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Abstract

This project's initiative is to design a Formula race vehicle using hybrid or electric technology.  The sales group that this will be marketed for is the non-professional weekend autocross competitor. The design of this project will be centered on the intended sales group as well as focusing on the goal of making this easy to manufacture. The vehicle’s design and performance will be evaluated at an international competition hosted by the Society of Automotive Engineers (SAE). At this competition, there will be two main categories of judging that the vehicle will undergo, which are the static and dynamic events. The static portion of the event will involve the design review of the vehicle and the accuracy of the build compared to the design. This event will also review the safety of the vehicle, which is required before moving on to the dynamic portion of the competition. The dynamic event is subdivided into a three subcategories: acceleration, autocross and endurance. These subcategories are selected to test the individual systems of the vehicle to their extreme. The performance of the vehicle should reflect the performance of each system of the vehicle and the vehicles will be ranked accordingly. There are three major judging categories to compete in, which are Hybrid-In-Progress, Electric, and Hybrid. Hybrid in progress is basically an all electric category that is meant for first year teams that have the intention of doing a hybrid car in two years. There is also the actual hybrid category that includes vehicles that have implemented a combined system of an electric motor and an internal combustion engine. The electric category is new this year that involves vehicles that will only perform using an electric motor.

	The vehicle being designed will be separated into two major systems: mechanical and electrical. All systems will be design using the constraints included in the rules document provided by the judges. The mechanical system will consist of four primary categories that will include, steering, suspension, braking, and chassis. The design approach will be discussed in more detail below, however the essential goal that is sought in all of them is effectiveness, lightweight, durability, functionality, and integration. For example, the chassis needs to provide a platform for all the systems to connect and at the same time provide a structure that houses and protects all of its components. Ideally, this should not be overdone and it should be optimized to reduce weight for the increase in performance. The electrical section is designed in a similar matter, in terms of optimization and inter-compatibility with the other systems.
	
	The electrical section is subdivided into two primary categories, which are battery management and motor design. The motor controller, which controls the operations of the electric motor, must be able to handle varying inputs from the accelerator pedal and properly regulate energy from the batteries to propel the car. The electrical motor must be powerful enough for the car to complete the electric acceleration test. Efficiency and power output are of great importance for the electric motor. The accumulator must be compact, lightweight, and be able to robustly handle high g-forces and multiple high power discharges to successfully complete the competition.
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[bookmark: _Toc321434639]Problem Statement

A student conceived, single driver, formula all-electric racecar is to be designed and fabricated with the intent of competing with it in the 2013 Formula Hybrid competition. One of the design’s most difficult challenges will be to make sure it abides by all competition rules. These rules place many restrictions on areas, such as the chassis design, the braking system, and accumulator size that must be carefully considered. The vehicle will be designed as a prototype of a compact, agile car that should appeal to the average non-professional weekend autocross competitor. Since it is competing under the all-electric category the vehicle will use batteries as its sole energy source, as a result there will be no internal combustion engine (ICE). The car must be safe to operate and be equipped with multiple safety and emergency features.

[bookmark: _Toc321434640]Operating Environment

The operating environment that the team will design for will be a smooth racing track, with banked turns and sharp turns, such as the New Hampshire Motor Speedway where the competition will take place. The vehicle will be driven and tested out in parking lots prior to competition for tuning purposes, but the main goal will be for it to complete the acceleration and endurance events at competition grounds. The vehicle needs to be water-resistant enough to operate during rainy conditions as well. Safety is a major concern since the vehicle will be competing in a racing environment where a crash is always possible.


[bookmark: _Toc321434641]Intended Use(s) and Intended User(s)

The vehicle is designed for the non-professional weekend autocross competitor. However, the main intended users for our specific prototype will be our team members as well as any competition representatives.  The vehicle must be designed to accommodate drivers from the 95th percentile of men (max) to the 5th percentile of women (min). For team members to be able to race at competition they will need to provide a valid driver’s license, provide proof of insurance, and be capable of handling and controlling the vehicle at high speeds. Additionally anyone driving the car will be wearing protective equipment (suit, helmet, gloves).The vehicle will be used to compete at the 2013 Formula Hybrid competition under the all-electric category.

[bookmark: _Toc321434642]Assumptions and Limitations

Assumptions: The following assumptions were made by the design team in regards to the project. The vehicle is being designed to compete in a closed track environment; therefore it will be optimized for smooth, solid surfaces as opposed to hilly or off-road conditions.  The team will have some vehicle parts and materials donated to them, and they will function correctly. The car is being designed for daytime use as the group will not focus on components such as lights or reflective panels for night time visibility. The team, or some portion of the team, will travel to Loudon, New Hampshire for the competition event in late April.

Limitations: The major limitations of this project are embedded in the 2012 competition rules. One of these is a limit on the accumulator system of 5,400 Wh or max price of $7,200. The vehicle must complete a 75 meter stretch in less than 10 seconds as a minimum completion requirement. The roll hoops on the chassis must be made from one continuous tube (no welds). The car needs to be able to seat a person from the 95th percentile of men to the 5th percentile of women. The braking system must apply force and be able lock up every wheel, successfully stopping the vehicle. The suspension system must keep the vehicle with at least an inch of clearance with the road, and must provide the wheels with at least 2 inches of wheel travel. The project must be funded and completed with the allotted budget.

[bookmark: _Toc321434643]End Product and Other Deliverables

The end product will be an all-electric, compact, single driver vehicle that is agile and fun to drive. The vehicle will be energy efficient and be able to participate competitively in local race tracks. The batteries will be included with the vehicle and will be capable of being recharged on board the vehicle from any standard household outlet.

[bookmark: _Toc321434644]System Design
[bookmark: _Toc321434645]Overview of the System 

This design project is for a competition being hosted by the Society of Automotive Engineers under the Formula Hybrid Student Design Competition. It was agreed upon by the team to design for the all-electric category and, thus, the component break down will reflect this decision. Although the vehicle will be all- electric, there will be several mechanical components, as well as electrical ones. Mechanical systems on this vehicle will include systems such as braking, suspension, chassis and steering. The electrical systems will include an electric motor, the controller and its subcomponents, as well as a battery management system. 

This design is a vision of the end product that this team feels is tangible in terms of design and feasibility, using our proposed budget. However, the progress made has been contingent upon the amount of funds that were allotted to us, as well as the level of detail that has been taken in the design of the systems. An increased budget would have changed the vehicle by monetarily permitting a two motors and better vehicle components, whereas our current monetary allotment would only permit us to use one motor and the same components used in previous years.

The budget is only one of many constraints placed on the vehicle. The majority of the constraints will be a result of the rules we must follow in order to participate in the competition. Although these rules lead many of the design systems in a particular direction, there is still enough freedom to develop unique and effective designs. One of the goals, however, is to improve upon the design from the past two years. This may involve optimizing the existing design or a complete redesign. Below are the two top level designs that illustrate the required components to make the vehicle function, as currently envisioned by our group of two electrical engineering students and four mechanical engineering students. Figure 1 is the top level design for the mechanical aspect.

The electrical system of the formula hybrid car is laid out as seen in the top level electrical diagram Figure 2. This system consists of a high voltage battery pack that sends current to the motor controller which uses high power MOSFETs to properly control the motor. The low voltage battery pack is used for all of the circuitry that enters the cabin area and is used for powering things like the contactors. All low voltage systems that communicate with high voltage systems are isolated as required by the 2012 Formula SAE Hybrid rules.
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[bookmark: _Ref321376535][bookmark: _Toc321434729]Figure 1: Mechanical Top Level Design


[bookmark: _Ref321264503][bookmark: _Toc321434730]Figure 2: Electrical Top Level Design
[bookmark: _Toc321434646]Major Components of the System
[bookmark: _Toc321434647]High Voltage Accumulator
The high voltage accumulator is the main means of powering the electric motor of the vehicle. It has been designed at 72V and 36Ah of capacity. The original type of battery that the vehicle was designed for was the Turnigy 3.7V 5Ah Lithium polymer battery. The team encountered some issues in obtaining these batteries caused by unavailability of using a purchase order to buy the batteries. By the time the team was ready to order the batteries, they were on a backorder status with an unknown amount of time until the batteries would even be in stock. Due to the tight timeframe that the team was on alternative types of battery chemistry were being re-evaluated with more weight put on the time to obtain them. The types of batteries are discussed in chapter 3 of this paper. After further evaluation the team decided to go with a type of Lead Acid batteries that have high rate discharge characteristics.

[bookmark: _Toc321434648]Battery Management System
Since lithium polymer batteries are extremely volatile the BMS of the vehicle is a very important component of the system. If the batteries are overcharged or over-discharged or the temperature is allowed to get to hot then the batteries can explode creating a fire hazard. The BMS takes constant readings of the voltage and temperature of the batteries and turns off charging to a part of the battery circuit if it determines that the voltage is nearing upper or lower bounds and it also checks the temperature to make sure the battery is not getting too hot. One of the advantages of the lead-acid batteries is that they do not require a BMS, thus reducing the complexity of the system. Since lead acid batteries are being used in the vehicle the only characteristic of the battery system that needs to monitor is temperature. This will be done by using thermistors to make sure that the battery temperature does not get too hot.

[bookmark: _Toc321434649]Charging Circuit
The charging circuit for the vehicle allows for the team to recharge the batteries once they have been used for a distance. Calculations for charging time are included in chapter 3. One thing to take into account with other types of batteries, other than Li-Po batteries, is the ease of charging. The charging system that will be used in the vehicle will be to charge each 12V lead acid battery individually with a 12V charger.

[bookmark: _Toc321434650]Ground Fault Detection
The ground fault detection circuit of the vehicle ensures that the high voltage circuit will not energize the frame of the vehicle. If the frame of the vehicle was energized, then the driver of the vehicle or anyone in contact with it could be in extreme danger and could even be killed. The ground fault detection circuit is wired in series with the large red buttons on the vehicle and creates an open circuit if a certain voltage is read between the frame of the vehicle and the high voltage accumulator.

[bookmark: _Toc321434651]Low Voltage Accumulator
The low voltage accumulator will be used to power all of the components of the vehicle that are not used to propel the vehicle. This includes but is not limited to: Electrical control unit (ECU), fault detection circuit, BMS master board, rpm sensors and may other items. Since this accumulator is a low voltage of only 12V it will be grounded to the frame of the vehicle.

[bookmark: _Toc321434652]Motor
The Motor is an Agni 95R permanent brushed DC motor. The motor peaks at 93% efficiency. It can output approximately 22 kW continuously as well as 42 Nm of torque (continuously). It also weighs a mere 24 pounds and is a popular option among other formula hybrid teams. Figure 3 is a graph from Agnimotors.com showing the performance curves of the motor at our intended voltage level.

[image: ]
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[bookmark: _Ref321391511][bookmark: _Toc321434731]Figure 3: Performance Curve of the Agni Motor
[bookmark: _Toc321434653]Controller
The controller being used is the Kelly KD72501. This controller uses high power MOSFETs to achieve 99% efficiency in most cases according to Kelly Controls, LLC. The motor has a continuous current rating of 200 amps and can handle 500 amps for one minute which is perfect for allowing our car to let loose during long straight-aways. 

The controller also has a built-in regeneration feature that allows the motor to be used as a generator during braking to allow the kinetic energy of the vehicle to be recaptured and stored back in the batteries. This feature is not a replacement for mechanical brakes due to competition rules. It is also not as effective as mechanical brakes as it can only recapture 100 amps peak. This gives a peak reward torque at the motor of 10.5 Nm which is not enough to quickly bring the vehicle to a standstill as desired in a performance vehicle. This feature is not currently being used as the lead acid batteries have a low peak recharge current that would result in this feature being very ineffective.

The controller is also programmable through Kelly’s free GUI. Through this feature the peak current, minimum high voltage level and other parameters can be set to help protect the vehicles vital components. However, in order to access this software the controller must first be properly connected to the computer and have the proper voltage applied to its terminals to charge the internal capacitors.

[bookmark: _Toc321434654]Chassis
The chassis that is built is essentially one unified structure that serves several purposes. Although it is possible for the chassis to be comprised of several separate parts, our team decided that the best and most effective chassis would consist of several frame members that were welded together. These individual frame members, along with the tabs and other mounting points are the major physical components of the chassis. The chassis as a whole is also segregated in the 2012 Formula Hybrid Rules document into sections regarding required characteristics. These sections are as follows: main roll hoop, front roll hoop, roll hoop bracing, roll hoop bracing supports, front bulkhead, side impact structure, and impact attenuator. Each is given specified characteristics and minimum specifications. All definitions are provided in the Rules document, but are also listed as follows and can be seen in Figure 4 below:

Main Roll Hoop – A roll bar located behind the driver’s torso.
Front Roll Hoop – A roll bar located above the driver’s legs.
Roll Hoop Bracing – Frame members that provide support for the main roll hoop and the front roll hoop
Roll Hoop Bracing Supports – The structure from the lower end of the roll hoop bracing connecting back to the respective roll hoop.
Front Bulkhead – A planar structure that defines the forward plane of the major structure of the frame and functions to provide protection for the driver’s feet.
Side Impact Structure – The area of the side of the car extending from the top of the floor to the 350mm or 13.8 inches above the ground and from the front hoop back to the main hoop
Impact Attenuator – A deformable, energy absorbing device located forward of the Front Bulkhead.
 (
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Main Roll Hoop Bracing
Side Impact Members
Front Bulkhead
Bracing
Front Roll Hoop
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[bookmark: _Ref321265699][bookmark: _Toc321434732]Figure 4: 3-Dimensional Model of the Current Frame (Side View)
[bookmark: _Toc321434655]Suspension
The suspension system connects the vehicle’s sprung and un-sprung weight and allows the driver to maintain traction and stability while cornering, accelerating and decelerating. The suspension geometry uses a multi-link independent set up for each of the wheels on the vehicle. Each wheel has one degree of freedom in the vertical direction (jounce, rebound) by restricting the others with the five- link connection. The suspension was designed to provide maximum traction and stability by limiting toe angle changes in the wheels and providing negative camber gain with rising wheel travel.  The front of the vehicle utilizes double wishbone a-arms with push rods along with tie rods to connect the steering. The rear set up is nearly identical with double wishbones a-arms and pushrods, but also includes a fixed toe angle control link integrated into the lower a-arm since the rear wheels will not steer. The application of pushrods is necessary in this design to translate the forces acting on a wheel to a spring damper set up, allowing the wheel to maintain contact with the road and therefore improve traction. Figure 5 below illustrates this force translation setup. The suspension meets the requirements of the competition with a wheelbase of 62 inches, allowing for 2 inches of travel (1 inch jounce, 1 inch rebound), and suspend the car over 1 inch at all times.

[image: ]
[bookmark: _Toc321434733]Figure 5: Push rod configuration example. A bell crank transfers tire forces traveling through the push rod to a spring dampener.

[bookmark: _Toc321434656]Braking System
The braking system is using outboard brakes mounted to the hubs in the front. In the rear there is a inboard system to reduce the sprung weight. This means three brake lines going to two central master cylinders, which will control the front and rear proportioning of the brake pressure. One master cylinder controls the front brakes with a t-fitting and a line for each the left and right calipers. There is also a master cylinder dedicated to the rear caliper.

[image: F:\My Documents\Desktop\2012-04-01 15.11.58.jpg]
[bookmark: _Toc321434734]Figure 6: Rear caliper mounted to the differential

[bookmark: _Toc321434657]Brake Calipers, Rotors and Pads
The most fundamental part of the braking system is the calipers, rotors and pads. Once the pressure is sent though the lines, the calipers compress pads. Eventually they contact the rotors and slow the rotation of the wheel , since they are ridigly connected through the hub assembly. The pad and rotor are both metal, but the pads are semi-metallic which is a softer metal than the steel rotor. As a result, the pads will slow the rotor down with pressure and friction. The first decision of the braking system was whether to use an inboard rear braking system or outboard. Outboard braking means there will be two independent calipers acting on each rear wheel. Inboard braking means a system that will stop both rear wheels at the same time. A decision matrix was created to decide which situation would be more ideal, which is displayed below.

[bookmark: _Ref321401499][bookmark: _Toc321434770]Table 1: Braking Decision Matrix
	Inboard vs Outboard Brakes
	Outboard
	Inboard

	Cost
	2
	3

	Complexity 
	1
	3

	Maintenance
	2
	3

	Ascetics
	3
	1

	Weight
	1
	3

	Ease of transition
	2
	1

	TOTAL
	11
	14




[bookmark: _Toc321434658]Brake Lines and Fluid
Before the brake pad compresses on the rotor, the brake lines have to send pressure to the caliper. Once the fluid forces pressure to the caliper, the piston inside the caliper is forced away from the center and pushes out into the rotor with the pad between the piston and rotor. Designing the following system ended up being a simple process that had a simple transition from last year. In the previous year since outboard braking was used there was an excess amount of brake lines. As a result, the length and placement of the brake lines came easily and there were nomajor  delays in the design.
[bookmark: _Toc321434659]Brake Master Cylinder, Pedal, Brake Bias Adjuster
Before the brake lines send pressure to the calipers,the brake master cylinder must be compressed. This is accomplished by pushing a pedal which has a pivot point that allows for much more force to be seen at the master cylinder as opposed to the pedal. When the cylinder is compressed the fluid can then compress the caliper. The team decided to use a brake bias adjuster which will allow for different values of brake pressure for the front and rear. This will allow a potential driver to change the proportioning of the brake pressure and allow the front or rear to receive more or less pressure individually. This was made possible the use of “remote brake bias adjuster”. The brake bias adjuster is a simple ball in socket design. When the adjuster is turned the bias bar translates at the pivot point of the pedal. This will create a bias to one master cylinder over another and allow the front or rear to receive more brake pressure. Figure 7 below shows the action of adjusting the bias and the effects on the pedal and the pivot point.

[image: https://encrypted-tbn0.google.com/images?q=tbn:ANd9GcQqHbjHQJuw1sGu_tduJ7rd4HLSC1U9CmNLo_B0jnFUcVtLZbw0]

[bookmark: _Ref321272973][bookmark: _Toc321434735]Figure 7: Example of a Brake Bias Bar

[bookmark: _Toc321434660]Remote Brake Bias Design
Initially it was ideated that the team would to have a brake bias adjustment that would need to be adjusted with tools outside of the car. It was realized this would be cumbersome and the decision to go with a remote bias adjustment was therefore made. To accommodate for this, a custom brake bracket had to be made. This allowed a clearance for the remote bias adjuster to be mounted. The brake pedal has a internal pivot point in the base and the adjuster changes where the front/rear master cylinders compress to the pedal.

[image: AAF-ALL42072.jpg]
[bookmark: _Toc321434736]Figure 8: Brake Bias Adjuster Our braking system


[bookmark: _Toc321434661] Steering
The steering system is responsible for taking the rotational input of a steering wheel and using it to accurately control the motion of a vehicle. In most cases, this transfer of motion is easily attainable with proper hardware and gears.

[bookmark: _Toc321434662]Rack and Pinion
Changing the motion of front wheels without power steering in production cars can be tough due to the engine’s weight in the front of the car. Our designed vehicle does not have this issue as the majority of the weight is in the rear, being rear wheel driven. As a result, a simple rack and pinion with reverse Ackermann geometry was selected to steer the front wheels. At approximately 600 lb, the car did not weigh enough to need power steering. As a result, a dry rack and pinion was selected to steer the front wheels.

[image: ]
[bookmark: _Toc321434737]Figure 9: Rack and pinion concept illustrated. Rotational motion of pinion displaces rack horizontally, turning the wheels.

[bookmark: _Toc321434663]Steering Joints and Wheel
The steering joints used will be rod ends that attach the tie rods, a U-joint to transfer the rotation of the wheel to the pinion gear, and a column bearing to fix the steering column. The wheel will have a quick disconnect hex, as required by competition rules.

[bookmark: _Toc321434664]Performance Assessment
[bookmark: _Toc321434665]Battery System and BMS
The battery system that the vehicle was designed for was a lithium polymer (Li-Po) system with a Battery Management System (BMS). The light weight property of each battery (114g) and the high discharge rate of 20C are two of the biggest advantages of this system with Li-Po batteries. The Li-Po batteries, if used, would fulfill the requirements of a BMS for the vehicle by monitoring the voltage and temperature of each parallel string of batteries. If a battery type, such as lead acid, is used then a BMS will not be required and a deep cycle charger can be used to charge the batteries in a much safer fashion then the Li-Po batteries.

[bookmark: _Toc321434666]Motor Controller
The motor puts out 42 Nm of torque consistently from about 0 to 50 mph. Using a gear reduction of 4.5:1, this results in 189 Nm of torque at the rear wheel through our differential.

Table 1 below depicts common coefficients of friction between a tire and asphalt. 0.9 represents a tire similar to a racing slick that has a lot of grip. The numbers 0.5 and 0.8 represent coefficients that can be expected from a typical street tire. The coefficient of 0.1 represents a tire in contact with a wet road. These torque ratings must meet or exceed the peak torque at the rear wheels so that the wheels don’t spin under hard acceleration. As can be seen from the chart, as long as the track is dry, the motor should perform well.

[bookmark: _Ref321391970]
[bookmark: _Toc321434771]Table 2: Torque and Coefficients of Friction
	CF
	Mass Over Rear Axle (assuming 50:50 weight distribution)
	Wheel Radius, r
	Peak torque before tire slips
τ = M*g*r*CF

	0.9
	150 kg
	0.254 m
	336 Nm

	0.8
	150 kg
	0.254 m
	299 Nm

	0.5
	150 kg
	0.254 m
	187 Nm

	0.1
	150 kg
	0.254 m
	37 Nm



Due to a 4.5:1 gear ratio the top speed of the car cannot exceed 79.3 mph. This is due to the motor having a top speed of 6000 rpm at 72 volts. This speed is perfectly acceptable for the car as the top speed to be competitive in the endurance event of the competition is only 65.2 mph.

This motor is also capable of accelerating the car a distance of 75 meters from a standstill in less than 10 seconds as the competition rules require. Assuming 189 Nm of torque, this equates to an acceleration of 2.48 m/s2. According to the formula,

					(1)

the time to complete the acceleration run is 7.8 seconds. This is the approximate time that the 2010 FAMU-FSU Formula Hybrid team completed the acceleration event in with the same motor. Therefore, we feel that this calculation along with the information above show that this motor is a suitable choice for our vehicle.

[bookmark: _Toc321434667]Chassis
The chassis’ performance will be assessed in a few different manners, which will involve its comparison to the Rules document, strength, comparison to the spatial and mounting requirements of various components, as well as some consideration for the ergonomics of the chassis in relation to the driver. 

The first and foremost method of assessment was designated through the use of the Rules document to ensure that the chassis met the required specifications to pass the technical inspection. This, however, was a continuous process until the actual design was practically finalized and the Rules then governed any final changes made to the chassis. In a practical sense, the fitment of components in regards to room and mounting was assessed through 3-Dimensional modeling during the design phase and, then, ultimately assessed after the vehicle was built, with garner nothing more than some minor changes, when needed. Essentially, the spatial requirements govern a significant portion of the design and the assessment of that portion of the design will be determined through the actual fitment of the components.

[bookmark: _Toc321434668]Suspension
The suspension needed to meet the requirements of the competition that include having a wheelbase of over 60 inches, allow for 2 inches of travel (1 in jounce, 1 in rebound), and suspend the car over 1 inches at all times. The geometry decided upon underwent simulations using ADAMS-CAR modeling software to ensure desired specifications were met. The wheelbase is set with attachment brackets from the control-arms to the chassis and is permanently fixed. The wheelbase of the vehicle was verified to conform to the rules as well as suspension our design. The control arms were verified to allow for at least 2 inches of travel using ADAMS software, and later verified by hand after attaching it to the chassis, prior to loading the springs.

[bookmark: _Toc321434669]Braking System
2.3.5 Brake Performance
The following  methods were determined as a way of examining the braking performance. The first was a visual test. When the brake is pressed the calipers would be inspected to ensure they were compressing the pads on the rotor. A quick spin of the wheel and a solid press of the brakes would show whether the brake system was operational. The second test would be the real world braking test. Starting at low speeds we will test the functionality of the brakes. The speed of the test would be increased in order to discover the limitations of the tires and of their locking characteristics. Other test will include the functionality of the pads and rotors.

[bookmark: _Toc321434670]Steering
To test steering performance, we can measure the angle difference in the front tires while the car is stationary. The steering wheel will be turned lock-to-lock, meaning all the way to the left and right until it hits the steering stops. This is to ensure that there is no binding within the links, but also to verify that no part of the wheel assembly contacts suspension or chassis members as they are turned. The finished design underwent simulations using Adams software to verify the geometry selected. Once the system is mechanically attached and ready to operate on a working vehicle, it will be tested through several turns on a mock course to ensure it can properly guide the vehicle.

[bookmark: _Toc321434671]Design Process
[bookmark: _Toc321434672]High Voltage Accumulator
The high voltage accumulator was designed using a series of equations. These equations where used to create a model in MATLAB/Simulink in order to solve them while allowing for different variables to be changed during the design process. Two of the biggest factors that affected the design of the high voltage accumulator were two of the events at the formula hybrid competition. The first event is the acceleration event where the team must accelerate a distance of 75m in under 10 seconds. The second event that affected the design of the high voltage accumulator is the endurance event. From research we have found that in past competitions the teams that finished the endurance competition generally ended up in the top 10. This is because the endurance competition is worth so many of the points at the competition. The original battery type that was going to be used in the vehicle was the lithium polymer battery. The team ran into many problems ordering these batteries and then by the time the team had put in the order for the batteries they were on backorder for an indefinite amount of time. The shortage of time the team has been put on in order to finish the project in time has made the team decide to go with lead acid batteries. This is because they are more readily available and are available at a lower cost.

[bookmark: _Toc321434673]Battery Management System
The battery management system (BMS) of the vehicle was designed around the lithium polymer batteries that had been originally selected. The configuration of the BMS was chosen to be 20 cell boards connected in one bank. This is because the team was going to use parallel packs of 6 batteries repeated 20 times in series. The cell boards can be connected to an unlimited number of batteries in parallel. The only other option the team could have gone with for the lithium polymer batteries would have required 120 cell boards. This is because the other option for wiring the batteries would have been 20 batteries in series repeated 6 times in parallel. These cell boards would have measured the cell voltage and the cell temperature and relayed this information to the BMS master that would control the charging and discharging of the circuit. Due to the issues with getting the lithium polymer batteries and the team’s decision to go with the lead acid batteries the use of a BMS will not be required. This is because lead acid batteries are a much more stable chemistry that will not combust to the extreme that lithium polymer batteries will if they are discharged or charged too much.

[bookmark: _Toc321434674]Motor and Controller
This project has undergone several design revisions due to funding limitations over the past year. Initially the electrical system of the car was designed to be an all-wheel-drive vehicle with one electric motor powering each wheel. Each motor would have had an identical gear reduction to a drive shaft connected to the wheel. This was quickly determined to be too expensive and too complex to complete in a year so a two-motor approach was decided upon to reduce cost. These two motors would have been run in series on a single controller, creating a differential effect on the rear wheels. After some time this was also determined to be an unreachable goal. The team therefore chose to go with a one motor, one controller design to save money. The motor and controller from the previous years’ team was reused to give other team members more money for the areas of the vehicle that they focused on. The motor and controller have been thoroughly reviewed to make sure they are still suitable for this year’s car and that they still meet all the Formula Hybrid rules. A lithium polymer battery system was also designed and budgeted but upon being ordered turned out to be on backorder from the selected vendor. Other local and online vendors were then contacted to try to find a similar product but all turned out to be far too expensive. It was then determined that a lithium battery system could not be afforded. A far less expensive than lead-acid battery system was then chosen as the batteries were inexpensive and available locally.

[bookmark: _Toc321434675]Chassis
The chassis was designed using the same guidelines through which it will be assessed; therefore, the design assessment ought to go fairly smoothly. The design began by taking into consideration the major components of the vehicle in regards to how and where they would be fitted or mounted, as well as keeping the main requirements of the rules in mind. This was done by creating 3-Dimensional models in SolidWorks which allows a visualization of the components in a virtual assembly, and permits dynamic motion and collision detection. This process allowed for the preliminary shape of the vehicle to take place. The Rules document then takes a more significant role as certain aspects were governed by them, primarily for safety concerns regarding the drivers and bystanders. These restrictions are primarily placed on material properties, heights of bars and mounting requirements, which minimizes safety risks. These elements were simultaneously considered throughout the entire design phase so that extra work would be avoided from having to continuously redesign to satisfy all aspects. Once it appeared that most characteristics had been satisfied, everything was reviewed thoroughly to make any necessary changes, which was then followed by a finite element analysis (FEA). This was used to determine better placement of members, the removal or addition of frame members or as a justification or criticism of the wall thicknesses chosen. This primarily helped to visualize the location of stress concentrations to determine which areas were weakest and would need extra support. The main concern is regarding the safety of the driver and not necessarily the ability to salvage the frame or any of the components of the vehicle, Therefore, one of the main interests when observing the results of the FEA is that, whenever possible, the frame members of the cockpit should deflect away from the driver, rather than enclosing the driver or severing body parts.

[bookmark: _Toc321434676]Suspension
The suspension design process involved accommodating an existing, yet flexible, chassis with a suspension that would meet specifications set forth by competition rules while providing good handling and stability characteristics to the vehicle. The type of suspension was first determined to be multilink independent for the front and rear for numerous reasons as illustrated in the decision matrix, seen  in figure # below. The vehicle wheelbase was then selected at 62 inches, close to the minimum of 60 inches since we have a relatively short chassis. The track lengths were decided upon once a wheelbase was set. Drawings that accounted for the front, top, and side views of the suspension arms were made for both the front and rear axles in order to set the geometry of the control arms. This allowed for specific parameters to be designed for in multiple views. From the drawings, an ADAMS suspension was built on the computer for analysis. Once several variations of geometry changes were simulated, the final step was to consolidate the results into a final setup and run the final simulation tests. The following describes in more detail each step in the design process.

Wheel Base and Track Width

The minimum allotted wheel base for the competition is 60 inches. There is no set way to determine the actual needed wheelbase; it is set to the choice of the designing team. A shorter wheelbase, however, induces a greater lateral force on the rear wheels in a turn and also reduces the turning radius of the vehicle. As a result, an increased lateral acceleration during cornering will increase over-steer characteristics, causing sharper turns. To account for this, a proper wheel track selection is required. Choosing a fairly wide track width has many advantages. Increasing track width reduces load transfer on turn entry resulting in tire loads being more evenly distributed. In doing so, this also improves the lateral acceleration capabilities as well as improved acceleration on turn exit. Looking at previous formula SAE teams who outperformed other teams in autocross events, an averaged ratio was determined between track widths and wheelbase. From this we determined a 48/46 front to rear track width would be ideal and meets the competition guidelines.

Front Suspension

FVSA
The Short Long Arm (SLA) front suspension consists of two control arms and a steering linkage to constrain the movement of the wheel. Designing the specific geometry of these components takes into account many parameters of wheel travel along with force transfers. While the static load case of the wheel characteristics may be functional for a straight line velocity, the real purpose of the suspension is to handle cornering forces. During cornering, the outer wheel experiences a greater lateral force due to changes in lateral acceleration as well as changes in left to right weight distribution from a neutral standpoint. The short upper control arm feature of this design minimizes camber changes due to this change in lateral weight distribution but does not reduce the body roll moment that the vehicle experiences. As a result, the lateral force difference between the left and right wheel still remains.
The first step is reducing body roll. With a roll instant center (RIC) location close to the ground, the non-rolling overturning moment is reduced. As the suspension deflects in the turn, the outer wheel travels upward and the inner wheel travels down. This affect, called jacking, relocates the rolling instant center below ground. With a low enough static RIC location, the change from above to below ground causes the vehicle chassis to deflect down in thus reducing the rolling moment at the center of gravity.
With the difference of lateral forces between the inner and outer tires still remaining, it is critical to choose the most appropriate spring rates available. With the right spring rates between the driven and un-driven axle, a balance between the two can increase traction and grip. With the rear driven axle, an increase of the spring rate on the front, produced from a preloaded installed length, will balance the forces between the front and rear axles and result in smooth and evenly distributed traction. With the proper spring selection, the dampener to be chosen should be adjustable and offer high ratios to control the un-sprung mass’ motion. The spring/dampener will come into play later in the SVSA discussion.
From the front view, the upper and lower control arms reach a point called the instant center. This length from the instant center to the center of the contact patch is called the front view swing arm (FVSA). The intersection of the instant center to the centerline of the contact patch from both sides will overlap at some point. This point is the determined location of the rolling instant center as seen in figure 10, below. Thus, when designing the location of mounting points on the chassis and wheel hub, the desired RIC location needs to be considered. Another aspect that goes into the control arm geometry is the camber change rate. With a short FVSA length, the camber changes are larger than desired. To achieve small camber gains and losses, the FVSA length should be as long as possible while also achieving the desired RIC. Once the optimal FVSA length is found, another aspect to camber is to set the static camber angle slightly negative, about one to two degrees. With minimal camber change, this angle will always be negative which is desired to improve handling.
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[bookmark: _Ref315922469][bookmark: _Toc321434738]Figure 10: Front View Swing Arm / Roll Center Construction

The last feature of the FVSA is the scrub. The scrub is the resulting lateral motion relative to the ground during vertical wheel travel. To minimize the effect of scrub, the instant center of the front view is located on the ground. This is another parameter to consider when the final geometry of the front control arms is designed. By locating the instant center at the ground plane or just above it, see Figure 11, minimum scrub will be achieved while maintaining the previously discussed geometry requirements.
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[bookmark: _Ref315922507][bookmark: _Toc321434739]Figure 11: Scrub as a Function of IC Height


SVSA
The side view swing arm (SVSA) contributes to the anti-features of the vehicle. With longitudinal forces and motions in the fore and aft direction, these features will control dive, lift, squat, and wheel path. From calculations of desired features, the slope of the control arms is then determined (see figure 12 below). For a rear wheel drive vehicle, anti-dive in the front prevents weight transfer to the front during braking application, controlling the pitch of the vehicle. The percentage of an anti-feature is the amount of force taken by the suspension members. The remaining percentage of the force is carried by the spring/dampener. Although front weight transfer is desired, weight still needs to be sufficient in the rear to maintain traction in the rear. With the addition of anti-dive in the front suspension, it may change the mechanical trail and or caster angle with bump travel, which is undesirable. So, the optimum SVSA for the front is
[image: ]
[bookmark: _Toc321434740]Figure 12: Side View Swing Arm / Anti Features Construction
placed at a relatively large length compared to the track width, which correlates to nearly horizontal control arm mounting points and minimal anti features in the front design, leaving these effects to be also accomplished in the rear suspension. 
Mechanical trail, as defined in Figure 13 below, creates a moment acting on the kingpin axis. This moment produces a self centering effect on the kingpin axis at speed. For manual steering, the mechanical trail/caster angle should be reduced to almost zero. The result in keeping this value at or close to zero prevents forward or backward movement of the tire. For typical racing applications, a kingpin angle of 2 degrees maximum is recommended.
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[bookmark: _Ref315922632][bookmark: _Toc321434741]Figure 13: Front Suspension Packaging



Rear Suspension
FVSA
The SLA rear suspension consists of two control arms and a toe link to constrain the movement of the wheel. Similar to the front suspension, the design of the specific geometry takes into account many parameters of wheel travel along with force transfers. Starting with the roll instant center location, for rear wheel drive applications, the best acceleration out of a turn is achieved with a lower or near equal rear roll instant center than the front’s RIC. With the front design resulting in a RIC at or just above the ground plane, the only options is to have the front and rear RIC even or place the rear instant center below the ground. If the RIC changes from below to above ground, unsteady characteristics is a result. The effect of locating the RIC below ground is the downward movement of the rear chassis. This in turn increases the traction of the rear tires. The difference in lateral forces between inner and outer wheels still remains at this point. To keep traction on the inside wheel, the correct amount of spring stiffness and installed length needs to be addressed in order to achieve minimal body roll and weight transfer.
Similar to the front, the FVSA length should be adequately long to reduce the camber change rate. With the same methods used on the front, the rear control arm geometry can be determined by locating the instant centers and RIC. Furthermore, slight negative camber angles in the rear are ideal; approximately a half to one and a half degrees is desirable for optimum handling. 
SVSA
The rear suspension will help control the pitch of the vehicle. Calculated anti-lift and anti-squat will control the vehicle as the weight is transferred front to rear. During braking, the anti-lift in the rear will limit weight transfer to the front tire. At the same rate, under heavy acceleration, the anti-squat will reduce the weight transfer to the rear. With a similar method and equation used to find both anti-lift and anti-squat, determining the right geometry becomes a compromise between the two
Simulation and modeling
	With the initial parameters developed from the previous methods, the design team can begin simulating the suspension. By graphing multiple aspects of the suspension characteristics, slight modifications ultimately lead to improvements and a final set of geometry points. From this point, the different components that make up the suspension can then be modeled and assembled and later on fabrication can begin.
[bookmark: _Toc321434677]Braking
Initial design of the brake system consisted of a 3d Model in order to ensure proper clearance between all the parts and components. The only parts monitored for clearance issues were mainly the caliper, the rotor and the pads. The physical volume of the calipers was taken into account during the hub design so that it would not contact the rim. After mounting most of these components these test passed and the premeditated design proved useful.


	The brake system went through many variations in design. At first it was determined there would be four calipers, one on each wheel. Once the team considered the complexity of the rear braking system and the axles that would be a part of the hub assembly, a change of the design was made to support an inboard caliper connected to the rear differential. The brake bracket was designed to support the brake bias adjuster and allow for front/rear brake force adjustment. The brake bracket was made from scratch and the previous year’s premade bracket was scrapped. Using an 1/8 inch piece of steel a new bracket was made using the engineering drawing in the appendix named “brake bracket”. The bias adjuster is easily accessible from the cockpit via the remote brake bias adjustment tool. This will be detailed in later sections. 
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[bookmark: _Toc321434742]Figure 14: Entire Brake Assembly

[bookmark: _Toc321434678]Steering
The vehicle used an adaptation of the previous year’s design for its steering set up. This simplified the task as some of the components had already been purchased, such as the rack and pinion. It allowed for the group to concentrate on performance, as it had already been verified that the functionality rack and pinion met competition specs. The rack and pinion will attach to tie rods through rod ends. From a top view, as can be seen in Figure 15, the angle that the hub and rod ends make determine the Ackermann geometry when steered. Keeping this angle above 90 degrees ensured that the vehicle exhibited reverse Ackermann turning. The turning of the wheels due to vertical wheel travel, otherwise known as bump steer, was also minimized in the design by maintaining the steering tie rods parallel to the front control arms in the front view. Rack and pinion steering was selected mainly because of its ease of installation, cheap cost to the project, and ability to meet the competition requirements.
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[bookmark: _Toc321434743]Figure 15: Basic concept used to obtain reverse Ackermann steering geometry

[bookmark: _Toc321434679]Overall Risk Assessment
The team encountered several risks during the final phase of the time allotted. The first risk that was encountered was the risk of having insufficient funds to complete the desired design for a highly competitive vehicle. This was resolved through a couple different means. An attempt to seek external funds was made and was somewhat successful through the acquisition of $2000 from Cummins. However, acquiring the money late in our timeline and still being below our desired budget, the team was forced to reduce costs by any means possible. This, unfortunately, caused delays in our timeline and caused large sacrifices in performance.

The risk that components would not arrive was also unfortunately encountered and resolved. Particularly, this occurred with the batteries and, upon placement of their order, it was indicated that the batteries were backordered for potentially 2 months. This resulted in the need to source batteries elsewhere, while maintaining within the restrictions of our budget. Consequently, this led to the purchase of lead acid batteries as a relatively quick and inexpensive solution to the problem. Although, lead acid batteries are less than ideal, the ones purchased were high discharge batteries, which helps to ensure that it will, at the very least satisfy the minimum requirements for the vehicle. 

 Another risk that became reality was the risk of insufficient time to complete an entire vehicle. Although it was not set as a requirement to complete the vehicle, the team had set a goal to do so. Due to delays in the completion and fabrication of designs, the entire vehicle is not completed. However, the goal of completing a minimum of 50% of the vehicle to allow for this project to be completed in two years was accomplished. This has indeed be completed in excess, but still lacks enough to prevent the vehicle from racing in the competition this year.

The risk of insufficient time also resulted in some difficulties with design compatibility as a result of interdependent designs being completed prior to one another. This caused undesired restrictions to be placed on the remaining designs, which caused difficulties in their implementation.

[bookmark: _Toc321434680]Design of Major Components
[bookmark: _Toc321434681]Battery System

The requirements for the specifications for the battery system for the vehicle were determined by creating a mathematical model in Matlab/Simulink. A picture of the model is shown in Appendix iv - Electrical System Figures in Figure B. The model in Figure B shows that at the desired system voltage of 72V and a capacity of 36Ah is desired in order to complete the endurance event at competition. With the current state of events, completion of the acceleration event with an alternative type of battery will be very difficult. 

The reason for this is because with the desired Li-Po batteries a discharge rate of 20C is easily obtained without the assistance of other accumulators, such as ultra-capacitors. With batteries such as lead acid or NiCd, a much lower discharge rate is normally obtained. A vehicle using lead acid batteries could definitely compete in the acceleration event, so long as things like ultra-capacitors are implemented. This is out of the reach of this year’s team, but the team that takes over the project next year could try and implement such items. This would also allow the possibility of regenerative breaking as well.

With Li-Po batteries, the battery system would look like the schematic shown in Appendix iv - Electrical System Figures under Figure A. This system consists of 20 parallel strings of 6 cells with a total of 120 batteries. With Lead acid batteries that is a multitude of battery sizes that could be easily connected in 6 batteries in either 1 parallel string if a capacity of around 30Ah is available or 2 parallel strings if the capacity is around 15Ah. 

One of the glaring advantages of using the lead acid batteries at this point in the project is the speed at which it can be obtained once ordered. The Li-Po batteries are usually shipped from places like China where the shipping time can easily exceed 3 weeks. The lead acid batteries could be shipped in under a week and would be purchased form a local seller of the batteries vs. an international website as with the Li-Po batteries.

In the end the team decided to go with lead acid batteries. The characteristics of the batteries are 12V and a capacity of 36Ah. The reason the batteries have a capacity of 36Ah instead of 30Ah is due to the added weight of the battery type.
[bookmark: _Toc321434682]BMS Configuration
The two BMS’s that have been sourced for the vehicle are the Elithion BMS and the Orion BMS. There are pros and cons of both systems. The team can already make use of an Elithion BMS from the previous year’s vehicle. If the Elithion system was used then all that would need to be purchased is the cell boards for the vehicle. These cell boards are priced at around $10 each and different configurations of these boards will be discussed later in this section. The team has decided to go with the Elithion BMS since it is already in the team’s possession and it can be implemented into the project.
.

[image: elithion BMS]
[bookmark: _Toc321434744]Figure 16: Elithion BMS Master Board
As stated previously, the batteries will consist of 6 Li-Po batteries in parallel repeated 20 times in series. The reason for this is because the Elithion cell boards can handle an unlimited number of batteries in series and only 1 cell is required for every parallel string. Therefore, this design will only require 20 cell boards. If our design had 20 batteries in series repeated 6 times in parallel then we would need a whole 120 cell boards to measure each individual voltage. This difference is about 100 cell boards and at $10 a piece this design saves the project about $1000.

To recapitulate the subject of the BMS, a basic explanation of how a BMS works is given below. The BMS measures the voltage across each cell and can stop the charging of the batteries if the individual cell voltage gets too far off from the rest of the batteries. The reason this needs to be done is because there can be devastating consequences if Li-Po batteries are in either under-voltage or over-voltage conditions. These consequences can include combustion of the batteries and cause a total system failure.
Since lead acid batteries are being used the vehicle the complexity of the BMS has been greatly reduced. According to the competition rules for a lead acid the only parameter that needs to be monitored is the temperature each individual battery. This will be done using thermistors that will be connected to the emergency shut-off circuit. The thermistors will provide an increasing resistance as the temperature of the battery rises. When the temperature gets above a specified value a signal will be sent to the shut-off circuit forcing the vehicle to de-energize.

[bookmark: _Toc321434683]Ground Fault Detection
The ground fault detection device that will be used in the vehicle is the A-ISOMETER IR155-2 made by BENDER group. This device is being provided to the team free of charge where the team only has to pay $25 shipping and handling in order to receive the item.

This fault detection device is made for unearthed DC systems and is rated from 0V all the way up to 800V. The A-ISOMETER measures the insulation resistance between the high voltage bus and the frame of the vehicle to make sure that a fault has not occurred. If a fault does occur then a signal is sent to the ground fault detection switch and the system is shut down.

[image: A-ISOMETER]
[bookmark: _Toc321434745]Figure 17: A-ISOMETER IR155-2 Fault Detector
Below in  the wiring diagram from the spec sheet provided by BENDER is shown:

[image: A-ISOMETER Diagram]
[bookmark: _Ref321343012][bookmark: _Toc321434746]Figure 18: Wiring Diagram provided by BENDER
[bookmark: _Toc321434684]Charging System
In the previous proposal, the battery system was being designed with a 144V accumulator in mind. Since the team has decided to go with a lower voltage 72V accumulator, a new charging system will be needed. Since the car will only have one battery pack, the vehicle will only need 1 charger. The charger that the team has chosen for the vehicle is the HWC4 Series charger with an output of 72V/30A and has a 220VAC input. This design also reduces the cost of the charger by around $200.

[image: Battery Charger]
[bookmark: _Toc321434747]Figure 19: Battery Charger by Kelly Controlls, LLC

Since the team will most likely be going with a lead acid battery configuration, simple deep cycle battery chargers can be used. One of the better possibilities for charging with this method would be to put relays in between each of the batteries and allow each battery to charge individually.
[bookmark: _Toc321434685]Low Voltage Accumulator
The low voltage accumulator on the vehicle will consist of a single 12V lead acid battery. It will be used to power all of the sensors that are not attached to the high voltage circuit. The low voltage accumulator will also be grounded to the frame of the vehicle.

[bookmark: _Toc321434686]Motor Controller
The motor controller is a Kelly KD72501. Figure 14 is a modified schematic from Kelly Controls, LLC that reflects the setup that will be used with the Agni motor. Please keep in mind that while the schematic does not display it, the switch and both potboxes will be optically isolated. The controller is currently wired in such a way to give an idea of the final configuration but it is not mounted on the vehicle as the car needs to be welded before any electrical components can be attached.
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[bookmark: _Ref321343280][bookmark: _Toc321434748]Figure 20: User Manual, Courtesy of Kelly KD

[bookmark: _Toc321434687]Optoisolator Circuit
Figure 15 is a schematic of the optoisolator circuit used throughout the vehicles electrical system. This allows low voltage analog signals to be communicated with high voltage components. This particular circuit Figure 15 is the one used for the throttle potbox. The red wire is the +5V line and the black wire is the relative ground to the red wire. The white wire is the variable voltage line. The circuit is based on the 4N25 optocoupler IC. This circuit is used for the throttle potbox as well any other components that are within the cockpit that communicate with high voltage circuitry. It should be noted that this circuit is not used for the signals that power the contactors as the contactors are a type of relay which does not require optical isolation.


[bookmark: _Ref321395909][bookmark: _Toc321434749]Figure 21: Diagram of Vehicle's Optoisolator Circuit

[bookmark: _Toc321434688]Chassis
As mentioned previously, when considering the design of a system, component, or virtually anything, the goal of the design needs to be considered first and foremost rather than just using previous techniques solely because they are proven reliable. This exact perspective was used when designing the frame and several methods were considered, primarily dealing with the different materials that could be used for the construction. These materials, in some cases, make the nature of the design and build process inherently different.

The material consideration was initially divided into two categories: all metal or a composite chassis. The advantage to building the body from a composite material is that the chassis could potentially be very light and that the composite material would combine several duties that are usually handled by several components. It would not only replace the steel’s structural  responsibility, but in addition, it would also serve as the floor pan and serve the duties of the body in terms of aerodynamics, aesthetics, and to protect the driver from debris. This structure is given the name of monocoque because it is all unified in to one piece, or at least the main cockpit area is. In order to do this out of composite materials, it would have to be done out of carbon fiber as a result of the strength requirement. The most appealing was the carbon fiber and aluminum honeycomb combination due to its strength to weight ratio, an example of which can be seen in Figure 16 below.
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[bookmark: _Ref321343717][bookmark: _Toc321434750]Figure 22: Composite Monocoque Chassis

It would be very difficult for this to be made and expensive for it to be bought. Therefore, the consideration of just carbon fiber was taken into account and it was primarily decided that, as a result of inexperience with this material, that we could consider an all metal chassis. The motivating factors for this decision were governed by lack of experience constructing something of this nature, lack of knowledge regarding the strength of the material and the amount of time that this process would take. Since the strength of the chassis is of great importance, primarily  for safety reasons, it could not be guaranteed that, given the timeline, something suitable would be constructed with time left to perform testing.

The elimination of composite materials narrowed the options to an all metal chassis. According to the rules, certain items MUST be made of steel and, therefore, joining these two materials would involve a more in-depth view and be more time consuming and given the short timeline and very limited number of team members, it was then decided to remain with all steel. This, of course then narrowed the selection process down to the type of steel. Research was done to examine the type of steel that other teams used and why, and it was determined the 4130 chrome-moly steel alloy was the best because the weight increase of this alloy is so small that it is negligible and the strength gain is quite significant with its yield strength being nearly double of that of 1018 steel, which is the type of steel used as the minimum standard in the Rules document. The advantage of having a stronger material allows for the weight of the vehicle to potentially decrease because an equivalent or greater strength can be achieved be increasing the diameter of the tubing, which increases the moment of area and permits the wall thickness to decrease, allowing for less material. The only limitations are the minimum wall thicknesses prescribed in the rules. These calculations can be seen in Appendix i – Chassis.

One of the main guiding factors to the design of the chassis is the fitment of components and the serviceability of the end product with respect to the components that it will house. The purpose of the chassis is to provide a structurally sound enclosure for the driver and the components used to operate the vehicle, as well as to provide mounting points for any external components; therefore, the main design goal is to ensure that the structure can fit the required components and, without being able to physically test this, representative solid models must be created to test fitment to save time and cost during the actual building process. This can be a very time consuming process depending upon the level of detail included in the solid models. Although a great level of detail is not necessary, it can be advantageous to use when conducting a presentation in order to better describe a system or components. Realistically, the only detail required is the general shape and volume that the object will occupy and the mounting requirements for the part.

The chassis then needs to be thoroughly overviewed to compare against the requirements instated by the rules documents to correct any discrepancies. The chassis is continuously checked against the rules during the design process, but is most thoroughly reviewed once the chassis is close to being finalized. This prevents any issues during the build and will ease the preparation for passing technical inspection. Additionally, a finite element analysis will be performed. This will analysis will assist in dictating where areas will need to be strengthened, or, possibly, even where frame members can be removed.

The last overview of the chassis design will be an analysis of the feasibility of the build. This is something that is kept in mind throughout the design process, but is analyzed more thoroughly at this stage. This, essentially, is an examination of the chassis in regards to whether or not it can be built using the tools available and the difficultly that this will impose on the builders to construct it as shown in the 3-Dimensional model as accurately as possible.
[bookmark: _Toc321434689]Ergonomics
When considering the ergonomics of the vehicle design, anthropometry had to be considered. Anthropometry is the application of scientific measurement methods to the human body in order to optimize the interface between humans and equipment. In this specific case only the measurements of team members who will be driving the vehicle during the competition have been considered since no one else will use it. Measurements of leg length, arms reach, and sitting height of drivers were factored in the design and these dimensions were established as the most significant. This was to ensure that each member would be able to operate the vehicle effectively while still maintaining comfort and safety through a long, grueling competition.

Leg Lengths
Members were measured from their hip to the floor to determine their leg lengths and that data was used to determine how far away the pedals would be.  An additional 2 inched were added to the leg lengths in order to account for the driver pressing down on the pedal which would extend his foot. The placement had a significance importance because without proper placement a short driver might not be able to reach and tall driver could be too cramped with his legs affecting his cockpit space. In order to avoid this, a middle range was produced allow each member to reach the pedals while not having their knees in their chest.

Arm Lengths
After considering how far each driver’s legs would reach, measurements of arm reach were calculated to make sure that the steering wheel would not be too close nor too far away from the driver. If the driver had to reach a long distance this could possibly affect how well he or she operates the vehicle. Leaning towards the wheel to compensate would make the driver very uncomfortable. Designing the steering wheel too close would also be a problem by not allowing enough room in the vehicle to operate properly. The optimal placement of the steering wheel was chosen in the design according these constraints.

Seated Height and Body Width
Additional measurements of body width and seated height of the drivers were taken to properly plan for the user. The seated height was measured to determine how high the head rest should be place and only the height of the tallest driver was needed because anyone smaller would fit in that range. Body widths were also taken to ensure enough room for the driver while seated, allowing them to operate the vehicle smoothly. 

Safety and Comfort 
According to the competition guidelines, a driver must be able to exit the side of the vehicle in no more than five seconds. When planning the design of the cockpit, this must be taken into consideration to ensure the safety of the driver. By building it spacious, the driver will be able to sit comfortably and be able to exit the vehicle safely. An arm rest will be added to help elevate possible strain on the body. Also, a comfortable seat will be installed to minimize back pain for drivers that could possibly be driving for an extended time.

[bookmark: _Toc321434772]Table 3:Arm Measurements
	Arm Length Range:
	Leg Length Range:

	Max Seated Height:
	Max Body Width:

	28” – 30”
	35” – 40”
	36”
	19”



Notes: Measurements were taken for only team members who would be driving in the competition. This was to ensure the optimal placement of the pedals and steering wheel so that the driver could operate the vehicle effectively and safely. Seated height was measured from bottom of chair to top of head and arm length was measured from shoulder to palm of hand with arms being straight out.

[bookmark: _Toc321434690]Suspension
Following the design process, the first step in designing the suspension is determining the wheelbase and track width. As previously discussed, the team chose a wheelbase of 62 inches and a 48/46 inch front to rear track width. Figure 23, Appendix v, illustrates the suspension layout that was determined early on. From this point construction to determine the final geometry points can begin. With either a pre existing chassis or a chassis that is also in the design stages, the general location for the a-arm point can be found from the FVSA. Beginning with the front axle, the chassis is drawn out with the appropriate track width. Wheel/Rim dimensions and chassis mounting points were then determined to find the limits that the a-arm points can extend. The process is tedious and many changes in the dimensioning will take place when simulation determines alterations are necessary. Figure 23 below shows the construction of the FVSA for the front suspension. 
[image: ]
[bookmark: _Ref321433115][bookmark: _Toc321434751]Figure 23 Front View Swing Arm Construction for front axle
	The short-long arm suspension requires that the upper control arm be shorter than the lower. The simplest way to advance to the next step is to choose a location point at the chassis for the upper and lower control arms to pivot about. Adjustments can then be made to the outer ball joint location of the both a-arms. With the inner locations chosen, the SVSA construction can begin. The first step is to determine the anti-feature desired. For a front axle of a rear wheel drive vehicle, the appropriate feature to design for is anti-dive and is found in the following formulas.

Equation 1


Equation 2
The second of these equations makes the result only dependent on the input value of phi. Thus many simple calculations were done to determine the correct angle phi needed to achieve the predetermined 28 percent anti-dive desired. Figure 24 below shows the construction of the front SVSA. It was decided for simplicity to retain the upper a-arm at a parallel position to the ground plane and only change the angle of the lower a-arm as illustrated below. 
[image: ]
[bookmark: _Toc321434752]Figure 24: Side View Swing Arm Construction for front axle


With the FVSA and SVSA completed with initial points, the first round of simulation takes place and the results will dictate changes that must be made to both construction planes. The software utilized for doing such simulations was ADAMS-CAR. The final results of these simulations will be discussed later in the results section. 
	The same methods are employed when the rear suspension under goes its’ initial to final design phase. The FVSA and SVSA construction planes can be found in appendix v. The steps in selecting the geometry are the same; however the anti-features change to anti-lift and anti-squat for a rear wheel drive car. The decision to use inboard brakes in the rear also played a role in determining the right equations to calculate these anti-features. The appropriate ones are as follows:

Equation 3 


Equation 4
Only a single value of   can exist, thus a compromise between the two anti-features was necessary. After the rear suspension points are determined, designing of the components began to take place. The a-arm brackets of this particular vehicle are rather unique. With a total of four individual brackets per side for the front, as well as the rear, special attention was made during the designing and fabrication to ensure accuracy of the geometry. In doing so, the bracket plates were cut out from the water jet machine from 1/8 in steel and lightly altered to fit. This alteration was necessary to fit a two-dimensional cut out onto a three-dimensional object. The suspension a-arms themselves are also all unique given the point locations chosen. Four separate a-arms, each fabricated twice to complete both sides of the vehicle. Each a-arm was made using 4130-steel and hand fabricated using a jig for accurate assembly before final welds were made. The only a-arm that appears unusual is the rear lower. Since there is no rear steering, there is a need to fix the toe angle. Rather than have an individual toe link, it was incorporated in the design of the a-arm. Additional mounting points are also incorporated for the attachment of the push-rods. Steel threaded rod inserts were designed and machined in the CNC machine. Their purpose is to allow the heim joints to be adjustable and attach all of the components together. The new hub design is very simple looking but is fully functional and weights just under two pounds but is still strong enough to handle more than the expected loads. The drawing files for these designed parts can be found in appendix v.

\


[bookmark: _Toc321434691]Braking
Braking  placement plays a major role of what makes a car easy or difficult to drive. With a poorly placed brake pedal a driver can feel uncomfortable with the car. With the designed brake bracket, adjustments can be made to enhance the drivers comfort. The pedal angle is fully adjustable with multiple pivot points. The master cylinders are also adjustable and can effect pedal placement. The remote brake bias adjuster is in the cockpit and has ease of use within reaching distance. The calipers were designed so removal and replacement is as simple as removing the wheels. Also the seat adjustability will allow the driver to move closer and farther from the brake pedal which will bend the drivers knees at the optimal angle. 

[bookmark: _Toc321434692] Steering
The steering design was simplified by selecting a proven approach for formula competitions in rack and pinion steering. The rack used was a 14" Mini Dune Buggy rack and pinion steering unit, obtained from last year’s formula team. It has a 12:1 steering ratio with a 2.25 inch lock to lock distance in the rack. This would allow for over 30 degrees of rotation at each wheel. With a wheelbase of 62 in and front track of 48 in, the steering geometry needed to allow for at least 30 degrees of turning of the front wheels in order to complete a turn radius of 14 ft. These calculations can be found in Appendix iii of this report. Due to high lateral accelerations in competition, it was found that tires will operate mainly on their slip angles, as opposed to the angles forced by steering assembly. It was then important to attempt to align the steering to these slip angles. The team therefore decided to implement reverse Ackermann as a steering geometry. Reverse Ackermann allows the outside wheel to turn sharper than the inside wheel by adjusting the angle of the steering tie rod and the hub tie rod pickup. It was also a known fact that more weight is transferred to the outside wheel of the vehicle during a turn. Since tire performance curves show that less slip angle at lighter loads reach the peak of cornering force curves, the introduction of s reverse Ackermann into the steering design was determined to maximize performance while cornering. This is because the steering geometry will aid in aligning each tire closer to its respective slip angle. A 1 degree difference in the wheels was selected from estimating optimal slip angles from sample tire data. These calculations can also be found in Appendix iii. Additionally, the rack was chosen to be mounted in the bottom plane of the chassis and out of the way of the driver’s feet, as can be seen on Figure #25. This meant the rack had have to be angled so that the motion of the wheel could be transferred into the rack by the use of a U-joint. The U-joint allows for the steering wheel to be angled at a comfortable angle for the driver, while still providing the required rotational input to the rack. In order to achieve this, the team decided to bolt the rack to a plate, and weld the plate to the braking bracket at an appropriate angle so that the U-joint wouldn’t bind with the turning of the steering wheel. The location of rack and pinion along with its steering tie rods was constantly monitored for clearance issues with the suspension members using Adams Software. 


[image: ]
[bookmark: _Toc321434753]Figure 25: Steering Rack Location

[bookmark: _Toc321434693]Test Plan
[bookmark: _Toc321434694]System and Integration Test Plan

The integration of the completed systems below has been for the most part seamless with the exception of select systems that we not complete prior to the fabrication of the chassis. Most everything has been given adequate room and is capable of mounting as planned. The reason that the separate systems have integrated well is that there is not necessarily a complex larger web of interacting systems. Rather, most of the systems on this vehicle interact primarily through the chassis. Therefore, proper design of the chassis has been be key when integrating, as it serves as the foundation and platform to which everything is mounted and how all the systems interact. The solid model of major components and fitment was the preliminary test for fitment. Ultimately, the compilation of the actual assembly and testing the systems while mounted to the chassis has determined the interoperability of the systems and their proper integration.

[bookmark: _Toc321434695]Test Plan for Major Components
[bookmark: _Toc321434696]Battery System Testing

The testing of the battery system will vary depending on the battery chemistry used. Since it looks like the type of battery that will be used is lead acid, aspects such as discharge rate and total charge time will be tested. The testing of the battery system’s characteristics will be followed with testing the integration of the battery system with the motor controller and motor.

[bookmark: _Toc321434697]BMS Testing
The testing of the BMS will also depend on the battery type used. If the team is able to find a good source of Li-Po batteries in the immediate future that would allow for the team to get the batteries in time, then the BMS will be tested to make sure that it is indeed balancing the voltages of the batteries and making sure that the temperatures of the batteries is not exceeding its limits. The most likely battery type that the team will be using at this point though are the lead acid batteries, which do not require a BMS in order to make sure that he voltages of the batteries are staying constant. This is mostly due to characteristics, such as the discharge curves of the lead acid batteries vs. the Li-Po batteries.

[bookmark: _Toc321434698]Low Voltage Circuit Testing
The testing of the low voltage circuit will start by testing the individual components in order to make sure that they are working. This will consist of testing items such as the energized strobe light that goes on top of the vehicle and the gauges that will be used in the vehicle.

[bookmark: _Toc321434699]Ground Fault Detection Testing
The ground fault detection test will be carried out in the same manner as the test that will be carried out by the formula hybrid competition. 

[bookmark: _Toc321434700]Potbox Testing
The objective of this test was to verify the proper operation of the throttle potentiometer (potbox). The throttle was tested to make sure that when hooked up to a five volt power supply that it delivered a range of voltage output between zero and five volts. This test required a low voltage power supply, the potbox, and a voltmeter. The potbox was expected to act as a simple voltage divider and deliver voltage levels that ranged from zero to five volts. The potbox must deliver a range of voltages between zero and five volts to be considered functional. The potbox was tested and behaved exactly as anticipated and is considered to have passed its testing.

[bookmark: _Toc321434701]Throttle Isolation Circuit
This test was to ensure that the throttle isolation circuit worked correctly (i.e. that the LV and HV grounds have a minimum resistance of 40,000 ohms between them and that the output voltage of the circuit corresponds linearly with the input voltage of the circuit). In order to test this, the optoisolator circuit was first built. A five volt source was placed across the potbox and then the output terminal voltage was measured with a voltmeter (between output and ground) as the throttle was actuated at various random angles. The input and output voltage of the throttle should varied from zero to five volts as the throttle was pressed so the isolation circuit was determined to be successful.

[bookmark: _Toc321434702]Electric Motor Controller Testing
The objective of this test was to verify that the electric motor controller worked properly. This was done by verifying that the forward and reverse functions of the motor operate. This test required a power supply of approximately 72 volts that Dr. Li was kind enough to let us use at the Center for Advanced Power Systems (CAPS). This test also required the Kelly Motor Controller (KD72501), the electric motor (Agni 95R), and all of the peripheral electronics connected to the controller (wiring, fuse, switch, & precharge resistor). To be successful, the motor controller had to be able to accelerate the electric motor in both the forward and reverse directions. The control did this as expected and was thus determined to be operational. This test did however take quite a bit of time as the controller did not work properly at first. The controller had to be disassembled and cleaned before it worked properly. The reason for the controller not working properly initially is unknown.

[bookmark: _Toc321434703]Chassis
Due to a limited amount of time, resources and budget, a physical test of the limits of the chassis is unreasonable and inefficient. As a result, the tests performed on the chassis were computer modeled and simulated and could technically be considered as part of the design phase. There were three major tests that were performed: fitment, finite element analysis, and a rules test.

The first test of fitment was heavily considered throughout the design and was performed by solid modeling parts that would be used on the vehicle and placing these parts into an assembly within the chassis model. This allows to design for and check for proper clearances between components and members of the chassis or even other components. Critical components that influenced this test significantly were items such as the differential, the motor, the seat, a model person, the brake cluster, the rack and pinion, control arms and push/pull rods.

The second test was a more passive test. It was comprised of taking a compilation of the rules and verifying that the chassis conforms to them. Although this seems menial, this is a critical test because otherwise the vehicle cannot compete. This ensures that there is proper triangulation between the members and proper clearances in relation to the driver. Most of these restrictions are placed for the safety of the operator and bystanders/volunteers that will be present at the competition.

The final test was comprised of conducting a finite element analysis of the chassis. This is also a very critical test because, even though the chassis passed the previous two tests, the frame had to be test to see whether the chassis may need additional frame members to assist in distributing the loads and stresses in the members to prevent deformation and failure of the tubing. This is very crucial since one of the primary purposes of the frame is protect the drivers and components that it houses. Doing this stress analysis will help determine its integrity and also in addition to determining the proper placement of members, it can be used to analyze the use of different outer diameters and wall thicknesses.

[bookmark: _Toc321434704]Suspension Testing
Test plan and results
The results of the final simulations can be found in appendix vi. From these graphs it is evident that the static design parameters are spot on with the geometry of the suspension. Characteristic changes with vertical wheel travel can also be observed to perform to desired effects. Take for instance figure 32, camber vs. travel (Appendix vi) in the Appendix section of this report. Minimal negative camber gain was described earlier as the desired result, and this plot shows the behavior of the suspension follows this ideal condition. 
The test plan for the suspension consisted of a two part phase. Phase one focused on measurement and accuracy. Once all of the suspension components were completely fabricated, placements for attachment brackets connecting the un-sprung mass to the sprung-mass will be carefully marked on the chassis based on the designed measurements. After all the mounting locations were determined, measurements to ensure they are symmetric on the chassis along the longitudinal centerline ensured proper alignment. The next element of phase one was to spot weld the attachment brackets to the chassis and preassemble the suspension arms and hubs. This step ensures there is no binding, supporting our simulated results. With all the measurements verified once again, the attachment brackets were completely welded and the rolling chassis was assembled.
Phase two of the test plan will be completed once the vehicle is able to be driven. Upon every test run, the suspension undergoes an analysis that will tell which adjustments to make until the car performs flawlessly. With various toe, camber, and caster angles along with tire pressure and dampening ratio changes that can be made, the car will be driven enough to fine tune the suspension as well as perform all the other tests simultaneously.

[bookmark: _Toc188859190][bookmark: _Toc321434705]4.2.10 Test Plan for Braking Components

The braking system has a rigorous testing process considering the safety involved in designing this system. The braking system will stop the car. This is obviously necessary in any automobile moving at any velocity. A test will make sure that the car will stop from up to 70 miles per hour and will lock up all four wheels in the case of an emergency. We will individually test every caliper, pads, lines and rotors for proper function. 

[bookmark: _Toc321434706]4.2.10.1 Calipers

The caliper is the component that houses the brake pads and will compresses them on the rotor, which slows and stops the car. The way we tested this component is to make sure the cylinder in the caliper is working properly and will compress safely. Pulling each caliper off and placing it on a stationary rotor while holding the brake proved holding power. 

4.2.10.2 [bookmark: _Toc321434707] Pads and Rotors

The pads and rotors are what the caliper uses to connect to the car and subsequently slow the car. This was tested this while checking the material surface for grooves in the rotor or pads. After multiple high speed stops, a digital temperature sensor was used to confirm heat dissipation within the rotors was fast enough. Also any grooved sections that would need to resurfaced for the brake rotor to compensate were inspected. There were no catastrophic grooves. Grooves on the rotor prove there is imperfection in the pad causing the metal to “groove” the radius of the rotor. This can also mean the pad is producing pressure unevenly. 


4.2.10.3 [bookmark: _Toc321434708] Brake Lines

Brake lines have one purpose, to keep the hydraulic fluid confined. To test this we pumped the break system and checked for leaks. There were no large leaks in the system and the brakes help pressure throughout the test and proved successful. Overall the brake system preformed at its optimal and required needs.


[bookmark: _Toc321434709]Steering
[bookmark: _Toc321434710]Free Play in the Wheel
The competition requires that the steering wheel have no more than 7 degrees of free play. The actual rack and pinion in the car is being re-used, and it met this requirement two years ago at competition. However it is important for the team to verify this functionality. When assembled, the free play in the wheel will be verified by lightly turning the wheel and recording the angle until it causes wheel movement. It should be less than 7 degrees.

[bookmark: _Toc321434711]Quick Disconnect
The vehicle must have a removable steering wheel, as required by competition rules. With the driver in a seated position, a test of the driver egress sequence will be performed, as it is a competition requirement. During this test, the driver has to remove the steering wheel in order to exit the vehicle and therefore the quick disconnect feature will be verified to work at this time.

[bookmark: _Toc321434712]Reverse Ackermann Geometry
The actual steering response from the system will be measured for each wheel and compared to the other to determine the steering geometry. Due to our set up displaying only a slight amount of reverse Ackermann, about 1 degree, the wheels should turn closely parallel to one another. If for any reason the measured results on the assembly are not satisfactory, the tie rods must be adjusted until the correct geometry is achieved. The final determination of the points designed for the hubs and tie rods was tested using Adams software, and the results of the Toe Angle plots displaying the Ackermann difference in the tires  as well as the bump steer caused from suspension travel can be found in the Appendix section of this report.

[bookmark: _Toc321434713]Non-Binding
The steering assembly will be turned from lock to lock distance in order to ensure smooth operation and that the hubs and wheels do not come in contact with suspension or chassis members. The travel of the steering tie rods must also show they don’t contact members during suspension travel (jounce and rebound).

[bookmark: _Toc321434714]Summary of Test Plan Status
Testing has recently begun, but systems have not been fully tested. Some tests will need to be post-production, while others are ongoing now. Below is a chart that shows the tests completed thus far
.
[bookmark: _Toc321434773]Table 4:
	Test Performed
	Tester’s Name
	Date Performed
	Outcome (pass/fail)
	Comments

	Potbox
	Danny
	3/28/12
	Pass
	

		Throttle Isolation
	Danny
	3/30/12
	Pass
	

	Motor Controller
	Danny and Scott
	3/12/12
	Pass
	

	Chassis - Fitment
	George
	1/14/12
	Pass
	

	Chassis – Triangulation
	George
	1/20/12
	Pass
	

	Chassis – FEA
	George
	1/31/12
	Pass
	

	
	
	
	
	

	
	
	
	
	






[bookmark: _Toc321434715]Schedule 
The team is currently on schedule to complete the project in two years. Significantly more than 50% of the project has been completed, especially in terms of design work. Nearly all of the designs have been well established and fabrication has been ongoing. Although we are behind schedule to complete the car to compete in a competition this year, it would not require much work to complete this vehicle and have it compete next year. Extensions were required as system designs changed due to budget constraints and were delayed for other reasons as well. These reasons include, unanticipated issues and troubleshooting.


[image: C:\Users\Alex\Downloads\Project Schedule-page-001.jpg]
[bookmark: _Toc321434754]Figure 26:Schedule


[bookmark: _Toc321434716]Final Budget and Justification
Table 4 below shows the major expenses that have incurred in relation to our to total budget. As can be seen, there still remains a fair amount of money unspent. The remaining balance would have been spent on the trip to New Hampshire, which would have cost at least $3000. Additionally, safety equipment was about to be purchased, however considering the status of the vehicle and the unlikeliness that it will complete, it was decided to halt purchasing and not spend the reserved fund of approximately $1000 for safety equipment.

[bookmark: _Toc321434774]Table 5:Budget Analysis
	Cost Analysis

	Total Budget:
	 
	$9,000.00 

	 
	 
	 

	Expenses
	 
	 

	 
	Registration
	($1,500.00)

	 
	 
	 

	Mechanical
	 
	 

	 
	Chassis
	($560.00)

	 
	Brakes
	($55.00)

	 
	 
	 

	Electrical
	 
	 

	 
	Batteries
	($850.00)

	 
	BMS System
	($316.00)

	 
	Conduit
	($45.00)

	 
	Accelerator
	($109.00)

	 
	Miscellaneous
	($100.00)

	 
	 
	 

	Industrial
	 
	 

	 
	Foam
	($80.00)

	 
	Epoxy Resin
	($150.00)

	 
	MDF
	($40.00)

	 
	 
	 

	Remaining
	 
	$5,195.00 



[bookmark: _Toc321434717]Environment, Health & Safety

	During the creation of the chassis there were multiple environmental issues that  needed to be addressed. First of all, there were multiple scrap pieces of tubing that were unusable and had to be disposed of. These were considered useless and were added to an existing pile of steel or aluminum that was to be properly disposed of in a scrap yard. Another environmental issue that plagued the team was leaks of the brake and rear differential fluid. Both fluids are caustic and when there the team ensured that any leaks from these were promptly cleaned up. When a large amount of fluid needed to be disposed of it was taken to a certified fluids disposal plant.
	Health issues that were encountered by the team were mostly from the machine shop. While working with cutting tools the hands, fingers and any exposed skin of team members were subject to being cut. There were many finger minor cuts and injuries that multiple group members received and a first aid kit was on hand when larger cuts occurred.
	There were safety issues that arose when a assembling a functioning car. With the car running the wheels, differential and motor are all possible sources of snagging cloths or limbs that could cause serious injury. In the shop the same issues were present, but the shop required safety glasses and machines were closely monitored by staff members to ensure student safety. The electrical components and high voltage systems also had to be treated with upmost care as it placed the team in danger of being electrocuted. 
	Being all electric, the car is considered environmentally friendly when compared to the average vehicle. If there was an internal combustion engine coolant as well as engine oil would be present, but not with a fully electric car. Health and safety were always a concern and was kept in check during the entire build of the car.


[bookmark: _Toc321434718]Conclusion

As can be seen in the sections above, the vehicle is comprised of many systems and subsystems that vary in complexity. Although when designing these systems, it is often easy to become so focused on the system itself that the method of integrating it into the vehicle is often neglected, it is a crucial consideration since these individual systems are integrated to produce a working vehicle. 

As a result of continuously meeting and communicating with each other, the members came to realize this early on. By doing so, this avoided many problems that would have otherwise arisen, possibly resulting in major design changes. There are, of course, many systems where the inter-relationship is very apparent, but, in those that are not, communication was essential, along with the design approach mentioned previously mentioned in this paper. Even though the design method for each system is different, the initial approach for each consisted of a deep consideration for the system’s goals and the various ways to create the design in a practical manner. 

The team members have done this for this project and have been able to fabricate and and integrate many systems. The team is finalizing remaining aspects of the vehicle and focusing on the fabrication portion of the project. The team members have also tried to work well in an interdisciplinary setting. Though it has been challenging thus far, much progress has been made and nearly 75% of the vehicle has been completed, which includes the designs of the systems and fabrications of the components.
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Appendix A – Complete Test Reports

Scheduled Test Reporting Form

Test Item: Potbox – Component Testing: Normal Operation			
		
Tester Name: 	Danny Covyeau			Tester ID No: 
Test Date: 	03/28/2012				Test No: 1
Test Time:    	1630					Test Type: Test
Test Location: Senior Design Portable		Test Result: Pass

Test Objective: 
The objective of this test was to verify the proper operation of the throttle potentiometer (potbox).

Test Description/Requirements:
	The throttle was tested to make sure that when hooked up to a five volt power supply that it delivered a range of voltage output between zero and five volts. The following equipment were needed to perform this test:
1- a power supply
2- Potbox
3- Voltmeter

Anticipated Results:
	The potbox will act as a simple voltage divider and deliver voltage levels that range from zero to five volts.

Requirement for Success:
	The potbox must deliver a range of voltages between zero and five volts.

Actual Results:
	The potbox divided the voltage just as expected the more and more that the throttle was pressed. 

Reason for Failure:
	 N/A

Recommended Fix:
	N/A

Other Comments:



Scheduled Test Reporting Form 

Test Item: Throttle Isolation Circuit				
Tester Name: Danny Covyeau			Tester ID No: 
Test Date: 	03/30/2012			            Test No: 1
Test Time:    	1315					Test Type: Test
Test Location: Senior Design Lab			Test Result: Pass

Test Objective: 
	This test was to ensure that the throttle isolation circuit worked correctly (i.e. that the LV and HV grounds had a minimum resistance of 40,000 ohms between them and that the output voltage of the circuit corresponded linearly to the input voltage of the circuit).
	
Test Description/Requirements:
	The optoisolator circuit was built first. A five volt source was placed across the potbox. The potentiometer was actuated randomly and the resulting input and output voltages were measured with a voltmeter. 

Anticipated Results:
	The input and output voltage of the throttle will be vary from zero to five volts linearly.
	
Requirement for Success:
	The input and output voltage of the throttle must vary linearly with five volts at the input corresponding to four or more volts at the output. 

Actual Results:	

	The output voltage wasn’t perfectly linear but the purpose of this circuit didn’t require it to be. The output voltage did vary nearly linearly with the input voltage. The ground isolation resistance was immeasurable as it was over five megaohms. 

Reason for Failure:

N/A

Recommended Fix: 

N/A

Other Comments 






Scheduled Test Reporting Form

Test Item: Electric Motor Controller – Component Testing: Normal Operation					
Tester Name:	Danny Covyeau and Scott Hill		Tester ID No: 
Test Date:	03/14/2012					Test No: 1
Test Time:    	1800						Test Type: Test
Test Location:	CAPS						Test Result: Pass

Test Objective: 
The objective of this test was to verify that the electric motor controller worked properly. The forward and reverse functions of the motor were tested. 

Test Description/Requirements:
	The electric motor controller was tested to verify that it operated the motor in the forward and reverse directions. The following equipment was needed to perform the test:
1- A power supply (approximately 72 volts)
2- Kelly Motor Controller – KD72501
3- Electric motor – Agni 95R
4- Peripheral electronics connected to the controller 

Anticipated Results:
	The motor controller will be able to accelerate the electric motor in both the forward and reverse directions.

Requirement for Success:
	The motor controller must be able to accelerate the electric motor in both directions.

Actual Results:
	The motor controller after being programmed easily controlled the motor speed by varying a potentiometer connected to the throttle terminals and was able to reverse direction by flipping a switch.

Reason for Failure:
	 N/A

Recommended Fix:
	N/A

Other Comments:
	





Scheduled Test Reporting Form

Test Item: Steering Assembly				
Tester Name: Tomas Bacci			Tester ID No: 
Test Date: TBD					Test No: Steer_1
Test Time: TBD    				Test Type: Rule Verification
Test Location: College of Engineering Lab		Test Result: 

Test Objective: 
The objective of this test is to verify that the steering assembly on the vehicle complies with the competition rules while providing the desired turning characteristics.

Test Description/Requirements:
	The test will require for the all steering components – tie rods, rack, column, wheel, stops and rod ends- to be attached to the chassis in its end form. The free play in the wheel must be measured to be 7 degrees or less when mildly turned. When the wheel pivots the rack from lock-to-lock position, the wheels and hubs must not come in contact with the chassis assembly. The steering link must also be verified to have proper clearance to allow for any possible suspension travel. Overall rigidity of system will also be verified, and the toe angles at the wheel will be measured and compared to verify a small amount of Ackermann geometry. Quick disconnect of the wheel will be tested for basic functionality.

Anticipated Results:
	The steering assembly should properly function and meet competition requirements as well as performance requirements

Requirement for Success:
	No competition rule can be ignored. 

Actual Results:
	N/A

Reason for Failure:
	 N/A

Recommended Fix:

	N/A




Scheduled Test Reporting Form

Test Item: Chassis				
Tester Name: George Nimick			Tester ID No: 
Test Date: 14 January 2012			Test No: Chassis_1
Test Time:    					Test Type: Test
Test Location: CoE Computer Lab			Test Result: Pass

Test Objective: 
The objective of this test is to verify that all components have an adequate amount of space and that there is proper clearance between parts and chassis frame members.

Test Description/Requirements:
	In order to perform this test, a 3-Dimensional Computer Aided Design program is necessary. This program will be used to create a model of the chassis as well as models of the components that will fit within the parameters of the chassis.

Anticipated Results:
	It is anticipated that all components will fit properly as this is a inherent part of the design and can be tested and adjusted prior to building the actual protype. Therefore, when building the actual prototype, everything is expected to fit.

Requirement for Success:
	The requirement for success is for all components to be able to fit and have adequate space to properly function in there tentative place within the chassis.

Actual Results:
Based on the model, everything appears to fit properly. The fitment of actual components will fully determine the results.	

Reason for Failure:
	 N/A

Recommended Fix:
	N/A

Other Comments:
	


Scheduled Test Reporting Form

Test Item: Chassis				
Tester Name: George Nimick			Tester ID No: 
Test Date: 20 January 2012			Test No: Chassis_2
Test Time:   					Test Type: Test
Test Location: CoE Computer Lab			Test Result: Pass

Test Objective: 
The objective of this test is to verify that the chassis configuration and triangulation conforms to the rules.

Test Description/Requirements:
	The SAE Formula Hybrid competition has compiled a set of rules to which the chassis must abide by. Failure to do so will result in exclusion from the participation of any of the events. There are specific requirements regarding dimensions, triangulations and characteristic members that the chassis must contain.

Anticipated Results:
	It is anticipated that the chassis will pass this test. The rules have been reviewed several times and there has been a significant amount of communication between the designer and the mechanical scrutineers regarding proper practices, clarification of the rules and an actual review of the triangulation of the frame members.

Requirement for Success:
	Must be able to pass technical inspection

Actual Results:
	Pass – email verification


Reason for Failure:
	 N/A

Recommended Fix:
	N/A

Other Comments:
	

Scheduled Test Reporting Form

Test Item: Chassis				
Tester Name: George Nimick			Tester ID No: 
Test Date: 31 January 2012			Test No: Chassis_3
Test Time:    					Test Type: Test
Test Location: CoE Computer Lab			Test Result: Pass

Test Objective: 
The objective of this task to verify the structural integrity of the vehicle and to use the opportunity to allow for a set up that distributes stresses and loads as evenly as possible, and to minimize weight, if possible.

Test Description/Requirements:
	The chassis will be created or transferred to a finite element analysis program, such as ALGOR, COMSOL, or SolidWorks Xpress Simulation. The chassis will then be constrained and loaded depending upon the scenario that will be analyzed. The chassis will be analyzed under various loads simulating crashed and/or loads from suspension components.

Anticipated Results:
	The chassis should be of adequate strength to endure the loads that it should receive under normal operating conditions. Since accidents can vary in severity, the key element that will be analyzed is whether or not it will be able to protect the driver.

Requirement for Success:
	The chassis should be able to protect the driver and the components within the vehicle and there should be no deformation of the frame members while using it under the specified conditions that it was designed for; specifically, these conditions include driving and maneuvering on smooth pavement, with banked and unbanked turns, and through an autocross course.

Actual Results:
	Pass

Reason for Failure:
	 N/A

Recommended Fix:
	N/A
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Provide data sheets for the major off-the-shelf components you included in your design.  Examples include sensors, development boards, motors and specialty components.  
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The kinetic energy equation

[image: ]

The kinetic energy produced from a 70mph stop
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Time that a 70mph stop will take
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Energy the stop will produce 
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Force required for this braking situation
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14" Mini Dune Buggy rack and pinion steering unit, 4.5’ lock-lock, 12:1 gear ratio






°
[bookmark: _GoBack]
If limited to 25°  with the use of steering stops, the resulting turning radius calculates as:
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[bookmark: _Toc321434755]Figure 27:Sample Tire Performance curve for a racing tire. Peak of cornering force occurs at higher angles for stronger loads.
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Figure A. Lipo Battery Configuration with Fusing
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Figure B. Mathematical Model for Battery Design
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[bookmark: _Toc321434756]Figure 28:Figure 28 Suspension design selection matrix
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[bookmark: _Toc321434757]Figure 29: Suspension Layout





[bookmark: _Toc321434728]Appendix vi – Suspension Drawings
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[bookmark: _Toc321434758]Figure 30:Suspension Concept Generation
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[bookmark: _Toc321434759]Figure 31:Swing arm length vs. travel
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Figure 
32
: camber vs travel
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[bookmark: _Toc321434760]Figure 33: scrub vs. travel
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[bookmark: _Toc321434762]Figure 34: svsa vs travel
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Rear
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[bookmark: _Toc321434764]Figure 36: Anti lift% vs. Travel
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[bookmark: _Toc321434765]Figure 37: Anti squat% vs. Travel
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[bookmark: _Toc321434766]Figure 38: Fvsa vs. Travel
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[bookmark: _Toc321434767]Figure 39: Scrub vs. Travel
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[bookmark: _Toc321434768]Figure 40: Svsa vs. Travel
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[bookmark: _Toc321434769]Figure 41: Toe vs. Travel
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