more accurate picture of the effectiveness of regenerative braking in real-
world situations, five separate driving circumstances were analyzed.  Each situation assumed an 
even plane.  The first three simulations, intended to simulate a dense urban commute, involved 
the vehicle being driven from 23rd and Chestnut Streets in Philadelphia to Front and Chestnut 
Streets, a total distance of 3.2 kilometers with 21 traffic lights along the way.  In each situation, 
the vehicle stopped at none of the lights, one quarter of the lights, and one half of the lights, 
respectively.  The amount of the energy recaptured varied from 10% to 29% of the energy 
expended.  The final two simulations represented a more suburban commutes.  Since the average 
American’s commute is 24.3 minutes (Census, 2003), a 24 km trip was considered wherein only 
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five stops were made.  The same number of stops was also considered for a 48 km commute.  
The amount of energy recaptured during these two scenarios was 8% and 4%, respectively. 

The simulations indicated that a situation wherein the vehicle was repeatedly accelerated to 
its top speed and brought to a stop was the best case scenario for regenerative braking.  The 
simulations also showed a best case scenario of almost 30% energy recapture.  In order to 
understand what this means in terms of longevity of the vehicle’s battery, the cost of re-
delivering the energy to the drive train must be considered.  This is done by multiplying the 
amount of energy recaptured by the same series of efficiencies in Table 3, with the exception of 
friction and low speed losses, since we are not considering a braking scenario.  This yields a 
range of 2% to 13% of the energy being redelivered to the drive train.  Thus, in a constant stop 
and start scenario, a battery’s life could ideally be extended by 13%.  In a more typical situation, 
for a commute, however, the battery’s life could be extended by at best 5%.  To put this in 
perspective, a battery that normally had a two-hour life, will now last an extra six minutes.  More 
detailed information regarding the simulations is included in Appendix A. 

Thus, the feasibility study indicated that regenerative braking, under average driving 
conditions, will increase the batteries life nominally.  The simulations were also run with an 
increased mass of 5 kg to determine if a mass-penalty associated with regenerative braking 
would decrease its efficiency.  The results showed virtually no difference in the amount of 
energy recaptured.  The main drawbacks in incorporating regenerative braking in the vehicle are 
the decreased transmission efficiency and additional labor and cost of components for 
regeneration.  Regenerative braking would require a more advanced controller, capacitors for 
storing the energy, a clutch mechanism to allow the driver to disengage the motor for coasting, 
and a hub gear modified to disable the freewheel, a total estimated cost of $500.  Regenerative 
braking would also have a negative effect on the transmission efficiency, increasing the power 
demand on the electric motor.  Accordingly, the teams decided not to include regenerative 
braking on the vehicle, while continuing to research its implementation.  Currently, more 
optimization simulations are being performed in order to better quantify the vehicle’s 
performance and the effect of regenerative braking. The teams are also working to develop an 
global optimization function for the vehicle.  

Motor modeling and controller design 

In addition to the motor and battery, the selection of a motor controller is important to the 
overall project.  The motor controller must control the motor shaft’s rotational velocity and 
torque based on a user supplied input signal while maintaining safe operations of the vehicle.  
The controller design team performed the following design process when choosing the 
controller.  
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First the stability of the motor in and of itself was examined.  This was done by building a 
linear state-space model for the motor and generating the root-locus diagram. Next an analysis of 
the motor’s operating range is performed and final selection of an adequate controller.   

The linear state-space model is a function of the motor’s operating equations.  Kirchhoff’s 
voltage law yields Equation (14), the motor’s electrical equation.  Equation (14) shows that the 
voltage applied across the motor’s terminals is equal to the motor’s impedance R Ls+ , the 
current flowing through the motor ( )I s , the back-emf-constant eK , and the motor shaft’s 

rotational velocity ( )sΩ . Equation (15), the coupling equation comes next.  The coupling 

equation relates the electrical and mechanical characteristics of the motor and is a function of the 
torque constant TK .  Equation (16) describes the mechanical operation of the motor.  The 

generated torque gT  is the sum of the motor rotator’s inertia J  and the motor’s internal viscous 

friction multiplied with the shaft’s rotational velocity and added to the load torque loadT (Nise, 

2004).  

 ( ) ( ) ( ) ( )eV s R Ls I s K s= + + Ω  (14) 

 ( ) ( )g TT s K I s=  (15) 

 ( ) ( ) ( ) ( )g loadT s Js s B s T s= Ω + Ω +  (16) 

The state-space model is generated from the motor’s physical and electrical characteristics.  
Equation (17) shows the simplified state space model for the motor (Nise, 2004).  In this 
equation, the item of interest is the rotational velocity of the motor shaft θ .  The other state 
variable is the current though the motor’s armature. 
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 (17) 

Once the state space model is known a simulation model can be realized.  Figure 4 shows the 
simulation model.  Table 4 shows the parameters used for the simulation.  
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Figure 4 Motor simulation model with step input and no load torque  

 
 
Table 4 Motor simulation parameters 
 

metric symbol value units 
inductance La 1.43 Henries 
resistance Ra 3.4 Ohms 

torque constant TK  36.4 Oz-in/amp 
inertia J 0.01 Oz-in-sec2 

viscous friction B 6 Oz-in 
back-emf constant eK  26.9 Volt/krpm 

load torque LoadT  0 Oz-in 
 

The first two items extracted from the simulation model are the root-locus Figure 5 and the 
bode diagram, Figure 6.  The root locus shows the relative range for stability while the bode 
diagram shows the phase margin and bandwidth.  From the root locus, all the poles are in the 
right-half plane for all time therefore the motor will remain stable for all inputs.  From the bode 
diagram the phase is asymptotic to but never crosses over -180 degrees, indicating that the 
system is stable (Nise, 2004).   
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Figure 5 Motor root locus 

 

 
Figure 6 Motor Bode diagram 

Once the stability of the motor is known the motor’s settling time comes in to question.  The 
settling time can be found from the model’s step response. To do this, a step input is applied to 
the motor model and the state variables are observed.  For the motor used in the vehicle, the 
input signal, a step, would simulate the motor being turned on.  For performance purpose the 
settling time is desired to be much less then the human operator’s reaction time.  The average 
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human reaction time is in the range of 0.8 to 1.5 seconds (Helander, 1990).  Figure 7 indicates 
that the settling time is around 0.2 seconds, which is substantially less then the 0.8 second 
reaction time of the human operator and is therefore not the limiting factor for the motor’s 
bandwidth. 

 
Figure 7 Motor shaft rotational speed for a 10 volt step input 

Since the motor’s stability and settling time are known to be within expectable the burden of 
maintaining stability for the motor is removed and the search can continue without state-
feedback design.  The remaining motor controller design criteria are that its response time is less 
then human response time minus the motor’s settling time, the controller is capable of handling 
the current and voltage demands of the motor and the motor controller is economically feasible.  
Accordingly, the most economical controller that met the aforementioned criteria was selected.  
Details regarding the considered controller and the selected controller are included in Appendix 
B. 

Drive train design and calculations 

Selection of appropriate gear ratios was integral to enabling the vehicle to operate within the 
proposed performance criteria.  Equation (18) was used to calculate the required gain ratio for 
the transmission, where v is the velocity, d is the wheel diameter, f is the pedaling frequency, and 
g is the gain ratio.   

 v dfgπ=  (18) 
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For a velocity of 35 mph, a wheel diameter of 20 in, and a comfortable pedaling frequency of 
80 hz (Wilson, 2004), the required gain ratio was determined to be 7.35.   In order to obtain a 
gain ratio of 7.35, a jackshaft would need to be employed to step up the gearing from the pedals.  
After determining the cranksets and rear cassette which would be used on the vehicle, the gain 
ratios of the gear combinations were calculated and tabulated in Table 5.  The cranskets and rear 
cassette were selected such as to minimize vehicle cost and maximize the maximum speed of the 
vehicle.  Since the vehicle is intended to be used on paved roads, only cranskets and rear 
cassettes for road cycles were considered, with two-speed cranksets selected because they 
increased the range of gain ratios by 25% with minimal overlap.  Three-speed cranksets were not 
considered due to the considerable overlap in gain ratios, the increased mass, and the nominal 
increase in gain range they provide.  This allows the driver more flexibility in selecting pedaling 
speeds for steep climbs and rapid acceleration.  The gain ratios are calculated by Equation (19), 
where the gain is the number of teeth in the drive for front cog, divided by the number of teeth in 
the driven or rear cog.  Because the maximum ratio is 4.17, a jackshaft ratio of 1.76 is required to 
meet the performance requirements.  Accordingly, the jackshaft is to be equipped with 16 tooth 
cogs for interfacing with the pedals and a 30 tooth cog to interface with the rear wheel.   

 
front

rear

t
g

t
=  (19) 

Table 5 Transmission gain ratios 
    rear cog sizes (teeth) 
    12 13 14 15 17 19 21 24 27 

50 4.17 3.85 3.57 3.33 2.94 2.63 2.38 2.08 1.85 chainring sizes 
(teeth) 34 2.83 2.62 2.43 2.27 2.00 1.79 1.62 1.42 1.26 

The jackshaft will also be used as the location where the electric motor will connect to the 
drive train.  A basic layout of the jackshaft is included in Figure 8, showing the placement of the 
four cogs.  The exact dimensions of the jackshaft and its components are currently being adjusted 
to account for availability of materials and chain routing considerations.  The jackshaft will be a 
5/8 inch solid steel rod with a 3/16 inch keyway.  In addition to the cog on the jackshaft, the 
electric motor will also require a multistep gear reduction as it spins at 5500 RPM peak 
efficiency, whereas the jackshaft will spin at 250 RPM, requiring a total reduction of 1/22. 
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Figure 8 Jackshaft layout 

Suspension design 

The vehicle requires two suspension systems, a suspension system for each of the front 
wheels, and a suspension system for the rear wheel, which can be considered separately.  The 
design of the suspension has three primary constraints.  First, the suspension must provide 
increased comfort to the driver by absorbing impact from imperfections in the ground as the 
vehicle drives over them. Second, the suspension must lower the possibility of causing a flat tire 
during lateral impact with an object such as a curb.  Lastly, the suspension must not impair the 
driver’s ability to pedal the vehicle by causing the pedal system to shift relative to the driver.  
Any change in position could cause the driver to fail to maintain contact with the pedals.  
Because an in-seat suspension would cause such movement, the teams opted to integrate the 
suspension with the chassis. 

To simplify the overall suspension design, the frame team designed head tubes to house the 
front suspension system.  The head tubes are to each house a compression spring and bearings 
for the front wheel.  The spring constant for the springs in the head tubes must be selected such 
that the suspension never reaches full extension or maximum compression while minimizing 
road vibrations. 

The rear suspension is designed to utilize an off-the-shelf spring and damper suspension 
system for a bicycle, with a custom rear fork, for which the design has not been finalized.  A 
proper damper must also be chosen so that the oscillation of the spring ceases in a timely 
manner.  In order to determine the required damper coefficient, the suspension was modeled in 
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MATLAB Simulink using Equation (20) where m is the mass attached to the spring damper, b is 
the damper constant, k is the spring constant, and F is the force on the mass. 

 F mx bx kx= + +  (20) 

The equation is put into state space and a Simulink diagram in Figure 9 in order to model the 
damper system’s behavior.  By testing different values for the damper constant b and the spring 
constant k, an ideal spring and damper combination can be determined experimentally. 

 
Figure 9 Simulink diagram of suspension model 

Computational testing and design validation 

Stability 

When a vehicle executes a turn, a centripetal force acting through the center of gravity (CG) 
tries to over turn it.  The vehicle will tend to tip about an axis defined by its two outer points of 
contact (wheels).  When the vehicle is about to tip, the radial acceleration acting through a 
moment arm in the z direction from the ground to the CG is equal to the gravitational 
acceleration acting though a moment arm in the x direction, from the tipping axis to the CG, 
defined by Equation (21): 

 
2

z x
vm r mgr
ρ

=  (21) 

Here, m is the mass of the vehicle, v is the velocity, ρ is the turning radius, rz is the distance 
from the ground to the CG, g is the gravitational constant, and rx is the distance from the tipping 
axis to the CG.  Since the centripetal force’s line of action through the CG is rarely perpendicular 
to the tipping axis, only a portion of the centripetal force will come into play.  This portion is 
equal to the cosine of the angle formed by the centripetal force and a vector perpendicular to the 
tipping axis.  Since the vehicle mass appears on both sides of Equation (21), it can be removed.  
If we define the critical velocity Vcrit as the velocity at which the vehicle begins to tip, Equation 
(21) can be rewritten as: 
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In Figure 10 through Figure 12, lines radiate out from the turning center to all points of 
ground contact, and also the CG.  The line connecting the two outer wheels represents the tipping 
axis.  The arrows on the wheels represent the turning angle required by the front wheel(s), being 
perpendicular to the radial lines.  The arrows along the tipping axis represent both an 
extrapolation of the CG radial line, and a line perpendicular to the tipping axis. 

As can be seen in the drawings, nearly all the centripetal force is felt on a delta design, and 
about 98% of the force is felt in a quad design.  The tadpole design only feels 88% of the 
centripetal force, making it the most stable design during turns.  Table 6 lists the critical 
velocities at a number of turning radii.  It also lists the maximum forces felt by the rider just as 
the vehicle is about to tip.   

 

 
Figure 10 Delta Stability 

 

 
Figure 11 Quad Stability 
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Figure 12 Tadpole Stability 

 
Table 6 Rollover stability for tadpole chassis 
 

One Rider            
 ρ (ft) rx (in) rz (in) θ (deg)  v (ft/s) v (m/s) v (mph)  Radial Accel. (m/s2) Radial Accel. (G's)
 10 12.44 20.53 28  14.87 4.53 10.14  6.738 0.6876 
 15 12.44 20.53 24  17.90 5.46 12.21  6.513 0.6646 
 20 12.44 20.53 22  20.52 6.26 13.99  6.417 0.6548 
 25 12.44 20.53 22  22.94 6.99 15.64  6.417 0.6548 
Two Riders           
 ρ (ft) rx (in) rz (in) θ (deg)  v (ft/s) v (m/s) v (mph)  Radial Accel. (m/s2) Radial Accel. (G's)
 10 8.891 21.87 28  12.18 3.71 8.30  4.520 0.4612 
 15 8.891 21.87 24  14.66 4.47 10.00  4.369 0.4458 
 20 8.891 21.87 22  16.80 5.12 11.46  4.305 0.4392 
 25 8.891 21.87 22  18.79 5.73 12.81  4.305 0.4392 

It is also desirable to calculate the flipping stability of the vehicle, the point at which the rear 
wheel begins to lift off the ground.  This is useful for designing the braking system and 
calculating the braking distance at different velocities.  The equation is similar to the roll over 
stability equation; it is simply a moment sum about the front axis.  When the rear wheel is about 
to lift, the forward force acting in the z direction along an arm from the CG to the front axis is 
equal to the gravitational force acting in the y direction along an arm from the CG to the front 
axis.  Table 7 lists the braking distances at a number of velocities.  The values for flipping 
acceleration were derived from Equation (23), where rz is the vertical distance between the front 
axle and the CG, ry is the horizontal distance between the axle and the CG, and g is the 
gravitational constant.   

 y
F

z

gr
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r
=  (23) 
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When the maximum flipping force is known, the minimum braking time can be found from 
Equation (24), where the flipping acceleration aF is related to change in velocity v over time t. 

 F
dva
dt

=  (24) 

 
Table 7 Flipping stability 

One Rider

Velocity (m/s) rz (in) ry (in)
Flipping Accel. 

(m/s2)
Flipping 

Accel. (G's)
Braking 
Time (s)

1 10.53 13.64 12.69 1.295 0.079
5 10.53 13.64 12.69 1.295 0.394
10 10.53 13.64 12.69 1.295 0.788
15 10.53 13.64 12.69 1.295 1.182

Two Riders

Velocity (m/s) rz (in) ry (in)
Flipping Accel. 

(m/s2)
Flipping 

Accel. (G's)
Braking 
Time (s)

1 11.87 32.58 26.90 2.745 0.037
5 11.87 32.58 26.90 2.745 0.186
10 11.87 32.58 26.90 2.745 0.372
15 11.87 32.58 26.90 2.745 0.558  

Aerodynamic shell 

In order to make our vehicle suitable for all weather, and also to minimize drag forces, an 
aerodynamic shell enclosure, or aeroshell, was designed to enclose the entire vehicle.  The shell 
was designed to minimize frontal area, but still allow the riders the necessary foot space to pedal.  
Figure 13 shows a top and side view of the shell with the frame and riders.  The shell was 
designed to be as aerodynamic as possible, but a few compromises needed to be made.  The nose 
of the shell should ideally be a smooth cone.  However, the design needs to allow space to the 
riders’ feet at the extremes of the pedal stroke, and so our nose has a wider, blunter shape.  
Figure 14 shows the streamlines flowing around the shell when seen from above, and while there 
is smooth flow around the nose, the is some flow separation at the rear.  One of the biggest 
concerns is the low pressure wake that is apt to form directly behind the shell.  Figure 15 shows 
the pressure distribution along the top and bottom of the shell.  The large spike at the rear of the 
vehicle represents a region of low pressure, which adds to the over all drag of the vehicle.  One 
solution to this problem is to make to tail longer, so that the top and bottom come together more 
gradually.  However, a greatly extended tail is needed for appreciable gains in drag efficiency. 
The finalized design is therefore a compromise between minimizing drag forces and minimizing 
overall length.  Figure 16 is a view of the 3D shell model. 
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Figure 13 Top and side views of shell with frame and riders 

 
 
 

 

 
Figure 14 Streamline around top profile of aeroshell 
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Figure 15 Pressure distribution across shell profile, pressure coefficient values in figure 

 

 
Figure 16 3D Model of aeroshell 

Parts selection 

Appendix B contains a table showing the various components that were considered for the 
electric motor, the motor controller, the crank sets, the rear cassette, the rear derailleur, the front 
derailleur, and the bottom brackets.  In each case, the selected component is highlighted.  For the 
electronic components, the motor was chosen first.  The motor was the smallest, lightest motor 
that was able to output the minimum power needed for the vehicle.  The controller was then 
selected to meet the voltage and current requirements of the electric motor.  For the drive train, 
the selection process was similar:  The cranks and rear cassette were selected first based on the 
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discussion in the previous section, and then the bottom brackets and derailleurs were selected as 
the most economical components that would interface with the crank sets and cassette. 

Economic analysis and budget 

The project is currently over its budget although procurement of all the necessary tools and 
components has not yet been completed.  From the onset, this project has relied on the efforts of 
the group members to procure additional funding in order to be able to succeed.  The teams’ two 
AVD Taxis were intended to be used as taxis and advertisements throughout the city, but these 
vehicles’ lack of a full-fairing and protection against the cold weather has limited the ability of 
these vehicles to be used for the aforementioned purposes.  Accordingly, as spring approaches, it 
will become increasingly important for the vehicles to be used as such in order to repay the debt 
the project has sustained.  Furthermore, a plan for soliciting donations from local businesses 
must also be established to ensure the debt is repaid.  A full listing of the components purchased 
to date, as well as a listing of the components that are still being finalized can be found in 
Appendix C.  

Schedule 

The project is currently one month behind schedule, with the teams making a concerted effort 
to get the project back on schedule and completed in time for the American Society of 
Mechanical Engineering (ASME) Human Powered Vehicle (HPV) competition in Madison, 
Wisconsin.  The event, in which the vehicle will be used without its electric motor to compete 
against other fully-faired human powered vehicles, is to be held the weekend of April 25.  
Accordingly, the deadline for the vehicle being completed and fully tested has been moved ahead 
to April 24, as indicated on the updated Gantt chart in Appendix D.   

The project has fallen behind schedule namely due to design considerations that have taken 
longer than expected to resolve.  These considerations include the drive train design, the 
incorporation of regenerative braking, and battery selection.  Accordingly, the selection and 
procurement of materials has not yet been completed, and the construction of the frame missed 
its start date by approximately a month due to minor issues in the design of the chassis.  
Nevertheless, the previous two weeks have been characterized by increased effort and 
productivity by most group members in order to help the project get back on schedule.  This 
effort has been concentrated mostly in finalizing all engineering analysis, selecting and procuring 
all necessary tools and components, and constructing the main backbone of the vehicle.  Time 
sheets for each member can be seen in Appendix E. 
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Socio-environmental considerations 

The goal of this project is to address the problems of urban congestion, air pollution, and the 
consumption of non-renewable resources.  Accordingly, the vehicle is being designed to address 
these three problems.  The vehicle is designed to operate within a bicycle lane, making it 
considerably smaller than a traditional automobile.  The vehicle is also being designed to be 
zero-emissions, relying only on electrical and human power to propel the vehicle.  The vehicle is 
expected to be able to be recharged through a solar array or by plugging it into the power grid.  
Although the human-element of the vehicle does cause the emission of additional carbon dioxide 
from the human respiratory system, the volume of carbon dioxide emitted is less than one 
percent of that of a traditional automobile (Wilson, 2004), and the vehicle does not cause any 
other particulate emissions.  Because the vehicle is powered by only humans and electricity, 
which may be acquired from renewable sources, it does not require non-renewable fossil fuels.   

The vehicle is also expected to have the positive societal impact of promoting physical 
activity, which is of utmost importance in the United States where obesity is becoming a national 
epidemic.  According to the American Heart Association, heart disease, which is associated with 
obesity, is the leading cause of death in America, among both men and women (Thom et al. 
2006).  The Center for Disease Control (CDC) estimates the annual direct and indirect costs heart 
disease to be $277.1 billion (Thom et al. 2007) annually.  If used for a national average commute 
of 24.3 minutes (Census, 2003), commuting to work in the proposed vehicle would fulfill an 
individual’s recommended daily half-hour of exercise (Pate et al., 1995). 

Conclusions 

Although the project has fallen both behind schedule and over budget, the team members are 
making a strong and concerted effort to meet the April deadline for the vehicle’s completion.  
This includes devoting additional hours each week to finalizing engineering analysis, selecting 
and procuring components, soliciting additional funding, and constructing the vehicle.  The 
vehicle is currently in the construction phase, with various design details, such as the mounting 
hardware for various components, still in the process of being finalized.  The extra time spent on 
engineering that has delayed the onset of construction is expected to result in a better overall 
quality of vehicle which is expected to be completed on schedule.  The result will be a sleek, 
lightweight vehicle capable of accelerating at speeds that allow it to fully integrate into urban 
traffic.  The vehicle will be only human and electric powered, deriving approximately half of its 
power from the motor at peak performance.  The usability, practicality, and affordability of the 
vehicle will represent the next step in the trend toward environmentally friendly transportation. 
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Appendices 

Appendix A:  Motor design and regenerative braking calculations 

parameter symbol value units masses mass (kg) mass (lbs)
efficiency ηm 0.91 captain 100 220
air density ρ 1.2 kg/m3 stoker 100 220
frontal area A 0.5 m2 motor 2 4.4
aero drag Cd 0.2 battery 2 4.4

rolling drag Cr 0.003 frame 10 22.0
total mass mtot 239 kg extras 25 55.1

gravity g 9.81 m/s2 machine total 39 86.0
power/person Ph 100 w

0 - 35 mph time t35 16.3 s macine & riders 239 527
peak power/person PPh 250 w

POWER REQUIRED FOR SPEED MAINTENANCE (2 drivers)
v (mph) 0 5 10 15 20 25 30 35
v (km/h) 0.0 8.0 16.1 24.1 32.2 40.2 48.3 56.3
v (m/s) 0.0 2.2 4.5 6.7 8.9 11.2 13.4 15.6
P(w) 0.0 18.0 40.4 71.7 116.2 178.4 262.7 373.5
Fraction of power de 1.00 1.00 1.00 1.00 1.00 1.00 0.76 0.54
P motor (w) 0.0 0.0 0.0 0.0 0.0 0.0 62.7 173.5

POWER REQUIRED FOR ACCELERATION TO SPECIFIED SPEED (2 drivers)
v (mph) 35
v (km/h) 56.3
v (m/s) 15.6
Total power to accel to 35 (w) 1795
Total power ( w ) 2168
Fraction by riders 0.23
Motor Size Requirement (w) 1668
Motor size requirement (hp) 2.24

POWER REQUIRED FOR SPEED MAINTENANCE (1 drivers)
v (mph) 0 5 10 15 20 25 30 35
v (km/h) 0.0 8.0 16.1 24.1 32.2 40.2 48.3 56.3
v (m/s) 0.0 2.2 4.5 6.7 8.9 11.2 13.4 15.6
P(total) 0.0 10.8 26.0 50.0 87.3 142.3 219.3 322.9
Fraction of power de 1.00 1.00 1.00 1.00 1.00 0.70 0.46 0.31
P motor (w) 0.0 0.0 0.0 0.0 0.0 42.3 119.3 222.9

POWER REQUIRED FOR ACCELERATION TO SPECIFIED SPEED (1 driver)
v (mph) 35
v (km/h) 56.3
v (m/s) 15.6
Power to accel to 35 1044
Total power ( this power plus maintenance power) 1367
Fraction by riders 0.18
Motor Size Requirement (w) 1117
Motor size requirement (hp) 1.50   
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parameter value units
mass 239 kg
total power (accel, 2 riders) 2168 w
total power (accel, 1 rider) 1367 w
total power (constant, 2 riders) 373 w
total power (constant, 1 rider) 323 w
acceleration time (35 mph) 16.3 s
top speed (35 mph) 15.6 m/s

Acceleration
power time total energy units

Energy required for 2 rider accel 2168 16.3 35343 J
Energy required for 1 rider accel 1367 16.3 22277 J

Distance traveled during accel 127.14 m

Deceleration

avg power loss (friction) 123 w
energy loss (friction) 1198 J for normal deceleration as defined below

deceleration 1.6 m/s^2
stopping distance 76.1 m
stopping time 9.75 s

Efficiency of regenerative braking mechanism

KE @ max velocity 29082 J
v (breakdown) 4.5 m/s This is the estimated velocity when regen would s

source of energy loss efficiency
motor efficiency 0.56 motor has peak efficiency ~70%, but we will not be in the ran
transmission 0.85
friction 0.96
controller 0.96
capacitors 0.96
low speed loss 0.90 loss under breakdown velocity
total efficiency 0.38

energy recaptured, each stop 11009 J

Regenerative braking efficiency study:

distance 3.2 km
traffic lights 21

Average power from arodynamic friction, internal friction, and rolling friction is found through integration of 
the equation for constant velocity power requirement.

Assume a trip from 23rd and Chestnut to Front and Chestnut.
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parameter value units
mass 239 kg
total power (accel, 2 riders) 2168 w
total power (accel, 1 rider) 1367 w
total power (constant, 2 riders) 373 w
total power (constant, 1 rider) 323 w
acceleration time (35 mph) 16.3 s
top speed (35 mph) 15.6 m/s

Acceleration
power time total energy units

Energy required for 2 rider accel 2168 16.3 35343 J
Energy required for 1 rider accel 1367 16.3 22277 J

Distance traveled during accel 127.14 m

Deceleration

avg power loss (friction) 123 w
energy loss (friction) 1198 J for normal deceleration as defined below

deceleration 1.6 m/s^2
stopping distance 76.1 m
stopping time 9.75 s

Efficiency of regenerative braking mechanism

KE @ max velocity 29082 J
v (breakdown) 4.5 m/s This is the estimated velocity when regen would s

source of energy loss efficiency
motor efficiency 0.56 motor has peak efficiency ~70%, but we will not be in the ran
transmission 0.85
friction 0.96
controller 0.96
capacitors 0.96
low speed loss 0.90 loss under breakdown velocity
total efficiency 0.38

energy recaptured, each stop 11009 J

Regenerative braking efficiency study:

distance 3.2 km
traffic lights 21

Average power from arodynamic friction, internal friction, and rolling friction is found through integration of 
the equation for constant velocity power requirement.

Assume a trip from 23rd and Chestnut to Front and Chestnut.

 

fraction fraction
situation recaptured efficiency redelivered
no stops 0.10 0.44 0.05
1/4 stops 0.25 0.44 0.11
1/2 stops 0.29 0.44 0.13
suburban 0.08 0.44 0.03
rural 0.04 0.44 0.02
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Appendix B:  Parts Selection 

Motor
model manuf. dist. power @ PE (hp) peak power (hp) mass (kg) voltage (v) RPM (no load) RPM (PE) type price (USD)
S28-150 Magmotor Robot Marketplace 1.0 3.0 1.7 24.0 6000 brushed servo (neodymium $299.00
S28-400 Magmotor Robot Marketplace 1.4 4.5 3.1 24.0 4900 brushed servo (neodymium) $349.00
C40-300 Magmotor Robot Marketplace 1.1 3.8 5.4 24.0 4000 brushed servo (ferrite) $299.00
GB16 PML PML 1.6 130.0 3000 brushless
Electric Scooter Motor Shihlin Allproducts 0.9 4.0 24.0 4600
DC Gear Motor Shihlin Allproducts 2.0 7.7 36.0 460
Electric Scooter Motor Shihlin Allproducts 1.0 6.8 22.0 3950
PL 350 Bionx Greenspeed 0.3 3.5 $1,100.00
PL 250 Bionx Greenspeed 0.5 4.0 $1,300.00
Perm 132 PMG Thunderstruck 6.0 15.1 11.2 48.0 2380 brushed pancake $895.00
E-tek-R Briggs and Thunderstruck 8.0 15.0 12.7 48.0 3700 brushed pancake $450.00
Mars Brushless Thunderstruck 13.0 4000 brushless $450.00
E-Tek Briggs and Greenspeed 2.7 15.0 10.0 48.0 3500 3200.0 permanent magnet $680.00
24-48v D&D Thunderstruck 6.0 16.0 25.0 48.0 3000 seperately excited $1,250.00
60-84v D&D Thunderstruck 11.0 23.0 25.0 84.0 4500 seperately excited $1,425.00  

Controller 

model manuf. dist. v (min) v (max) const. curr.(amps) peak curr.(amps) bidirectional? regen? price
2444 Alltrax   Thunderstruck 12 24 400 no no 400
4834 Alltrax   Thunderstruck 24 48 300 no no $325
4844 Alltrax   Thunderstruck 24 48 400 no no $390
4855 Alltrax   Thunderstruck 24 48 500 no no $500
4865 Alltrax   Thunderstruck 24 48 650 no no $590
7234 Alltrax   Thunderstruck 24 72 300 no no $475
7245 Alltrax   Thunderstruck 24 72 450 no no $590
65E40 Dart Controls Precision Electronics 24 36 40 no no $332.40
AX1500SC Roboteq Roboteq 12 40 30 250 no no $275
1231C-8601 Curtis Thunderstruck 72 144 500 yes yes $1,450
PMAC Sevcon Thunderstruck 24 60 250 yes yes $450
SevMilpak4Q Sevcon Thunderstruck 24 48 330 yes yes $450
SevSem80 Sevcon Thunderstruck 24 80 425 yes yes $625
Zilla Z1K-LV Cafe Electric Thunderstruck 72 156 1000 yes yes $1,975
Zilla Z1K-HV Cafe Electric Thunderstruck 72 300 1000 yes yes $2,550
Zilla Z2K-HV Cafe Electric Thunderstruck 72 300 10000 yes yes $4,450
VTX 75 4QD Robot Marketplace 12 24 50 110 yes yes $187  

Crankset 

manufacturer distributer price length mass (g) bb? spindle type indle length (medal spindle (inBCD (mm) bolt patternain compatib
Campagnolo Ebay $30.00 53 39 172.5
Shimano Bike Parts USA $358.12 53 39 167 740 yes
Campagnolo Trophy $174.40 52 42 30 170-175 970
Campagnolo Ochsner $83.94 53 39 170
Campagnolo Ochsner $83.94 53 39 175
Campagnolo eBikeStop $39.00 50 34 172.5 688 no Square Taper ISO 111 9/16 110 5 9
Campagnolo eBikeStop $33.00 50 34 170 688 no Square Taper ISO 111 9/16 110 5 9
Campagnolo eBikeStop $39.00 50 34 175 688 no Square Taper ISO 111 9/16 110 5 9
Campagnolo eBikeStop $64.00 52 42 30 170 731 no Square Taper ISO 111 or 115 9/16 135/74 5 9
FSA eBikeStop $65.00 50 34 170 no Square Taper JIS 110 9/16 110 5 9
FSA eBikeStop $65.00 50 34 175 no Square Taper JIS 110 9/16 110 5 9
Sugino eBikeStop $81.00 50 36 170 670 no Square Taper JIS 110 9/16 110 5 9
Sugino eBikeStop $81.00 50 36 175 675 no Square Taper JIS 110 9/16 110 5 9
Origin8 eBikeStop $91.99 50 36 170 650 no
Origin8 eBikeStop $91.99 50 36 172.5 650 no
Origin8 eBikeStop $91.99 50 36 175 650 no
Shimano eBikeStop $99.99 52 29 170 no Hollowtech II 9/16 5 9
Campagnolo eBikeStop $118.00 52 42 30 175 970 no Square Taper ISO 9/16 135 5 9
Campagnolo eBikeStop $118.00 52 42 30 170 970 no Square Taper ISO 9/16 135 5 9

chainrings
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Cassette 

model manuf dist price mass (g) speeds use drivetrain body chain compat.
Deore M580 Shimano BikeStop 59.99 11 32 327 9 mountain Shimano/SRAM 9 Shimano 9/10
PG-970 SRAM BikeStop 61 11 26 9 multi Shimano/SRAM 9 Shimano 9/10
Veloce UltraDrive Campagnolo BikeStop 74 12 25 282 9 Road Campagnolo 10 Campagnolo 10 10
Record UltraDrive Campagnolo BikeStop 264 11 23 188 9 Road Campagnolo 10 Campagnolo 10 10
PG-990 SRAM PricePoint 98.98 11 32 275 9 mountain Shimano/SRAM 9 Shimano 9
Miche Campy Campagnolo Bikestop 42 12 27 265 9 road Campagnolo 9 Campagnolo 9 9

sprocket

 

Front Derailleur 

model make clamp (mm) cable pull capacity type shifter style max ring chain price
Champ triple Campagnolo 31.8 bottom 22 road ergo triple traditional 52 9 40.00$ 
Mirage triple Campagnolo braze on 34 road traditional 50 16.00$ 

 

Rear Derailleur 

model make Max cog Wrap Action Length mass (g) use compatability price
Mirage Triple 9/8 speed Campagnolo 28 37 top-normal long 281 road campagnolo 9 $88.00
Veloce 9/8 Campagnolo 26 27 top-normal short 250 road campagnolo 9 $87.00
Veloce Triple 9/8-speed long cage Campagnolo 28 37 top-normal long 263 road campagnolo 9 $96.00
Mirage Triple 9/8 speed Campagnolo 26 27 top-normal short 269 road campagnolo 9 $82.00
Champ triple Campagnolo 29 37 top-normal long 263 road campagnolo 9 $52.00  

Bottom Bracket 

model make price shell (mm) mass (g) thread type interface shell price
Campy VL 68x111 Campagno $35.00 68 299 english Square Taper ISO $7.00  
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Appendix C:  Component purchases  

category coordinator item model make distributor quantity price date ordered total
electonics Porcelli motor S280-150 Magmotor Robot Marketplace 1 $299.00 11-Feb $299.00
electonics Porcelli controller VTX-75 4QD Robot Marketplace 1 $187.00 11-Feb $187.00
drive train Canzanese crankset Xenon Campagnolo eBikeStop 2 $33.00 23-Feb $66.00
drive train Canzanese bottom bracket VL Campagnolo eBikeStop 2 $35.00 23-Feb $70.00
drive train Canzanese bb mount Lugless shell misc eBikeStop 2 $7.00 23-Feb $14.00
drive train Canzanese f. derailleur Mirage Campagnolo eBikeStop 2 $16.00 23-Feb $32.00
drive train Canzanese r. derailleur Veloce Campagnolo eBikeStop 1 $87.00 23-Feb $87.00
drive train Canzanese r. casette Miche Campagnolo eBikeStop 1 $42.00 23-Feb $42.00
drive train Canzanese jackshaft kit AZ1826-12 MfgSupply 1 $27.99 1-Mar $27.99
drive train Canzanese small jackshaft cog 16t ACS Trophy Bikes 1 $21.00 29-Feb $21.00
drive train Canzanese small rear jackshaft cog Southpaw 16t ACS Trophy Bikes 1 $22.00 29-Feb $22.00
drive train Canzanese large jackshaft cog 30t 94 bcd Trophy Bikes 1 $20.90 29-Feb $20.90
suspension Brown front D13840 Springs asRaymond 2 $39.96 29-Feb $79.92
shell Palermo Pink insulation foam n/a n/a Lowes 20 $12.00 25-Feb $240.00
brakes Kolb brakes Stoker Trail Hayes TreeFortBikes 2 $128.99 25-Feb $257.98
suspension Brown rear 1 $36.00 $36.00

electonics Krulik battery
electonics Porcelli motor gear reduction
electonics Porcelli controller housing
drive train Canzanese front shifter
drive train Canzanese rear shifter
drive train Canzanese chain
drive train Canzanese shift cables
drive train Canzanese misc. mounting hw.
frame Wigdahl/Vu tubing
shell Palermo Zotefoam
seat Arias frame
seat Arias seat material
wheels Kim wheel
wheels Kim tire
wheels Kim rear hub
wheels Kim front hub

shipping+tax $43.04
total $1,545.83  

Appendix D:  Schedule 
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Appendix E:  Time Sheets  

Ray Canzanese 
week ending Activity hours 
12 Dec Innovate or Die 

P3 proposal 
drive train design research 

4 
3 
2 

22 Dec P3 proposal 
drive train /  chassis design 

7 
3 

29 Dec - - 
5 Jan  - - 
12 Jan data acquisition research 

meetings with Sadler, Tetz, Mosca 
documentation (wiki) 

2 
6 
3 

19 Jan design meeting 
documentation (wiki) 
documentation (report) 
motor size calculations/research 
research(drive train/wheel components) 

3 
1 
2 
5.5 
1 

26 Jan  
 

power calculations 
drive train research 
gearing 
regenerative braking 
motor, controller, battery 

3.5 
2.5 
3.5 
2 
5 

2 Feb motor, controller, battery 
vehicle design mtg., discussion 
drive train 
regenerative braking 

2.5 
3 
2.5 
2 

9 Feb regenerative braking 
vehicle design mtg., discussion 
motor, controller, battery 
data acquisition 

6 
1.5 
2 
0.5 

16 Feb 
 

drive train 
design meeting 
component selection 

4 
2 
3 

23 Feb drive train 
parts procurement 
design meeting 

2 
2 
2 

1 Mar parts procurement 
drive train 
design meeting 
report 
battery 

5 
9 
3 
7 
2 

8 Mar report 5 
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Joe Hirshkowitz 
week ending Activity hours 
15 Dec P3 proposal 2 
22 Dec P3 proposal 1 
29 Dec - - 
5 Jan  - - 
12 Jan vehicle testing 

research (shocks) 
1 
2 

19 Jan design meeting 
research (shocks) 

1 
2 

26 Jan  meeting 1 
1Feb modeling work 

information searches 
2 
3 

8 Feb meeting 
suspension Meeting 
information searches 
PowerPoint slides 

2 
2 
3 
1 

15 Feb meeting 
information searches 
modeling suspension 

2 
3 
1 

22 Feb information searches 
calculations 

5 
1 

29 Feb information searches 
calculations 

5 
2 
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John Palermo 
week ending activity hours 
12 Dec Innovate or Die 

P3 proposal 
15 
1 

22 Dec CAD drawing 
frame design 

6 
3 

29 Dec - - 
5 Jan  stability calc & drawings 4 
12 Jan frame design 

CAD drawings 
meetings with Sadler, Tetz, Mosca 
research (human power calc.) 

3 
5 
6 
2 

19 Jan design meeting 
documentation (wiki) 
CAD drawings 
research(suspension, airfoil) 

3 
1 
6 
3 

26 Jan  
 

documentation (wiki) 
airfoil design 
research (airfoil design & materials) 

1 
2 
2 

2 Feb Aeroshell CAD 
Javafoil drag simulation 
Standard Man for CAD 

4 
3 
2 

9 Feb Aeroshell CAD 
Shell design research 
Material Research 
Rollover Stabilty Calc 

2 
1 
3 
2 

16 Feb Update Shell CAD 
Shell 3D Model 
Zotefoam Research 

6 
3 
1 

23 Feb COMSOL Drag Simulation 
Aeroshell CAD 
Aeroshell construction 
Zotefoam Research/Ordering 

5 
10 
12 
2 

1 Mar Progress report 3 
8 Mar   

 


