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Abstract of The Dissertation 

 

Modeling and Design of an Autonomous High Speed ¼ Mile Vehicle  

by 

Joseph Kenneth Smithson Bell 

Doctor of Philosophy in Mechanical Engineering 

 University of California, Irvine, 2020 

Dean Gregory N. Washington Irvine, Chair 

 

 

This work outlines the design, modeling and development of a competition eliminator dragster 

which is a specialized vehicle built to compete in the National Hot Rod Association (NHRA). A 

simple control strategy was also developed once the vehicle model was validated.  Towards that 

end, redundant braking, steering, throttle and shifting systems were all designed, modeled, and 

then implemented in vehicle.  Three sensor systems (camera, radar, lidar) were also integrated into 

the vehicle to enable the vehicle to know its position relative to the track, and its external 

environment. All these systems were developed and designed such that the vehicle could be 

autonomous but seamlessly overridden by an in-vehicle driver. The performance of these systems 

was then validated on the research vehicle. This was demonstrated by completing a fully 

autonomous quarter mile drag race, complete with camera detection for the staging sequence and 

trajectory following. Two additional safety scenarios are presented and controlled: starting the race 

off center and fishtailing.
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Introduction 

 

The goal of this PhD project is to design and test a fully autonomous competition eliminator 

dragster. A competition eliminator dragster is a single person vehicle that is composed of a 

twenty-foot-long light weight tubular chassis. The dragster is designed as a rear engine vehicle 

meant to be driven at high speeds in a straight line for short distances. In theory the concept of 

driving in a straight line as fast as one can for a short period of time seems relatively straight 

forward however there are nuances associated with the necessary controls to achieve this goal 

that make it an interesting research project.  

There are many intriguing challenges associated with this project; one in particular is the ability 

to process a plethora of sensor data and then process said data to output the necessary corrective 

measures weather that be steering, braking, etc… in a fraction of a second in order to then 

actuate the vehicle at high speeds.  

While computing time is a challenge in itself, that is only one piece of the puzzle; after all, 

knowing what to do without having the ability to actually do it will enviably lead to an accident. 

This brings us to the next areas of interest which is designing the conversion of the vehicle from 

human powered controls to nomadic controls. The design of drive by wire systems or driver 

assist systems have been developed for low speed vehicles however the challenge we face is 

developing high speed vehicle control actuation. The specific functions that will need to be 

controlled for this application are: steering, braking, throttle, shifting, and actuating the parachute 

at the end of a race. To put the speeds of this actuation into perspective a competition eliminator 

dragster has the ability to travel a quarter mile in just over seven seconds starting from a 
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standstill; this means in one second, it would have traveled 188 feet therefore the actuation of our 

controls must be on the order of fractions of a second. 

To achieve this goal, we intend to use linear actuators. The challenge associated with precision 

linear actuators is they tend to either be high speed or high torque [1] however our application 

will require both high speed and high torque. To overcome the torque/speed challenge associated 

with using linear actuation we plan to develop our own linkage system so as to find the required 

medium between both speed and torque for our specific application. The reason this application 

requires high torque is because unlike modern cars on the road dragsters are not equipped with 

power assist options so braking and steering are manual therefore our actuators must both high 

speed and high torque.  

The last and most obvious challenge with this project will be sensing. This phrase is intentionally 

vague because there is a plethora of things that will need to be sensed for example the position of 

vehicle on the track at all times and more importantly its projected path at all times. While 

autonomous driving is not new and object recognition are not new research interests one of the 

sensing challenges we must overcome is traction. In drag racing one usually must limit engine 

torque to achieve full traction. In drag racing this is done by the seat of the pants of a seasoned 

driver. Our task will be to develop a way to sense full traction and more importantly sense when 

we are losing traction and use throttle control to then regain full traction. On a competition 

eliminator dragster power is distributed through the rear wheels through a locking differential; 

this means the rear wheels are forced to spin at the same rate. Because the rear wheels spin at the 

same rate one cannot use wheel speed sensors to compare the delta in speeds to determine loss of 

traction as is done in most traction control algorithms [2]. How to solve this problem has not yet 

been determined, however one idea is to look at possibly comparing wheel speed to drive shaft 
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speed and vehicle velocity. Comparing drive shaft and wheel speed will not enable one to know 

which specific wheel is slipping but it will at least provide information as to when traction is lost. 
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Ch. 1: Literature Review 

In the literature autonomous vehicles research is abundant, in fact most automotive companies 

already have a form of autonomy or driver assisted technology integrated into one or more of their 

product lines [3], [4], [5]. Technologies such as lane keep assist and adaptive cruise control have 

become standardized in luxury Original Equipment Manufacturing  (OEM) automotive brands 

however level three autonomy and higher is still active research space that needs more 

development [6]. Level three autonomy would be considered a vehicle that can perform all driving 

functions on its own but my need occasional driver interference.   Most of the current driver assist 

features relay on drive-by-wire technology there have been several research projects centered 

around drive-by-wire and the required actuation associated with drive-by-wire systems. The 

following papers discuss drive by wire integration and how to incorporate double redundancies for 

safety [7], [8]. Drive-by-wire systems help with the understanding needed for autonomous 

actuation since the autonomous aspect requires similar electromechanical actuation of the vehicle 

function (steering, braking, acceleration, etc…). The literature is rich with autonomous driving 

control strategies both for vehicle to vehicle communicating and vehicle to infrastructure 

communicating, however the hardware side that implements the physical actuation is not as well 

documented [9], [10], [11], [12], [13]. One of the interesting design challenges associated with the 

hardware side of this project is that a competition eliminator dragster has no drive-by-wire features 

in fact almost every aspect of the driving process in a dragster utilizes a mechanical connection to 

the driver. Drag racing research seems to have a void in the literature as it relates to driver assist 

technology and autonomy. The focus in the literature on drag racing is on material properties and 

aerodynamic [14], [15], [16], [17].  
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The following papers discuss some of the hardware and system integration issues associated with 

autonomous control along with discussing ways in which to elegantly transition from autonomous 

controls to manual control of a vehicle [18], [19], [20]. Another interesting topic covered in [18] 

is the ability for an autonomous vehicle to safely navigate traffic even when surrounded by a 

mixture of non-autonomous and autonomous vehicles. For the drag racing application, this project 

focuses on the potential for the vehicle to react with both the opponent vehicle and the external 

environment.  Thus, the ability to take the necessary actions should the racing opponent come into 

the lane of the autonomous dragster could be crucial. It should also be pointed out that low speed 

autonomy, for things such as self-parking is also pretty saturated in the literature [21], however 

high-speed autonomy and some of the other challenges associated with it, such as traction control 

are less present. Since high speed is a focus for this project it seems prudent to develop an 

understanding of a way of integrating a standard traction control system onto a high-speed 

autonomous vehicle. The development of traction control for standard non-autonomous vehicles 

is very well documented, the following citations evaluate different traction control algorithms [22], 

[23], [24]. One of the tasks of this project will be to see how to best apply some of the already 

established traction control systems to this project. Of course, to understand traction control best, 

tire friction should be comprehended. Tire friction itself is very complicated luckily there are a 

variety of tire friction estimations through simplified models in the literature, the following papers 

discuss tire friction models [25], [26]. 

 

  



 

6 

 

Ch. 2: What Is Drag racing? 

Drag racing is one of the fastest accelerating automotive sports on the planet. Specially designed 

vehicles compete from a standstill to their maximum acceleration in a straight line for a 

predetermined length. The work in this study focuses on the design, modeling and construction of 

a fully autonomous competition eliminator dragster. Based on a comprehensive review of the 

literature, this is the first complete development of autonomy applied to this specific vehicle type.  

Autonomy is a relatively new trend in the automotive arena; however the field remains plagued 

with public doubt as recent accidents have raised safety concerns[27], [28]. In addition, one of the 

motivations behind this work is to provide evidence it is possible to achieve safe autonomous 

driving even at high speeds. This works seeks to prove this by demonstrating that if autonomous 

driving can be achieved at high speed then at lower highway speeds it can also be achieved. There 

have been a number of autonomous vehicles in the literature in both Formula Society of 

Automotive Engineers (FSAE) and Formula one Tenth (F1tenth) but these vehicles were 

preforming at lower speeds than the target in this work [7], [29], [30] 

More specifically this work will illustrate the dynamics associated with a competition eliminator 

dragster along with how to model these equations and will couple those dynamics to the actuator, 

sensor and control development necessary for autonomy. 

2.1 Introduction to drag racing and the Competition eliminator class 

Drag racing is high speed motor sport where the drivers see how fast they can go in a straight line 

for a quarter mile starting from a stand still. This type of racing usually is done in pairs however 

there is now one track that allows for up to four cars to race at a time. Laser beams are installed at 

the start of the race and at select intervals along the track in order to time the vehicles and calculate 
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the speed of these vehicles. A start light, commonly referred to as a Christmas tree is used to 

prestage and stage the vehicle prior to the start of the race. As the cars pull forward to the starting 

line their front tire breaks the laser beam which lights the first set of yellow prestage lights on the 

Christmas tree then as they inch even closer and the second beam is broken, the staging lights 

become lit. Once the staging lights are lit there are three amber lights, these lights light up in 

descending order leading to the green light which signals the cars to go. If a car leaves before the 

green light a red light will come on in this driver’s lane signaling that the driver left too soon and 

automatically loses the race. There is also the case where both drivers leave before the green light; 

in this case the “first is worst” rule comes into effect and so who ever left first loses the race. If a 

driver crosses the center line or hits the wall this is also an automatic forfeit of the race.  

 

Figure 1: Drag Race Starting Light Bulb Definitions 

Traditionally in drag racing the idea was to build the fastest car possible, since the goal in drag 

racing was to get to the finish line first, the individual who had the faster car would have a clear 

advantage. As one might imagine this led to people spending exorbitant amounts of money to build 

the lightest and fastest cars and it soon became a game of who had the most money. To even the 
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playing field special classes were created that set either fixed times or dialed in time. This meant 

that the goal no longer became who could go the fastest but instead who could be the most 

consistent to their time. The Competition Eliminator was one of the classes that was developed to 

help even the playing field for those without such a big budget. This class includes a set index of 

7.90 this means all the cars are targeting going the quarter mile in 7.90 seconds, if a car goes faster 

than 7.90 they lose the race [31]. By having a set index there is more pressure on the driver to 

perform instead of simply seeing who can afford to build the fastest vehicle. Now the driver’s 

reaction time and the skill of the crew chief all come into play because it’s about reaching the 

finish line before your competitor but also not “breaking out” (going to fast). 

Unlike a traditional car, a competition eliminator dragster is a purpose build single passenger 

vehicle that is long and slender in shape for better aerodynamics and lighter weight. The motor is 

positioned behind the driver and the driver is surrounded by a tubular roll cage for safety in the 

event of an accident. Below is a table of different sportsman drag racing classes with their 

respective indexes for both the quarter mile and the eighth mile. 

Table 1: List of sportsmen drag racing classes and their respective indexes 

 Comp Eliminator Indexes  

Class 1/4 Mile 1/8 Mile 

AA/AM 7.04 4.49 

AA/AT 6.87 4.39 

AA/AF 7.98 5.08 

BB/A 7.96 5.06 

BB/AM 7.50 4.78 

BB/AT 7.50 4.78 
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BB/AF 8.70 5.52 

CC/A 7.55 4.81 

CC/AT 7.83 4.98 

DD/AT 7.58 4.83 

A/PM 6.67 4.26 

AA/PM 6.78 4.33 

H/D 7.03 4.49 

I/D 7.32 4.67 

A/D 7.04 4.49 

B/D 7.27 4.63 

C/D 7.48 4.76 

D/D 7.86 5.00 

 

The National Hot Rod Association (NHRA) is the leading sanctioning drag racing body and the 

above table lists a few of the sportsman categories. The NHRA was founded in May of 1951 by 

Wally Parks [32] with the goal of stopping people from street racing and providing a safe place 

where individuals can fulfill their need for speed. Wally Parks vison of making racing safer can 

now be taken a step further with the implementation of autonomous driving technology on to 

race cars such as the dragster discussed in this work.  

Ch. 3:  Vehicle Dynamics Equations 

At the start of any design an adequate vehicle model should be developed.  There are very few 

models in the literature that account for the out of plane motion of a dragster, which this work must 

mitigate successfully for safe vehicle operation.  One of the most comprehensive analyses, 
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conducted by McKinney and Metz, focused on the analysis of ground effects and the utilization of 

vehicle shape to enhance the downforces necessary to mitigate these effects [33]. The analysis 

included in this work builds on the work in [33] with the inclusion of an expressed relationship 

between vehicle velocity and normal force.   

3.1 Wheel stand model 

The out of plan motion analysis below is based on a Newtonian approach [34], [35], [36].  Below 

is the free body diagram for the model that was developed for the out of plan motion. The 

coordinate system chosen follows the international vehicle dynamic standard for cars and light 

duty trucks [37], [38], [39]. 

 

Figure 2: Free Body Diagram For Out of Plan Motion 

Table 2 explains the forces associated in the free body diagram from Figure 2 (For the readers 

convenience this table is repeated in the appendix section) 

Table 2: Free body diagram nomenclature 

Forces in the x-direction 
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𝐹𝑑 Vehicle aero dynamic drag force 

𝐹𝑟𝑟𝑓  Rolling resistance on the front wheels 

𝐹𝑟𝑟𝑟 Rolling resistance on the rear wheels 

𝐹𝑓𝑟𝑖𝑐 Tractive friction produced by rear wheels 

𝐹𝑓𝑤𝑥 Front wing drag force 

𝐹𝑟𝑤𝑥 Rear wing drag force 

Forces in the z-direction 

𝐹𝑛𝑓 Front axle reaction force (normal force) 

𝐹𝑛𝑟 Rear axle reaction force (normal force) 

W Gross vehicle weight (including driver) 

𝐹𝑙𝑖𝑓𝑡 Aerodynamic down/lift force 

𝐹𝑓𝑤𝑧 Front wing lift force 

𝐹𝑟𝑤𝑧 Rear wing lift force 

Applied torque about the rear axle 

𝑇𝑒  (not depicted in Free Body Diagram) Applied engine torque vs time history 

 

With the forces explained, the dynamic equations can be shown in equations (1), (2), and (3). As 

highlighted before previous studies on the modeling of dragsters under-emphasized the 

relationship between the vehicle velocity and the normal force [33].  A major contribution of this 

study is the expansion on this relationship since the normal force on the rear axle of the dragster 

is expected to increase upon the initial acceleration [40].  

By assuming a no slip condition [41] and applying Newton’s second law in translation and rotation 

the governing dynamic equations of the system are as follows: 

 fric rrf rrr d fwx rwxF F F F F F mx− − − − − =  (1) 
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 lift nr nf fwz rwzW F F F F F mz+ − − + + =  (2) 

 
nf fwx fwz d cp lift nf fric rrr rwz rwxF L F (D r) F (C L) F Z F (A G) F r F r F r WA F E F F I+ − − + + − + − + − − + + =   (3) 

The moment from equation (3) was taken about the driven wheels. Equation (3) can be reduced 

further if the coefficient of rolling resistance is known. 

The coefficient of rolling resistance is a complex calculation that requires knowing a number of 

specific details of which are not the focus of this work (tire deformation, rubber compound, 

inflation pressure, surface friction coefficient, etc…) [16], [42]. For this work the coefficient of 

rolling resistance is already assumed to be known. The force of rolling resistance can then be 

calculated as the normal force times the coefficient of rolling resistance and because of the no slip 

condition the engine torque is directly proportional to the force of friction times the tire radius. 

Implementing these simplifications into equation (3) then yields: 

  

 
nf rrf fwx fwz d cp lift e nr rrr rwz rwxF {L (c )(r)} F (D r) F (C L) F z F (A G) T F (c )r WA F E F F I− + − − + + − + + − − + + =   (4) 

Where crrf and crrr are the coefficients of rolling resistance of the front and rear axle respectively. 

In reference [33] the dynamic equations were developed with the assumption that the pitch would 

be zero. The equations developed in this paper take into consideration a change in pitch (i.e wheel 

stand). The dynamic equations that have been developed thus far account for a generic dragster 

with fixed wings in both the front and rear of the vehicle. The vehicle developed for this project is 

not equipped with front or rear wings, to account for this the forces acting on the wings (i.e the 

front and rear wing drag and lift forces) were set to zero. 
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3.2 Bicycle model 

In order to account for the lateral or in plane motion of the vehicle a bicycle model was 

implemented [43], [44], [45]. The free body diagram of the bicycle model that was implemented 

is depicted in Figure 3. The bicycle model was chosen because the physical design of a dragster 

actually approximates that of a large bicycle. Table 3 explains the nomenclature in the Free Body 

Diagram (FBD) of the bicycle model (For the readers convenience this table is repeated in the 

appendix section). 

 

 

Figure 3: Bicycle Modal FBD [44] 

Table 3: Bicycle Model Free Body Diagram Nomenclature 

𝛿𝑟 Rear steering angle 

𝛿𝑓 Front steering angle 
C Center of mass 

𝐿𝑓 Distance from front 

axle to center of mass 

𝐿𝑟 Distance from rear axle 

to center of mass 

V Velocity of center of 

mass 

β Slip angle 
Ψ Heading angle of the 

vehicle 

O Instantaneous rolling 

center 
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For the bicycle model there are three assumptions that are made, the first is that the lateral forces 

on the tires are small. The second assumption is that the slip angle at both the wheels are zero [43]. 

The final assumption is that the total lateral force (centripetal force) from both tires when driving 

on an arc of radius “R” is: 

 
2

c

mv
F

R
=  (5) 

The three dynamic equation developed for the bicycle model [44], [46], [47] are: 

 

f r

f r

x Vcos(

y Vsin( )

Vcos( )
{tan( ) tan( )}

(l l )

=  + 

=  + 


 =  − 

+

 (6) 

The bicycle model discussed accounts for rear wheel steer. The vehicle this model is being 

implemented on has a fixed rear axle which means the vehicle doesn’t perform rear wheel steer. 

This simply means from a modeling perspective will be zero. It should be pointed out that from a 

control’s perspective, rear wheel steer mimics a fish tailing driving scenario which is something a 

dragster could experience giving further credence to employing this model. 

3.3 Chassis Model and Finite Element Analysis 

The assumption for the bicycle model was that the chassis of the vehicle could be considered to be 

rigid. To validate this assumption a three-dimensional Computer Aided Design (CAD) model of 

the chassis was constructed and a Finite Element Analysis (FEA) was preformed to validate the 

structural rigidity of the chassis. The finite element model can be seen in Figure 4. 
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Figure 4: FEA On Chassis 

 

The dragster chassis is unique in that there is no moving suspension. To verify the rigidity of the 

chassis a Finite Element Analysis (FEA) of the suspension was performed on the CAD model that 

was previously mentioned. In this analysis the front of the chassis was fixed in the locations where 

the a-arms attach, and axial loading (similar to actual conditions) was applied to the rear of the 

chassis centered at the differential housing. From the FEA with the maximum anticipated axial 

load applied, the maximum deformation over the entire 240-inch wheel base is 1.43 inches. This 

small deformation in the lateral direction is what validates significant rigidity and the use of the 

bicycle model. 

Ch. 4: Design Considerations for Simultaneous Autonomous and Human 

Powered Actuation 

The next phase of the project is to develop the required actuation for the vehicle to be controlled 

autonomously. The overall goal of the project is to create an autonomous competition eliminator 

dragster with multiple redundancies that also allow for a simple driver override.  This concept is 
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referred to as Redundant Autonomy with a manual override.  The unique challenge for this 

actuation design and a major contribution of this work is that the driver must be able to safely and 

efficiently override all drive systems (Braking systems, Steering Systems, Throttle Systems and 

Shifting Systems) in the event of a loss of autonomous features. Thus, the vehicle design must 

simultaneously incorporate autonomy and human operation. 

The electronic control design for a dragster varies from a traditional Advanced Driver Assist 

System (ADAS) in a verity of ways; some of which make the system easier to develop and some 

harder. For a more traditional ADAS vehicle that will be driven on public roads there is 

substantially more scenarios to account for as it relates to traffic, pedestrians, adverse weather 

conditions etc. A dragster is designed specifically for a predetermined driving scenario so the 

computational expensive is not as dyer. On the other side of the fence, a dragster is a very analog 

vehicle and so integrating electromechanical systems requires design development that would 

already be established in a modern ADAS vehicle. For example, electric power steering (EPS) is 

a standard in most ADAS vehicles whereas a complete EPS system had to be designed and 

integrated to the dragster. The other notable difference with a dragster is the rate of speed of the 

vehicle which dictates a reduced decision-making and actuation window. 
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Figure 5: Control Flow Chart 

Operating on the assumption that a driver is a requirement, the first task for this phase was to 

follow the National Hot Rod Association’s (NHRA) rules for a competition eliminator dragster as 

it relates to cockpit safety requirements for drivers. In order to access any sanctioned track, these 

rules require a driver to be in the vehicle at all times and this a secondary factor relative to vehicle 

design.  In addition, driver protective wear (fire retardant suits, proper footwear, head, and hand 

gear) the operational space had to be designed to safely accommodate the driver (harnesses, roll 

cage and roll bars) along with computer systems and associated hardware.  Given that this vehicle 

has the ability to exceed 150 miles per hour it is also a requirement that the vehicle be equipped 

with a parachute and both the driver and the computer need to be able to activate the parachute.  

Primary supervisory control emanates from the Nvidia PX2 (PX2).  The PX2 is the central 

supervisory control unit and is responsible for interrogating the sensor inputs and providing control 

inputs to actuators.  Signals are prosecuted using industry standard Controller Area Network 

(CAN) Bus. The PX2 is hard mounted to the chassis of the vehicle, Grade 8 bolts were used to 

secure the PX2 directly to the chassis through the use of vibration instillation mounts. Further 

elaboration on the PX2 integration will be presented in the communications chapter.  A fire wall 
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was also installed to separate the PX2 from both the drivers compartment and the engine 

compartment, this will work to prevent excess heat from reaching the PX2 and reduce the chance 

of the PX2 being damaged if there is an on-board fire. The actuators associated with the primary 

driving function, (i.e Steering, braking, throttle) are all also shielded with a fire wall that separates 

them from the engine compartment of the vehicle, this again is intended to protect them in the 

event there is an on board fire as the hope is that  with the fire walls installed the fire will be 

isolated to the engine compartment until the vehicle can safely come to a stop. 

The reason for understanding all the driver safety and critical component protection requirements 

and restrictions prior to developing the actuation of the vehicle is to get an understanding of the 

driver’s restrictions as it relates to their mobility in the vehicle; this way nothing gets designed that 

will render the driver unable to control the vehicle if required to. In the autonomous vehicle realm, 

the Operational Design Domain (ODD) is defined as the scope over which a specific vehicle can 

operate autonomously [48]. Furthermore, the ODD exit is defined as the procedure of ending 

autonomous control and handing responsibility back to the human. There are two forms of ODD 

exit: planned and unplanned [49]. In this project, a planned ODD exit is when the race has 

completed, and the autonomous requirement has finished. Conversely, an unplanned ODD exit 

would be classified as a driver disengagement, due to the human deeming the autonomous control 

not able to overcome a situation. 

4.1 Electromechanical systems design and development  

One of the major contributions of this work involves systems level design development at the 

component level (Braking systems, Steering Systems, Throttle Systems and Shifting Systems) as 

redundancies for simultaneous human and computer interactions for these entities don’t currently 

exist and as such could not be purchased for this application. Figure 6: Component Location 
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Overview provides an overview of the location of some of the key components on the vehicle that 

will be discussed in detail in the next view sections. 

 

Figure 6: Component Location Overview 

The design process for each component will now be described in detail.  For all modeling the 

engineering design process was utilized [50].  Computer Aided Design (CAD) tools and Finite 

Element Modeling (FEM) has been primarily used to validate the forces needed and to size 

components. 

4.1.1 Braking 

Once a complete understanding of all the driver’s safety requirements was established the braking 

actuator system was developed. Currently the vehicle is equipped with manual hydraulic four 

piston per caliper rear disk brakes.  This vehicle’s intended use is racing so there is no power 

braking, meaning the master cylinder is directly connected to the brake pedal. 



 

20 

 

The base of the pedal is attached with a pivot to the chassis of the vehicle while the master cylinder 

push rod is then connected to the pedal above this pivot point. The design is such that when the 

driver steps on the pedal the push rod goes into the master cylinder forcing hydraulic fluid through 

the brake lines into the brake calipers where the caliper pistons then force the brake pads against 

the rotors creating drag and ultimately stopping the wheels from spinning. The redesign installed 

a high torque linear actuator parallel to the master cylinder but directly above the master cylinder. 

The linear actuator would then be connected to the brake petal using a linkage system.  

 

Figure 7: Brake Pedal Slider Linkage 

The idea is that as the linear actuator retracts it would apply the brakes and as it opens it would 

release the brakes. Figure 7 provides a visual for how the system would function. It is important 

to note the linear actuator is not directly connected to the brake pedal. The actuator is connected 

to a slotted linkage that is then connected to the brake pedal. The slotted linkage is designed such 

that the driver can manually press on the brake in an emergency situation where they need to take 

control of the vehicle [7]. Aside from a mechanical override to the control the brake pedal is 

outfitted with pressure switch so that once the brake pedal is depressed the autonomous control 

would shut off and the linear actuator would position itself in the neutral position such that it would 

not interfere with the drivers braking command. The idea is similar to a modern cruise control 
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system which automatically shuts off when the driver steps on the brake. The integration of the 

brake pedal override switch is depicted in Figure 8. 

 

Figure 8: Brake Pedal Override Switch Integration 

A micro switch was installed near the center of the pedal then a stainless-steel hinge was added so 

that the switch could be activated regardless of where the pedal is pressed. The micro switch is 

important for a specific situation and that is if there is ever a situation where the diver need to let 

off the brake pedal. The linkage system itself does not have the ability to allow the driver to let off 

of the brake pedal if needed, therefore a pressure sensor that automatically positions the actuator 

into an off/neutral position would be the only way for the driver to release the brake. With that 
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said the assumption was that if the driver needed to take control of the vehicle it would likely be 

to apply the brake not to release the brake.   

 

Figure 9: Braking Actuation Linkage Design 

4.1.2 Steering 

With the braking complete, the steering system becomes the next area of interest. The current 

steering system installed on the vehicle is relatively straightforward.  It consists of a stiletto rack 

and pinion steering rack that is mounted in the front of the vehicle just behind the front axle. The 

rack and pinion connect to the spindle of each front wheel with adjustable heim joints which enable 

the correct tire alignment.  Coming off the spline gear of the rack is a fourteen-foot-long three-

quarter inch tube running down the length of the vehicle into the driver’s cockpit and connecting 

directly to the steering wheel with a quick release connection. The steering rod is supported by 

sleeves connected to the chassis of the vehicle eleven feet from the front axle.  

Much like the braking system, the idea behind the steering is to create a system that allows the 

driver to override the controls if something goes awry with the autonomous drive system. To 

achieve this end the decision was made to maintain the mechanical linkage between the rack and 

pinion and the steering wheel by developing a driver assisted electric power steering system. 
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Figure 10: Universal Electric Power Steering Assist Test Setup 

The drivers assist motor maintains a mechanical connection between the input and output shaft. A 

bench test of this setup can be viewed in Figure 10. The idea then would be to splice the rod 

connecting the rack and pinion to the steering wheel and insert the electric assist unit in between 

the two. The model of this set up is illustrated in Figure 11.  With this set up the driver can send a 

torque signal directly to the electric assist motor through the mechanical connection and since the 

steering wheel and steering assist motor are physically connected, the steering wheel will move 

when the autonomous controls are activated so if the driver needs to override the controls the 

potentiometer connected to the steering wheel will be in the correct position for the driver to correct 

the direction of the vehicle. The steering system is the primary driver intention monitoring link to 

account for the human machine interface. Input threshold torque values are set in the steering 

system that enable driver take over when reached. Driver input can then be monitored before 

reaching those values to determine a driver’s intentions.   



 

24 

 

 

Figure 11: Model of Steering System 

4.1.3 Throttle 

The throttle petal on the dragster is currently connected through a pivot point on the bottom of the 

pedal that is then fixed to the chassis of the vehicle. Near the top of the pedal the throttle cable is 

attached to the pedal. Once the pedal is applied the cable is stretched and the carburetors are 

activated. As a safety the pedal is also outfitted with a hook that is designed to wrap over the top 

of the driver’s foot and allow the driver to pull up on the petal in the event of a stuck throttle. 

From a safety perspective, the driver will need to be able to take control of the throttle in the event 

the autonomous features of the throttle do not safely control the vehicle. In the development of the 

automated throttle consideration was given to the most likely action the driver would encounter 

and what throttle responses the driver would most likely request. In almost all emergency scenario 

generations the number one request from the driver would be to decrease or “let off” the throttle. 

With the understanding that letting off the throttle would be the most likely case if the driver 

needed to intervene it seemed logical to install a momentary micro switch on the hook of the pedal 

so that just as a driver would pull up on the pedal in a stuck throttle situation they could pull up 

and activate the switch. The integration of the throttle pedal override switch can be seen in Figure 

12. 
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Figure 12: Throttle Pedal Override Switch Integration 

Once the switch is activated the autonomous controls shut off and the driver would then manually 

control the car. For this to work the cable connected to the accelerator pedal would need to be 

disconnected from the pedal and connected to a linear actuator. In normal operating conditions the 

linear actuator would be controlled through autonomy. In the event the driver needed to take 

control of the vehicle the driver would first trip the micro switch which would disable the 

autonomous features and automatically let off the throttle. The driver would then need to be able 

to control the throttle manually, this would be achieved by attaching the throttle pedal to a spring-

loaded potentiometer. The driver could then control the throttle with the pedal as the potentiometer 

would send the requested throttle command to linear actuator essentially turning the vehicle into a 

drive by wire system.  The Pedal assembly with the potentiometer is depicted in the CAD model 

in Figure 13. 
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Figure 13: Throttle Pedal Assembly 

4.1.3.1 Finite Element Analysis 

For the Throttle actuation there were two systems to consider. The first was the actuation of the 

Carburetor by the linear actuator, the second was the actuation of the potentiometer in the event 

the driver is needed to operate the throttle. Table 4 list the materials for the former. 

Table 4: Mechanics of Materials Used in Throttle Actuation System 

 

 

 

 

 

 

Material  Where the material 

was used in the 

system 

Elastic Modulus 

(N/m2) 

Shear Modulus 

(N/m2) 

Carbon steel 

1023 

Throttle linkage 2.049*1011 7.99*1010 

AISI 1015 

steel 

Cables 2.05*1011 8*1010 

Carbon Steel 

1023 

Spacer bar 2.049*1011 7.99*1010 

Alloy Steel Ball joint connecting 

throttle cable 

2.1*1011 7.9*1010 

Carbon steel 

1023 

Throttle cable mount 2.049*1011 7.99*1010 
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A finite element analysis was performed on the linkage design of the throttle actuation. The model 

showed the greatest stress in the throttle actuation system is centered at the neck of ball joint, 

relative to this point the stresses on the rest of the system are negligible. It is important to point 

out that while the ball joint neck has the highest stress in this system it is still well below the yield 

stress of the joint and after dividing the model stress by the elastic modulus of the material the 

resulting safety factor was just over twenty-four.  

The second throttle system considered is the linkage system connecting the physical throttle petal 

to the throttle potentiometer. The materials and their respective properties are listed in Table 5. 

Table 5: Mechanics of Materials Used in Throttle Pedal System 

 

In the model of the pedal system below the lower connection where the petal pivots, exhibits the 

highest stress in the system. While the maximum stress is on the pivot joint the estimated forces 

applied from the driver are much lower than the material strength and so the maximum stress still 

is a factor of magnitude below the yield stress of the material. 

4.1.4 Shifting 

Material  Where the material was used 

in the system 

Elastic Modulus 

(N/m2) 

Shear Modulus 

(N/m2) 

Carbon steel 1023 Throttle petal 2.049*1011 7.99*1010 

AISI 1015 steel Universal joints 2.05*1011 8*1010 

Aluminum Link bar 6.9*1010 2.7*1010 

aluminum Throttle potentiometer 6.9*1010 2.6*106 
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The vehicle utilizes a two-speed power glide transmission. This means that over the course of the 

race the transmission must be shifted from first to second gear. In general, for a dragster the first 

to second gear shift is done using a spring-loaded solenoid that then connects to a Revolutions Per 

Minute (RPM) activated switch. The idea is that when the speed of the motor reaches the desired 

preset shift speed selected in the RPM activated switch, the solenoid would automatically shift 

gears so that the driver would not have to remove their hands from the steering wheel to shift 

during a race. The last key design of this shifter is that it comes equipped with a manual reverse 

lock out. The reverse lockout is to prevent the driver from accidently shifting from high gear to 

reverse. While this design works well during the race it has a major limitation in that it only 

automates the first to second gear shift, this means a driver is still needed to manually shift to the 

rest of the gears (i.e. neutral, reverse, & park).  

Obviously, an autonomous vehicle must be able to shift itself through all gears, so the previously 

mentioned design was replaced with what’s known as a rachet shifter.  A ratchet shifter replaces 

the shift gate plate that is standard on most shifters with a ratcheting mechanism that allows the 

shifter handle to ratchet to a new gear while then returning to the same neutral position. The 

advantage to this shifter is that it can then be outfitted with solenoids that can rachet the shifter 

through all the gears of the transmission since there is no shift gate plate to navigate through. The 

Reverse lock out system was removed from this shifter as it prevented the solenoids from being 

able to shift through all the gears. This design can be viewed in Figure 14 
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Figure 14: Ratchet Shifter with Shift Solenoids 

For a completely autonomous car there is no need to have a shifter however as with all the other 

driving functions the design goal here was to create a system that has a smooth hand off between 

being autonomously controlled and manually operated. This shifter design allows for just such an 

operation as a driver can still shift the car by hand if needed since the electric solenoids do not 

prohibit the shifter from being manually controlled.  However, the electric solenoids can be 

controlled to shift the car through every gear during autonomous operation. 

4.1.5 Parachute 

For a drag race once, one reaches the final gear the focus then switches to slowing down after the 

race. For a competition eliminator dragster there are no front brakes. To aid in the deceleration of 

the vehicle after the race or in the event of an accident, a parachute is deployed to aid in this process 

along with the application of the rear brakes.  A spring-loaded parachute bag is held closed with a 

cable.  The other end of the cable is routed into the driver’s cockpit and is attached to a lever that 

is fixed to the chassis of the vehicle. The driver releases the parachute manually by pushing on the 

previously mentioned lever. 

The activation of the parachute is a direct safety issue, so the design of its autonomous activation 

also needed to allow the driver to activate the parachute as well.  



 

30 

 

To enable the driver to still be able to activate the parachute manually a secondary cable was 

implemented instead of a linkage to connect a linear actuator to the parachute activation lever. 

With a cable the linear actuator can be moved out of the driver cock pit since the cable would just 

need to be run to wherever the linear actuator is mounted.  This design would also allow the driver 

to activate the parachute since the cable connecting the linear actuator to the parachute activation 

lever could be compressed by the diver when activating the parachute manually. A CAD model of 

the parachute mechanism can be viewed in Figure 15 

 

Figure 15: Parachute Activation Schematic 

Ch. 5: Sensing 

At this point the focus has been on the development of the electromechanical systems designed to 

actuate and control the driving functions of the vehicle. The previous step while important is only 

half of a completely autonomous car, attention will now be given to the sensor development and 

placement on the vehicle.  

Human drivers preform multiple calculations as they drive, some of these calculations are routine, 

however some are split second decision/reactions based purely on personal experience. This is 

important to point out because there is an ethical conundrum to consider when developing an 
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autonomous vehicle since the mistakes that a regular driver can excuse due to the split second they 

had to make a choice now becomes a calculated decision for a programmer of an autonomous 

vehicle [51], [52]. While it was important to point out that there is an ethical element to consider 

for developing an autonomous vehicle this is not the focus of this work. For this specific project 

the focus is on collision and obstacle avoidance since for a drag strip there are no cross streets or 

pedestrians to account for. With that said the focus going forward will look at the how best to 

provide the sensing for driving without considering ethics. 

5.1 Camera 

A human’s eyes are the first and probably most common organ one would associate with how a 

person sees where they intend to drive, after all the human eye allows a driver so to see the road 

ahead of them.  The first sensor implemented on the vehicle that reflect a drives eyes most closely 

is a camera. A front facing Sekonix camera was implanted on the vehicle near the top of the driver’s 

compartment. The Sekonix camera was chosen because of its large field of view do to its fish eye 

lens and the fact that it was directly compatible with the controller the Nvidia PX2 since it used a 

Gigabit Multimedia Serial Link (GMSL).  Having a front facing camera allows one to implement 

lane line detection algorithms since the camera has a 120-degree horizontal field of view. Aside 

from lane line detections, general object detection is archivable with this camera as well [53], [54].  

One of the primary challenges for a drag racer is the driver’s ability to react to the starting line 

Christmas tree. To read the Christmas tree autonomously the Sekonix camera is used to detect the 

tree and a color algorithm was developed to then determine which lights are being eliminated, this 

is similar to how a traffic light would be detected under regular driving conditions. 
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Figure 16: Sekonix Camera 

 

Figure 16 illustrates the camera being used, it can be noted that the camera is roughly one square 

inch is size. This small size camera also allows it to be mounted using a simple roll bar mount to 

the chassis. In Figure 17 one can see the camera mounted on the vehicle. 

 

Figure 17: Sekonix Camera Mounted on Chassis 

5.2 LIDAR 

With one front facing camera there is a field of view limitation as one of the primary concerns 

when drag racing is knowing what the competitor vehicle is doing. For a traditional driver this is 
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achieved using one’s peripheral vision but even for a traditional driver there are limitations in the 

field of view for the driver since they are required to wear a full faced helmet which can act as a 

narrowing blinder. To continue with the analogy the “peripheral vision” senor added to the vehicle 

was a LIght Detection And Ranging (LIDAR) sensor. LIDAR much like one’s peripheral vison 

provides a rough outline of what it sees in the form of a point cloud of data that can be processed 

into object detections through trainings using machine learning. The big advantage of LIDAR 

however is that it provides a full 360-degree field of view enabling the vehicle to see and track the 

competitor vehicle in the other lane during the entire race. Being able to track the competitor 

vehicle is important if the competitor crosses lanes to prevent a collision [55], [56],[57].  

The specific LIDAR sensor implemented on this project was the Velodyne VLP-16. This sensor 

has 16 laser levels with a vertical field of view of 15 degrees. Since the sensor has a 360-degree 

horizontal field of view it was mounted on top of the dragster to prevent obstructing its field of 

view. One of the other incredible things a person’s eyes can do is provide a depth perception of an 

object, this is another advantage of the lidar over the camera. Since the LIDAR can create a three-

dimensional point cloud it provides depth perception data that can be used to determine how close 

objects are to the vehicle and more importantly how close the vehicle is getting to other objects 

such as the wall or the center divider of a track. Figure 18 highlights the lidar mounted to the 

vehicle. 
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Figure 18: Lidar Mounted on Chassis 

5.3 Radar 

Up to this point the analogies used have compared sensors to how a human would see the road. 

However, the goal of this work is to demonstrate ways in which autonomous controlled vehicle 

are actually better than human controlled vehicles, so the next sensor integrated has no real analogy 

to how people view the road. 

One of the limitations with the human eye is that it requires light to be able visualize objects. Radar 

sensors see things in an entirely different manner. Radar’s broadcast radio waves that then reflect 

off of objects, the speed in which the reflected wave is received then tells how close or far an object 

is to the radar. The radar is perfect for night driving and adverse weather conditions then because 

radio waves do not need light to detect objects. For this work the radars that were used were the 

Delphi ESR 2.5 Radars.  The vehicle used two of these radars side mounted on the vehicle one at 

the front and one towards the back of the vehicle. This sensor placement was chosen for two 

reasons, the first was to provide a second validation for the LIDAR tracking of the competitor 

vehicle since the competitor vehicle would be in the field of view of the radar [58]. The second 

reason the sensors were placed in this orientation was to help determine if the vehicle was not 

oriented straight as it went down the track since the distance from each sensor to the guard wall 
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should remain relatively consistent during the race. The radars can be seen with their mount In 

Figure 19. 

 

Figure 19: Radar and Mount 

5.4 Inertial Measurement Unit with Integrated Global Positioning System 

The next sensor incorporated on to the vehicle much like the radar does not have a direct analogy 

to how one visualizes the road but instead has a correlation to how a driver feels the handling of 

the vehicle on the road. The sensor being discussed is an Inertial Measurement Unite (IMU). The 

IMU chosen for this project is the ECUMaster GPS To CAN with IMU. The ECUMaster GPS To 

CAN IMU uses internal CAN communication to provide acceleration, pitch, and yaw data that can 

then be processed for evaluating safe control maneuvers. One example of how the IMU would be 

used is in determining if the vehicle is entering into a wheel stand. The pitch angle would be part 

of a feedback loop that could then correspond to a throttle control command to reduce throttle 

input when positive pitch is received.  The IMU along with its GPS antenna can be seen mounted 

to the front of the vehicle in Figure 20. 
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Figure 20: IMU With Integrated GPS 

Aside from the internal acceleration, pitch and yaw measurements of the IMU this particular IMU 

is also outfitted with a Global Positioning System (GPS). The GPS provides both position and 

velocity information along with heading angles. The Velocity and Position information is used as 

a double redundancy to validate the data received from the LIDAR and the heading angle is used 

as a feedback loop with the steering control to verify the desired trajectory of the vehicle. 

5.5 Drive shaft speed 

The last sensor integrated on to the vehicle was a hall effect sensor. Coupling a hall effect sensor 

with a 16-tooth steel collar that mounts to the differential pinion enables the measurement of the 

drive shaft speed. The vehicle does not have wheel speed sensors however since the vehicle is 

equipped with a spool, the driven wheels turn at exactly the same rate so dividing the drive shaft 

speed by the differential gear ratio then produces the wheel speed. With wheel speed and the tire 

diameter the vehicle velocity can then be calculated. The velocity calculated from the driveshaft  

speed acts as a validation for the GPS vehicle velocity when there is a no slip condition on the 
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wheels. The driveshaft speed and the velocity from the GPS are also used in conjunction to 

determine wheel slip since a spike in the drive shaft speed that does not correlate with the speed 

provided by the GPS would indicate a loss of traction. The drive shaft speed sensor can be viewed 

in Figure 21. 

 

Figure 21: Drive Shaft Speed Sensor 

Unlike traditional on road driving a loss of traction in drag racing is a common assurance and while 

not ideal racers usually regain control their vehicle by what’s known as “pedaling” their car. 

Pedaling the car means reducing the throttle command until traction is regained and then 

reapplying the throttle once traction has been reestablished. With the combination of the driveshaft 

wheel speed sensor and the GPS vehicle velocity being sent into a feed back loop with the throttle 

controller the vehicle will be able to know when traction is lost and emulate what a real driver 

would do to regain traction in order to continue the race.  
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Ch. 6: Component Communication  

At this point the major electromechanical systems and sensors have been explained individually. 

The following section seeks to elaborate on how the communication of these individual 

components was established to produce a seamless system. At the heart of the communication is 

the onboard Central Processing Unit (CPU). The CPU used in this project as was explained in 

chapter four is the Nvidia PX2. The PX2 is a test platform established by Nvidia for academic and 

industry customers specifically for the purpose of autonomous vehicle development [59]. The PX2 

can accept as inputs a variety of different data types for processing which makes it a desirable CPU 

for an autonomous vehicle. The Lidar, camera and IMU alone account for three unique data types 

Ethernet, Gigabit Multimedia Serial Link (GMSL), and Controller Area Network Bus (CAN Bus) 

respectively. Table 6 provides a comprehensive inspection of all the individual components that 

the CPU must communicate with and their respective data types. 

Table 6: Vehicle Actuator & Sensor Data Types 

Component Type Component Data Type 

Sensors 

Camera GMSL 

LIDAR Ethernet 

Radar CAN 

Driveshaft Speed Sensor Frequency 

Inertial Measurement Unite CAN 

Steering Angle sensor Analog 

 

 

Actuators 

Throttle Linear Actuator CAN 

Brake Linear Actuator CAN 

Electric Power Steering (EPS) CAN 

Parachute Linear Actuator  Digital 
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Shift Solenoid’s Digital 

Transmission brake Solenoid Digital 

Driver Override Controls 

Throttle switch Digital 

Brake switch Digital 

Driver ready switch Digital 

Emergency Autonomous deactivation switch Digital 

Throttle Potentiometer Analog 

 

From the Table 6 it becomes clear to see there was a variety of signals that needed to be both 

received and transmitted.  While the PX2 could establish direct communication with some 

components some messages were not formatted in a manner the PX2 could receive directly. To 

account for the signals that could not be received directly from the PX2 the IOXP was also 

integrated as an auxiliary signal processing controller, this will be discussed further in section 6.2.   

6.1 Controller Area Network Bus (CAN Bus) 

From Table 6, outside of the switches, the most common data type used on the project was 

Controller Area Network Bus (CAN Bus). A CAN Bus is a robust serial communications protocol 

designed for harsh environments particularly automotive applications. The protocol was invented 

by German BOSCH Corporation in the early 1980s to realize the data exchange between numerous 

controllers and measuring instruments in modem automobile [60],.[61]. It should come as no 

surprise that the primary communication for our vehicle then realize on CAN Bus 

communications. What makes CAN Bus communication such a useful tool for in the automotive 

arena and on this project in particular, is its ability to facilitate communications between multiple 

components on the same Bus. This means that instead of individually wiring each component on 

the vehicle to the CPU we can establish just one set of two wires that each component can plug 
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into which can then be routed to the PX2. An example of this concept can be seen in Figure 22 

with the actuator CAN Bus. 

 

Figure 22: Actuator CAN Bus 

This drastically reduces the physical electrical connection to each component. The reason Multiple 

components can be on the same CAN Bus is because with CAN you can assign each component a 

unique send and receive CAN Identification Number (CAN ID). Table 7 summarizes the three 

CAN Bus’s that were used on this project and the components on each Bus. 

Table 7: CAN Bus Decoder 

CAN Bus One, 500 [Kbit/sec] 

Component Send ID Receive ID 

Front Radar 600 604 

CAN Bus Two, 250 [Kbits/sec] 

Component Send ID Receive ID 

Throttle Actuator 401 402 

Brake Actuator 201 201 

Electric Power Steering   

Inertial Measurement 

Unit 

601 601 
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CAN Bus Three, 500 [Kbits/sec] 

Component Send ID Receive ID 

Rear Radar 600 604 

 

CAN communication can also operate at different speeds, the speed of the CAN channel is usually 

dictated by the length of the Bus and the manufacturer of the components on the CAN Bus however 

some manufactures allow the end user to program the desired CAN speed [62]. For this project 

three different can channels were established because the actuators used operated on 250 Kbit/sec 

and the radars used operated on 500 Kbit/sec. Ideally both the front and the rear radar could have 

been on the same CAN Bus however the Delphi ESR 2.5 radars used had identical fixed CAN 

ID’s, because of this a third CAN Bus was used.  

6.1.1.1 Controller Area Network Database File (DBC File) 

Up to this point the discussion about CAN has been centered around the advantages achieved in 

the physical integration of components on the same CAN Bus lets now shift focus to the individual 

CAN messages themselves. The CAN standard in the automotive industry relays on the J1939 

protocol [63], [64]. J1939 establishes standard database (DBC) files that basically convert English 

to machine language which in most cases is hexadecimal. The components integrated on the 

vehicle followed this protocol and came with their own DBC files. Since each CAN component 

used had a DBC file instead of developing the low-level machine language code to talk to each 

component a combined master DBC file was established by merging the DBC files of all the 

components into one. With the master DBC file communication to every device was now possible, 

this will be discussed further in chapter 6.3. 
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6.2 IOXp 

As was mentioned in the beginning of chapter six the PX2 is capable of accepting a variety of 

different input data types directly however it cannot accept digital, analog, or frequency inputs. To 

account for signals not directly compatible with the PX2 a secondary input/output to CAN 

controller was used. The ESX-IOXP (IOXP) is a programable controller from STW that accepts 

as both inputs and outputs: CAN, frequency, digital, and analog signals. Table 8 highlights the 

signals processed with the IOXP. 

Table 8: IOXP Controller for Input/Output to CAN 

Signals Processed Through IOXP 

Component Data type Input to IOXP Output to CAN Bus 

in Hexadecimal 

Throttle override switch Digital Switching Ground 0 or 1 

Brake override Switch Digital Switching Ground 0 or 1 

Emergency shutoff 

Switch 

Digital Switching Ground 0 or 1 

Driver ready Switch Digital Switching Ground 0 or 1 

Throttle Potentiometer Analog 0-5v 0-5,000mv 

Steering angle sensor Analog 0-5v 0-255 

Tachometer signal Frequency Square wave RPM 

Driveshaft speed sensor Frequency Square wave RPM 

 

When the vehicle is under autonomous operation the IOXP first processes the arm signal from the 

driver ready switch, this signal comes into the IOXP then gets converted to a CAN message on the 

PX2 that turns on all the control logic for the vehicle. The next step for the IOXP is to input the 

frequency from the drive shaft speed and the engine tachometer then convert these values to 

Hexadecimal CAN messages to be passes along to the PX2 to be used for determining both wheel 

slip and when to shift.  
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The original design of the project was such that if an operator needed to, they could at any point 

take control of the vehicle, (i.e the operator is the supervisory controller). To facilitate manual, 

takeover of the vehicle there were a number of switches integrated on to the vehicle to allow the 

operator to shut off the autonomous operations of the vehicle. If the IOXP received a voltage signal 

from the operator after they have tripped any of the override switches then the IOXP sends a 

Message over the CAN Bus to the PX2 which intern inters the control logic to deactivate the 

autonomous operation and set all of the actuators to their neutral positions. At the same time the 

control logic then activates the throttle potentiometer so that the operator can control the throttle 

though drive-by-wire. The throttle potentiometer signal is then sent to the IOXP where it is 

converted into a CAN Message that is then sent to the throttle linear actuator. Since the IOXP also 

uses J1939 protocol the DBC file for all the components used on the CAN Bus could be uploaded 

on the IOXP for simplified programing. The IOXP can be seen in Figure 23 below. 

 

Figure 23: ESX-IOXP 

6.3 RTMaps 

The communication discussed to this point have been by and large the physical communication 

between components, (i.e. CAN, Ethernet, I/O, etc.) lets now shift focus to how all these signals 

are being processed. Once the PX2 receives the signals that were discussed in the previous two 



 

44 

 

sections that data gets processed through the use of an Intempora based software called RTMaps. 

RTMaps is a component-based software development and execution environment which enables 

users to time-stamp, record, synchronize and play back data from various sensors and vehicle buses 

[65]. RTMaps is a graphical coding software similar to MATLAB’s Simulink but specifically 

designed to foster communication between physical sensors and actuators. A complete RTMaps 

diagram was built and tested on a lab computer then cross compiled as embedded code for the 

PX2. RTMaps was used because it also facilitates the integration of other coding software. 

RTMaps has a built in Data Distribution Service (DDS) for real time systems that can wrap 

Simulink code into packages that can then be used in the RTMaps environment. Much of the 

coding for this project was completed in MATLAB and Simulink and then wrapped as a package 

for RTMaps. An example of one of the RTMaps diagrams used for establishing communication 

with the radars can be seen in Figure 24. 

 

Figure 24: RTMaps Diagram  
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6.4 Robot Operating System (ROS) 

As was previously mentioned the advantage to RTMaps is that it is compatible with a variety of 

other programing software one of which is an open source software called Robot Operating System 

(ROS). ROS is a set of software libraries and tools that help one build robot applications. From 

drivers to state-of-the-art algorithms, and with powerful developer tools [66], [67], [68]. For this 

project some of the open source stop light algorithms on ROS were adapted and used in RTMaps 

through the ROS Bridge. 

6.4.1 Camera 

Aside from lane keep assist one of the primary functions of the Sekonix camera is to determine 

the state of the starting light Christmas tree [69], [70], [71]. As can be seen in Figure 25 the 

Christmas tree provides seven different signals that must be interpreted [72]: 

 

 

Figure 25: Drag Racing Starting Light Bulb Definitions 

1. Yellow: Pre stage of the dragster 

2. Yellow:  Pre stage of the competitor vehicle 

3. Blue:  Stage of the dragster 
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4. Blue: Stage of the competitor vehicle 

5. Amber: Countdown to go 

6. Green: Start race 

7. Red: Stop race 

Each interpretation of which bulbs are lit correspond to a different control maneuver on the vehicle. 

The normal staging process would be as follows: Following the burn out, which warms the tires to 

increase traction between the driven wheels and the surface of the track a driver will back up using 

their crew members to help align them straight on the track. At this point no bulbs on the christmas 

tree are lit, a driver would let off the brake and creep forward until the front tire breaks the starting 

light beam thus turning on the yellow pre-stage bulb. Next, apply the brakes and wait until the 

competitor vehicle turns on their pre-stage light. Once the competitor vehicle turns on their pre-

stage light let off the brake again and creep forward until the blue stage light is turned on, then 

come to a stop by applying the brake again. Then wait until the competitor vehicle turns on their 

stage bulbs. At this point apply the transmission brake, let off the wheel brake, and apply maximum 

throttle. The amber lights will come on simultaneously then the green light. When the green light 

comes on let go of the transmission brake and start the race unless the red light comes on. If the 

red light comes on let of the throttle and forfeit the race. 
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Figure 26: HSV Color Chart [73] 

It becomes easy to see that knowing which bulbs are lit is crucial to starting the race. To determine 

the status of each bulb a stop light filter from the ROS library was modified to filter based on Hue, 

Saturation, and Value (HSV) color format as can been seen in Figure 26. The pixels from each 

filter were then counted to determine if the bulb was lit.  Through iterative tuning, thresholds were 

established for each filter. Figure 27 is an example of the pre-stage filter (steps one and two) and 

half of the stage filter (step three). 
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Figure 27: ROS Pre-stage and Stage Filters 

Once the filters were tuned and the corresponding ROS filter algorithm was developed to recognize 

when each filter knew which bulb was on the complete ROS package was wrapped and feed into 

RTMaps. The ROS logic then acts as an input to the launch controller stateflow algorithm. The 

launch controller stateflow algorithm automates the control decisions that were previously 

discussed that a driver would ordinarily preform based on which bulbs on the christmas tree are 

lit. 
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 Stateflow is a control logic tool in Simulink which facilitates event-based programming within 

the simulation tool. The event-base structure of stateflow is ideal for the staging process as it 

requires actions to be taken based on the state of the christmas tree. For the launch sequence, the 

operator will drive the vehicle through the water box, perform the burnout, then line the vehicle 

up. At this point, the operator must put the vehicle transmission in Park, remove their feet from 

the pedals, and engage the ‘Driver Ready’ switch. This switch is the handoff from human to 

autonomous control. The computer then activates the brake. Using stateflow conditions, the logic 

waits until the brake is fully depressed to continue. Once this is the case, a shift command is sent 

to shift the transmission from Park to 1st gear. From here, the brake is released, and the vehicle can 

creep forward until the pre-stage lights are activated. When the camera light detection algorithm 

determines the pre-stage lights are on, the brake is engaged once again. Once the brake is fully 

engaged and the vehicle comes to a stop, the autonomous dragster is pre-staged. At this point, the 

brake is released, and the vehicle creeps forward until the stage lights are activated, at which point 

the maximum braking command is sent once again. Once the vehicle has reached maximum 

braking, the computer activates the transbrake and releases the brake pedal. Once the stateflow 

logic determines the brake has reached its minimum point, the launch position of the vehicle’s 

throttle actuator is commanded. At this point, the vehicle is ready to launch. Once the detection 

algorithm determines that the amber lights are illuminated, a CAN message is sent to release the 

transbrake, which in turn sends the dragster forward. If the timing is correct and a green light is 

achieved, the reference velocity of the dragster is sent to the model predictive controller and the 

race continues with trajectory following. During the race, once the engine speed reaches the desired 

shifting rpm, a shift command is sent to the autonomous shifter to enter 2nd gear. If in contrast, a 

red light is obtained at launch, the stateflow algorithm sends the reference velocity to zero and the 
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race is over. If at any point in this stateflow control the driver activates an override function, the 

condition process is exited immediately, and the vehicle functionality is transferred back to the 

operator. Figure 28 below shows the stateflow control logic. The boxes represent states in which 

the logic is entered sequentially if the conditions (arrows between blocks) are met. 

 

Figure 28:  Launch Control Stateflow Diagram 
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Ch. 7: Calibration of Actuation Mechanisms 

Unlike in simulation, on a tangible project there are always physical limits that must be accounted 

for to prevent systems from self-destructing. As part of the design implementation many of the 

electromechanical systems being developed for the vehicle required calibration. The following 

section seeks to highlight some of the key calibrations that were performed on the driving systems. 

7.1 Steering 

The steering system that was integrated onto this vehicle uses a steering angle sensor in a feedback 

loop to determine the position of the wheels. The steering angle sensor can be seen in Figure 29. 

 

Figure 29: Steering Angle Sensor Integration 

On a manually steered vehicle the driver of the vehicle is the feedback controller that determine 

both the direction of the wheels and the end points of the steering limits. One of the limitations of 

the steering system developed for this project is that there are no steering end limit sensors. The 

danger of not having an end limit sensor is that the steering motor could theoretically break the 

rack and pinion of the steering system by continuing to attempt to turn the steering column past 

the physical stops of the vehicle. By calibrating the steering system, the lack of physical sensors 
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can be accounted for. First the wheels and the steering wheel were centered, then with the steering 

angle sensor plugged in to our controller the wheel was turned to each end point, both right and 

left. The corresponding bit values were measured and recorded at each end point. These values 

were then recorded in the steering control logic so that the system knows when it had reached the 

steering limits. This system design basically utilizes the steering angle sensor for two purposes: 1) 

To determine the current wheel angle, and 2) To provide a digital limit for both the left and the 

right physical steering stops. 

The last calibration that was performed on the steering system was in response to the control 

aspect. As was previously mentioned the steering angle sensor provides position feedback, 

however the steering controller does not send out position commands. The steering angle 

command is produced by simulated torque signals. This means that the system continues turning 

until it receives feedback from the steering angel sensor that it reached its desired position. The 

nature of this design has the potential for both overshoot and oscillatory responses around desired 

angles. To mitigate this Proportional Integral Derivative (PID) control coupled with a look up table 

was established to gradually reduce the desired torque command as the desired position improves.  

The implementation of a look up table drastically reduced the overshoot and combined with the 

addition of a finite threshold eliminated the oscillatory responses that were initially observed. The 

experimental set up for the initial calibration of the steering gains incorporated integrating the 

steering system on the vehicle and recording the steering response when the system was 

commanded to a particular angle. 
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Figure 30: Initial PID Tuning of Steering System 

Figure 30 depicts the initial PID tuning of the steering system. The desired steering wheel angle 

chosen for testing was thirty degrees. Through iterative tuning oscillations and overshoot were 

eliminated and the best results can be seen in the black response. 

7.2 Braking 

Another system that required calibration was the braking system. Emergency braking, though not 

fully autonomous has been applied to modern luxury vehicles on the market now [74], [75]. As 

was previously discussed in [76] The braking system was designed such that an operator could 

seamlessly take over the braking of the car through the implementation of a slide linkage. The 

advantage to the slide linkage was that the brake could be manually applied regardless of the 

position of the brake linear actuator; the compromise however is that for the drive to request a 

brake release command an integrated micro switch would first have to be triggered. When the 

switch is triggered the brake linear actuator then resides to a neutral position. The lengths of the 
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slid linkage and the actuator neutral position are vital though because if the linkage is to long it 

will interfere with the driver’s ability to apply the brake petal manually. Also, if the neutral position 

is not exact it will have the same consequence on the driver’s ability to apply the brake. 

 

Figure 31: Brake Pedal Linkage Calibration 

The pedal spacing highlighted in Figure 31 has been calibrated such that the overhang from the 

pedal enables the manual actuation without interference from the slide linkage when the linkage is 

in the neutral position. 

The other crucial brake calibration that was preformed was the measurement of position relative 

to brake line pressure. The brake hydraulic line pressure is what actually activates the brakes so 

the correlation between the position of the linear actuator and how much pressure is being applied 

is needed to know the percentage of brake being commanded. To achieve this calibration a brake 

line pressure gauge was installed downstream of the master cylinder and the incremental 

measurements were taken from the neutral position to maximum line pressure. These pressure 

measurements were then correlated to linear positions so that accurate braking percentages could 

be commanded when being autonomously commanded. 
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7.3 Throttle 

With steering and braking accounted for the throttle pedal calibration was considered next. The 

engine in this project is dual carbureted. The carburetors are controlled through a mechanical 

linkage that connects to the throttle linear actuator by way of a push pull cable. The calibration for 

the throttle linear actuator required measuring the wide-open throttle position and the idle throttle 

position. Once these measurements were known the total delta of travel for the throttle linear 

actuator could be determined and a position percentage calculation could be developed. 

7.4 Shifting 

The shifting calibration was not as straight forward as the throttle. The shifter utilized for this 

application was the B&M pro rachet shifter.  Using a ratcheting shifter eliminated the need to 

navigate a standard shift plate and allowed the shift handle to return to the same neutral position 

after switching gears. Since the shifter arm returns to the same neutral position it can be outfitted 

with solenoids for both the up and down shifting directions this can be seen in Figure 32. 

 

Figure 32: Rachet Shifter with Integrated Electric Shift Solenoids 
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Unlike a standard shifter a rachet shifter is usually “slapped” into gear swiftly. The impulse of the 

shift is what allows the built-in return spring of the shifter to reach its neutral position. Upon initial 

implementation it was discovered that the solenoid on command time was too long and so the 

shifter was skipping gears because the handle was not being allowed to return completely to its 

neutral position where it could engage the next set of teeth on the gear for the appropriate shift. To 

compound the problem, it was also discovered that the electric solenoids were over heating because 

of the total time they were being commanded to be in the on-state. To solve both the over-heating 

and the shifter gear engagement issue, iterative impulse commands for the on deration of the both 

the up and down shifting solenoid were tested until the desired performance was reached. 

Table 9: Down Shifting Impulse Response Testing 

Down Shifting Impulse Response Testing 

Down shifting 

impulse on time 

(sec) 

Did the ratchet 

return to its neutral 

position from the 

down shifting 

solenoid (Y/N) 

Excessive heating 

from down shift 

solenoid (Y/N) 

Was the down 

shift completed 

(Y/N) 

0 Y N N 

0.05 Y N N 

0.1 Y N N 

0.15 Y N N 

0.2 Y N N 

0.25 Y N Y 

0.3 Y N Y 

0.35 N Y Y 

0.4 N Y Y 

0.45 N Y Y 
 

The shifting tests were performed in 50 millisecond impulse on increments. The down shifting 

solenoid results can be seen in Table 9. The initial impulse times were not long enough to 

completely shift the vehicle into gear however longer shift commands resulted in over heating of 

the actuator. The desired performance for the down shifting solenoid was between a 0.25 -0.30 
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second impulse on command. Since quicker shifts are obviously desired for a drag racing 

application 0.25 seconds was chosen for the down shifting solenoid on command time. The up 

shift actually required slightly more force to achieve a complete shift, so a larger solenoid was 

implemented for upshifting. Iterative testing preformed on the up-shift solenoid the same as the 

down shift solenoid using 50 millisecond impulse on iterations to test the up shifting.  

Table 10: Up-Shifting Impulse Response Testing Results 

Up shift Impulse Response Testing 

Up shifting 

impulse on time 

(sec) 

Did the ratchet 

return to its neutral 

position from the 

up-shifting 

solenoid (Y/N) 

Excessive heating 

from up shift 

solenoid (Y/N) 

Was the up shift 

completed (Y/N) 

0 Y N N 

0.05 Y N N 

0.10 Y N N 

0.15 Y N N 

0.20 Y N N 

0.25 Y N N 

0.30 Y N N 

0.35 Y N N 

0.40 Y N N 

0.45 Y N N 

0.50 Y N N 

0.55 Y N N 

0.60 Y N N 

0.65 Y N N 

0.70 Y N N 

0.75 Y N Y 

0.80 N Y Y 

0.85 N Y Y 

0.90 N Y Y 
 

The up-shifting impulse time the produced the desired performance as can be seen in Table 10, 

was 0.75 seconds. Shorter shifting times for the up shift were not long enough to perform a 

complete shift.  It should be pointed out that unlike in road race competitions, in drag racing over 
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the course of a race there is only one shift that takes place (first to second gear) since the 

transmission being utilized is a two-speed power glide. It is for this reason that a more robust 

shifting design, such as an air shifter, was not implemented. 

Ch. 8: Sensor Data Interpretation 

With the calibration of the major driving systems accounted for the focus was now shifter to 

interpreting the vehicles five sensors.  Much how a human uses their senses to navigate through 

obstacles the PX2 must utilize the sensors on the vehicle to navigate its way down the track and 

avoid obstacles if they present themselves in the way of that path. 

8.1 Lidar 

Ideally drag racing is a non-contact sport, this means avoiding objects that may present themselves 

in one’s path is vital in drag racing. The LIght Detection and Ranging or LIDAR sensor is one of 

three sensors used for object detection in this work. LIDAR uses multiple laser beams that project 

out in a 360-degree field of view with sixteen vertical layers. The reflection from these lasers 

produces a three-dimensional point cloud of the surrounding area, as can be seen in Figure 33. As 

each laser beam reflects back, it produces 16 vertical slices of the surrounding environment that 

are color coded to reflect their height from the ground, blue being on the bottom and red towards 

the top. Humans can directly interpret the point cloud data in Figure 33 and see there is a vehicle 

to the left of the dragster and a wall on the right but to the PX2 these are all just points in space. 
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Figure 33: Raw Point Cloud Data Recorded From LIDAR on Dragster 

The task at hand is turning the point cloud information into useful data for the PX2 to process. The 

first step in the detection algorithm is to filter out unwanted points. In this case, that requires 

removing the points that the lidar picks up from the ground (these are the circles of points 

surrounding the ego vehicle in Figure 33) and any points that the lidar picks up from other parts 

of the ego vehicle itself (in Figure 33 portions of the front tires, the air scoop, and the rear tires can 

be seen). This has now filtered out any miscellaneous points, and the only points remaining to be 

analyzed are physical objects with a certain height.  The next step is to determine the closest points 

of each object to the ego vehicle. In order to get a 360-degree surrounding detection algorithm, the 

point cloud data was segmented into 8 sections of 45 degrees each. Within each section, the closest 

point cloud point from the filtered data is chosen to represent the object. If there is no close point 

in a segment, the detection defaults to zero for that 45-degree piece.  

The completed detection algorithm provides the result shown in Figure 34. The detections 

successfully identify the vehicle to the left of the dragster and the wall to the right of the dragster, 

and in multiple places for each. With these detections, control decisions can be chosen. 



 

60 

 

 

Figure 34: LIDAR Object Detection Overlaid on Point Cloud 

8.2 Radar 

Object avoidance is a challenge because some sensors provide false positives due to noise in the 

signals, because of this multiple different sensors are used to verify objects to reduce the chance 

of false positives.  The next sensor used for Object avoidance was radar. Radar transmits radio 

waves and uses the reflection of those waves to determine the objects that are around it. An 

advantage to radar is that it is not dependent on light, so they are very effective in adverse weather 

conditions. The Delphi ESRR 2.5 radars being used in this work are equipped with both a short- 

and long-range radar. For this work two radars were used on opposite sides of the vehicle one 

towards the front on the left side and the other vehicle and the other towards the back on the right 

side. This placement was chosen so that one sensor could track the competitor vehicle while the 

other gauged the ego vehicles proximity to the wall the wall. The Delphi ESR radars utilize CAN 

Bus communication which makes their physical electrical integration on to the vehicle relatively 
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simply. Another great advantage to the Delphi radars is that they preprocess the raw data into 

detections. This means the point cloud to object step that was needed for the lidar is already done. 

These radar also color code their detections to show various statuses about each detection such as 

if it is a new detection or if it has been tracking that detection already. All eight of the different 

color classifications are explained Table 11. 

Table 11: Radar Detection Classification 

Detection Status Status Color 

No Target  

New Target  

New Updated Target  

Updated Target  

Coasted Target  

Merged Target  

Invalid Coasted Target  

New Coasted Target  

 

Radar signals are naturally noisy and since these particular radars have long range built-in they 

have the tendency to pick up detections that are beyond the area of interest, (i.e the track).  

 

Figure 35: Unfiltered Left Radar Detections 
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Figure 36: Unfiltered Right Radar Detections 

In Figure 35 and Figure 36 the unfiltered radar detections are represented as rectangular boxes. 

They can be seen overlaid on the lidar detections that were discussed earlier. The left radar is 

capturing the competitor vehicle however it is also picking up objects well past the competitor 

vehicle off the track. The right radar captures the wall however it also captures houses on the other 

side of the wall well outside the boundary of the track. The first step is then to filter out all the 

detections outside of the tracks boundary since those detections will not be useful for the purpose 

of the race. The next step is to focus on the updated targets, these are targets that have been present 

in multiple steps which confirms they are likely not false positives or noise but are actual 

detections. 
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Figure 37: Left Radar Filtered Detections 

 

Figure 38: Right Radar Filtered Detections 

Red circles are used in Figure 37 and Figure 38 to represent the filtered data from the left and right 

radars respectively. With the application of the filter there are no detection outside of the focus 

area and the overall amount of detections is limited to confirmed objects so there are no erroneous 

detections. Now this information combines with the LIDAR detections can be fed into the PX2, 

where a control decision can be calculated. 
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8.3 Camera 

Radar and LIDAR are great for object detection because they both use reflections off of the 

physical object they are detecting to determine where that object is in space. One of the limitations 

that both radar and lidar have however is when an object does not have a volume such as a lane 

line, they cannot detect it since there is not a three-dimensional shape for their respective signals 

to reflect off of. Another limitation both radar and LIDAR have is when there is a requirement of 

more information than just the position of an object for example when one needs to know the color 

of the stop light not just where the stop light is positioned. These last two tasks are accomplished 

with the use of a camera. A forward facing Sekonix camera was utilized on this project in large 

part because of its 120-degree horizontal field of view and because of its Gigabit Multimedia Serial 

Link (GMSL) capability which allowed it to interface with the PX2 directly. The Christmas tree 

starting light detection capabilities of the camera were discussed in the On-Vehicle Component 

Communication chapter under the Robot Operating System section so that will not be repeated 

hear instead the focus will be on lane line detection. 

 

For lane line detection, we built upon an already established program from Nvidia called Open 

Space Net. Open space net uses Convolutional Deep Neural Networks (DNN’s) to encode ground 

truth image data in a way that preserves high-resolution information during convolutional DNN 

processing. The encoding is designed to create enough redundancy for rich spatial information to 

not be lost during the down sampling process inherent to convolutional DNNs. The benefits 

include increased lane detection range, increased lane edge precision/recall, and increased lane 

detection robustness [77]. The open space net is a set of different color lines overlaid on top of the 

camera image where each color represents a different meaning.  
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Table 12: Open Space Net Color Legend 

Color Definition 

Green Open space 

Red Vehicle 

Blue Person 

Yellow Not defined 

 

Table 12 explains the meaning behind the five different color lines in the open space net algorithm. 

An example of the open space net’s use is depicted in Figure 39.  In Figure 39 three of the five 

detections are seen as the person standing to the right of the dragster is represented by the blue line 

that is drawn under him, the car also to the right of  the image is represented  with the red line and 

the open space is drawn in green. 

 

Figure 39: Open space Net 

8.4 Inertial Measurement Unit 

The three previous sensors all provided information on objects detection and localizing the ego 

vehicle on the track. Interpreting the surroundings is important but the other key bit of information 

the PX2 needs in order to make a control decision is the stability of the vehicle. For this an Inertial 

Measurement Unit (IMU) was used. An IMU utilizes a both a three-axis gyroscope and 

accelerometer to provide the PX2 with inertial measurements of the vehicle. Inertial measurements 



 

66 

 

are needed to determine not only what control maneuvers to enact but how much control to input.  

For example, a common phenomenon in drag racing is something referred to as a wheel stand. A 

wheel stand is a scenario in which do to the traction of the driven wheels and the torque of the 

engine the front wheels are picked up off the ground. When a wheel stand phenomenon accrues 

there is no way to steer the vehicle since the steering wheels are not making contact with the 

ground. The IMU can since the pitch of the vehicle and determine if a wheel stand is accruing then 

provide that information to the PX2 so that the correct control decision can be performed.  

 

Along with inertial measurements, the IMU used on this project is also outfitted with a Global 

Positioning System or GPS. As the name implies GPS provides position information but besides 

the longitude and latitude coordinates the GPS also provides vehicle speed and heading angle data. 

Velocity is significant because it can be used in conjunction with the drive shaft speed sensor to 

verify if there is a loss of traction on the driven wheels by comparing the speed of the vehicle with 

the calculated speed of the vehicle based on the drive shaft speed. The combination of inertia 

measurements, vehicle speed, and driven wheel traction can all act as feed back to the PX2 over 

the CAN Bus into the control algorithm to determine safe control maneuvers for steering braking 

and throttling. 

8.5 Driveshaft Speed Sensor 

The Drive shaft speed sensor is composed of a Hall effect pick up sensor coupled with a sixteen-

tooth steel collar that claps to the third member pinion yoke. The sensor then measures the 

revolutions of the pinion which is inevitable connected to the drive shaft as a square wave signal 

with a frequency corresponding to the speed of the shaft. If the drive shaft speed is then divided 
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by the differential gear ratio and multiplied by the circumference of the driven wheels a velocity 

can then be derived. As was previously mentioned this velocity can then be compared to the 

velocity from the IMU to determine if wheel slip has accrued. An example of this can be seen in 

Figure 40. 

 

Figure 40: Loss of Traction on Driven Wheels Example 

In Figure 40 the orange graph illustrates the vehicle speed derived from the drive shaft speed sensor 

while the blue graph represents the vehicle speed feedback from the GPS. As can be seen in the 

graph the vehicle speeds are initially the same then the vehicle speed determined by the driveshaft 

becomes almost eight times as fast (67.7 MPH) compared to the speed received from the GPS (8.6 

MPH). This difference in speed is explained through a loss of traction on the rear wheels that 

enabled the wheels to spin on the ground without propelling the vehicle forward with every 

revolution. As traction is then gained the speeds again become about the same. There is course a 
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margin an acceptable tolerance in difference as deflections in the tire slightly change its exact 

circumference. 

Ch. 9: Simple control 

With the vehicle model and system design discussed focus will now shift to the simulation 

implementation. For the lateral model dynamics as was mentioned earlier a bicycle model was 

used. The equations were simulated using simulation software [78]. Notice the three equations that 

are used to describe the bicycle model are all dependent on the slip angle beta. The first step in the 

simulation is thus to calculate beta. With the slip angle calculated the heading direction can then 

be determined. It is important to determine the heading angle prior to the x and y dynamic 

equations because the heading angle is an input to both the y and x velocity equations. The first 

simulation looked at a constant velocity with zero steering input this input was chosen to validate 

the model because the expected output is easy to predict. With zero steering input and a constant 

velocity the vehicle went straight in the pure x-direction with zero offset in the transverse y-

direction as expected. 

9.1 PID 

In a utopian world there would be no disturbances and the vehicle would always go straight down 

the track however in reality there are always disturbances, for example wind or a track surface that 

is not perfectly smooth.  With a valid model it now becomes important to develop a control 

algorithm to account for undesired disturbances such as the ones previously mentioned. For these 

minor disturbances the implementation of Proportional Integral Derivative (PID) control does an 

adequate job of maintaining the desired trajectory. In Figure 41 a random disturbance was 

introduced to the slip angle of the model to simulate an impulse disturbance to the system. Using 
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root locus techniques, the PID gains were established and then iteratively tuned [79].  As can be 

seen in Figure 41 the PID controller corrects for the disturbance that occurs at two seconds into 

the simulation and drives the vehicle back to zero offset in the transverse direction. The response 

(colored orange) can be said to be underdamped based on the oscillation around zero and the high 

overshoot in the negative direction. Critical damping occurs when too much derivative control is 

used causing the response to take excessively long to settle back to zero, as seen in the blue 

response. The yellow and purple responses can be described as critically damped, as oscillation is 

minimized while the trajectory returns to zero in an acceptable amount of time. After tuning the 

gains, the disturbance was reduced to less than three inches from the desired path. 

 

Figure 41: PID Controlled Disturbance Rejection 
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Figure 42: Uncontrolled Model with Disturbance 

With the lateral model validated, attention was then shifted to developing the model for the out of 

plane motion. As was previously mentioned a common phenomenon that accrues in drag racing 

and thus must be accounted for is a something that is referred to as a wheel stand. A wheel stand 

occurs when the engine torque is applied in such a way that the rear driven wheels have limited to 

no slip and the normal force on the front wheels goes to zero as the front wheels lift vertically off 

the ground. Maintaining control of the vehicle becomes challenging since the front, steering wheels 

are not in contact with the road surface during a wheel stand. There are multiple methods of 

controlling a car during a wheel stand such as the implementation of wheelie bars and independent 

rear wheel braking, but this is not the focus of this work. For this work a PID throttle controller 

was developed to limit the torque input from the motor if the measured normal force on the front 

axle becomes smaller than anticipated (i.e. a wheel stand is being detected).  Figure 42 illustrates 

an uncontrolled wheel stand, in this case the engine torque was not limited and as a result the car 
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did a wheel stand that resulted in the chassis making just over a 5-degree angle about the rear axle. 

While five degrees seems relatively small when you apply that angle over a twenty-foot wheelbase 

the result is an almost two-foot-high wheel stand. Theoretically, if the car is going straight this 

would be acceptable. The problem is if the car is not headed in the desired direction or if the desired 

direction changes do to say a competitor vehicle crossing lanes, then the vehicle is uncontrollable 

while the front wheels are in the air. In order avoid this undesired situation a PID controller was 

developed that reduces the torque command from the motor in order to maintain traction between 

the ground and the front wheels. 

 

Figure 43: Wheel Stand with Uncontrolled Engine Torque 

Using root locus techniques, the PID gains were iteratively tuned resulting in a reduction in the 

pitch angle from slightly over five degreed to just under a third of a degree, this can be seen in 

Figure 43. By implementing a simple PID controller on the engine torque a two-foot-high wheel 

stand now only comes up one tenth of an inch for a fraction of a second. The obvious draw back 
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to limiting engine torque to prevent a wheel stand is reduced speed which would result in a slower 

Elapse Time (ET). Vehicle racing is all about pushing the limits of vehicle control but for this 

study the focus is on maintaining control so a reduction in ET was an acceptable sacrifice for being 

able to maintain steering control throughout the entire run.  After all the oscillatory results seen in 

the under tuned plot results in Figure 44 could be catastrophic in real life since the torque command 

created multiple wheel stands before settling the front end down. 

 

Figure 44: PID Controlled Wheel Stand 

Ch. 10: Track Test Results 

The testing of the project up to this point has been limited to primarily laboratory bench tests and 

small parking lot tests due to limitations in facility space, however as the old adage goes, “the 

proof of the pudding is in the eating” [80]. With that said the results recorded in the upcoming 

section were an outcome of quarter mile tests that were done at the taxiway of an airport. Due to 
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unforeseen circumstances, all local drags strips have been closed, as a result the project could not 

be tested on a dragstrip. The original design of the vehicle operated on the hypothesis that it would 

be used on a sanctioned dragstrip, with a prepped surface and, distinct track markers. Since the 

vehicle is now being tested at an airport some changes to the system had to be made as speed 

limitations were imposed and track markers were now different. The following sections will 

elaborate on the vehicle performance and the changes that were made do to the testing location. 

10.1 Staging Process 

The original staging process as was discussed previously was designed such that after the burnout 

was completed the operator would shift the vehicle into park, take their feet off the pedals and 

hands off the wheel and then flip the driver ready switch. There was a slight modification to this 

process due to the change in testing venues, at the airport leaving tire marks on the ground was 

prohibited, so the burnout had to be cancelled. The staging process then started with aligning the 

vehicle so that is was positioned straight on the track just short of the staging light beams. The 

alignment of the vehicle was achieved using the heading angle of the GPS. The heading angle was 

sent to the CAN Display in the operator’s cockpit so the operator could verify the heading was 

correct. The taxi-way heading angle that was used was 268 degrees from north. Once the vehicle 

was aligned correctly the operator would make sure the car was in park then remove their feet and 

hands from the controls before flipping on the “driver ready” switch. Once the driver ready switch 

has been flipped on the car then makes all of the control decisions and vehicle operations. 
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Figure 45: Staging Process Validation Data 

In Figure 45 the driver ready switch was turned on by the operator at the two second mark. Upon 

receiving the driver ready signal, the first thing the car does in apply the brakes. The application 

of the brakes can be seen in the yellow graph of Figure 45.  The yellow graph represents the linear 

position of the brake actuator in inches. It should be pointed out that the nominal brake off position 

of the actuator is actually when it is extended to 3.45 inches and the maximum braking is when 

the actuator retracts to 2 inches. Once the brake is applied the next phase in the staging process is 

shifting the car into first gear. Since the car starts off in park there would ordinarily be 4 shifts 

needed to get into first gear with a two speed transmission however since this car utilizes a power 

glide transmission it requires two separate shifts to get out of park. The extra shift means there are 

five shifts the car must make to get into first gear. The downshifts can be viewed in the blue graph 

on Figure 45. The first rachet of the shifter accrues at the 2.20 second mark and signaling the shift 
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from park, this is then repeated in succession until the car is in first gear. With the car now in first 

gear the Sekonix camera is viewing the starting light tree to see if the pre-stage lights are 

illuminated. Since the car has not yet moved the pre-stage beam has not been tripped by the front 

tire and so the pre-stage light is not yet lit. 

 

Figure 46: Initial Staging of The Dragster 

Figure 46 represents depicts what the current state of the staging process at this point. Since the 

pre-stage lights are not yet detected, the vehicle knows it must creep forward in order to trip the 

pre-stage laser beam to tun the lights on. To allow the vehicle to creep forward, the brake actuator 

ramps off of the brake, this is seen in the yellow graph on Figure 45 at the 6.75 second mark. As 

the car creeps forward the front tire trip the pre-stage beam, this intern illuminates the pre-stage 

lights on the christmas tree, this can be seen in Figure 47. 
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Figure 47: Pre-stage Lights Illuminated 

Once the pre-stage lights are determined to be illuminated the brake is then again applied stopping 

the car, this is represented at the 9.4 second mark on the yellow graph in Figure 45. Once the car 

stops the vehicle looks to see if the stage lights are lit on the chrismas tree. Since the staging light 

beam has not been broken with the front wheels yet the staging lights on the Christmas tree are not 

yet illuminated so the car knows it needs to creep forward again to trip the staging beams, the same 

as it did the pre-stage beam. To allow the car to creep forward the brake is then released, this can 

be seen in Figure 45 on the yellow graph at the 10 second mark where the brake moves back to 

3.45 inches. The vehicle then creeps forward tripping the stage beams, once the stage beams have 

been tripped the stage lights illuminate on the Christmas tree as seen in Figure 48. 
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Figure 48: Stage Lights Illuminated 

As the vehicle detects the stage lights have been illuminated the brakes are then applied again 

bringing the vehicle to a stop. The final application of the brakes can be seen in the yellow graph 

on Figure 45 at the 11 second mark. At this point in the staging process the transmission brake is 

applied, the activation of the transmission brake can also be seen in Figure 45 but with the orange 

graph also at the 11 second mark. The transmission brake locks the transmission into first and 

reverse gear at the same time, essentially holding the car still. With the transmission brake applied 

ordinarily maximum throttle would be applied in anticipation of the amber and green lights coming 

on signaling the start of the race. This is where another modification had to be mad due to the fact 

that the testing was not taking place at a dragstrip with a prepped surface. Since the surface of the 

airport was not designed for drag racing the launch throttle level could not be maximum because 

the driven tires would not get the same amount of traction at the airport as they would at a track. 

The launch throttle amount was conservatively set to 20% of the total throttle level in an effort to 

maintain traction. The launch throttle level is set just after the transmission brake is activated this 

can be seen in the red graph on Figure 45 at the 11.25 second mark. It should be noted that the 

maximum throttle position just like the brake actuator accrues when the throttle actuator is 
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retracted, and the minimum throttle or off throttle position accrues when the throttle actuator is 

extended. The minimum throttle position is 2.75 inches and the maximum throttle position is at 

one inch. At the 11.25 second time mark the throttle then moves to the launch throttle level which 

is 2.4 inches.  At this time the brake is then released since the transmission brake is now holding 

the car still. The release of the brake can be seen at the 11.9 second mark on the yellow graph in 

Figure 45. At this point the car is now waiting for the amber lights to be illuminated, once the three 

amber lights come on as can be seen in Figure 49 the transmission brake is released. 

 

Figure 49: Amber Lights Illuminated 

The release of the transmission brake is shown in on the orange graph in Figure 45 at the 13.5 

second mark. At this point the launch sequence is completed and the vehicle has now started the 

race. 

10.2 Vehicle Performance Controls 

The initial acceleration after the staging sequence has the highest probability of wheel slip, or loss 

of traction of the driven wheels. While this would also be true on a prepped surface at a drag strip 

it is amplified on an unprepped surface such as the airport taxi way the test was being performed 

on. To mitigate experiencing a loss of traction throughout the run, a traction control algorithm was 
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developed. The traction control algorithm compared the speed received from the IMU with the 

speed received from the drive shaft, if the speeds were larger than the tested threshold then the 

throttle command was reduced since a likely loss of traction had taken place. 

 

Figure 50: Traction Control With Throttle Response 

In Figure 50 the vehicle speed in miles per hour (MPH) received from the IMU is represented in 

blue and the calculated driveshaft speed in MPH is represented by the orange graph. Initially the 

two graphs agree however at both the 5 second and 6.5 second mark of the plot there is a spike in 

velocity in the driveshaft speed. The spike in driveshaft speed is due to a momentary loss of traction 

of the driven wheels. In order to regain traction, the throttle response, which can be seen in the 

yellow graph on Figure 50 shows the throttle extending, or reducing throttle just after both speed 

spikes in an effort to allow the tires to regain traction. Once traction is maintained and the two 

speeds align the throttle response is then governed by the desired velocity trajectory.  
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with the launch completed and the initial acceleration accounted for the next big maneuver to 

account for is the first to second gear shift. Once again if this test were being done on a drag strip 

and not an airport then the desired shift from first to seconded gear would be performed at the peak 

torque range of the motor which for this motor would be about 6,000 RPM. In order to abide with 

speed restriction and reduce the chance of losing traction the first to second gear shift accrued at 

3,800 RPM, well below the peak engine torque. 

 

Figure 51: Engine Speed Dictated Shifting 

If there was no loss of traction, then the control for the shifter would simply command the shift to 

accrue once the engine speed reached 3,800 RPM, however from Figure 51 the red engine speed 

graph shows that the engine RPM surpassed 3,800 when the two loss f traction events accrued. To 

prevent premature shifting due to traction loss, logic was added to the shift algorithm that dictated 
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that both the driveshaft speed and the IMU-GPS speeds had to be within a particular threshold of 

each other and the engine RPM had to be at 3,800 for the first to second gear shift to take place. 

The shift command, which is represented by the yellow graph in Figure 51, can then be seen taking 

place at the 6.2 second mark of the plot. 

Launch control and appropriate shift timing are crucial in a drag race but neither are more 

important than maintaining the desired vehicle trajectory. The orange graph in Figure 52 highlights 

the steering control moves that were performed based on the heading angle feedback received from 

the IMU-GPS unit. The direction of the airport taxi way was 268 degrees from north, so the desired 

heading angle was set to 268 degrees. From the blue graph in Figure 52 it can be seen that that the 

steering angle changed in order to maintain the desired heading direction. After the initial 

overshoot, the vehicle heading was maintained to within a two-degree margin as the vehicle made 

its way down the track. It should be pointed out that due to the crown in the road there was a bias 

to the right as the vehicle drove down track. The bias can be seen in the continual steering 

correction to the left that is reflected in the blue graph of Figure 52. 
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Figure 52: Heading Angle Feedback for Steering Control 

10.3 Track Detections 

Aside from the heading angle obstacle avoidance was also used as feedback to verify the path 

chosen was open and clear. The original design of the vehicle utilized two opposing side mounted 

radar. One of the radars was intended for tracking the competitor vehicle while the other was going 

to be used for judging the distance the ego vehicle was to the wall. Due to limitation at the testing 

site there was only one single lane for testing so there could not be a competitor racing against the 

ego vehicle for the ego vehicle to track. Also the track set up was configured with construction 

cones instead of a wall so the opposing side mounted radar also did not provide any useful data 

since it was not able to capture the construction cones since there was an airport hanger 

approximately 30 feet from the cones and radar by design picks up the largest objects.  There were 
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double redundancies associated with the design of the vehicles object avoidance and so the lidar 

was used to pick up the slack where the radar was lacking. Figure 53 provides an image of the 

track set up from the perspective of the front facing on vehicle camera. 

 

Figure 53: Track Setup 

The airport management staff placed orange construction cones on the right of the vehicle in Figure 

53 and smaller barriers on the left. These markers were used to separate plane traffic and identify 

the operational area of the dragster. 

 

Figure 54: LIDAR Detections of Track Environment for Object Avoidance 
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With LIDAR, both the left barrier and the right cones of the track were detected. The detections 

from the LIDAR are represented by white dots in Figure 54. Aside from detecting the markers of 

the track and providing the distance each marker was to the vehicle as the vehicle progressed down 

track the LIDAR also detected the airplane hangars that are seen to the right of the track as well. 

The object avoidance algorithm created for this project used the position data from the LIDAR to 

determine if a corrective maneuver needed to be made to keep from contacting any of the barriers 

of the track. 

Determining the heading of the vehicle identifying the lane markers of the track were not the only 

track detection needed for a complete run. It was necessary to validate where the start of the race 

took place and where the end of the race accrued.  Once again since this experiment was not 

performed on an actual drag strip there were no starting line and finish line markers to identify the 

start and end of the race. To account for the this the starting line laser beams were used as the 

beginning of the race. The initial longitudinal position of the vehicle was recorded once the green 

light from the christmas tree was detected to have illuminated.  
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Figure 55: Track Distance Detection 

The start of the race can be seen in the orange graph of Figure 55 it is at this point that the change 

in the longitudinal position begins to be recorded. The longitudinal position is represented in feet 

by the blue graph in Figure 55. Once the longitudinal distance reaches a quarter mile, or 1320 feet 

the end of the race is triggered, and the subsequent stopping procedures are enacted as controls are 

then passed back to the operator.  

Ch. 11: Conclusion & Future Work 

The transition of the controls back to the operator may be a conclusion of the race but it is far from 

the conclusion of the project. A lot was accomplished within this work and as with most research 

there is always more that can be done so while the following conclusion summarizes this work 

please also look at the future works section for the next phases of the project. 
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11.1 Conclusion 

This work provided a brief background on drag racing and showed the design, construction and 

simulation of a competition eliminator dragster chassis. A vehicle model was developed and 

validated through a FEA on the chassis. All driving functions were modified (steering, braking, 

throttling, and shifting) to be electro mechanically autonomously actuated but still enable a driver 

to have final control command from within the vehicle. Lidar, radar, camera, IMU, and driveshaft 

speed sensors were strategically integrated onto the vehicle and a PID control strategy was created 

and implemented in simulation and experimentally.   

This work also aimed to highlight the component level communication associated with the 

construction of an autonomous dragster.  The dissertation then walks one through the calibration 

of the electromechanical actuation of all driving functions, (i.e steering, braking, throttling, 

shifting). With the electromechanical actuation accounted for, the work then explained the needed 

sensors for an autonomous dragster and how to interpret the data from said sensors. 

Lastly this work highlights the experimental tests that were performed to validate the project. The 

work highlights some of the changes that were made due to limitations at the testing facility and 

explains how the vehicle would have performed if the testing was done on a sanctioned drag strip. 

This dissertation as a whole supports the hypothesis that safe autonomous drag racing is possible. 

11.2 : Future Work 

The next phase of this project would really be a two-step process. With the project in its current 

state, step one of the next phases would be to test the project on a sanction NHRA approved drag 

strip. Based on the testing that has been done to this point the vehicle should perform well on an 

actual track however until that is actual validated through on track experimental testing this 
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conclusion is just a hypothesis. The second step would be to reduce the number of sensors used on 

the vehicle. In a production vehicle every component has to buy its way on to the car, meaning the 

coast analysis has to make since for a company to invest into integrating that technology onto their 

vehicles. If a race could be completed without as many sensors then the overall coast of the vehicle 

ultimately goes down, so a cost analysis and sensor optimization would be the next big chapter for 

this project.  
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11.2.2 Appendix:  

Comp Eliminator Indexes 

Class 

 (Class determined by total 
car weight (including driver) 

divided by total cubic inches 

of engine displacement.) 

Class 

specifications 

1/4 Mile 1/8 Mile 

AA/AM 

5.40 or more 

pounds per cubic 

inch. 

Supercharged; 

450-cubic-inch 

maximum, 

methanol; 1,500-

pound minimum 

7.04 4.49 

AA/AT 

5.90 or more 

pounds per cubic 

inch. 

Turbocharged; V-8 

only; 1,500-pound 

minimum 

6.87 4.39 

AA/AF 

Maximum 153 

cubic inches; 

turbocharged, 4-

cylinder, 4-valve 

only. Front-wheel 

drive only, full-

tube chassis 

permitted. 

Minimum weight: 

GM Ecotec, 2,050 

pounds, all others 

1,750 pounds. 

7.98 5.08 

BB/A 

7.50 or more 

pounds per cubic 

inch. 

Supercharged; 

2,100-pound 

minimum. 4-

cylinder; 1,350-

pound minimum 

7.96 5.06 

BB/AM 
7.50 or more 

pounds per cubic 

inch. 

7.50 4.78 



 

94 

 

Supercharged; 

small-block only; 

methanol. 1,500-

pound minimum 

BB/AT 

8.20 or more 

pounds per cubic 

inch. 

Turbocharged; 

2,100-pound 

minimum. 4-

cylinder; 1,350-

pound minimum 

7.50 4.78 

BB/AF 

Maximum 153 

cubic inches; 

turbocharged, 4-

cylinder, 4-valve 

only. Front-wheel 

drive only, full-

tube chassis 

prohibited. 

Minimum weight: 

GM Ecotec, 2,350 

pounds, all others, 

2,050 pounds. 

Competitors may 

use engines up to 

158 cubic inches 

maximum but 

must add 16 

pounds per cubic 

inch to the 

minimum weight 

for each cubic inch 

over 153 

8.70 5.52 

CC/A 

8.00 or more 

pounds per cubic 

inch. One 

centrifugal 

supercharger only. 

Full-bodied cars 

only. 2,700-pound 

minimum 

7.55 4.81 

CC/AT 

13.40 or more 

pounds per cubic 

inch. 

Turbocharged; 6-

7.83 4.98 
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cylinder, 4-valve 

engines only; 

2,450-pound 

minimum. Full-

bodied cars only 

DD/AT 

16.40 or more 

pounds per cubic 

inch. 

Turbocharged; 4-

cylinder, 4-valve 

engines; 2,000-

pound minimum. 

Full-bodied cars 

only 

7.58 4.83 

H/D 

9.80 or more 

pounds per cubic 

inch; 1,800-pound 

minimum; 

turbocharged 6- or 

8-cylinder, 2- and 

4-valve engines 

only 

7.03 4.49 

I/D 

11.50 or more 

pounds per cubic 

inch; 1,500-pound 

minimum; 

turbocharged, 4-

cylinder, 2- and 4-

valve engines only 

7.32 4.67 

A/D 

3.40 to 3.99 

pounds per cubic 

inch; 1,350-pound 

minimum; V-8 

only 

7.04 4.49 

B/D 

4.00 to 4.49 

pounds per cubic 

inch; 1,350-pound 

minimum; V-8 

only 

7.27 4.63 

C/D 

4.50 or more 

pounds per cubic 

inch, with true 

wedge cylinder 

heads (with inline 

and parallel 

valves) only; 

7.48 4.76 
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1,350-pound 

minimum; V-8 

only 

D/D 

5.00 or more 

pounds per cubic 

inch; V-6, V-4 

engines only; 

1,000-pound 

minimum 

7.86 5.00 

 

 

Forces in the x-direction 

𝐹𝑑 Vehicle aero dynamic drag force 

𝐹𝑟𝑟𝑓  Rolling resistance on the front wheels 

𝐹𝑟𝑟𝑟 Rolling resistance on the rear wheels 

𝐹𝑓𝑟𝑖𝑐 Tractive friction produced by rear wheels 

𝐹𝑓𝑤𝑥 Front wing drag force 

𝐹𝑟𝑤𝑥 Rear wing drag force 

Forces in the z-direction 

𝐹𝑛𝑓 Front axle reaction force (normal force) 

𝐹𝑛𝑟 Rear axle reaction force (normal force) 

W Gross vehicle weight (including driver) 

𝐹𝑙𝑖𝑓𝑡 Aerodynamic down/lift force 

𝐹𝑓𝑤𝑧 Front wing lift force 

𝐹𝑟𝑤𝑧 Rear wing lift force 

Applied torque about the rear axle 

𝑇𝑒  (not depicted in Free Body Diagram) Applied engine torque vs time history 
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𝛿𝑟 Rear steering angle 

𝛿𝑓 Front steering angle 

C Center of mass 

𝐿𝑓 Distance from front axle to 

center of mass 
𝐿𝑟 Distance from rear axle to 

center of mass 
V Velocity of center of mass 

β Slip angle 

Ψ Heading angle of the vehicle 

O Instantaneous rolling center 

 

 

 

 

 

 

 

Material  Where the material 

was used in the 

system 

Elastic Modulus 

(N/m^2) 

Shear Modulus 

(N/m^2) 

Carbon steel 

1023 

Throttle linkage 2.049*10^11 7.99*10^10 

AISI 1015 

steel 

Cables 2.05*10^11 8*10^10 

Carbon Steel 

1023 

Spacer bar 2.049*10^11 7.99*10^10 

Alloy Steel Ball joint connecting 

throttle cable 

2.1*10^11 7.9*10^10 

Carbon steel 

1023 

Throttle cable mount 2.049*10^11 7.99*10^10 

Material  Where the material was used 

in the system 

Elastic Modulus 

(N/m^2) 

Shear Modulus 

(N/m^2) 

Carbon steel 1023 Throttle petal 2.049*10^11 7.99*10^10 

AISI 1015 steel Universal joints 2.05*10^11 8*10^10 

Aluminum Link bar 6.9*10^10 2.7*10^10 

aluminum Throttle potentiometer 6.9*10^10 2.6*10^6 
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Component Type Component Data Type 

Sensors 

Camera GMSL 

LIDAR Ethernet 

Radar CAN 

Driveshaft Speed Sensor Frequency 

Inertial Measurement Unite CAN 

Steering Angle sensor Analog 

 

 

Actuators 

Throttle Linear Actuator CAN 

Brake Linear Actuator CAN 

Electric Power Steering (EPS) CAN 

Parachute Linear Actuator  Digital 

Shift Solenoid’s Digital 

Transmission brake Solenoid Digital 

Driver Override Controls 

Throttle switch Digital 

Brake switch Digital 

Driver ready switch Digital 

Emergency Autonomous deactivation switch Digital 

Throttle Potentiometer Analog 

 

CAN Bus One, 500 [Kbit/sec] 

Component Send ID Receive ID 

Front Radar 600 604 

CAN Bus Two, 250 [Kbits/sec] 

Component Send ID Receive ID 

Throttle Actuator 401 402 

Brake Actuator 201 201 

Electric Power Steering   

Inertial Measurement 

Unit 

601 601 

CAN Bus Three, 500 [Kbits/sec] 

Component Send ID Receive ID 

Rear Radar 600 604 
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Signals Processed Through IOXP 

Component Data type Input to IOXP Output to CAN Bus 

in Hexadecimal 

Throttle override switch Digital Switching Ground 0 or 1 

Brake override Switch Digital Switching Ground 0 or 1 

Emergency shutoff 

Switch 

Digital Switching Ground 0 or 1 

Driver ready Switch Digital Switching Ground 0 or 1 

Throttle Potentiometer Analog 0-5v 0-5,000mv 

Steering angle sensor Analog 0-5v 0-255 

Tachometer signal Frequency Square wave RPM 

Driveshaft speed sensor Frequency Square wave RPM 

Down Shifting Impulse Response Testing 

Down shifting 

impulse on time 

(sec) 

Did the ratchet 

return to its neutral 

position from the 

down shifting 

solenoid (Y/N) 

Excessive heating 

from down shift 

solenoid (Y/N) 

Was the down 

shift completed 

(Y/N) 

0 Y N N 

0.05 Y N N 

0.1 Y N N 

0.15 Y N N 

0.2 Y N N 

0.25 Y N Y 

0.3 Y N Y 

0.35 N Y Y 

0.4 N Y Y 

0.45 N Y Y 
 

Up shift Impulse Response Testing 

Up shifting 

impulse on time 

(sec) 

Did the ratchet 

return to its neutral 

position from the 

up-shifting 

solenoid (Y/N) 

Excessive heating 

from up shift 

solenoid (Y/N) 

Was the up shift 

completed (Y/N) 

0 Y N N 

0.05 Y N N 

0.10 Y N N 

0.15 Y N N 
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0.20 Y N N 

0.25 Y N N 

0.30 Y N N 

0.35 Y N N 

0.40 Y N N 

0.45 Y N N 

0.50 Y N N 

0.55 Y N N 

0.60 Y N N 

0.65 Y N N 

0.70 Y N N 

0.75 Y N Y 

0.80 N Y Y 

0.85 N Y Y 

0.90 N Y Y 
 

Detection Status Status Color 

No Target  

New Target  

New Updated Target  

Updated Target  

Coasted Target  

Merged Target  

Invalid Coasted Target  

New Coasted Target  

 

Color Definition 

Green Open space 

Red Vehicle 

Blue Person 

Yellow Not defined 

 

 




