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1. UMMARY

The report presents the design tife steering system foGladiatorc the IGVC competition robot. The
design utilizes motors, gears, pulleys, belts and encoders to generate the desired steering configurations.
Spur gears are utilized to generate the opposing turning direction, belts and pulleys are used tottransm
the torque produced by the motor to steer the wheels. Absolute magnetic encoders are used to control
the desired turning angle of the wheels. In this design, the overall objectives were met. Our steering
system is able to make the desirdérection ¢ going straight, turning left and right, and zepmint-turn.

This design gives us advantages for the IGVC competition.

2.INTRODUCTION

The steering sub team has to provide a design to steer the vedtithe IGVC competitioduringsummer
2008. Before stating any design, we started owurveying of the competition ground. During summer
2007, a group of five peoplewere sent to thelGVCcompetition site at Oakland University, Michigan.
Having gone to the site, the team has a better understanding of theaghstcourse event of the
competition. The competition course was laid out in a big field with artificial incline of 15%, sand pit with
depth of 23 inches,and obstacles placed randomlyThe obstacles on the site consist of construction
drums, cones, pedgals and barricades. All the obstacles are showfigimre 1
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Figure 1: Obstacleduringthe IGVC Competition
An example of what the obstacle course look like is shown iffigluee 2.
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Figure 2 Top Viewof IGVC Obstacle Course

Thesurveyof the conpetition site not only gave us better insight of the overview of the overall obstacle
course, we also found a couple of common problem of the vehicles during the competition. Most of the
vehicles have very slow acceleration. Whenever the vehicle makingnaot approaching obstacles, it
would slow down considerably to avoid bumping into the obstacle or moving off the course. After it clears
the obstacle, the vehicle will then slbwaccelerates to find thait had to slow down again because of
another obstacle. Because of the slow acceleration, most vehicles took a lot of time to finish certain
distant. Since timing is one of the factors in winning the competition, our vehicle must be design for fast
acceleration. Besides a high torque driving motors fat &cceleration, the overall mas$the vehicle has

to be light.

Another common problem that we found during the competition was the poor maneuverability of the
vehicles.Poor maneuverability contributed to the waste of time where redundant action hadeo

performedto overcoming obstacleFigure3and4a K2 ga 2y S 2F GKS GRSIFIR aLkRié¢ T2
during the competition. That was the place where most vehicles were disqualified from the competition

by either bumping into the construction drum araking awrongturn. The vehicle that managed to pass

the obstaclewvasteda lot of time because of the poor maneuverability.
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have made a moveas seernon the left. However,most vehiclesduring the competition had to make a

three point turn as showron the right offigure 5 because of poor maneuverabiliths can be seen, to

make a zero point turn, the vehicle had to make a reverse move. Besides slowing down the vehicle, this
move also compromises the effectiveness of obstacle detection of the vehicle. Since the front part of the
vehicle has most obstacle detection devices (Sick Lidar, SONAR, camera), we would always want the
orientation of vehicle to be facing front. To enalthe vehicle to be able to safely make a reverse drive,

we would need another set of expensive obstacle senesarthe back of the vehicl&dhe objective othe

steering desigtis to effectively minimize the placement of the obstacle sensmrghe back bthe vehicle;

where the steering pod enables all wheels drive and zero point turn to effectively maneuver through
difficult obstacles and eliminate the need to make a reverse turn.

2.1 Objectives and Needs
After go through the rules of the competitiprpersonally surveyed the competition grounand
consideration for future upgradeve came out withthe objectives andheeds for the design of steering
systemto ensure victory during competitiomhe needs are:

a) Fast acceleration

b) High maneuverability

¢) Modularity

For fast acceleration, we need high torque driving motor. In the design of steering pod, a lower mass will
also give a higher acceleration. In thaspect, we utilizedCOSMOS for stress analysis and mass
optimization.

The modularityaspectis to provide a design such that future team can easily upgrade the current system
utilized.

For high maneuverability, the vehicle needs to be able to turn in the configurations shdignria 6. For
going straight, each wheel has to be parallel to thehicle. For turning left, the front and back wheels
need to point about North Westor turning right, the front and back wheels need to point about North
East. The exact angle of the wheels depends on the turning radius of the vehicle. For zero poadhr
wheel has to turn 45 degree such that the radius of turning is right at the center of the vehicle.
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Figure 6: Configurations for different turnings

Having analyzed the different turning configurations, we observed rg iraportant element for our
design. In each different turnings (left, right, zeyoint-turn), the top and bottom of the wheslwill turn

in different direction with same magnitud&or example, if the vehicle is steering left, we see that the top
wheelsrotates counter clockwise and the bottom wheels rotates clockwigh the same magnitudeWwe
can essentially designing an actuator system to produce suwdelsturning directions for effective
maneuvering.



2.2 DesigrChoices

We came out with a few degig for steering mechanism. The designs are:
a) Linkage bar steering
b) Rotatingshaft steering
c) Gears, pulleys and belts steering

Linkage Bar Steering
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motor turns, the bar that is linked diagonally to the top wheel will produce the opposing turning direction

of the motor to the wheel. The bar that is link straight down to the bottom wheel will produce same

turning direction of the motor to the wheel. A clearepresentation of the linkage bar design is shown in

figure 7.
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Figure 7: Linkage Bar Steering Mechanism

This idea seems functional at first glance. However, after further evaluation, we found out that this
linkage bar steering syste has a fundamental flaw in iAlthough this design will generate opposite
turning direction of the wheelghe magnitudeof angleproduced is different for top and bottom wheel.
(Note that we need the top and bottom wheel to produce opposing turningctive with the same
magnitudefor effective steering) Thiproblemis due to the fact that one bar is linked diagonally while
one bar is linked straight, where upon turning by the motor, both of this linkagaveled different
distances which produce défent turning angle for top and bottom heels. Because of this flaw, the
design was discarded.

Rotating ShafSSteering

The rotating shaft design utilized worm gears and rotating shaft to make the opposing turning direction of
the wheels.The steering motowill rotate the shaft in certain direction, the gearbox at the end of each
wheels will then transfer the rotating shaft into the desired wheel turning directiigure 8shows the
better representation of the rotating shaft steering design.
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Figure 8: Rotating Shaft Steering Mechanism

The advantages of using this design is such that the worm gear prevents any back clash from the wheel.
The wheel will only turn in the direction as instructed by the motor. However, the gearbox withgttte
specification is hard to find on the market and is very expensive.

Gears, Pulleys and Belts Steering

This design utilized gears, pulleys and belts to control the direction of the whHsdsgears serve to
create an opposing motion and the pullegsd belts will transmit the opposing torque to the wheels. A
clearer representation of the design is showrfigure 9.
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Figure 9: Gears, Pulleys and Bsiteering Mechanism

This design utilized components that are readily available.cah choose desired gears, pulleys and belts
to obtain desired gear reduction and torque. The parts are also fairly cheap compared to other design.
Because of the advantages of this design, we choose this design for the steering system.



3 DETAILED DISESIONS
As mentioned in the previous sectioreays, pulleys and belts are used for the steering systemfilae
CAD model of theteeringpodis shown irfigure 1Q
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For better view of the internadectionof steeringpod, an exploded view of steering pod is shown in figure
11 with important components labeled.
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Figure 11: Exploded View of Steering Pod

The motor is connected to the two spur gears. The motor serves to provide torque for steeringgvalhe
spur gears serve to create two opposing torqu€onnected to spur gear by shaft, the drive timing pulley
will then transmit the torque to the timing belt which will then transmit to the wheel timing pullgsing
this method, we are able to producamse torque with different direction at botkendsof the steering pod
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3.1 Calculation of Steering Torque
To determine which spur gears and pulleys to use with our steering motor, a steering tqmgeded to
be calculatedEquation 3.1can be used toalculate the steering torque.
LT =l*a=Ts—Tf
T, =1*a+T, -3.1
wherelAda GKS RNAGSGNIAY FaaSyvyofe Y2YSyl ;BhetorguSNIG AL = h
resulting from the friction between the tire and the ground

Moment of Inertiaabout the steering shaft was determined by a compldtevetrain CAD model, with
part densities, in SolidWorks and usingritass properties calculatofhe CAD model of the drivetrain is
shown infigure 12.

Figure P: DrivetrainDesign
From SolidWorkshie resulting moment of inertia is:
0.0104 kg/ni + 0.002&g/m® + 0.0002 kg/rii= 0.0134 kg/r

The desired angular turning displacement for the wheels is defined to be 90 degrees in one second. From
this definition, the angular acteration can be obtained froraquation 3.2.

0=£a*t2

a="" 3.2
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The corresponding angular acceleration is 3.14 rad/s

Despite the complexity of grountre interactions,the analysis has to be done faccurate reslt. We
decided to estimate the torque resulting from friction when steering using finite element analysis as
shown below.

Viewing from the top, ssentially, an L x Wre contact patchis defined and the resulting torque from
infinitesimal patchessintegrated to get the total steering torque as showrfigure 13
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Figure B: Integrating Contact Patch to Get Friction&teeringTorque
Sincethe integral cannot be solved thand Matlab is utilized to perform the double integrélssiming
L = 2.0 ilLength of tire in contact with ground)
W = 2.5 infWidth of tire in contact with ground)
M = 0.35 (rubbegrass)
A= 73.5 N (Weight of vehicle)
The frictional steering torque isalculatedto be 2.125 NmFigure # shows how the dconveages in
Matlab plot. (See Appendifor the Matlab code)
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Steering Torque vs. Number of Elements
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Figure 4. Frictional Steering Torque Convergence Plot

Knowing T IZ I YR cah then calculate the required steering torque per whegfrdin equation 3.1

T, was then calculated to be 2.22 Nm. Itis observed that the main resistance to the steering results
from the ground friction because of the small moment of inertia of the wheel assembly. \WitheTcan
then selectthe appropriate gears, pulleys and belts for our steering system.
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3.2 Gear Reduction Calculations

Steering Pulley, Rsp
Pinion Gear, Rm
Drive Pulley, Rdp
Spur Gear, Rg

Figure 15Free Body Diagram of Gears and Pulleys

The mechanical advantage between the steering torquen@ the motor torque J was analytically
found from the summation of torque about the drive pulley/spur gear shassumig the corresponding
radii infigure 15 that moment of inertia,l for the spur gear/ drive pulley shaft is negligible, and that all
forces are approximately tangential to their respective gears and pulleys, the torque about the drive
pulley/ spur gar shaft can be written as:

IT=1*a = 0=(FcR) *RFRo* Ry -3.3

yielding a relation between the tangential motor and steering forces on the appropriate gears and pulleys.
We know a simple relation that torque is equal to n@ force times distance.
T = i * Ry, (Motor torque) --3.4
Ts=F1* Ry Steering torque) --3.5
We also know that the torque produced by the force Fp2 and Fg should be the same because both of
them are lying on the same shatft.
. 2Ry =R'Ry
E  Fe=FR'RyRyp 3.6
Fp1 should be the same as Fp2 as the belt serves to transmit the force. Using this relationfram get
equation 3.6that:
For = B*Ry/Rap
Fy= F1"Ra/Ry
Fy= Ry, * Ryy/Ryg -3.7

[T [T

Substitutingequation 3.4, 3.5, 3.7 to equation 3.3 we get:

Ts =% * Tm * (Rg/Rm) * (Rsp/Rdp) --3.8
If we were to interpret equation 3.8 literally, the torque produced by the motor is hafleedause of
distributing to both sides of wheelshd the gears and pulleys serve to increase thrgue for steering.

Knowing that theorque needed for steering is 2.22N according to our specification, we choose a gears
and pulleyssuch that if will produce enough torque to steer the wheels. We know that the motor will
produce torque of 1.4 Nm. Choagj:

Spur Gear (Pitch: 32, Teeth: 12, H.D. 0.3750")

Spur Gear (Pitch: 32, Teeth: 80, H.D. 1.125")
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We get steering torque of 2.55Nm, which is enough for stegkive can increase the pressure of the
wheels to decrease the contact patch on @und(to reduce the frictional steering torqué)r better
steering.

3.3 Stress Analysien Various Components
Stress analysis was done on various components to optithé&mass and to make sure that the
component will not fail.

Bearing Plate Analysis

CKS o0o¢ GKAOY fistproivtgpe wateic@Ribufing siginific&ntly to the weight of the
assembly. In an attempt to reduce mass, the possibility of reducingltite thickness was examined. It
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16 shows the boundary conditions for the bearing plate.

Figure B: Boundary Conditions For Bearing Plate

Theareas of the plate contacting its supporting beams were taken as fixed surfaces. Then, a vertical load

equal to ¥4 the weight of the robot, and a horizontal load equal to ¥ the driving force, were added to the
surfaces of the bearing mount holes. Severakhes were created and run until convergence was
attained.Figure I shows the stress distribution on the bearing plate.
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