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Cost Effective Rollover Mitigation Strategy

Shawn Schneider
(ABSTRACT)

A cost effective method of rollover mitijan in vehicles is presented. Thmeethod was
designed so that some of the systaateswere measured by sensors that are already available
on most vehicles and so that ottstatescould be measured with relatively low cost sensors.
Also, the control lorithm was designed to be implementable using a series of look up tables
andcomputationally efficient equations to enable the use ofdost controller platformsThese

look up tables and eqt@ns can be modified to change the conservativeness ahéiieod as

well as toconfigure the methotbr use on almost any-wheeled vehicle.Lastly, the proposed
mitigation technique was designed to be directly implementable with existing vehicle hardware.

To develop this method, a vehicle model was createdjgsveraladvanced computer packages
including SolidWorks 2008E, MATLAB®NCEGcreatsd, mul i n
the model was outfitted with virtual sensors that represent data from realistic sensor types. A
detection algorithm was designed arduthe hypothesis of a stability boundary utilizing the

sensor data to detect impending rollover. Finally, a mitigation algorithm was designed to limit
throttle and braking upon impending rollover. This algorithm was defusadg the basic

principles ofendstop control, but was adapted to work appropriately with this scenario. To
conclude this research, two simple maneuvers were used to verify the efiessiventhis

system to mitigatgehiclerollover.

This researclvasgovernmensponsored and irome instances utilized secured data. Due to the
nature of this material, some data has been omitted from this document.
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Chapter 1

|ntroduction

With the substantial presencewghicles with high centers of graviind an increasing emphasis

on vehiclesafety, there is great need for cost effective methods of rollover mitigatibis. is

seen in the commercial arket with trucks and sport utility vehicles where manufacturers are
being held to increasingly higher standards of safdifjis is also seen in the military market
where vehicles are being equipped with more armor and are being forced to operaterat highe
ground clearances for suérranian mine protection.These systems must be able to accurately
detect impending rollover using realistic and cost effective sensors and controllers. Also, they
must detect this impending rollover soon enough to activatgation hardware without
misinterpreting safe vehicle maneuvassollover situations.

This work begins withan analysisof vehicle mitigation systems. These systems can be
separated into three subsystems including detes@oging detection and mitigation algorithms,

and mitigation hardware. There are many options for fulfillment of each of these subsystems and

in some cases these options can be interchangeable. Some of these options exist as systems
designed to perform taskshetr than rollover mitigation but can be easily adapted to incorporate

this field. Several options are discussed in this work and one, a stability boundary based
algorithm using endtop control of the vehicle throttle, is presented. An overview of ySigis

can be seen iRigurel.1.

Due to the nature of these mler events, it is important to belalto accurately simulate
rollover maneuvers within a safe and tatied setting. This setting needs to be both accurate
and repeatable, thus making the world of computerized vehicle modeling an obviougThoice
Computer models range in complexity and accuracy and it is important to determine an



appropriate level fodetail needed for developmenfiwo different vehicle models of differing
complexity were developed and ttradeoft involved with eacthave been analyzed andre
discussed in thigork.

A series of vehicle maneuvers have been developed to manipwdateltitle models such that
rollover can be studied. These models include &siepiatic test, called the constant radius
maneuver, as well as a dynamic test, called the Fishhook 1B, that has been defined by the
NHTSA as the most effective maneuver for ieérollover [2].

It was hypothesized that a boundary exists in the space of a number of key setedthat
represents rollover stability. A surface was developed in the space of vehicle velocity, steering
angle, and ground plane angle thatifies this hypothesis. An algorithm was developed to
interpret the potential for vehicle rollover at any given vehicle state relative to this boundary.

Another algorithm was developed using modified -etap control to create a control signal
based on theriidings of the stability boundary interpreter. This control sigred utilized in a
throttle controller to prevent vehicle rollover.

After the mitigation strategy had been created, it was implemented into the intermediate vehicle
model and was used to fam a series of tests. The first testified the conservatismfdhe
stability boundary in quasstatic situations. The second testified the effectiveness of the
system in dynamic situations.

Vehicle _)__) Rollover
Model m Detection

Throttle Stability
Controller [€ Controller

Figure 1.1. Top Level Diagram of Model Used to Detect and Mitigate Vehicle Rollover




Chapter 2

Literature Review

The topic of rollover mitigatiomas beenvidely researcheah recentyears;however the findings

and systems that have been developed often remain proprietary to the automotive marsufacture
or parts distributors that funded the research. Although documentation of these complete
systems is not readily available, research orviddal components including sensors, strategies
and mitigation hardware is available. The sections within this chapter will describe the available
knowledge on each of these topics.

Beyond the private sector, the US Department of Transportaticspbasoreda large number of
researchprojects on vehicle rollover and has subsequently published standards for testing
rollover mitigation systems. One of the methods for testing the effectiveness of these systems is
the NHTSA Fishhook 1B maneuvetefined byForkenbrock2]. This maneuver is defined by

the required driver inputs (steering and throttle) and can be séeguire2.1. The premise of

this maneuver is to llize the release of potential energy stored in the vehicle suspension along
with the inertial forces associated with cornering to successfully induce enough vehicle body roll
to produce twewheel liftoff which is often indicative of impending vehicle mler. This is the
primary maneuver used in this study to determine the effectiveness of the rollover mitigation
scheme that has been developed. Further details are discussed in subsequent sections.
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Figure 2.1. Fish Hook Maneuver as Defined by the National Highway Traffic Safety
Administration [2]

2.1 Existing Rollover Detection Sensors

One key aspect of rollover mitigation is accurate detection and prediction of impending rollover.
To detect this impending rollover, several sensors and combinations of sensors using simple to
complex methodologies have been studied to produce accudateliablemeasurements.

Many systems require knowledge of vehicle body roll and/or vehicle roll r@ee of the
simplest methodt measure thessgatesusesa pendulum or pendulurhike objectto determine
the direction of the gravitational acceleoativector This canthenbe compare to the vehicle
body normal to determine the vehicle roll angl&his roll angle measurement can then be



utilized to determine roll rate if such a measurement is requ@ek such device can be seen in

the patent byCash[3]. These devies often fail to differentiate gravitational accetema from

inertial acceleration found during cornering. This lack of discrimination can be the cause for an
incorrect assessment of the threat of impending rollover during higéd dpens. Also, the
rotational inertia of the device components imposes a natural damping and limits the
measurement bandwidth of the system. Due to their simplistic nature, these devices can be
produced at a relatively low cost but at the expense ofracg and reliability.

Another means of measuring roll angle or roll rate is through the use of one or more
accelerometers.There has been extensive research to determine how effectively these sensors

can produce the desired measurements within a eebétting. Most often, these sensors are

used to determine the vehicle roll direagyl e wi t |
Aleksander Ha¢4] hasresearched the use of lateral accelerometers for this purpose and some of

his findings carbe seen irFigure2.2. In this figure it can be seen that lateral acceleration data

can be used to accurately estimate low roll angles on smooth roads but is lesseaat

measuring relatively large angles on uneven terraiAccelerometers can be relatively
inexpensive in comparison to other roll measurswnsors;however they are unable to
accurately measure roll throughout all vehicle operating ranges.

D. Lane Change. no payload D. Lane Change, full payload

actual

— — — estimated |

Roll Angle [deg]

Roll Angle [deg]

Time [s]

Time [s]

Figure 2.2. Actual Vehicle Roll versus Vehicle Roll Estimated by Lateral Acceleration in
Simulation [4]



A third method for calculating body roll and roll rate utilizesgegyrometer These devices are
camble of accurately measuring roll rate, which can be integrated to determine roll angle.
However H a c[4)] sesearch has also shown tpate integration of this roll rate signal wibias

in either direction will cause the calculation to drift and dcadly effect the error of the roll

angle estimation as can be seenFigure 2.3. As can be seen, the sensor is able to give
reasonable approximations of roll duritrgnsient maneuvers; however the presence of drift in
steady state maneuvers causes high levels of error. Rate gyrometers are relatively inexpensive,
although they are typically more expensive than accelerometers. Like accelerometers, they are
availablewith varying levels of accuracy. Higher accuracy sensors typically show less signs of
drift; however they are typically more expensive

J-tum, pure integration J-tum, pseudo int. w. bias cancel.
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Figure 2.3. Actual Vehicle Roll versus Vehicle Roll Estimated byroll Rate with Positive
and Negative Biasn Simulation [4]

Beyond bias and integration issues, rate gyros are also commonly considered to be delicate
sensors that are greatly affected by their environment. Henry Kong and his researf@ sam

7] have noted that it is important to consider bandwidth, noise measurement, and sensitivity to
linear acceleration when selecting a rate gyro for use in a vehicular setivigle these
considerations may positively impact the reliability of the measurgnmtbey may also
negatively impact the cost of the system



More complex mitigation strategies often requidalitional vehicle stateés be measured such as
lateral velocity, side slip angle, and tire slip angle. These measurements are often determined
through the use of multiple sensors working togethsrseen in the works done by Beiker [8]

and Willig [9]. Beikeb s wittize&the combination of GPS location data to reduce drift of an
inertial measurement unit, or IMU. The IMU is capable of prangdaccurate information about

all six degrees of freedom of a vehicle body, however due to integration errors they require
additional inputs to maintain their accuracy. The concept of utilizing data from multiple sensors
to increase fidelity in measuremnienis not uncomman Due to the nature of the needed
measurements of these systems, they are typically expensive relative to other approaches. They
also require complex algorithms which can be more computationally demanding and require
more expensive cortller hardware. Although these systems come at a premium cost, they are
able to produce accurate and reliable data to complex algorithms

2.2 Existing Rollover Detection and Mitigation Algorithms

The next step to mitigating rollover is determining the ahi rollover based on the measured
input(s) of the sensor(s). These algorithms, like the sensors, range from relatively simple to
complex in nature and provide varying levels of fidelity.

Several common methods for deteg rollover use knowledge of faeele roll angle One such
system, portrayed in a paper by Sorniit@], can be imagined by considering the simple vehicle
model described in the next chapter. In this model, rollover is viewed in terms of opposing body
roll moments. Lateral forcesaased by a combination of inertial athghamicaccelerations, act

on a moment arm from the ground to the height of the center of gravity causing a rollover
moment. This rollover moment is then opposedlrgstoringnoment The restoring moment

is naturdly createdby gravitational forces acting on a moment arm with components of the
vehiclebds track width and CG height dependin
rollover moment vs restoring moment approaches 1, a control sigshatesnaticallyincreased.

This control signal is used to increase the restoring mothemigh the use of some hardware

like Sor ni axtive antéral bars [10]. While the simplistic calculations needed for this
method can be implemented relatively easily andrataively low cost, it is shown in the next
chapter that this model is incapable of accurately discriminating vehicle rollover in all situations

Some othercommon approads utilize multiple sensors and complex logic to allow
complementary sensors twvercome the shortcomings of some measurement types. One
example is a patent by Schubgkf] where lateral acceleration is used as an arming function to
the vertical acceleration based systenBoth of these sensors can be used separately as
mentioned inthe previous sectigrhnowever neither is capable of accurately detecting rollover
throughout the entire range of possible vehicle motiorogid. can be used to define the
relationshipof these sensomshen the threat of rollover is preseéhtoughout theentire range of
vehicle motion in an effort to reduce the range of inaccurate detecliorfurther reduce this

risk, additional sensorean be integrated into the strateg¥his type of algorithm allows for



sensors with shortcomings to be used, howéverquires the use of multiple sensors. These
sensors may be relatively inexpensive; however the number of required sensors and the
complexity of the algorithm can make these systems potentially expensive to achieve high
fidelity and reliability.

Similar to using multiple sensors to improve fidelity, a patent by Schniffifi2jruses multiple
algorithms to analyze and overcome the shortoc
patentcombines the use of long term integration that is reset wheo relt is detected, short

term integration, and advanced filtering techniques to reduce the effects of bias in roll rate
sensors This system lowers the number of needed sensors and increaselattibty and

accuracy of proper detectiotihus providig an accurate system atralativelylow cost

Another algorithm that can utilize multiple sensors is based on the Lyapunov direct method.
This method is designed specifically to push control systems toward stability based on a known
set of stablestates Tamaddonil13; 14] and Hopkins [15have shown how this method can be
adapted to include state estimation and to control vehicle yaw rate. Yaw is inherently coupled to
roll, therefore controlling yaw will also affect rollThe proposed system also de=acontrol

signals for active steering control as a backup to the differential braking system. This design is
effective at preventing vehicle roll and can minimize the number of needed sensors because of
state estimation. However, this system has bessigded to utilize multiple methods of
mitigation which promotes an increase in the overall system cost.

Other potential algorithms already exist as complete systéha were designed to complete
tasks other than rollover detection or mitigationOne &ample isA h ma d i[J6]nuSes of
Skyhook contrglwhich was originally designed to contreémiactive campersin automotive
suspension systems and truck seaimfwoveride quality. This system washodified to accept
steering angle as anput. The systenutilized this knowledge to logicallgontroldamper forces
to reduce body roll due to suspension deflectidrhis system was shown to be effective but
required multiple sensors tteterminesteering angle and suspension deflections

Similarly, the patentedccontrol algorithmdeveloped by Southward [17], St. Clair [18], and Miller

[19], called enestop control, washebase algorithm used in this research. -Btop control, like
Skyhook, was originally designed to increase ride quality inclehiequipped witlsemtactive
dampers. This system, as its name might imply, restricts a system from reaching its extremes, or
endstops. This technology and the need to adapt a new form of it will be discusSeaipiter

6. As will be shown, a systerran be created using a set of relatively inexpensive sensors and
this moderately simplistic erstop control algorithm taeffectively detect impending vehicle
rollover.

2.3 Existing Rollover Mitigation Hardware

The lastcomponenbf the rollover mitigation prcess is the use of hardware to actually prevent
the vehicle from rolling over. Due to the complex nature of vehicles, there exist many possible



ways to prevent rollover that range from simply reducing throttle or applying brakes to changing
damping or s\ay bar properties.

One of the most common approaches to rollover mitigation is the use of differential braking.
This means that the vehicle is capable of producing difféneking torques at different wheels

or sets of wheels.This technology is cajie of being used for many different purposes; the
most common is antock braking where braking torque at each wheel is controlled to prevent
lock-up. As s een | [20]Rakl tvisoidea is esg@ecially important for vehicles that are
segmented ovehicles towing trailers. These systems are designed to prevenkiaithg and

trailer whip which, along with rollover, represent the most dangerous motions for these types of
vehicles While these systems have been designed for use in a wide nunalpptications and

have become more cost effective, they are not the most effective systems for rollover mitigation
in all vehicles

Wielenga[21] and Ding [22]have shown that eversing this concepiresents one of the most

common forms of rollover mitigeon strategiesvherereduced friction and potentiéite lock-up

are desired The concept of this system can be seeRigure2.4. In this figure, a vehicle is
shown in a cornering situation where inertial
outside of the turn.This inertial force is responsible for ateng the vehicle roll moment that is

shown. Considering the simple moddhat is furtherdiscussed in the next chapter, where

rollover is viewed as opposing moments associated with inertial and gravitational acceleration, it
becomes apparent that redurthe inertial acceleration would reduce the rollover mome&his

inertial accelerations directly associated with the vehicle longitudinal velocity gaw rate
thereforereducing one of thesstates or in this case both, will in turn reduce the tradr
acceleration. To create this reduction, the front tire that is found on the outside of the turn has a
braking torque applied. This torque then changes the force vector associated with the tire in an
effort to slow the vehicle.The adjusted brakingector can be seen in the figurd.this force

vector exceeds the maximum tractive force of the tire, thertire will experience lockip and

reduce both the lateral and longitudimehction forces thus reducing longitudinal velocity and
yawrate Thh s system, while effective at mitigating
and can in effect limit the maneuverability of the vehicle. This-oder of driver control can be

perceived as less than desirable for military applications

Anothe means of rollover mitigation is to actively adjust a suspension component that is
specifically designed to reduce body roll, the -aali bar. In most vehicles the ambll bar is a

torsion spring that is connected to the suspension system on keglotithe vehicle. Whenever

uneven suspension displacements are encountered, the bar produces a reaction force to reduce
t his. The stiffness of this bar has signific
quality. For passive systenss balance must be found between these two characteristics, where

an active system is capable of providing roll rigidity while simultaneously maintaining ride
quality. Wesef23] and Everetf24] have performed extensive research to show the benefit and
effectiveness of these systems. Though effective at mitigating rollover, this technique is not the



most cost effective system as it requires additional hardware and controllers to be added to the
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Figure 2.4. Forces on Vehicle During Hard Cornering with Differential Braking [21]

A fourth means of rollover mitigation comes in the form of active or smstive suspension
componentsas shown by Ahmadian [16] and Ikenaga [23] h ma d isystand wss Skyhook

control of MagneteRheologicalDampers. These dampers are similar to conventional dampers

but are filled with magnetcheological fluid, which can change viscosity in the presence of an
applied charge. By adjusting the viscosity of the fluichidamper, damping characteristics are

greatly affected. By controlling this effect, vehicle roll can be directly influenced and as
Ahmadi ands research has shown, t hHsvevernaElsuence
the case with any systerhat requires additional hardware, these systears berelatively

expensive to incorporate

Another concept to consider is the use of multiple hardware systems working together. Odenthal
[26] developed a system that utilized active steering control akiigr control to keep a vehicle

within its defined rollover stability boundsThe advantage of a system like this is the ability to
tune the controller to offset the shortcomings of each system. In this case, steering control forces
a vehicle to deviatérom its desired course while braking control reduces velocity. The system
can be adjusted to optimally serve any type of vehicle. As previously mentioned, adding
additional hardware to a system is expensive and the more systems added increase xith the co
and complexity

10



Chapter 3

SimulatedVehicle ModelDevelopment

There are many types of vehicle models that range in complexity, each have relative pros and
cons. For this research, three levels of complexity were considered and two different models
were eventudy created. The first model was the rigid body model and is the simplest in
complexity compared to the other modelMany of the underlying concepts of vehicle rollover

can be learned from this simple model, including the idea of rollover and restosimgnts as

well as the relationship of lateral force and longitudinal velocity and yaw réktee second

model included thredimensional dynamicwith rigid fixed tires. It was determined that this
model was sufficient for the development purposes &f plaper. The last type of model is the
highly complex modelwhich can incorporatéull vehicle dynamics and complex tire models

This level of complexitycan be used to fine tunadiadjust the final algorithm, however based

on the limited knowledge ofhe vehicle and the scope of this research it was not deemed
necessary to develop a model of this complexityhe simple and intermediate models are
described in more detail in this chapter.

The majority of the modeling emphasis was placed on the int@ataeatiodel that was used to

develop the mitigation system in this resear€revelopingthis vehicle model was a muisitep
processnvolvings ev er al software suites including MAT
and SolidWorks 200 8E.d withTalsienpledGAD enbdel gontaptute the t ar t
geometry and kinematics of timeajor vehicle components. This model was then imported into

Si mMechanicsE as well as the Simulink Virtua
outfitted with dynamic subsystems suels springs and dampers. The model was also outfitted

with sensors and linked to the virtual model for visualization purpo3ése MATLAB ® /

11



Simulink E environment provided a means to
toolbox provided a means to view the systemdiaalitativeverification purposesBecause the
geometry, kinematics, and dynamics were all included in the CAD an&shanics models,
there was no need to develop the governing equations or equations of motion for the model.

3.1Rigid Body Model

The rigid body model was developed as a means to produce simple analytic solutions. Model
accuracy was intentionally sacrificddr simplicity. While this model produced reastie
results, it was determined, &enfroe[27] hasshown,that this models not appropriate for
detailedmitigation control algorithndevelopment.

This model is based o@i | | e[88psinplé modelwherethe vehicle body, suspension, and
tires being a single rigid body. This body is affected by forces as sdéguire3.1. In this
figure Ma, represents inertidorces from corneringyl g represents the weight of the vehicle as a
result of gravity,F, andF,, represent the vertical reaction forces at the tifgsrepresents the
lateral force applied to the outer tire, amdepresents the height of the centéigravity above
the ground.

in

Fzo

Figure 3.1. Rigid Body Model with Appropriate Reaction Forces[28]
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Oveagoa = 0 @pQ (32
Usesn vatva = 0 "ose - (3.3
o e h”l’ roe 7 \er, 0 toToo] Y OCE () “gl: i C \
LG YOS @; B2t = 220 2 5 ] D@k (3.4
U g ag0Q 20,,Q

12

d



One of the most common methods of deteismining
the static stability factor. This value is convenient because it only requires knowledge of two
vehicle parameters. However it does not include any vehicle dynamics and is very conservative.
Systems using this value to predict the rollover threshfikh place the threshold much lower

than it really i928].

A further simple analysis of this model rotating about the outer tire results in two opposing
moments. The first is caused by the inertial force and is referred to as the rollover moment. The
second is caused by the gravitational force and is known as the restoring momentalometi
moment. Vehicle rollover is expected when the rollover moment exceeds thellantr
moment. For conservative design, a factor of safety can be eadilgadc The allowable
inertial acceleration changes as the ground plane angle chdfmestions3.2 to 3.4 are used to
determne these moments.

3.2CAD Model

Based on limited access &otual vehicle specifications, a very simple model was developed to
represent a military type vehicle. The vehicle body was modeled as a rigid solid with
appropriate located CG, wheelbase and track width values. The suspension was modeled as a
doubleparallela-arm to simplify geometric cotrgints such as camber and casteange. The

system does appropriately model track width changes and spring/damper deflections. The model
also included appropriate suspension and tire masses and inertias. The front and rear suspension
components are identical to simplify modeling puwgs The suspension model can be seen in
Figure 3.2. The suspension was modeled in full rebound to define zero suspension deflection as
full rebound. The suspensiassembly was then added to the main vehicle body and wheels and
tires were added. The final CAD representation can be séegure3.3.

Next, a free translatoo f f er ed by The Mat hworksE was used
SolidWorksE as an .xml fil e [20]hEhe model was tnally r e a d
saved as a VRML (.wrl) so as to be imported i

Figure 3.2. CAD Model of Vehicle Figure 3.3. CAD Model Representative of a
Suspension Military Vehicle

13



3.3SimMechanics Model

Using the .xIm file from SolidWorksE, a roug
xml file defined all of the bodies of the model and defined their masses and inertias as well as
CG locations and appropriate joint types.

Next, the model was divided into 5 main components; 4 suspension subassemblies and the main
vehicle body. Within the suspension subassemblies, a block was addeorporatespring and
damping properties to the strut. The block can be sefigume3.4.

> D

Displacement

-f‘@—’ kwith stops rProduct \:i@:?
n ) out
Joint Sensor Velocity E Joint Actuator

damper

Figure 3.4. Spring and Damper Model

The block starts with an input from a joint sensor, attached to the prismatiaén the strut.

This sensor delivers data on the displacement and velocity of this joint. The displacement is
utilized for the spring calculations and the velocity is used for the damping calculations. The
spring is modeled as a linear spring witbrvh i near tr ends -satto ptshoe odfe fti
suspensi onos -stopsrepeesent the ghiisea umpamdirebound stops found in a

real suspension system. They are modelegkaeme changes in spring rate and easily modeled

using a lookup table. Once a spng rate is determined, it is multiplied by the displacement to
determine the spring forceThe damper is modeled as a simple linear damper. Therefore, the
velocity is simply amplified by a constant to determine the damping forcen, Thetwo forces

are added and sent to the Joint Actuator.

The next addition to the model was a set of joints to allow the vehicle tbdaly manipulated

into motion. This block can be seenhkigure 3.5. The block starts with a connection to the

ground at the world origin. From this origin, the body is allowed to translate in,the and z

directions freely. Because all of the joints are separated, they have to be connected by
Amassl essot pbodhesvehNeke is yawed in a contr
defined heading. The heading is an output ofntlameuver profile blocks that are discussed in

the next chapter Next the body is allowed to pitch and roll freely. The second cownecti
connects this block to the CG of the vehicle body. Theskisbf blocks defines he v ehi cl e
position in the world. The position input is also defined byrttameuver profileblocks. The

signals for x and yposition are then connectedtodriverh at ar e connected to
Thus, using inputs of heading and position, the vehicle can be driven.

14
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Figure 3.5. Vehicle Body Driver Block
3.4Virtual Representation

The next modification to the vathe model was to outfit each body with translation and rotation
sensors. The signals of these sensors were then all funneled into a virtual reality block.

The virtual reality block utilized the VRML files of the vehicle and a skid pad that were
previos | y created in SolidWorkseE. Using another
called \-\Realm Builder 2.0©, each body of the vehicle model was modified to look for inputs of
translation and rotation. Also, the skid pad was added and the overall ilsawed as a world

file (.wrl). This file was then used within a VR Sink blotkmt he Vi rt ual Real it
A view of the finalVR simulationcan be seen iRigure3.6.

Figure 3.6. Vehicle Model Driving in Virtual World
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Chapter 4

Vehicle Maneuver Profil®evelopment

After the model was developed, a seriesnaineuver profilesvere developed to maneuver the
vehicle appropriately for the desired tests. These maneuvers included a constant radius
maneuverfor development of thetability boundarya fish hook maneuver for tuning and testing

the vehicle and control system, andafig a random input to fully test the capabilitiekthe

model and controller imuch more chaotic and realistic situations.

4.1 Constant Radius

The first profile developed was the constant radius maneuver. This maneuver was used in the
development of the originatability boundarywhich is presented in subsequent chaptéiise
maneuver involves the vehicle driving in a circle of a predefined constant mwiuonstant
acceleration until the vehicle experiences rollover. The effects of ground plane angle can also be
explored by changing the terrain from a flat surface to a cone or bowl. An example of the terrain

can be seen iRigure4.1.
Q Turning Radii
So———

Ground Plane Angle

Figure 4.1. Constant Radius Maneuver
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The original concept of th&tability boundaryas ceated using this maneuver. A series of runs

at several defined turning radii and ground plane angles were performed and the maximum
allowable speeds at each were recorded. Later a three dimensional surface of these data points
was compiled and created the early concept o$tility boundary

4.2 Fish Hook Maneuver

The next maneuver that wesnsideredvas the fish hook maneuvdrased on NHTSAiEhhook

1B [2]. This maneuver is designealihstigate vehicle roll over and is commonly used for these
types of tests. The maneuver starts withwébicle steadily accelerating until it has reached a
desired speed. Next, the vehicle quickly turns telpae the suspension on one side of the car
while maintaining the desired speed. Once the maximum amount-tdgoreés obtained, the
steering is qiekly shifted to the other direction, while still maintaining the desired speed. This
quick change in direction allows the suspension to unload on théoguted side while
simultaneously rolling the vehicle to the other side. The amount of vehicles affiected by

both of these actions and makes the vehicle more likely to roll than in most situations. The
maneuver is repeated, until a maximum speed at which the vehicle remains stable is found. A
diagram of the maneuver can be seerfFigure 4.2. The necessary inputs amorresponding

results for this maneuver can be seehkigure4.3. The maneuver starts with the vehicle at (0,0)

with zero velocity and zero steering angle. Next, the velocity is ramped up to a desired speed
while still administering zero steering input. After 30 seconds, a series of abrupt steering inputs
are performed. Finally, the vehicle is returned to zero steering input and allowed to stabilize. If
the vehicle is able to perform the entire 60 second test, then the desired test speed is deemed safe.

Expected RolloverArea

Vehicle Speed
Ramped Up

Figure 4.2. Fish Hook Maneuver
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Figure 4.3. Fish Hook Maneuver Inputs and Response

4.3Random Input

The final and most versatil@put type is the random input This maneuverwas designed to
accept any input for velocity and steering angle. The system was also designed to load a
predefined terrain which can be a random assortment of rolling hills.

This block can also be used to simulate a shaker rig as well. If the webuit steering angle

are set to zero, the terrain inputs are capable of taking a direct signal, which would simulate a
shaker rig input. It is exceptionally useful for testing and debugging the control algorithm
because it puts the vehicle in the mostiséa conditions.

18



Chapter 5

Rollover Detection

The mitigation strategy can be divided into three subpassnsing stability detection and
mitigation hardware control. The relationship of these three subparts can be Bapmah.1.

The Circles on the left represent various sensors used to gather needed vehicle
data/characteristicslt is important to note that the sensors portrayed are unique to the system
that is developed in this work. Other systems may require knowledge of other géditietand
therefore utilize a different sensor s&ome of these signals will go dirgcto the interpreter,

while others will need to be refined further. The Ground Plangle block represents a
subsystem of the first part of the strategy.
suspension and vehicle roll are analyzed. Wwhility BoundaryInterpreter compares the
current vehicle characteristics with a predetermined map of vehicle stability characteristics.
Based on this comparison, the interpreter will determine whether the vehicle is at risk of roll
over. Based on thidetermination, the interpreter will output a series of needed signals to the
Mitigation Hardware Controller.This system was created for use with the model developed in
the previous chapters.

Vv

Vehicle Speed 0 Stability 5
(steeringAngle |—>| Surface —>

O_> P _ | interpreter
. Ground I 3
° Plane

Angle

Figure 5.1. Rollover Detection Scheme
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5.11nstrumentation

As can be seen iRigure5.1, several sensors are required to measure vehicle characteristics. The
first of these sensoris for vehicle speed. This sensor is expected to have a low cost, high
accuracy and low signal bandwidth relative to the other needed sensors limited by vehicle
acceleration limits. This sensor will most likely already be available on most vehicleseand t
signal can most likely be measured from the hardware already in filasancurring little or no
additional cost to the mitigation solution

The second sensor shown kiigure 5.1 is used to measure steering angle. Althotighre
researchmay conclude that slip angle or actual vehicle steering rate may be more useful, the
current strategy uses steering input angléhasworst case scenario. This sensor is expected to
have a low cost, high accuracy and moderate signal bandwidth relative to the other sensors
limited by human input abilities. This sensor naneady be available or can be easily added to
any part of he steering linkagethus incurring little or no additional cost to the mitigation
solution

The last sensgrgroup shown inFigure5.1, is the most complex. Thiaosists of a minimum
of 5 sensors, 1 of which may be comprised of multiple sensors. A flow chart of this subsystem
can be seen iRigure5.2.

R

K >| Ground @

dir Plane P> >

Angle
Rs

Q.|Q.
]
iy |

Suspension
Roll

Figure 5.2. Ground Plane Angle Subsystem

As can be seen, the subsystem uses the displacement of each suspension set to determine the
suspension roll. Thi s represents the roll
involving all four wheel hubs. This technique will be discussed in a subsequent selttiene

are many different types of sensors that can be used to measure this deflection thatafjer

of prices and accuracy. These sensors may also be readily avaiabibe oehicle if it is

equipped with a variable ride height system. Due to the nature-obaufterrain, this sensor

will have the highest signal bandwid#quirement®f all the sensors.

Also seen irFigure5.2, a measurement of body rodllative to the eartls required. This is most
commonly done with the use of an Inertial Measurement Unit (IMU). These units are often very
complex and highly expensive, hoves they are capable of delivering accurate measurements of
roll, yaw, pitch, heave, surge, and sway which may be useful for other systems in a vehicle.
Other, possibly cheaper, solutions for measuring body roll can be considered.

20



5.2 Stability Boundary Interpreter

The signals from all of the instrumentati@me sent into thestability boundaryinterpreter
subsystem. A flow chart of this system can be se&igure5.3. The subsystem is comprised of

a series of lookup tables that eventually provide a value for maximum stable vehicle velocity
based on steering angle and ground plane angle. This maximum stable velocity value is then
compared to the actual vehicle velocityhe result of this comparison isreetricthat is used in

the hardware controllerThe stability metric i s a measure
state is to a prdetermined rollover condition. This metric can also be used to determine
whetherthe vehicle is approaching or moving further away from adetermined rollover
condition. In this sense, the method is very general and can be applied to a wide range of
vehicles. Of course, each new vehicle type will require a unique stability bguefaring the
pre-determined rollover conditions.

The first of these lookip tablescontains data that is unique to each specific vehicle. This table
determines the maximum lateral forces that can be applied to a vehicle based on the current
ground plarangle. This data will be further discussed in secii@n

The second of these loalp tables, contains data that is drawn from a set of simple equations
relating vehicle speed, steering angle and lateral force. Based on the nature of these equations,
the data is compiled into a loakp table to make it useful. This data will be further discussed in
section5.7.

6vel

Vehiclel v

Speed
Steeringl e | Max
Angle | | “| velocity

Ground Max Lat I Ll
¢ . .
Plane >->{ Force

F
Angle LuT =8

:

Figure 5.3. Stability Boundary Interpreter Subsystem

Once the maximum stable velocity is detared, it is compared to the current vehicle velocity
and alielocity Stability metricis determinedusing Equation 5.1 This value is the output of the
Stability Boundaryinterpreter and is utiled in the mitigation strategy.

1 vaedar = Gap "X 08'QOL0EDARDEQ i (5.1)

This value is graphically representedRigure 5.4. In this plot, the xaxis represents vehicle

velocity and the yaxis represents steering angle. The blue curve is representative of a slice of
thestability boundary at a constant ground plane angl e,
representative of the v ehelodty andsteerioguanglee Astlongst at e
as the 0X6 stays within the bounds of the bl
rollover. The most important aspgcf this plotare the dotted lines that determine the relative
stability. The dtted blue (vertical) line is representative of th@erangvalue, which is not used
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in this system, anthe dotted greethorizontal)line is representative of thgeiociry value. Thee
values, as can be seearethe difference between the curretdte and the intersection points in
both the vertical and horizontal directions.
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Figure 5.4. Real Time Visualization of the Stability Boundary Interpreter

5.3Ground Plane Angle

Determining the ground plane angle is an important part of the sensing portion of the strategy.
This angle is calculated using a set of simple concepts and assumpigun®5.5 and Equation
5.2detail this approach.

* = Yaa, Yeinaie (5.2)
As can be seen, the system requires knowledge of the absolute body roll and the suspension roll,
both of which aremeasurable quantitieslf the deflectionof the tires is neglected, an average
ground plane angle can be determined. To sense absolute body roltemsbiélf unit such as
an inertial measurement unit (IMU) or robust inclinometer can be used. To sense the suspension

roll, potentiometers indc at i ng each wheel 06 proptsedapvoecuredar e n e ¢
determining suspension roll can be seen in seétidn

22



Body Roll
- Suspension Roll

Ground Plane Angle

usL

Figure 5.5. Geometric Concept for Figure 5.6. Standard 7-DOF Model
Measuring Ground Plane Angle

60

50

D
o

Speed [MPH]
w
>

N
o

10

Steering Angle [deg]

Ground Plane Angle [deg]

Figure 5.7. 3-Dimensional Stability boundary
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5.4 Suspension Roll

The suspension roll is determined using suspengieflection measurements and basic
knowledge of the vehicle geometry. When this knowledge is applied tedbgré@eof-freedom
model seen irFigure 5.6, Equation5.3 can be derivedassuming small angle approximations
This equation is purely kinematic and does not incorporate any dynamics.

G 01=11="0O+e;+°ca (5-3)
Where, 7z is the absolute displacement of the front left corners the absolute displacement of
the front left wheel4 ; is the relative displacement of the left front suspension system, H is the
suspension heavé, is the suspension roll; ys the distance from the CG to the front left corner

along the yaxis, iy is the suspension pitch, andig the distance from the CG to the front left
corner along the-axis.

This calculation can be repeated for each corner of the vehicle and combined to create Equation
5.4. This equation shows the relationship between thicle geometry (T), main vehicle
modes(U), and the suspension deflection (1U0).
defl ection can be measured, t h eestimatesiysiegritei on 6 s
pseudeinverse of the T matrix,saseen in EquatioB.5, although we only require an estimate of

the suspension roll for this analysis
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5.5 Stability Boundary

Based on an understanding of the static stability factor from the simple modeypethesis

that a surface exists in the axes of ground plane angle, steering angle and vehicle speed which
separates the space of stable vehicle states from the space of unstable vehickrseatasple

of thiscan be seen iRigure5.7. This surface was created by doiming the 2D plot in section

5.6 and the function in section 5.7. This relationship of these sections can beFSgeanein.3.

The plot in section 5.6 relates ri@um lateral force to ground plane angle. The data from this
plot was gathered experimentally usithg dynamic SimMechanics vehialedel. This process

is discussed more in secti®®6. The function in section 5.7 defines velocity as a function of
steering angle and lateral force. Because the lateral force input is the maximum stable lateral
force, the output of the function is maximum stable velocity.
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After compiling the surface, aafety factor was includetb insure that the surface was
conservatie. This is necessary for the system to properly detect rollover in dynamic events.

5.6 Maximum Lateral Force Look-Up Table

The first subcomponent of th&tability boundarynterpreter Subsystem is the Maximum Lateral
Force LookUp Table. This table is comped of data retrieved from simulation and is the
simple relationship between the ground plane angle and the maximum allowable forces, in both
the positive and negative directions, that a vehicle can endure before rolling over. A plot of the
data can bseen inFigure5.8.

To create this plot, the vehicle model was positioned on a range of ground plane angles. At each
ground plane angle, a lateral force was apied increased until the vehicle experienced-two
wheel liftoff. This considered the maximum lateral force that could be applied to the vehicle.
To complete the plot, the data was rotated about the origin to account for the forces in the
negative directin. This geometric relationship is the result of the relationship between positive
and negative lateral force and positive and negative ground plane angle. As the ground plane
angle switches from positive to negative, the effect of lateral force is Hoe @xposite.

The data in this pit follows SAE sign conventiornwhere positive forces act in the positive y
direction (out the passenger side) and positive ground plane angle acts along the positive roll
direction (clockwise rotation from rear perspeclive

5.7 Maximum Velocity Look-Up Table

The second subcomponent of tB&ability Boundaryinterpreter Subsystem is the Maximum
Velocity Look-Up Table. This table uses knowledge of the maximum lateral force and vehicle
steering angle to determine the maximuhovaéd vehicle velocity. This is based on a simple
equationusing simplified vehicle physics, and can be seen in Equstiof and 5.7 These
equatiors arerepresented graphically Figure5.9.

b GIS@I G0N 5E"Qaih = O G | (5.6
0

Y= = 57
2 sin \tS(ZQo::‘inj ( )

Where, L is the vehicle wheelbase, m is the vehicle mass, and N is the steering ratio.

However, the desired equation is maximuetocity as a function of steering angle and lateral
force. It was found that Equation7is nonanalyticallyinvertible and cannot be manipulated to
derive the desired equation. Insteadlookup table for maximum velocity as a function of
steering agle and maximum lateral foragascreated. A plot of this lockp table data can be
seen inFigure5.10and it can be noted that it resemifégure5.9.
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Figure 5.10 also includes a maximum speed limiter. The value of 65MPH was s#ieby
research sponsas the maximum operating spdeda particulawvehicle. It was later found that
this is an effective way to limit maximum speed of the vehicle.
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Figure 5.8. Maximum Lateral Force vs Ground Plane Angle. Data taken from simulation.
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Lateral Force with Velocity Ceiling Added at 65MPH.
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Chapter 6

Rollover Mitigation Strategy

As shown in chapter 2, there are numerous waysnfilement rollover mitigation. For this
study, a simplethrottle/brake controller was implementedThis choice was made at the
recommendation of the research sponsor and because of the relative simplicity of this mitigation
technique. This choice was the driving factor in determining the output signal statbibty

surfae interpreter and for theriing and output of the erstop controller

The Rollover Mitigation Strategy can be divided into several parts as sdeguire 6.1. The
Stability Boundaryinterpreter,discussed irthapters, produces a relative stabilityetric called

Lyel.  This stability metricand its first time derivative are the inputs to the £5top Controller,
discussed in sectiof.2 This contrdler produces a throttle control valuec.d;, which is
designed to push the vehicktatesaway from the stability surface by reducing the vehicle
velocity. The throttle control value and the desired throttle value are then used in the throttle
controlle. The desired throttle values createdby a PID controllethat is discussed in section

6.3. The PID controlleutilizes information of the desired throttle from the maneuver profiles,
discussed irchapter4, and the current velocityThe Throtle Controller, discussed igection

6.3, compares the two throttle values gmdduces the actual throttle inputhe throttle value is
pushed through a series of filters that represent realistic vehicle throttle response to produce
velocity. Thisvelociysignal is then used in theshiclemodel discussed in chapter 3
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Figure 6.1. Rollover Mitigation Control Strategy
6.1 Generalized EndStop Control

EndStop Control is a type of contralgorithm typically usedto control MR dampers and
similar systems. The overall concept of this type of control system is to keep a system from
reaching predefined system limits. A typical strategy can be seEigune 6.2. The control
scheman this figureis intended to control an MR damper. Theaxis of this plot represents the
relative displacement of the controlled system. This axis spans from full extension to full
compression of the damper. Theaxis represents the relative velocity, or firstidative of
displacement. This axis spans a predefined limit of velocities of the damper moving toward full
extension and moving toward full compression. The blue sets of arrows represent the conditions
of the damper. The top row of arrows representsiimeper extending from full compression on

the left to full extension on the right. The bottom row of arrows represents the damper
compressing from full compression on the left to full extension on the right. The controller
levels can be seen as contogpanning from white to yellow to red to black as noted in the
legend on the right. The gains can be seen increasing in the top right and bottom left corners.
These corners represent the damper extending toward full extension and compressing toward full
compression respectively. These corners represent the damper moving towardsitspend

The concept of the controller is to push the sysieray from the endtops An example path of
motion is represented by the green plot. This plot shows tharsyseillating within a mie

range set of values and never fully reaching thestops. The shape tie contours islefined

by a set of constants that can be manipulated to adjust the impact of the controller. These gains
can be seen in Equatiénl

00M0&vesacan =1 | I Taem | (6.2)
The constant&) andb are tuning parameters afiglay is the maximum displacement, based on

which endstop is closest to the current valueliof The variablesi and V are the current values
of displacement and velocity respectivély].
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6.2Adapted End-Stop Control

The control algorithm needed to successfalitigate rollovemwill have a similar structure as the
generalized endtop controller, but with a slightly different goal. The generalizedstopl
controller preventsthe systenfrom reachingthe endstops however, based oRigure5.4, it is
apparent that the controller shoyleventthe vehicle state frommeachingthe stability boundary
Also, the gerralized enestop algorithm uses relative displacement and velocity where the
adapted endtop algorithm uses th&eiociy Value and ar veiocity , Calculated using Equation 6.2.

A visual representation of this new esiwp controller can be seenkigure6.3. As can be seen

in this diagram, the goals of the controller areliwe the system away from zetoand positive

U*. This plot is made by using the gate control algorithm seen in Equati6rB.

2 ’Q s T
1 angams = g (6.2)
Taeo=10 | - 1 +0 1 (6.3
Similar to Equation6.1, the constantdJ , band Uare all tuning parametersvhich are

dependent on the particular vehieled particular application The variablesi and U *are the
current value ofiveociy @and its first derivative respectively. The output of this equation is then
limited between 0 and 2, the reasons for which are discussed in €8tion

6.3 Throttle Contr ol

The focus of this control scheme is to limit velocity through throttle contiolthis context,
throttle is a term used loosely represent a signal betweehand 1, wherel represents full
braking and Xepresents full acceleratio.he throttlecontrol scheme can be seerfFigure6.4.

This control scheme utilizes inputs from the maneuver profile models and the stability controller.
The three major compontnof this system arthe PID controller, stability control signal, and
vehicle response filters

Note that he PID controlleonlyr e pr esent s a dri ver 6sanfliispot on
part of the rollover mitigation control strategyt receives an error signal that is the difference
between the desired and current vehieddocity. The desired velocity is defined by the
maneuver profile and can be time varying depending on the selected manetiveparameters

of this PID contrtler are tuned to provide a signal similar to a realistic driver input trying to
maintain constant speed. The output of the controller is limited to values betives 1

which represent thariver applying full throttlefull brakes or anything in beteen

Thethrottle control signal is a value betweehandO and is limited for two main reasons. First,

the signal cannot be greater than 0 because increasing velocity will never result in greater
rollover stability. Secondly, the signal is allowed aimum value of-2 so it can override a
driver input of 1 in the event that the driver provides full throttle whenever full brakes is needed
to maintain rollover stability. This maximum value of2 is available if the erdser wants the
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controllertobebl e t o override the driverds command.
to override the driver then a greater value can be established as the limithrdttie control

signalis added to the limited value from the PID controller. This sutimmaesults in the
unlimited adjusted throttle valueThis output is then limited to values betweénand 1 which
represent full throttle or full brakes.

The last part othe throttle dynamicare the vehicle response filters, which can be seen hetter i
Figure65. The vehicleds acceleration and braking
filters. These filters are separate due to the natural differentlessa responsgas it is noted

that vehicle acceleration due to engine power and torque differs from the deceleration of the
vehicle as a result of applying the brakes switch determines which filter to process based on

the signal that is input. Sigisaless than 0 go through the brake filter, while all signals greater
than O go through the acceleration filter. Next, the signal goes into the vehicle damping filter,

which applies the effects of the ‘bebetwen@®ds ir
and 65 MPH.
Desired Velocity Throttle Control Signal

Tcont
Driver Block Taes —>Il_\cceleration Vehicle v .
(P or PID) _/— '/_—>|Deceleration Dampin _/—

Figure 6.4. Throttle Comparator Used to Determine Vehicle Velocity

N k Accel aAcceJ _)\
Throttle S+ Ay 1 Velocity
+/-100% -
(+/ ) 5 : N 0-65 MPH
T ms+b
N BrakeaBrake > N
s+ aBrake

Figure 6.5. Acceleration/Deceleration Filters
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Chapter 7

Testing withSimulated Vehicle Model

Two different tests were performed to check the control system. First, the constant radius test
was iterated over a range of values and was used to determine the conservativeness of the
stability boundary. Next, th&N\HTSA Hshhook 1B maneuver was utilized to show the
effectiveness of the entire mitigation schemiéhe constant radius is a quatatic test and the
Fishhook 1B maneuver is a dynamic test and these two maneuvers were chosen to show the
ability of the system in both pes of situations.The results of these tests can be seetinén
following sections.

7.1 Conservativeness of Stability Boundary

There are several reasons that it is important for the stability boundary to be conservative. First,
the boundary was developeding data from a static test and it was assumed then that adding a
level of conservativeness to the boundary would be suitable to allow the system to properly
detect rollover in dynamic situations. Secondly, conservatism helps the system to activate
soone. This is important with many mitigation techniques as the techniques may perform better
with more time to react to the potential rollover.

To study the conservativeness of the stability boundary, the-giadisi constant radius test was
utilized. Thistest was conducted over a range of ground plane angles and steering angles to
determine the maximum velocity that could be obtained at each combination. The results of each
run were then plotted against the stability boundary to determine if the bowvamgtways less

than these tests values. The results can be seleigure 7.1. As can be seen, the stability
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boundary reflects a maximum velocity that is lowearthihe obtained velocities from the test at
every point tested. This is due to the conservative nature of the stability boundary.

Maximum Speed (MPH)
g 8

0 Ground Plane Angle (deg)

Steering Angle (deg)

Figure 7.1. Results of Constant Radius Test Compared to Stability Boundary
7.20verall Effectiveness Evaluation of Detection and Mitigation
Strategy

To test the overall effectiveness of thgstem, thérishhook 1bmaneuver was performed with
and without the controller. The results can be sedfigare 7.2. As can be seen, the vehicle
failed to perform the maneuver witlitthe help of the controller.
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The top left plot shows the vehicle velocity. Both simulations start the same, however when th
simulation reaches 30 seconds and the vehicle makes its first turn, the controlled vehicle slows
down while the uncontiled vehicle maintains speed.

The top right plot shows that both simulations utilized the same steering input, although the
uncontroled simulaton did not finish thenaneuver because the vehicle rolled over

The bottom left plot shows the output of the stability boundary interpreter. This value represents
the difference between the current vehicle speed and the maximum safe sped¢deggrennd

plane angle and steering angle at the given time. The contsiittedation avoids crossing,

while uncontrolled simulation fails shortly after crossing that boundary.

Finally, the last plot shows the control signal. Obviously the uncéedraimulation has no
signal, while the controlledimulation is shown delivering a maximum value at stratigies to
keep the vehicle under control.

40 : : 20 :
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o o O
= =)
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> 10t ' 2
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Figure 7.2. Results of Fish Hook Maneuver With andWithout the Control Scheme
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Chapter 8

Conclusios

The problem of vehicle rollover mitigation has been thoroughly studied asubtaeffective
solution has been propose@his study began with an investigation of existing methodologies,
algorithms, and hardware. @mbination of existing and novel concepts was used to create this
system. The process and discoveries are reviewed in this chapter

The study began by developing two different vehicle models of different levels of complexity.
The first was a simple metl which used rigid suspension and tires. It was found that this model

is capable of producing results matching that of actual test data provided from field testing (field
test data not included in this report). This model was also able to providailaysteundary

similar to that of a model with higher complexitidowever, this model was not appropriate for

the development of a control strategy because it does not include dynamic motions of the vehicle
suspension.

The secondrehicle model assumed nslip and had rigid tires but included suspension motion
and 3D dynamics. It was found that this model was sufficient for developing a rollover
mitigation strategyand was used to do .sAlthough this model did not incorporate any tire
dynamics, it is bieved that the system that has been developed is general enough to be
implemented and adjusted on a more complex model and still be effedtneenature of the
proposed mitigation strategy inherently allows for a level of conservatism which can easily
compensate for not incorporating tire dynamics.

It was hypothesized that a boundary exists in the space of vehicle velocity, steering angle and
ground plane angle thaeparates space of stable vehicle states from the space of unstable
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vehicle states, wine instability is associated with vehicle rolloveThe vehiclemodels were
used to test and develdpis hypothesis.It was determined thatehiclerollover stability can be
characterized byhe vehicle state relative @ stability boundary It was aso found that an
appropriate factor of safety can be applied to make the boundary conservative.

Next, asystem was devised to determine the likelihood of impending rollover based on vehicle
states relative to the stability boundarit. was found thatmpending vehicle rollover can be
accurately detectedBy utilizing a set ofow-costsensors and easily implementable algorithms,
vehicle statescan be mapped against a set of kndimmits regarding rollover. These sensors
may already be available on vehicles, or can be implemestedexisting hardware.

Lastly, a throttle control algorithmas implemented on the vehicle model and used to prevent
rollover. This algorithm utilized modied endstop control to determine the required control
signal based on informatioprovided bythe stability boundary. By adjusting the control
characteristics othe modified enestop controller, the control signal and performance of the
mitigation stréegy could be changed. This throttle control algorithm was used as part of the
throttle control mitigation technique was shown to be an effective means of preventing vehicle
rollover.

8.1 Future Work

There are many avenues to follow to continue the adwesrat of this technology. Firsa more

complex vehicle model includingB dynamics, tire dynamics, and environmental effects could

be developed and the control system implemented. It is believed that the system can be adapted
to be effective with such model andtudyingthese adaptations can be foumeheficialto the
advancement of thigchnology.

Also, implementing this mitigation strategy within a vehicle driving simulator would allow for
Humanin-the-Loop testing (HIL). This would allow develofgeto see how the system responds
to very realistic human inputs and would also allow developers to sebdirdthow this system
directly affects ride quality and handling. It is believed that this testing would be beneficial to
the advancement of thischnology.
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Virginia Tech ETD Fair Use Analysis Results

This is not a replacement for professional legal advice but an effort to assist you in making
a sound decision.

Name: Shawn Schneider

Description of item under review for fair use: Figure 2.1. Fish Hook Maneuver as Defined by the National Highway Traffic
Safety Administration. Source: Forkenbrock, Garrick J., et al. A Comprehensive Experimental Examination of Test Maneuvers
That May Induce On-Road, Untripped, Light Vehicle Rollover - Phase IV of NHTSA's Light Vehicle Rollover Research
Program. National Highway Traffic Safety Administration. East Liberty, OH: US Department of Transportation, 200. pp.
111-137, NHTSAFinal Report. DOT HS 809 513

Report generated on: 03-01-2010 at : 23:58:22
Based on the information you provided:
Factor 1

Your consideration of the purpose and character of your use of the copyright work
weighs: in favor of fair use

Factor 2

Your consideration of the nature of the copyrighted work you used weighs: in faver
of fair use

Factor 3

Your consideration of the amount and substantiality of your use of the copyrighted
work weighs: in favor of fair use

Factor 4

Your consideration of the effect or potential effect on the market after your use of
the copyrighted work weighs: in _favor of fair use

Based on the information you provided, your use of the copyrighted work weighs: in
favor of fair use

Figure B.1. Fair Use Analysis of A Comprehensive ExperimentdExamination of Test
Maneuvers That May Induce OnRoad, Untripped, Light Vehicle Rollover- Phase IV of
NHTSA's Light Vehicle Rollover Research Program2]
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Figure B.2. Fair Use Analysis of Detection of Vehie Rollover[4]
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