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ABSTRACT 

The Alternative Fuel Vehicle Team at the South Dakota 
School of Mines and Technology took on a new task this 
year.  The team has designed and manufactured a zero 
emissions snowmobile to compete in the SAE Clean 
Snowmobile Challenge.  The snowmobile was designed 
following fundamental requirements set forth by the team.  
A design was selected that were within the constraints.  A 
full analysis to ensure safety and durability was completed 
before manufacturing could begin.  The snowmobile�s 
systems were designed with a focus on optimal 
performance in acceleration, handling, and appearance.  
The systems are clean, efficient, and easy to be 
incorporated into any commercially available snowmobile.  
Testing has proved that the SDSM&T snowmobile 
performs well in acceleration, handling, and drivability. 
 
INTRODUCTION 

The Alternate Fuel Vehicle team consists of diverse 
engineering students at South Dakota School of Mines 
and Technology.  The students have designed, analyzed, 
and manufactured an electric snowmobile and are 
competing in the 2007 SAE Clean Snowmobile Challenge. 
 
As a member of the Center for Advanced Manufacturing 
and Production (CAMP) at SDSM&T, the AFV team has 
had a history of designing alternate fuel systems which 
include solar and hydrogen powered vehicles.  In October 
2006, the team decided to take on a new project which 
took the form of an electric snowmobile.  It was seen early 
on that resources such as time and money would be hard 
to obtain, but the team was up for a challenge.  Design 
began immediately on the systems and was revised to be 
incorporated into the 1995 Indy 500 XLT snowmobile 
purchased in mid November.  Manufacturing and 
modification of the sled began in mid January 2007 and a 
working sled was ready by February 7, 2007.  This gives 
an idea as to the motivation and abilities of the engineering 
students at SDSM&T. 

 
The initiation of this project has provided the team with 
additional interested students and faculty and due to the 
well defined competition the future of the team looks very 
promising.  The goal of the team is to design, build, and 
test a high performance zero emissions snowmobile to 
promote academic and public interests, in addition to 
competing in the SAE Clean Snowmobile Challenge.  As 
this being the first year SDSM&T has built a snowmobile, 
these objectives were followed for competition: 

• Provide a competitive sled that demonstrates the 
viability of alternate fuel 

• Obtain a benchmark for future design teams 
• Present a vehicle that runs at its most efficient 

ability 
• Be competitive in the 2007 SAE CSC 

 
With the knowledge obtained this year for the design and 
competition results, future teams will be able to follow and 
improve the technologies.  As greater interest is seen for 
zero-emission vehicles, it follows that the new advances in 
electric power will be more readily available and 
incorporated into the team�s upcoming designs. 
 
REQUIREMENTS AND CONSTRAINTS 

As with all types of designs, there will be constraints to 
deal with.  The AFV design team focused its design 
direction on eight fundamental requirements.  The 
engineering was done by finding the best option for design 
within the given constraints.  The decisions regarding the 
selection of components were based on the desired 
results agreed upon by the team.  The topics are listed in 
Table 1 and are weighted according to importance.   

 

 

 



Table 1. Snowmobile Criteria 

Topics Ranks 

Safety 1 

Performance 2 

Range 3 

Reliability 4 

Weight 5 

Cost 6 

Availability 7 

Appeal 8 

 

SAFETY 

Safety is always first and foremost in every design.  This 
machine will need to be safe for the operator as well as 
any spectators.  The designers are liable for the safety of 
anyone who comes in contact with the sled.  All the 
components will have to be adequately contained within 
the shell of the snowmobile.  The object is to keep the 
rider in control at all times.  This was the intention of the 
rules which means that stock lighting such as headlight 
and taillight were kept to maintain rider visibility.  In case of 
electrical or mechanical malfunction, a kill switch is located 
on the right side of the handlebar; this is located in the 
same position that a typical snowmobiler expects.  A tether 
switch is also used in case the driver falls off of the vehicle 
while in motion.  This will reduce the chances of injury 
from the sled continuing forward.  All high voltage 
connections were covered in red which will alert anyone 
who will work on the sled that there is danger as well as 
isolating the electrical connections.  Fuses were installed 
in case of malfunction or shorts in every single circuit on 
the snowmobile.  

PERFORMANCE 

The team decided that performance of the sled should be 
similar to that of an internal combustion (IC) based 
snowmobile. Some important criteria affecting 
performance is the overall weight of the snowmobile, 
torque, horsepower of the motor, battery current 
capabilities and motor controller tolerances. All of these 
were taken into consideration when designing. When 
focusing on the acceleration performance, the range of the 
vehicle will drop. This can be compensated in the future as 
battery technologies improve. 

RANGE 

Range is important, but has limitations due to the nature of 
the competition.  Battery capacity severely limits any ability 
to compete with the range of an IC based snowmobile. In 
order to get the necessary battery capacity, the weight of 

the snowmobile must be increased.  Due to the small size 
of a snowmobile, this is not possible. Range was ranked 
as a concern, but acceleration performance will be more of 
a focus. 

RELIABILITY 

The vehicle must be reliable in order to be a practical 
solution to the problem presented.  The vehicle is 
expected to consistently perform as expected with little or 
no repairs. A well engineered product should be inherently 
reliable. 

WEIGHT 

As any snowmobiler will state, weight is critical to 
performance.  A team goal is to only add an amount of 
weight that is similar to a fully functional internal 
combustion snowmobile.  This is very critical since the 
weight affects nearly all areas of performance.  A weight 
between 700 and 750 lbs was sought for the completed 
machine. Weight is ultimately dependent on battery 
selection.  Although some consideration was taken to 
select a motor with relatively low weight, a high torque and 
high horsepower motor was desired by the team. The 
heaviest component still remained the battery pack. 

COST 

The team was limited to a small budget.  The focus is to 
design a snowmobile that can be manufactured with a cost 
that is comparable to a currently available fuel powered 
sled.  Due to team restructuring, there were no initial 
donations or prior support which would aid in additional 
funding.  This severely limited the components that could 
be purchased.  Consequently, the team gave special 
emphasis to upgradeability of the snowmobile for future 
competitions.  Time constraints did not allow for 
fundraising since the team had to focus on manufacturing. 

AVAILABILITY 

Availability ultimately affects every decision made for the 
selection of components since a part that is not available 
in a timely manner cannot be used.  Some components 
are simply not available to the general consumer or were 
backordered. More advanced technologies are not only 
difficult to attain, but are also cost prohibitive. Certain 
technologies will become more available in the future, but 
are simply in the prototyping phase.  Availability also 
affects the ability for repairing the vehicle in the future.  
Common items were used in order to ease repairs.  This 
also includes manufacturability.  One aspect of this was 
selecting components that would be easy to manufacture 
with the resources the team had available, while also 
considering the availability of materials for manufacturing 
on a commercial scale. 

APPEAL 

The vehicle must be aesthetically pleasing for several 
reasons.  This increases the possibility of future donations 
and sponsorship.  Part of creating a good product is 



making the product presentable, therefore, displaying the 
professionalism of the team. 

ENGINEERING PROCEDURE 

Engineering of the snowmobile has taken place over a 
very short period of time for such a novice team.  During 
the fall semester the team was encouraged to integrate 
concepts from all areas of engineering into the designs.  
During that time, the team learned about the fundamentals 
of the design process, specifications, decision making, 
and preliminary design.  The team focused on the major 
areas that would be crucial for a performance machine.  
This began with brainstorming to come up with at least 10 
possible concepts for each area no matter how far fetched 
they seemed.  Many times with design, these far fetched 
ideas turn out to be the best solution.  Then a weighted 
design matrix was constructed for each set of design 
concepts and can be seen below in Table 2.  An example 
of this can be seen with the team�s issue of transmitting 
power from the motor to the track.   
 
Table 2: Example Decision Matrix 
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15% 10% 35% 15% 10% 5% 10% 100%

Direct Drive 5 4 2 4 2 3 4 3.2 4
Multiple motors with 
Gears 1 2 4 2 3 2 1 2.55 9

Conventional CVT 4 4 5 4 5 5 2 4.3 1

Electric CVT 2 4 4 4 5 5 2 3.65 2

Transmission Manual 2 3 4 5 4 2 3 3.55 3

Planetary Gear box 2 3 3 4 4 3 1 2.9 8
Automatic 
Transmission 1 4 3 3 4 5 3 3 6

Chain Drive 5 4 2 2 3 2 4 2.95 7

 
This matrix gives design versus the requirements and 
allows for a degree of importance to be assigned to each 
design requirement.  From this, an educated decision can 
be made as to which design to proceed with.  A similar 
matrix was completed for the major components such as 
motor, batteries, battery box, among others. 
 
COMPETITION PERFORMANCE 

ACCELERATION 
 
Given the limits on battery technology, the team knew that 
being able to construct a high performance snowmobile 
that could perform over a long distance would be virtually 
impossible.  It was decided that much of the focus would 
be put on designing a snowmobile that could perform 
similarly to an IC snowmobile for short periods of time.  
Although range would be compromised there would still be 

adequate results in acceleration, draw bar, rider comfort, 
cost, etc.  This meant that there would be a smaller energy 
capacity of for the battery pack, but was found to be 
sufficient for the distances needed to be traveled for the 
majority of competitions. 
 
DRAW BAR TEST 
 
As previously stated, the focus of this project was 
designing a snowmobile that would be able to perform 
optimally for short periods of time.  An electric motor has 
the largest amount of torque at its lowest rotational 
velocity, so utilizing an optimal gear ratio has allowed for a 
larger towing capacity.  Along with the torque, a demand 
on horsepower was also needed. 
 
COST 
 
The snowmobile has been designed to cost less than 
$8000 due to the team�s limited budget. This shows that 
the components selected gave optimal performance at a 
low cost. Consequently, the team gave special emphasis 
to upgradeability of the snowmobile for future competitions 
when there is a larger budget present. 
 
RIDER COMFORT 
 
The incorporation of a Continuously Variable Transmission 
(CVT) into the design of the snowmobile would allow for 
little to no shift shock and gave the handling of a typical 
snowmobile.  The electric motor allowed for constant 
torque and horsepower which allows the CVT to operate in 
a similar manner to an IC snowmobile.  Modifications to 
the suspension to compensate for the added weight of the 
battery pack gave similar handling and shock absorbance 
to that of a typical snowmobile.  A lightweight seat was 
designed to fit the contours of a typical rider which added 
to rider comfort. 
 
COLD START 
 
The mechanical components such as transmission and 
chain case were kept stock so the only area of concern for 
cold starting was the electrical system.  The operating 
range for the motor was found to be as low as -40 degrees 
Fahrenheit which was well below the conditions the team 
would face.  Cold Start tests were performed on nights 
were the temperature reached lows of -15 degrees 
Fahrenheit and the snowmobile operated. 
 
NOISE 
 
Noise is a major issue for snowmobile manufacturers and 
enthusiasts which only justifies the cause of designing an 
electrical snowmobile.  It would seem that reducing the 
noise of the motor of such a machine would eliminate 
majority of the issue.  The motor selected for operation 
with this machine was found to be virtually silent.  As 
assumed, it was found that much of the noise resonated 
from the track and drive train. This noise could be reduced 
slightly, but not eliminated. Through testing it was found 
that the gearing being used contributed to the noise but 
the majority resulted from the track running along the 



runners on the hifax.  Since the snowmobile chassis 
selected was used, it was soon realized that many of the 
components from the gearing to the hifax needed to be 
replaced to reduce noise emissions. 
 
RANGE 
 
During the initial stages of design it was seen that 
competing for top marks in range would be simply 
unattainable with the resources available.  A goal was to 
design a snowmobile that would have performance 
characteristics of a typical snowmobile for short periods of 
time.  In future years the lack of range could be 
compensated for with more advanced technology in 
batteries. 
 
 
DESIGN STRUCTURE 

When looking at a snowmobile of any sort, it is seen that 
there are many things contributing to its performance.  For 
this years sled, all the minor components were grouped 
into the drive train, chassis, and largely on the electrical 
system. 
 
DRIVE TRAIN 

Individuals working on this subsystem were given the task 
of performing analysis on the original drive train and 
making decisions on how to optimize its performance with 
the new electric motor.  The major issue was finding a way 
to efficiently transmit power from the motor to the track.  
This proved to be a challenge on account of the nearly 
opposite specifications of an electric motor versus the 
original internal combustion engine.  After serious 
consideration of the multiple ways of transmitting power, it 
was found that a CVT would best utilize the low end torque 
while giving speed at higher RPM.  The team did find that 
tuning a CVT to operate from 0 to 2500 RPM would be a 
bit of a challenge.   Other things included with the drive 
train analysis were the motor mounts, brakes, gears and 
noise reduction of the track.  

CHASSIS 

The chassis team consisted of mechanical engineering 
students who devoted their time to modifying and reducing 
weight to the body of the snowmobile.  Due to time 
constraints, a significant amount of weight reduction 
wasn�t accomplished. Components that were not needed 
were removed and minor weight reduction was done to the 
suspension.  This year the chassis team focused their time 
on designing a battery box and seat.  Noise reduction, 
handling, suspension, and body integrity were other issues 
addressed by this team. 

ELECTRICAL 

The electrical team consisted of electrical engineering 
students who took on the task of dealing with all aspects of 
electrical system design.  They ensured that the electrical 
components operated in conjunction with the eight 

fundamental requirements and kept safety for motor 
testing and analysis as a top priority. 
 
DRIVE TRAIN 

MOTOR MOUNT 

The motor mount was designed to withstand the rigors of 
both testing and competition.  It was important to ensure 
that the mount would safely secure the motor in any 
eventuality.  To do this the motor is supported on both 
sides, each side of the motor mount is independent.  
Abaqus was used to conduct a Finite Element Analysis on 
the motor mount.   
 
Stress Analysis 
 
Each side of the mount was studied independently using 
shell elements.  First a weight of 150 lbs was applied to 
the mount.  This was done by applying 1/8 the weight to 
the 4 holes on each side, this force acted straight down.  
Next the torque of the motor was applied to each of the 
mounting holes.  This was equal to a total of 80 ft-lbs of 
torque which is the maximum torque of the motor.  The 
final load that was applied was to represent a 4 G side 
impact.  To do this a partition was made that was in the 
position of the surface of the motor; to this a pressure 
equivalent to 300 lbs was applied.  This last force was 
found to cause the largest portion of the stress in the part.  
Figure 1 shows the contour plot of the Maximum Von 
Mises stress in the left side mount and Figure 2 shows the 
same in the right. 
 
 

 
Figure 1: Contour plot of the left side motor mount showing 
the Maximum Von Mises stress. 
 
 



 
Figure 2: Contour plot of the right side motor mount 
showing the Maximum Von Mises stress. 
 
Table 3 shows the results from this analysis.  Tables 4 and 
5 show the convergence study that was conducted for the 
left and right side of the motor mount respectively.  
 
Table 3: This is the maximum stress and factor of safety 
that was found for the left and right side of the motor 
mount. 

  

Max Von 
Mises Stress 

(psi) 

Factor of 
safety 

Estimated 
Error (%) 

Left 
Side 11510 3.13 4.69 
Right 
Side 11640 3.09 3.26 

 
Table 4: The Von Mises Stress convergence study for the 
left side motor mount. 
 

Mesh # of 
Nodes 

# of 
Elements 

Max Von 
Mises Stress 

(psi) 

% 
Difference 

1 1365 1247 9.50E+03  -- 
2 2518 2355 1.02E+04 7.002938 
3 5555 5315 1.10E+04 6.927985 
4 9042 8738 1.15E+04 4.691573 

 
Table 5: The Displacement convergence study for the left 
side motor mount. 

 
 
The right motor mount produced nearly the same amount 
of deflection and stress as the left plate. 
 

Frequency Analysis 
 
To ensure that the motor mount would not be able to 
resonate at any RPM that the motor was capable of 
producing, a separate analysis was conducted to find the 
first 5 natural frequencies of the motor mount.  Figure 3 
shows a graph of the convergence study that was done to 
in this analysis. 
 

Natural Frequency Convergence Study
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Figure 3: Chart showing the convergence study found in 
the frequency analysis. 
 
As Figure 3 shows the lowest natural frequency for the 
motor mount is above 150 Hz.  The operating RPM of the 
motor is from 0 to 5000 RPM or 83.3 Hz.  This means that 
the motor is not in danger of being run at a frequency that 
could induce resonance. 
 
Summary 
 
 The motor mount has been analyzed for conceivable 
methods of failure.  First, the stress analysis verified that 
the mount will be robust enough to withstand testing and 
competition.  Then the frequency analysis assured that the 
mount will not resonate at any frequency expected in the 
sled.  This motor mount should prove to be a reliable 
component of the completed sled. 
 

TRANSMISSION 

After selecting the motor and batteries, additional 
efficiency would have to be attained through the proper 
tuning of the transmission.  Almost every commercially 
available snowmobile incorporates the use of a CVT which 
is a very important part in the performance of the vehicle.  
This type of transmission is ideal because it will allow the 
motor to be operated at a constant rotational velocity.  The 
most efficient operating conditions of the motor can be 
found and can be followed by properly tuning the 
transmission to keep the motor running at that ideal point.  
In the case of an electrical motor, it would allow for a lower 
amp draw by giving a range of gearing.  Since more focus 
was put on efficiency of systems, a CVT was the initial 
design transmission.  Testing revealed that a direct 
transmission would work better with an electric motor, but 
more testing was needed. 

Mesh # of 
Nodes 

# of 
Elements 

Maximum 
Magnitude of 
Displacement 

(in) 

% 
Difference 

1 1365 1247 0.07592  -- 
2 2518 2355 0.07607 0.197187 
3 5555 5315 0.0761 0.039422 
4 9042 8738 0.07611 0.013139 



CVT versus Direct Drive Transmission 

The CVT was weighted against a direct drive system at the 
given gear ratios.  The direct drive system would give 
adequate performance, but wouldn�t allow for the extra low 
end torque accompanied with a high top speed and low 
amp draw.  A focus could be put on one area, but the 
other would have a negative effect.  In order to find how to 
transmit the power most effectively, a closer analysis was 
taken at the motor specifications from the manufacturer as 
well as test data.  The ideal operating conditions can be 
found by observing Figure 4.  
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Figure 4: Motor Specs showing how HP, Torque, and 
Efficient drop dramatically with respect to RPM 

The above figure shows that the most efficient operating 
points of the Warp 9 motor occurs at the lowest RPM.  
This low RPM gives the highest torque, horsepower, and 
efficiency.  As RPM is increased, power is lost.  Therefore, 
the team decided the best transmission would be capable 
of allowing the motor to remain between 1500 and 2500 
RPM.  This would be possible with a direct drive system or 
a CVT.  The problem with this becomes tuning the CVT to 
begin shifting around 500 RPM and be completely shifted 
out by 2500 RPM.  This is a problem since a typical CVT 
allows for an idling speed of around 3000 rpm and an 
engagement of roughly 3500 RPM with operating speeds 
around six or seven thousand RPM.   

Clutch Tuning 

Since it is difficult to model the behavior of a CVT, the 
team began by finding the theoretically best options for 
weights and springs and began testing.  First engagement 
at 0 RPM was needed to take advantage of the motors 
efficiency.  To arrive at this, a belt was selected that was 
slightly wider than the spacing between the primary 
sheaves.  Radical combinations were used to find the 
lowest engagement of the clutches.  In the primary, 74 
gram weights were combined with springs with spring 
constants of 20 lb/in.  Testing provided data that would 
show that the needed RPM would be reached, but a drop 
in HP would also occur in conjunction with this.  The team 

then decided under the conditions of limited time and 
budget, the best option would be a direct drive 
transmission.  The CVT was then adjusted to provide a 1:1 
ratio while additional gearing was experimented with in the 
chain case to find the best option. 

Gearing 

When finding top performance of a snowmobile, it is 
necessary to find the correct operating speeds of the 
motor by tuning the CVT and following this with proper 
gearing to obtain the necessary speeds.  The team 
decided to use the stock CVT and chain case due to the 
time and budget constraints.  The original Polaris CVT 
used in the sled starts with a 3:1 gear ratio and is followed 
with a 0.75:1 ratio at complete shift out.   .  The CVT was 
set to a 1:1 ratio to allow for accurate calculations.  
Mounting the CVT itself required manufacturing of an 
adapter to mount to the keyed motor output shaft and 
connect to the tapered primary sheave.  For this an 
analysis was done on the keyway to ensure a proper factor 
of safety.  This analysis is shown in Table 6. 

Table 6. Keyway analysis 

1035 Cold Drawn Steel
Material Properties

Yield Strenth (Sy) = 66.72 kpsi
Physical Properties

Shaft Diameter (D) = 1.125 in
Shaft Radius ( R) = 0.5625 in

Key Width (w) = 0.25 in
Key Length (L) = 1.25 in

Factor of Safety (n) = 2.5
Torque (T) = 960 in*lbs

Force (F) at surface of the shaft = T / r = 1,706.67 lbs

Sy / 2*n = F / w*L

Sy = ( 2*F*n)/(L*w) = 27.3 kpsi

27.3 kpsi < 66.72 kpsi so the key DOES NOT fail  

Finite Element analysis was done with an adapter of basic 
geometry to ensure that yielding wouldn�t be reached.  The 
torsion load was simulated with point loads on the shaft.  A 
maximum von Mises stress was found at 8 kpsi which was 
well below the yield stress of 66 kpsi.  A diagram showing 
the stresses can be seen in Figure 5. 




