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Road quality and ride comfort are major concerns when creating and maintaining
roads. Ride comfort is dependent on the interaction between the vehicle and the
roughness of the road. Road roughness is currently measured bpro6hdg
vehicles in aguantifiable term known as the International Roughness Index (IRI).
Although this method is useful for determining road surface information, it is a time
consuming process, it candét be carried
indication of ride comfort. However, advancementin sensor technology provide
necessary enhancemeritsat current methods cannot address. This shiths to
developan innovative methodsingbuilt-in wireless sensing and mité computing
features of smgphonesto notonly estimate road roughness, boifprovide a direct
reakttime indication of ride comfort.

Estimation of road roughness based on vehicle response involves insight

regarding the properties of the vehicle itself. While the vibration response of the



vehiclecan bereadily measuredsingwireless accelerometeos built-in smartphone
sensorsinformationpertaining tathe vehicle and road properties is left unknown. To
address this issuejarious system identification methods are evaluated for -high
damped syems and applied to the vehicl&€hrough the application of system
identification methods using vehicle response datauti@own parametersf the
vehicle can besstimated These methods are validated through analysis of vehicle
model simulationpaired wth standard simulatedoad profiles. Furthermore, these
simulations create an environment to determine optimal conditions for vehicle mass
prediction. With vehicle parameters identified, thenamicresponseparameterof

the vehicle and the input of tlead surfacerofile can be correlated to estimate the

IRI while directly providing ride comfort information. Field testing involving the use

of a wireless accelerometer and GPS is also implemented to compare recorded data
againstthe simulation findings.

This study establishes a framewdHat integrates wireless sensors, system
identification methods, and the correlation between ride comfort and the IRI with
vehicle vibration measurementSystem identification methods with a focus on
vehicles subjeedd to excitation from the roadire evaluated This involvesan
investigation of prediction error identification methods with the use of-igogy
modeling to estimatevehicle mass under varying road conditions. With vehicle
parameters known, correlation of vk vibration responsewith the IRl and ride
comfort is empirically established to determine areas of road in need of maintenance

along with comfortable travel routes in rég@he. This study demonstrates the appeal



for including information related to &l conditions and ride comfort in mobile maps

for altemative travel routes.
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Chapter 1: Introduction

1.1 Motivation
Road quality and ride comfort are two examples of what driveexpect while

traveling on the roadTheseexpected characteristics are in partilatted to road
roughnessDetermining theroad roughness is an important part of transportation
engineering and is currently evaluated through nunsemethods of road pridifhig.

The goal ofthis studyis to create an efficient and cost effective methodology of
profiling road roughnesand ride comforby usingthe automdile itself as a moving
sensor. The profiling method can be implemented on mobile ickss such as
smartplones Smartphonesave already provided great advancements to the field of
transportation throughthe use of GPS data for vehiclecation and travel
information. By incorporating this informatigralong with vibration measurements
from t he phaceeleromnseter] an quiekr amah easy profiling map can be
created and the International Roughnesex (IR1) can beestimatedOnce the IRI is
determined, it can be used to fimdads that are in need of maintenance and
rehabilitation, and necessary actiara be taken to create safer driving conditions.
The widespread use afmartphonedy drivers facilitateslarge amoung of road
profiling data on many 1$. roads, especially in urban areas. Therefore -tnewsd
road profiling data poses interestitqpdamatal researclyuestions to be addressed
through a frameworkconsisting of structural dynamics,system identification

methodsandsensorgound insmarphone device.



Computer simulatioprovides a useful toah understandinghe kehavior of a vehicle

in motion.Creating avehiclesuspension model that can accurately react to giveh
profiles will be useful in determining the accuracy of therrelation between
smartphonemeasuredvibration dataand road roughnes&enerating new and more
accurate mettds of tireroad interaction will not only be useful for this research, but

can also be usddr many other applications as well.

To validate computesimulations and collecsmartphonevibration data, field tests

must beperformed Due to the varying nate of thevehicle responsemultiple tests

must be completed on seaédifferent types ofroad profiles. This includes road
surfaces ranging in roughness, and specific types of bump inputs. Data is collected
through the use of aommercial offthe-shelf (COTS) accelerometer in addition to

thebuilt-in chipaccelerometer found insamartphone

To understand the response of the moving vehicle, modal frequency identification
method will be used to determine the fundamental pesifrequenciesDue to the
complexity of these calculations and the current limitagiohprocessing poweon
smartphonesitheran algorithmwith a minimal amount oflataerrormust be created

to simplify the processr the datamust besent to a server for reéime processingia

cloud computingtechnology By determining the limitations of themartphonesa
simple algorithm can be made for onboard processing of modal frequencies that
makes thdéest usef the power supplied by the phone while providing accurate data

with minimd error. This application will take the sensor data collected in the



experimental runs andsethe vibrationresponsevith system identification methods
to estimate the vehicle madhe application will also make use of the onboard GPS
to track the locatin of any changes in the road conditi@ml vehicle speedVith

this data, profile maps of road roughness and ride comfort can be created.

Technology has reached a point where detecting damages incaabts quickly
determinedusing information that cabe given without changing our daily routines
0 driving with asmartphonen the car Traffic conditions are currently updated in
reattime through the use of the smartphone GR&ent research hatso begurto
take advantage of smartphone technology dollecting data, such as rdahe
pothole detectiorfMednis, et al., 2011and earthquake detection for early warning
(Zambrano, et al., 2014)hrough the use of smartphonand a properly comsicted
algorithm, information about the roadughness<an be collected and calculated on
the-spot for fast evaluatiom a way that has never been done befohes studywill

not only be able to be used for detectihg roughness indekut will alsoprovide a
direct measure of ride comfausing smartphondechnologyto determine and offer

drivers with the most comfortable driving routes

1.2 Research Objective

The main objective in this study is to establish the fundamental technologies that
support the Mable use ofwirelesssensors osmartphonesn everyday vehicles to
create a ubiquitousensometwork This network can besed to develop a reaime
picture of road roughness and ride comfort from the perspective of users with

different needs. This imlves using system identification techniques to determine



vehicle parameters to relate the response to the input statistics of the road itself. Many

specific contributions are made while accomplishing the main goal of this study:

1 Evaluate system identifition methods for usef parameter identification of
highly-damped systesy specifically used foestimationof vehicle mass. This
involves performing system identification methods with the use of
acceleration data collected wisinglewirelesssensor

1 Road profiling does not represent the user experience. The comfort of a ride is
dependent on the type of vehidembined with thaveight of the passengers
and cargo. Road profilers are used to determine the changing elevation of the
road and relate it tooughness. Although useful, determining the roughness of
the road does not pr ovi de serseofdrider e c t
comfort. This research not only examines various methods of determining the
roughness of roads, but also relates the unegsnoiethe road to the comfort
of the user.

1 Createroad profile mapselating the vehicle response to user perception and
roadroughnessnformation Thesemaps based on vertical acceleration of the
vehicle, directly relate the output to both the roughiéske roadprofile and
the comfort of the usewhich varies based on vehicle type.

1 Take advantage of new mobile sensing and computing technaaogly as
smartphonesto enable realime updating of road conditionghich current

profiling methodsareill-equipped to do.



1.3 Dissertation Outline

Chapter 2 compiles a review of current methods of road profiling, classification of
roads, calculation of road roughness, and quantification of ride cormfostreview

is necessary for a complete understandin@p@ifinputs and outputs of the vehicle.

Chapter 3 investigates variousystem identification methods for higlkdamped
systemstypical of a vehicle including algoritims such as ERA, ARMAX, N4SID,
and PEM These processes are evaluated to determine whidificktion techniques
are best suited for identification @thicle pareneters usingystem response data

with an estimated input

Chapter4 includes numerical simulation of system identificatiasf the vehicle
parameters and statistical properties of ttoad profile. To perform system
identification, simulation of rad profiles and vehicle dynamic responsedirst
studied to create system with siniar real world input and outpuRelations between
profile roughness to acceleration response and waefart are foundwith Monte

Carlo simulation methods

Chapter5 demonstrates the effectivenesstloé application osystem identification
methods through field testing. These tests includevé¢inical acceleration vibrations
affected byehicle speed;oad roughness, and various bumps in the thaxligh the

use of wireless sensor data collection.



Chapter6 consists of analysis of the data gathered during thetéstd. This analysis
includesthe use ofestimated roadnputs topredictthe vehicle mas. With vehicle
parameters known, a relation correlating the vertical acceleration response to the IRI
is determinedThis relation, in addition to the direct measure of comfieriysed to
createtwo profile maps one to display areas of roughness, and tm showride

comfort



Chapter 2: Vehicle Input / Output

2.1 Viewing the Vehicle as a System
Before the parameters of a vehicle can be analyzed, an understanding of the various

vehicle inpus and outputs must be understood. As sedfignre2.1, the vehicle can

be viewedas a system

Input: Road Profile

System: Vehicle
Output: Vibration » Perception: Comfort

Figure 2.1: Vehicle as a System
This system has both an input and an output. In the case of the vehicle, the input is the
changing road profile elevation, vidithe output is viewed as the vibrational
response. This vibration, felt by the user of the vehicle, correlates to the perceived
comfort. This comfort is an important factor in determining whether a road meets the
standards set by the FHWA or whether nmance is requed. The following
sections of this chapter examine tassificationof road profiles determined by the
amountof surfaceroughness. The level of roughnesghen calculated througlthe
International Roughness Ind€iRI1), which is usedto determine the quality of the
road In regards tosystem output, the vibration response and its relation to human

comfortis considered



2.2 Road Profiling
Road smoothness a major factor concerning botilde comfort and driver safety.

Determination ofhe smoothness of a road surface is completed through the process
of road profiling. A road profile can be taken laterally and longitudinally as seen in
Figure 2.2. Lateral profilesshow the superelevation and crown of the roakile
longitudinal profilesareused to describe the design grade, roughness, and texture of

the road Sayers, et al., 1998)

Longitudinal
Profiles

Lateral.
Profile

Figure 2.2: Road Profile Orientation (Sayers, et al., 1998)

Road profiling has become a necessary tool used to monitor conditions of existing
road networks, evaluate the quality of newly constructed or repeoestl sections
and examinespecificsegment®f roadsfor rehabilitaton or researcSayers, et al.,

1998)



Road profilers are currently used in a majority of the United States for evaluation of
existing road networks and newly paved or recently rehabilitated road surfaces. In
addition to thisat least ten states also use profilers for construction quality control for
individual project§Wang, et al., 2009Many different profilers exist, such as the rod
and level, which uses a static reference point while mewsguhe surrounding
elevation of the area, and walking profilers used to measure the height relative to a
moving reference point. Although effective, these types of profilers are slow and are
not ideal for determining the profiles of an entire network afiso To overcome this
weakness, General Motors Research Laboratories developed the inertial profiler
(Sayers, et al., 1998)ntroduced in the 1960 the inertial profiler made higépeed
profiling possiblethrough the use of moving vehicle. As visualized iRigure 2.3,

this profiler makes use of an accelerometer in conjunction dethcessuch as laser
transducersand infraredand ultrasonic sensors to measure the height of the ground
beneattthe vénicle. The accelerometer is used to measure the vertical acceleration as

an inertial reference point for the relative height to the ground.

Computer
‘ Speed/Distance
pick-up

Inertial
Reference <<% .
/ ' o ]

Accelerometer

Height relative to reference
(laser, infrared, or ultrasonic sensor)

Figure 2.3: High-Speed Profiler(Sayers,et al., 1998)



Beginning in 1996, thentireNational Highway Systerhas been profiled annually

with these higkspeed profilergPennDOT, 2015)Each road profiler is equipped with

an onboard computer used to interface wttle accelerometers and lasers attached to

the vehicle. Two persons are needed to perform profiling, one to operate the computer

and one to drive the vehicle. Testing is typically limited to the months of March

through November due to weather conditions.

Figure 2.4: Operator Control Unit for High -Speed Profiler(PennDOT, 2015)

Although improvements have been made since the development ofpgegh

profilers, the current profiligp process is very costly and time consumiAg2003

survey conducted by the National Cooperative Highway Research Program has

shown that out of the 52 agencies surveyed, all of them monitor road roughness, but

the minimum time between updating the profddimited to a singleyear Table2.1

showsthe survey results containing the frequency of profiling in years alorty tive

application for the data.

Table 2.1: Summary of Automated Monitoring Frequencies Employed(McGhee, 2004)

e | Cracking e Depth  Fauling
1 9 26 24 10
2 18 20 20 13
3 2 4 4 0
Other 1 2 2 0
Total 30 52 50 23

10



Costis also major concern wheit comes to profiling an entire network of roads.
Collection and processing data through road profilimgrages more than $30 per
lanekm ($50 per laneni) andcanreach up td&125 per lan&km ($200 per laneni)

in urban or high traffic areg81cGhee, 2004)

Technological advancements have been made since the introduction of tspdegh
inertial profiler thatcurrent profiler vehicles are not taking advaaf. Girrent road
profilers take the roadorofile roughness int@account, butdo not investigatethe
impactthe surface has on the user. Through the use of smartphone technology, not
only can roughness be estimated, but the ride corofortbe directly measurexs

furthershownin this study.

11



2.2.1 1SO Classification

The International Organization for Standardization (ISO) has specifiction
reportinglongitudinal road profile datevhich uses the calculated PSD of the vertical
displacement profile. The use of PSD to describe road irregularities was first
introduced byDodds and Robson by viewing the road surface profile as a
homogeneous and isotropic tdomensional Gaussian random proc@3sdds, et al.,
1973) The procedure in which roads are classified uses this description and is
detailad in ISO 8608:Mechanical Vibration-r Road Surface Profiles Reporting of
Measured Data This procedure is used for the reporting of road profiles such as
streets, highways, and efbadterrain areas. Each profile is given a class based on its
roughnesswhich range from classes A to H. Paved roads are generally classified as
A to D, with A being a very good profile (smooth), and D being poor (rough). A class
A or B profile may consist of newer roads or extremely smooth pavement, such as
airport runwaysClass C profiles can typicallge viewed as older roadways which

are not maintained. Classificat®af D or E are rough profiles which may be due to
highly deteriorated pavement or a layer consisting of a material such as cobblestone

(Tyan, et al., 2009)

Due to its random nature, functions of road profiles are described in terms of
probability statementsstead of defined equationBower spectral density (PSD) is

the limiting mearsquare value of a signal per unit frequebeyndwidth. Since the
surface roughness is a spatial disturbance rather than a disturbance in time, the PSD is

represented in spatial frequency, cycle/m, in place of the commonly used frequency

12



units of cycle/s (Xu, et al., 1992) When determining the road roughness, certain
frequencies can be filtered out when looking at the road profile. Road surface
gualities can be split into three categariggpography, road roughness, and road
texture. Topographygonsists of the verticathangesof the road due to the varying
landscape. These changes due to landscape have large wavelengths above 100 m,
providing frequencies below 0.01 cycle/m, and do not affect the vehicle dynamics.

High variability components, known as road texture, hemall wavelengths, below

10 cm, and frequencies above 10 cycl e/ m.
dynamics of the vehicle because they are filtergtby the tire. The area of interest,

road roughnessangedetween these twlomits (Johannesson, et al., 2012)

When reporting road profiles using the procedures established in ISO 8608, the
profile can be described in terms of either displacement or accelerationTRBD.
method of characterization of road profiles inCPferm is useful because it can be
used to describe roughness as a single (Boalds, et al., 1973FEquations2.1 and

2.2 represent the disptement PSD as described with spatial frequency with units of

cycle/m,n, and angular spatial frequency, radim,

£
O ¢ O ¢ . (2.1)
. “ m
(@) (@) — (2.2)
m m m

These equations are sometimes split into two parts with a change in the roughness
exponent w, depending on whethehe spatial frequencyy, is greater or than the

discontinuity frequecy, nyo. To simplify the road surface roughness, the roughness

13



exponentw, also known as thevavinesss typically assumed to be 2 regardless of
the wave numbefSukhvarsh, et al., 2008yhe degree of roughnes®, ¢ , can be
estimated by looking at the displacement PSD atdference spatial frequency. This
reference is taken &s 1@ cycles/m. This degree of roughness is used to give the
profile a letter classification as previously mention€dble 2.2 provides the upper

and lower bounds for the degree of roughness for the classifications ranging from A
to H (ISO 8608, 1995)Figure 2.5 shows thebounds of each classification as

represented on the PSD plot, with a spatial frequency range corresponding to the road

roughness range of interest.

Table 2.2: Road Classification, Spatial Frequency Units

Road | Degree of Roughness: gno), 10° m?(cycle/m)
Class Lower Geometric Upper
Limit Mean Limit
A - 16 32
B 32 64 128
C 128 256 512
D 512 1,024 2,048
E 2,048 4,096 8,192
F 8,192 16,384 32,768
G 32,768 65,536 131,072
H 131,072 262,144 -
ng = 0.1 cycle/m

14




ISO Classification of Roads
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Figure 2.5: Road Classification (ISO 8608)

The relationship between the displacement PSD and acaateR8D can be seen in

Equation2.3.

O ¢ ¢ ¢ 00 ¢ (23)
To provide a sense for a typical profile PSD plot, examples of simulated profiles with
different roughnesare shown irFigure 2.6 and Figure 2.8 with their corresponding
di spl ace men tin FRU8d2.3 andFmureO. tObsdrving the differeces in
the PSD plots, it can be sedrat low wave numbers have highemnplitudeswhen
compared to théigh wave numberwith lower amplitudegSayers, et al., 1996}t

can also been seen that the displacement PSD amplgusieified upward for all

wave number$or road profiles with increased roughness
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Since t he PSDobase cdlcalated with a donspgamt bahdwidth, shere is an
appearance of high fluctuation cadd®y the statistical noise. To account for this, a
smoothing process is implemented as per ISO 880& smoothing process
completed bydividing the PSD into di#rent octavébands and using th@ot mean
squarevalues. This process is outlined is Equati@y 2.5, and 2.6, where"O "Q
represents the smoothed PSD in smoothing IpaaddB; is the frequency resolution
given in cycles/m The upper and lower cualff frequencies are included in the
equations as, andn,. A list of the specific cubff values used for each bandith

can be found in ISO 2631

00 ¢ m D & 'QO0¢ B e)ole:)
€ Q £ Q € Q ¢ Q
o . v s (24)
€ Q ¢ ™ » 00¢
€ Q £ Q
€ (O] \T ™ (2.5)
R A O
€ Ovu \T ™ (2.6)

As seen irFigure2.7 andFigure2.9, classification of the road profiles becomes

easier once the PSD representation has been smoothed.
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2.2.2 International Roughness Irdex

Since the introduction of ggsowered vehicles, the need for smooth roads has been
presentDetermination of roughness has been a major factor in the maintenance and
preservationof smooth roadsDue to the varying response from early roughness
measuing devices, such as the rolling straightedge, ProfilograpiRoughometer,

the necessityof a single standard bame apparen{Gillespie, 1992) Objectives of
creating a new standard inclutihe relation to vibration respoa®f the vehicle rather

than vehicle performancascalethat is stablevith time, measureable with a range of
different types of hardware, artie ability to be consistentlyeplicated for tests
around the worldThis need for a new standard led to thieaduction of the standard
scale known as the International Roughness Index (IRI). Rather than directly using
hardware to measure roughness of a road profile, the IRI is calculated by using an
algorithm that simulates a vehicle driven over a measuredeprohis algorithm acts

as a replacement for a roadmeter and eliminates the possible difference in vehicle
dynamics andhe need for calibration by creating a standard set of parameters to be
used in all IRI calculationsThis change from roughness measnent hardwarto
software became a major advantage of the use of thaslIRle standardas it could

be used in conjunction wittifferent types of road profilers arémainsconsisteh

over time (Sayers, et al., 1986 onsktency of the IRialuesthrough the usef
differenttypes of profileshasbeenverified by the Road Profiler User Group and the

Federal Highway AdministratiofSayers, et al., 1998)
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The IRI is a calculatedstatistic that gantitatively expresses the quality of road

conditions based on the recorded road profilehe IRI can be viewed as a
mathematical transform of a measured road profiteem, et al., 2005)It is

calculated by observing th@mulated relative displacement response of a quarter

carods sprung and unsprung mass while trav
guarter car systens chosen to show a similar response to that of a passenger car as

displayed inFigure2.10 (Toyota, 2015)

Figure 2.10: Quarter Car Representation

Since the adoption of the IRI as the standard measure of roughness, the HdWA
started programsuch as te Pavement Smoothness Initiatiwehich are established

to ensure smooth pavements by setting a tdirgétIRI (FHWA, 2014) To calculate
the IRI, the FHWA use®roVAL, an engineering software applicaticapable of
analyang measuredoad profiles. Beginning with its introduction in 2001, ProVAL
has been a trusted source for pavement anabsis has been used by State
Departments of Transportatioim the studyof pavement smoothness following
construction(FHWA, 2003) A sample ofa recorded road profilean be seen in

Figure2.11with its calculated IRIn Figure2.12.
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2.2.2.1 IRI Sensitivity

Onereasonthe IRl is chosen to characterize road roughness is due to its ability to
describe the profile roughnessaticauses vehicle vibrations. The parameters of the
simulated quarter car modiel the calculation ofthe IRl werespecifically chosety

the United States National Cooperative Highway Research Program (NCERP)
provide a model thabffers similar resultsas a majority of passenger vehicles
(Gillespie, et al., 1980)The quarter car with these parameters, given as rasios

shown belowis known as'he Golden Car

’?‘Q ';'Q (b
a a

a
o & o ovo ® gz ™

These ratios relate the suspension stiffness, tire stiffness, suspension damping, and
unsprung damping to the sprung madse Golden Cawasdeveloped in an attempt

to create a uniform calibration system that has a high cooelatith the vehicles
thatwereused to measure thiead elevatiorwhen profiling.These parameterased

to maimize the output of the systemare similarto highway vehicls, with the
exception ofanincreased amount of damping. This additional dampieggts the
simulated vehicle from At uni nitygofvehidest o cert
are not sensitive t¢Sayers, et al., 1998%ensitivity of the IRI is significant as it
relates to the resonant frequency of tgpibighway vehiclesThe IRI gain slope
represents the ratio of the output IRI to the amplitude of the input sinusogdse
2.13shows the calculated IRI values for sinusoids with wavelengths varying from 0.1
to 100 m. This figure shows the maximum sensitivity of the IRI at twecifip

points; the first pealat a wave number of 0.065 cyclesénd the secongdeakat a
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wave number of 0.42 cycles/m. These two points correspond to wheel hop and body
bounce of the Jdcle, respectively Evaluatingthese wave numbers with an 80 k/hr
quarter car model, theesonanfrequencies are calculated as 1.44 and 9.33 Hz. These
two frequencies are important because they are approximately equal to the
frequenciesiesigned for velslesto minimize transmission of road inpySayers, et

al., 1998) The sensitivity of the IRI to these frequencies is the basis for the usefulness
for calculating road roughnesshe resonace seen in the IRI gain slope proesd
dominant results when using suspension deflection as the measured response

(Gillespie, 1992)

IRI Gain Slope

Amplitude

E rrrF - P r s rrrrF
-2 - 0
10 10™ 10 10'
Wave Number, cycles/m
Figure 2.13: IRI Sensitivity to a Range of Wavelengths
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2.2.2.2 Calculation of the International Roughness Index

To calculate the IRIof a longitudinal profile two filters are applieda moving
average and a quarter car filt@is seen irFigure2.5, when a tire makes contact with
theroad, the tirecovers an area rather than a single point. This area is known as the
contact patch and is taken into consideration when performing vehicle simulation.
During simulation, the road is typicalyewed as amputto the systenasaseries of
points. Usingpoint inpus may overemphasis small dipgnd bumpsn the road that
might not affect the tire or the output of the system. To account for the contact patch
and its interaction with the road profil@ moving averagis used on the profile data

This movingaverage as seen in Equatidi (Sayers, et al., 199&ts as a low pass

filter to the road profile data.

e——
B

Figure 2.14: Tire Contact Patch

naQ 2.7
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In this equation, the original road profile, sampled with aX interval is split into
segments summed over the base legrgtland diviced by the number of samp)és,
includedin the summation. The base length (contact patch length) is dependent on
tire size and tire pressure, but is typically taken as a value of 250 mm for this
smoothing proces€Sayers, et al.1996) The effect of this smoothing process on a

sample longitudinal profile is shown kgure2.15.

Smoothed Profile
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Figure 2.15: Smoothed Profiledue to Contact Patch

The seond filter appliedo the profilein the calculation of the IRI is thguarter car
filter. This consists ofthe simulation ofan 80 k/hr quarter car model along the
smoothed profile. The quarter car modelises theGolden Car parametersas
previously discissed This simulation is completed to calculate the vertical

displacementresponse of the sprung and unsprung masgscally calculated
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through state space methodife IRI represents the average rectified slapgach is

theaccumulated suspdaona motion divided by the distance traveled

In this equatiors; ands, are defined by the derivatives thie vertical displacement of

the sprung andnsprung masses with respecttistance, providing units of m/km or
inchegmile. These slopes are summed and divided by the total number of samples
subtractedby the number of samples enveloped by the contact patch Jength

expresseasn-k in theequation

2.2.2.3 IRI Scale

To give a sense for the meaning behind the values of thé-igrire 2.16 and Table

2.3 provide approximate ranges of roughness for defining certain road (§agsrs,

et al., 1998)An airport runway will likely have an IRI of below 1.75 m/km to ensure
smoothnessor flight takeoff, while an IRl of 8.00 m/km or above would most ljke
be a rough unpaved roafldditional road qualitydescriptions relating to IRI can be
found in Table 2.4. The aforementionedFHWA Pavement Smoothness Initiative
originally used 2.68 m/km (170 inches/mile) as a target IRI for highwalysn

beginning in 2002. In ZTb, the target performance goal was reduced to 1.50 m/km

(95 inches/ mile) in an effor (FHWA2004 r t her

26



IRI, m/km

20

W Airport Runways
18 and Super Highways
16 = New Pavements
Older Pavements |
14 Maintained Unpaved Roads ||
f=== Damanged Pavements
12 === Rough Unpaved Roads Ll
10
8
6
4
-

0
Figure 2.16: International Roughness Index for Roads ClassefSayers, et al., 1998)

Table 2.3: Approximate IRI Road Class Ranges

International Roughness Index: Lower Bound | Upper Bound

Approximate Road Class Ranges (m/km) (m/km)
Airport Runways and Super Highwa 0.25 1.75
New Pavement 1.50 3.25

Older Pavement 2.25 5.75

Maintained Unpaved Roaq 3.25 10.00
Damaged Pavemen 4.00 10.75

Rough Unpaved Road 8.00 20.00
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Table 2.4: Road Roughness Estimation Scale for PaveRloads(ASTM E1926- 08, 2013)

IRI (m/km) | Road Quality Description

0

1 Ride comfortable over 120 km/h. Undulation barely perceptible at 80 km/h in
range 1.30 1.8. No depressions, potholes or corrugations are noticeable;
depressions < 2mm/3m. Typical high quality asphalt 1.4 to 2.3, high quality

2 surface treatment 2.0 to 3.0.

3
Ride comfortable up to 16020 km/h. At 80 km/h, moderately percigbd
movements or large undulations may be felt. Defective surface; occasional

4 depressions, patches or potholes (exg58m/3m or 120mm/5m with
frequency 21 per 50m), or many shallow potholes (e.g. on surface treatment
showing extensive raveling). Sade without defects; moderate corrugations ol

S large undulations.

Ride comfortable up to 790 km/h, strongly perceptible movements and swayi

6 Usually associated with defects; frequent moderate and uneven depressions
patches (e.g. 280mm/3m or 2040mm/5m with frequency-3 per 50m), or
occasional potholes (e.g:13per 50m). Surface without defects; strong

7 undulations or corrugations.

Ride comfortable up to 560 km/h, frequent sharp movements or swaying.

8 Associated witlsevere defects; frequent deep and uneven depressions and f
(e.g. 2640mm/3m or 46B0mm/5m with frequency-8 per 5m), or frequent
potholes (e.g. 4 per 50m).

9

10 Necessary to reduce velocity below 50 km/h. Many deep depressions, potho
and severe disintegration (e.g-80mm deep with frequency B per 50m).

11

12
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2.3 Ride Comfort
Early studies of roads focused mad profiling which was later extended to take the

vehicle motion into accour(Liu, et al., 1999) Traditional roughness measurement
systems only provide informatioabout the road profile quality, buéck a direct
measure ofide comfort experienced by the vehicle occupa(®sem, et al., 2005)

Profile roughness is only indirectly related to ride quality due to the wide range of
vehicle models Although the IRI provides a good understandingegards tathe
roughness of the road, it is based on the response between the vibrations of the
vehicle axe and body. This quantity is fundamentally different than ride vibrations

felt by the passenger andnnot always indicate thile quality.

Although other factorgoncerningcomfort while drivingexist, such as noise, small
vehicle vibrations, and terepature, the focus of ridéiscomfort is produced by the
vibration response of the vehicle suspension from the input of a road profile
(Dahlberg, 1978) Ride comfort is therefore based on the vertical acceleration
response caesby theexcitation of theroad profile. Vehicle simulation studies have
shown the main factors of ride comfort controlled by vehicle dynamics are the
suspension stiffness and damping, tire pressure, and speed of the moving vehicle
(Gao, et al., 2011)he vibrationr e s ponse is filtered through
weighted in the frequency range of human sensitivityhole-body vibration
influences comfort, performance, and letegm health effects of the subjgttahvi,

et al., 2009)To understand the ride quality and comfort of the occupants of a vehicle,
the dynamics of the entire vehicle and the limits of human tolerance to-ibdje

vibration must be recognized.
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2.3.1 Effect of Vibration on the Human Body

The human body can be viewed adinear passive mechanical system for small
amplitude vibrations. Vibrations up to 12 Hz affect all of the human organs, while
local effects occurat higher frequenciegHostens, et al2003) For subjects exposed

to vibrations in the vertical direction, resonact@nges depending on body position

For a seated person, the first resonance occurs between 4 and 6 Hziowhile
standing persorresonance occurs at both 6 and 12(Riersol, et al., 2009)or a

seated person, vibrations occurring at resonant frequency have effects on organs in
the abdominal cavity and the lower spine. Muscle fatigue that may lead to back injury
can occur just after one hoof seated vibration if vibrating at the resonant frequency

of 4-6 Hz (Nahvi, et al., 2009)Largervibration frequencies, such &3-30 Hz and

60-Hz, affectthehead and eyeball respectively.

Seat-back

Seat-surface

./'

’

Figure 2.17: Axes for Vibration of Seated Persor(ISO 263%1, 1997)
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2.3.2 Vibration Standards

Guidelines for human vibrationan befound in International Standar¢SO 2631
Evaluation of Human Exposure to VibratiomdaShocki Evaluation of Human
Exposure to Whol®ody Vibration. Additiondly, the British Standardor vibration

can be found iBS 6427: Guide to Evaluation of Human Exposure to Vibration in
Buildings. Both standards contain very similar methods andopbjphies concerning
evaluation of vibratiorafter the revision of ISO 2631 in 199Griffin, 1998). These
standards outline the transfer of vibration to the human response through frequency
weightings andncludemethods for ealuatingthe effect of wholebody motionsThe
equations summarized in ISO 2631 will be used to quantify ride cothforigh use

of therecorded vertical acceleration data.

2.3.3 Forms of Discomfort

Due to the laws of physical systems, humdosiotsense dispicement and velocity

if they are not changinf@.iu, et al., 1999)Ride discomfort stems from sensitivity due

to vertical acceleration and largaddenchanges in acceleration, known as jekrk

is defined as the rate of clganin acceleration and expressed in meters per second
cubed.Large magnitudes of acceleration can cause discomfort, but even on roads
where vibration magnitudes are low, jerk can still S@nseddue to bumps and

potholes.
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2.3.4 Quantifying Comfort

Although rice quality can be viewed as a perception of comfort, in many ways it can
be quantified based on the reaction of the human body to specific frequency ranges.
Vibration is evaluated through a weighted root mean square of the recorded
acceleration. This accebdion value as seen in Equati@m® is weighted based on
specified frequency domainshich aredependent on position of the subject and

direction of vibration1SO 26311, 1997)

T

L (2.9)
@ ry ® 0 Qo

Typical ranges of this frequency weighted accelerationi@nklations to comfort
can be found inTable 2.5, where values ofa, less than 0.315 nflsmay be
comfortable for a seated person, whileagivalue larger than 2.0 ni/sorrespondto
extreme discomfort of the subjeétifty percent of sitting or standing healthy people
can detect frequency weighted aecations in the range of 0.01 to 0.02 hviéth a
median of 0.015 mfs This rangeconsiders thevariation in the ability to perceive

vibration between individuals.

Table 2.5: Comfort Based on Vibration Level

ay (M/s) Reaction
<0.315 not uncomfortable
0.315-0.63 a little uncomfortable
0.5-1.0 fairly uncomfortable
0.8-1.6 uncomfortable
1.25-25 very uncomfortable
>2.0 extremely uncomfortable
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Due to shock and transient vibrations, anothethoe of comfort evaluationthat
takes these short term accelerations into acasuméed Known as the running root
mean square acceleration methpiisented in Equatioh10, this method includes a
time variable U to represent the integration time for the running average. tifings
variableis recommended to be sstone second to only envelope the short duration
responseThe maximumabsolute value ab 0 is known as thenaximum transient

vibration value(Equation2.11).

i
6o & oo @10

-4661 A® 0 s (2.11)

Furthermore, he vibration dose valuedefined in Equation2.12, is similar to
frequency weighted acceleration in terms of equation, but instead uses the fourth
power, giving a valuehat is more sensitive to peaks in the weighted acceleration

data. The units of VDV are calculated asmis

T
WwOw ®w 0 QO (212

To determine which equation provides the best estimation of acceleration related to
comfort, acrest factoris used.The crest factor is defined as tfaio of the maximum
instantaneous peak value of the frequency weighted accelerationRb &svalue.

For crest values below or equal to 9, the basic frequency weight acceleration value
from Equation2.9 is consdered to be adequate. FurthermdAdVV or VDV should

be used in addition to the root mean square of the weighted acceleratidnaf 6

p&uore $6 p8g Y (Piersol, etal., 2009)
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2.3.4.1 Calculation of Frequency Weightings

Frequency weightings are provided in 1ISO 2@3fbr humanvibrations in the 0.5 to

80 Hz range.Weighting functions relate the man sensitivity to vibration as a
function of frequency andreweighted based on the sensitivity at given frequencies
(Smith, et al., 1976)These weights act as low and highss filters to isolate the
significant frequencyangebased on location and vibration axigble2.6 provides a
listing of all six different frequency weightings and their applicability to directional
vibration effects on health and comfofPiersol, et al., 2009)The principle
weightings, Wk, Wy, and W, are used tassess the effects of vibration on health,
comfort, and perception during whole body vibration. Weightitigis used for
vibration in the zdirection, excluding the head/hile Wj is the weighting for x and y
directions of vibrationW; is a frequency weighting included specifically for the
assessment of motion sickness caused byflequency vibrations. Additional
weightings W, We, and W, are provided for special @ including seaback
vibrations, rotationalbody vibrations, andhead motion of a reclining person
respectively. For the purpose of understanding ride comfort in a forward moving
passenger caYk is used as the weighting function. Although sematk vbration and
vibrations in other directions exist, the vertical seat surface vibrationdoansmant

when compared to the others.
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Table 2.6: Directions for Whole-Body Vibration Frequency Weightings
FrequencyWeighting Health Comfort Perception | Motion Sickness
Z-seat
X, Y, Z-feet
W, Z ) Z
Z-standing
X-lying
X-seat
X ‘ Y -seat
-sea .
Wy Y-seat | X Y-standing X, Y
Y, Z-lying
Y, Z-back
Wi Z
W, X-seat back X-seat back
We d;(l Yy q d
W, X-lying (head)

The frequencyveightings are expressed mathematically by a combma transfer
functions thaaremade up of various frequencidsand resonance quality facto,
These values are given ifable 2.7 and Table 2.8. The overall transfer function
includes a band limiting twpole filter, an acceleratievelocity transition, and an
upward stepEquations2.13 and 2.14 make up the high and low pass filters with
Butterworth characteristics. These filters reduce the amount of unwanted frequencies
that lie outside the bounds of the effective frequemcgeleration rangér human
comfort Acceleratios at low frequenciesare transferred througtEquation 2.15,
while Equation2.16 takes accelerations due to jerk into consideration. Cantpin
these four functions through multiplication (Equatibh?), a single transfer function
for each of the different frequency weightinigsprovided Plots of the weights in
terms of frequencyagainstamplitude an be seen irFigure 2.18 for principle

weightings andrigure2.19 for additional weightings.
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Table 2.7: Principle Frequency Weighting Transfer Function Parameters(1ISO 2631, 1997)

e Band-Limiting | Acceleration-Velocity Transition Upward Step
eighting
f1 (Hz) | f2 (Hz) f3 (Hz) f4 (Hz) Q4 fs(Hz) | Qs | fs(HZ) | Qs
W 04 100 12.5 12.5 0.63 237 | 091 3.3 | 091
Wy 04 100 2.0 2.0 0.63 b o} b o}
W 0.08 0.63 b 0.25 0.86 | 0.0625| 0.80| 0.1 | 0.80
Table 2.8: Additional Frequency Weighting Transfer Function Parameters(ISO 26311, 1997)
- Band-Limiting | Acceleration-Velocity Transition Upward Step
Weighting
f1 (Hz) | f2 (Hz2) f3 (Hz) fa (Hz) Qs fs(Hz) | Qs | fs(Hz) | Qo
W, 04 100 8.0 8.0 0.63 b b
W, 04 100 1.0 1.0 0.63 b b
W, 04 100 b b o} 3.75 | 091] 532 | 091
SO ns P Q (213
n — . — A - :
p UG A 1N Q0
SO 7 's P « (214
n = = = - :
p VN1 all Q Q
o~ s p Nl QQ joRei]
- - - - 21
fons p N 0] ni " Q"Q:)') "QOQp ¢U Q2 (213
o~ p nji 0 Nil 1 0 Qb MIQp b QD
— : — — = = = 2.16
fons ni o ni 31 0 QI "QIQp ¢O Q D (216
'O O JOR JOn JON (2.17)
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Figure 2.18: Frequency Weighting Curves forPrinciple Weightings
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Figure 2.19: Frequency Weighting Curves for Additional Weightings
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2.3.5 Human Tolerance Criteria

Vibration not only affects short term ride comfoluyt can also pose possible long
term health concern3hese concerns include possible risks affecting the lower spine
andthe connected nervous system for seated pe($80s26311, 1997) The effect

of duration follows a powelaw relationshipthat assumes responses are related to

equivalent energgiven as

%0 AT 1T OOAT O (2.19)

wheret is the duration of exposure amdis index and is equal to either 2 or 4
dependingon the study(Piersol, et al., 2009)Guidance for health concerns due to

whole body vibrations are outlined in ISO26BAand shown irFigure2.20.
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Figure 2.20: Health Guidance Caution Zone(Piersol, et al., 2009)
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The upper and lower lines correspond to VDV values of 8.5 and 17 respecIively.
dashed lines represent an indexncf 2, while the dotted lines represent 4. The
shaded area existing between 4 and 8 hour daily exposure dstadawhere there

is an increase for potential health efee&elow this shaded area, health effects have

not been observed, but are expected for exposure above the shaded zone.

Preventative measures are taken into consideration to avoid daily exposure to intense
vibrationsby reducing the amount of transmission of vibration from the vehicle by
using a seat cushion. The seat cushion acts as an isolating spring to reduce the amount
of vibration felt by the user. Aside from comfort, the goal of using the seat cushion is

to isolate the frequencies felt between 2 andz5 Fhisrangeis avoided becausi
envelopes theesonance of aeated person. Effectilye the seat cushion shouldvea

a natural frequencthatis small when compared to the forcing frequency, such as 1

Hz (Piersol, et al., 2009)
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Chapter 3: Systemldentification

Mathematical models are used to describe the dynamic behavior of a system as a
function of time. These models can be used for simulation when a real system is
shown to be either too expensive or complicated to test. Creating an exact model is
not always necessary as it may be more useful to create a system that shows potential
application ather than creating a complex design at the start. Although there is a
tradeoff for complexity and accuracy, using simplified models has been proven to be
very useful in demonstrating the overall performance of the sydtam Overschee,

et al., 1996)

A key step in creating the initial model involves the use of system identification
techniques, including stochastic methodgd inprediction error. Although different

than physical modelasthey may provide no physical meagj system identification
models are easily attainable and diverse enough to create systems comparable to the
physical models. Statgpace models provide a useful and simple way of relating
mathematical model ta physical model though a system defingdits equations of
motion. By creatinga statespace model, the input and outputaofystem have a
mathematical relationship with physical meaning that relates to the real model
parameters.Depending on the structurehese models can include physical
pamameters, such as mass, damping, and stiffness that are to be identified using

experimental dynamic da{®e Angelis, et al., 2002)
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3.1 State-Space Introduction

A statespace model is used to relate the input and output of sigalhysystem by
using a mathematical model to rewrite seconctodifferential equations a#o first
order matrix equations. This simplified sta@ace forntan beseen in Equation3.1

and3.2.

w 0w oo 31

w 0w 0o (3.2
In this form, the physical model igpresented in matrix form &ise state matrixA.
The transfer of thenput into the system is described imatrix B. State vector,
describes the location of the input to the systesnile input vector,u, contains the
actual input data. The second stapace equation describes the output of the system,

wherey is the outputvector,and C is the output matrix constructed based the

desired output of the system.

For the case of a moving vehicle, state vectpmepresentshe disphcement and
velocity of the spraog and unsprung masses of the vehicle. The input vector is the
elevation of the road profile in which the vehicle is travelifipe output vector
provides the displacementelocity, oracceleration of theehicle masses depending

on the configuration of the output matrix.

Statespace is used because it providesethiod in which the physical parameters can
be extracted directly from the matrices based on the dynamic system properties. The

statespace matrices can be determined from the input/output data using system
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identification methods. These methods provide amseof obtaining a statgpace
model by fitting it to the given input/output data. This method is purely mathematic,
which is why it must work in conjunction with the equations of motions obtained

from the physical properties of the system.

3.2 Parameter Idertification Techniques

Parameter identification begins witkhe representation of theecond order
differential equations of motion tfie dynamic systenm statespace form. The state
spaces equations described in EquatiBds and 3.2 characterizethe system in
continuoustime, which can be evaluated at any instann time. Because
experimental data is discrete in nature due to sampling, the contiimn@ustate

space modemustbe represented in a distetime form for analysigRen, et al.,

2004)

@ ow 060 (33)

W Oow 0o (34)
Process noise and measurement noise is also considered when describintgthe sys
due to uncertainties in the mod@&rocess noise) , is caused by disturbances and
model inaccuracies, while measurement naisejs due to sensor inaccurac{@sen,

et al., 2004) If these stochastic componsrdare consided the statespace model

becomes:
w ow 00 0 (3.5)

w Ow 0o 0 (3.6)
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Due to the dficulty of preciselydetermining the process and measurement noise
characteristics, it is assumed they are each zero mean, stationary, white noise vector
sequencegVan Overschee, et al., 199&s shown in Equatior3.7, the two noise

terms are assumed to be statically independent of each other.

v . . VN
o . O U 3.7
b w ] 3.7)
In this nextsection of the studywarious algorithmghat use this statgpace formare
examined to determine thegper system identification techniques best suited for

vehicle parameter identification.
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3.21 ERA

Through the use of an impulse force, tigensystem Realization Algorith(ERA)
excludes the input and feedthrough matrices in the stpi@ce modefor modal
identification The Natural Excitation technique is usetith ERA to simulate this
impulse response due to excitation from a white noise input (Gadng, et al.,
2012) This method has been found to be accurate, but requingslsenfor free
response data under noiseless conditigtetsounis, et al., 20Q1Additional steps

and data may need to be taken to account for the distortion due to noise.

Pre-Processing Eigenvalue Estimation Post-Processing

Limit Bounds for
Frequency, Damping Ratio,

Recorded System n < Max Order

n: Model Order
Response ( ) o MAC
Markov Parameters Identifying Modal
Low Pass Filter l Parameters Satisfying

Convergence Limits

Forming Hankel Matrix
using Markov Parameters

L

Plotting Power Spectral

Singular Value Density of Output
Input (Impulse) / Output . . cnsity ol Dulpu
Output-Only Dewmposi]on (SVD) Response
Eigenvalue Analysis
‘]’ 1. Stabilization Diagram
Max / Min Order Determine Modal 2. Plotting Mode Shape
. Parameters
of Hankel Matrix .
Corresponding to n \_/—
L ]

Figure 3.1: ERA Process(Chang, et al., 2012)
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3.2.2 NA4SID

Numerical algorithms for subspace #taspace system identification, known as
N4SID, compareprojections of future outputgainstrecorded output datévan
Overschee, et al., 1993)he predicted statgpace model is found once the projection
of the future output and recorded output has been minimikb. process of
parameter identification through eigenvalue estimai®rshown inin Figure 3.2

(Chang, et al., 2012)

Pre-Processing Eigenvalue Estimation Post-Processing
Recorded Systcm n < Max Order no /F Limit l]?)ound.s t’olr{ .
Response (n: Model Order) ] fequencayl;d lidnjf(l:nb atio,
yes
Forming Past and Future —
Hankle Matrices Identifying Modgl
Low Pass Filter | Parameters Satisfying
& Convergence Limits
QR Decompression
¥
Si“gll"fr_ Value Plotting Power Spectral
Input / Output Decomposition (SVD) Density of Output
Output-Only - J’_ Response
Optimal Solution between
Two Successive
Projections
_J’ 1. Stabilization Diagram
Max / Min Order Determine Modal 2. Plotting Mode Shape
. Parameters
of Hankel Matrix .
Corresponding to .
L

Figure 3.2: N4SID ProcesqChang, et al., 2012)
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3.2.3 ARMAX (ARX /AR)

Other popular linear models incle the AutoRegressive Moving Average (ARMA)
model and AutoRegressive Moving Average with eXogenous excitation (ARMAX)
model. These methods use past values in the time series to predict future behavior of
the responséescribedrespectively, in Equatiord8 and3.9 (Li, et al., 2006) these
modelsexpress the outpin terms of the current input addition tothe previous step

of input/output(Chang et al., 2012)

@ | ro [ Q (39)
w | W FQ (3.9)
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Figure 3.3: ARX/AR Process(Chang, et al., 2012)
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3.24 PEM

The previously mentioned algorithms are useful for identification of first order
system parameters, such as natural frequencies, damping ratios, and ahtiles
structure Additional methods are neededr ffurther prediction of second order
parameters consisting of sgst mass, stiffness, and dampingnown as the
predictionrerror idertification method(PEM), this methodprovides the additional

steps necessary for parameter estimatigeng, 1987) The prediction error method
begins by describing the model as a predictor of future output based on past data

(Ljung, 2002)
O &® p QO (3.10)

The lefthand side of EquatioB.10 represents the predicted output, whiles an
arbitrary function of past datand & is the obsesed data This predictor can be

parameterized as shown in EquatBhl.
Wws— QO h— (3.11)

Here,—represents a finitdimensional parameter vector. Thgbuthe minimization
of distance between the predicted outpbigs—, € Us—, andmeasuredutput,
wp, éxpl , a suitable estimatef the parameter vector can be maddis

estimation is completed through the followimgnimizationtechniqie:

— AdJdCEdL — (312
O — Ao QO h— (313
wherel is chosen based on an acceptable digtdimit, & - £ E .
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The statespace model with known and unknown physical parameters can be written

as:
w0 0 —wo0 06 —00 (314
wo oO6w 0o (315

Here it can be seethat the state and input matrices are both fanst of the

unknown parameters.

Several types of methods can be used to form the system when either no model data
or partial data is available. If a $ga cannot be modeled, whether the construction is
unknown or the physical interactions are too compliatestandard model can be
used. This standard modslcapable of handling a range of various system dynamic
problems(Ljung, 2002) This method is known asdilkbox modeling and involves

the use of the ARMAX modelThis techniquecreates a model based on the
input/output or outpubnly measured response of the systear.the case of a known
system with partially unknowparameters, grelgox modeling can be useWhen
available, the use of the grepx model is advantageous as more information is

available for the use of PEM.
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3.3 Output-Only Parameter Identification
Within a laboratory setting, excitation can be applied $tracture through means

such as impact loading, forced vibration, or applying vibration via shake table.
These controlled experiments all have known applied forces which can be used to
help identify the unknown parameters of the system when combinedtheith
response. Unlike testing in the laboratory, controlled tests of real world structures
through applied forces cagither beimpractical orcostly. In cases such as this,
outputonly identification techniques are requiréd determine theunknown

paramegrs of the systerfPeeters, et al., 1999)

In the case of outpdnly identification, the input term of the statpace model,
0 , is not known. For ambient vibration testing, it becomes impossible to
distinguish this inpt term from noise terms and0 (Li, et al., 2006) By

modeling the input term as noise terms, the system becomes purely stochastic:

) ow U (3.16)

w O6w U (3.17)
While the input is now described by the noise terms, the white noise assumptions
cannot be omittedlf the input of the system contains dominant frequency
commnents combined with the white noise, these components cannot be
separated from the eigenfrequencies of the syfRan, et al., 2004 )Violation of
this white noise assumption largely affects the poles of the state nfatiike

goal of this form of outpuwbnly analysis is to determine the mathematical

49



description of the structure as represented by the state matrix. Once the state
matrix is predicted, the modal parameters, including natural frequencies, damping

ratios, and moel shapes can be calculated through eigenvalue decomposition.

Outputonly identification methods have been used on civil structures for
parameter estimation involving structural health monitoridge to the inability

to apply specific loadg for excitaton of inuse civil structures, the natural
ambient vibrations provided by wind, traffic, and human activity are examined
(Ren, et al., 2004)Stochastic subspace identification methods involving these
natural vibrationhave ben used to determine the modal parametetsridhes

for postearthquake structural integrity investigatiofiondono, et al., 2004)
Furthermore, these methods have been used for structural damage detection
involving the predition of strength and stiffnesstdaoration(Nagarajaiah, et al.,

2009)
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3.4 Vehicle Parameter Studies
Recent studies have been completed for vehicle mass estimation using various system

identification methodsResearch wrecusive least squares for efbad vehicls has

shown its effectiveness in sprung mass estimation involving the use of acceleration
signals from both the sprung and unsprung mad2esce, et al., 2009The added
measurement othe unsprung mass response creates a technique in which the
estimation of the ground input can be avoidedurther study shows that regression
methods, such as recursive least squares and recursive total least squares, are not
suitabk forthe outputonly estimation of the sprung mass because of their sensitivity

to tuning parameter@ence, et al., 2011Another study includes the usé multiple
accelerometers dmeavy duty vehiclefor measurement of the longitudinal respe.
Recursive least squares with multiple forgetting factors is used for the simultaneous

estimation of vehicle mass armshd grad€Vahidi, et al., 2005)

3.5 Summary of System Identification Algorithms
This chapter presents vaus algorithms currently used for identification of

input/output and outpudnly systems. This review shows that methods such as ERA,
N4SID, and ARMAX are capable of solving first order parameters, such as natural
frequencies, damping ratios, and modesadaystem. However, these methods are
purely based on mathematicalodelsand lack any physical meaning necessary to
describe the second order parameters, including mass, stiffness, and d&mpihg.

case of a typical passenger vehicle, whiobludes known physicalcomponent
interactions, the system can be represented ingpaiee form for the use of grépx

modeling with PEM for estimation of the unknown parameters.
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Chapter 4: Numerical Simulation

4.1 Simulation Overview
Computer modeling iperformedfor a ful understanding of the requirements for

system identification of the vehicle parameters. Modeling includes road profile
generation and vehicle simulation. Simulation of a traveling vehicle is accomplished
through the use of stapace analysis. Stagpace representation of the vehicle
creates a method in which the response of the vehicle can be determined by providing
an input to the system. In this case, the input is the elevation of the generated road
profile. Statespace representation is also usdtul greybox model estimation for

parameter identification of the vehicle used in system identification algorithms.

The simulated vehicle is excitédroughinput of generated road profiléisatinclude
various bumpsAnalysis isperformedto determine hw much excitation imeededo
provide a response sufficient enough feystem identification. Once the vehicle
parameters are dgimined, an indexan becreated which relateghe roughness of

the road to the vertical vehicle acceleration
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4.2 Road Profile Simulation
Comprehension ahe dynamic response of a vehicle driven over a road begins with

an understanding of the input, whichtims case is the road profile. Through the use

of inertial profilers to determine profile elevati@tudies havéound that typical road
surfacesaremade upf random excitation with a Gaussian distribut{@wodds, et al.,
1973) Furthermore, tatistical researchperformed concerningroad profiles has
determined that profiles cabe viewed asa summation of a series of sinusoids
(Sayers, et al.,, 1996)Figure 4.1 shows a series of sinusoids with random
wavelengths, amplitudes, and pragdthough in reality road profiles daohcontain
identifiable sinusoids, a good approximation can be made by adding a series of

sinusoids together to create a simulated praiBeobserved irigure4.2.
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Figure 4.1: Series of Sinusoids with Varying Wavelengths, Amplitudes and Phases
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Figure 4.2: Example Profile Consisting of a Summation of Random Sinusoids
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4.2.1 Generated Road Profile

Generating road pfibe elevations in the time domain follows the notion of a
combination of a series of harmonigglated to the power spectral di#ps
interpretation of profilepresented irequation2.1. This summatiorof harmonicss

expressedi Equatiom.1 as a function of distand®a Silva, 2004)

i o ONEEQ o (4.1)

Variation of spatial frequency and phase angldefined by¢ ande , respectively.
Spatial frequencye, ranges from 0.011 to 2.83 cycles/mhivh correspondso the
frequency rangeéefined in ISO 8608 for classification of road profil@shannesson,
et al., 2012) These frequencies are linearly distributed between this rangd for
interpolations. The range of stifrequency can also be shown &s € gj

Y& "Q p wherethe increment is calculated 8  £j g £ g 0 (Da Silva,
2004) The phase anglen Equation4.1 is randomly normally distributed over the
range of 0 and 2 As shownin Equation4.2, the amplitude of the harmonic is

proportional to the roughness of the power spectral density fun&ioa, .
0 YO ¢ (4.2)

For a profile consisting dfl harmonics a mathematical approximation can be made
consisting ofN/2 sinusoidgSayers, et al., 1996)n addition to this generated profile,

if large local irregularities such as busnand potholexist, theymust be added
separatelypecausehe roughness of the PSD function does not take them into account

(Cebon, 2000)
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4.2.2 Road Profile Verification

Road profile elevation is typically expressediénms ofmillimetersover a distance

of meters.The choice of units can make the profile elevation appedeigreatly

exaggerated as thumit of elevationis three orders of magnitude smaller than the units

of distance.Two example profiles, generated using Equadd. are shownbelow.

Figure 4.3 shows aroad profile consisting offivery gooad pavement quality with a

degree of roughness vali€ & , equal to16 cnf. Figure 4.4 shows a generated

profile with a degree of roughness of 256%categorizingthe profileas a road of

fipooro quality, according to ISO 8606.
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Figure 4.3: Road Profile - Very Good Pavement Quality
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Figure 4.4: Road Profile - Poor Pavement Quality
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These generated profileme verifiedby calculating the root mean square oé th
profile elevations and comparing them to previous road profile stullipkt of the
range of elevation based on degrees of roughness ranging from 1 to 10&ande

seen inFigure4.5.
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Figure 4.5: Profile Elevation with Varying Degree of Roughness

Although there is a larggtandard deviationf elevationin the generategrofiles, the
mean of the samples show results similaelevationsfound in previous wde (Da

Silva, 2004)
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4.3 Vehicle Model

Two types of vehicle models are usadhis study a quarter car and a half car model.
The quarter car model is used to calculate Ikleof simulated and recorded road
elevation profilesas per FHWA standardswhile the half car model is used to
comparerecorded acceleration response of the actual vehgdénst the simulated
vehicle The decision to use the half car mode&#ms from the need to include the
road surface input of both theoht and rear tirand the combined interaction they
provide to thevehicle body. This interaction cannot be properly simulated through the
use of a quarter car model. Although a full car model would provide the necessary
response, it is nateededbecaus these simulations focus on the roughness of the

longitudinal profiles while small lateral effects can be neglected.

These models take the basic fundamentals of the vehicle system and break them into
the necessary pieces that represent the dynamicse ofeticle in a mathematical
model. The models are made up of masses, suspension stiffness, suspension damping,
and tre stiffnessThe contact patch where the tisarfacemeets the road isken into

account by using a 250 mm moving average-pass filte.
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4.3.1 Quarter Car Model

Thequarter car model iatwo degreeof-freedomlinearsystem that is widely used by

the automotive industryor predicting dynamic response, parameter identification,
and system optimization of ground vehiclg&erros, et al., 2005)Although highly
simplified, the quarter car model provides considerable insight into the dynamic
response of a vehicle without ovewmplicating the analysi€Turkay, et al., 2005)

The quartecar model represents one fourth of a typical fimed vehicle ashownin
Figure4.6. The two massesgsed in the quarter car modwinsist of the sprungnd
unsprung mass The sprung mass is the mass supported abloeevehick 6 s
suspension system, which is ¥ the mass of the body of the vehicle. The unsprung

includes the mass of one of the wheels and the suspension system connected to it.

xS
Sprung m

Mass S
k, EXp)
xu
Unsprung
Mass m,

Road
Surface

Figure 4.6: Quarter Car Model
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The mainsuspension system is made up of a spring for stiffness and a viscous
damping shock absorber. This suspension system supports the sprung mass of the
vehicle, while the unsprung mass is in direct contact with the ground through the
stiffness of the tireThe tires are sometimes modeled wahdamping value in

addition to stiffnessDue to the small value dire dampingcompared to th damping

of the sigpension system, it can heglectedJazar, 2008)it is assumed that the eir

is always in contact with the groumar the quarter car modeThis assumption holds

true at low frequency vibrationwhile the tiremay not stay ircontactwhen exposed

to high frequenies

The quarter car model is limited in thatdoes notprovidethe geometric effects of
longitudinal and lateral connections thee included infull and half car moded.
Although the quarter car model does not include these interactions, it still gives a
good dynamic representation of thehicle response due toad unevenneswithout

overcomplicating the systeifTurkay, et al., 2005)
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4.3.1.1 Diagram and Equations

The calculation of the IRI is based on the relative displacemetiteo§prung and
unsprung massesf the quarter car modeéhduced by the unevenness of the road
profile. The goal ofsimulating thisquarter car model is to calculate the displacements

of the two masses based on an input displacement profile.

The equation of motion for the quer car models shownin Equation4.3. This
equation is set equal to zero due to the fact that the model will assume profile

elevation as the input rather than an applied force.

D 0w L T (4.3)
The twodegrees of freedom in this model are the vertical displacements of the sprung
and unsprung masses. The mass, damping, and stiffness matrices, as shown below,

account for thevehicle mass andgspring and damping coefficients that represent the

suspension sysmand tire

Q o)

o o 6:) 6:) .
, (0] i ¥ V) ¥ ¥ ¥
v W W Q QO 10

Thesethreematricesused in the equation of motioepresent the entire quarter car

modelas asystemthatincludesinteractions betwan the degrees of frdemwith the

input profile.
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Determining the displacementesponseof the quarter car modehvolves the
conversion othe equation of motion into stagpaceorm. Statespace representation
replaces i order differential equationwith first order matrix differential equations,
given as a system of two equations. For the quarter car model, this system of

equations is given in Equatiodst and4.5.

W W

0 W

i 0 4 o w (4.4)

@ W
W

W W

& 0 & ow (4.5)
W

Equation4.4 is know as the state equation. This equation is made up of the state
W
matrix, A, input matrix, B, the statevector & andinput vector @ . The state
W
equation includes the first order derivative of the state vector on the left hand side.
The output equation, Equatidrb, includes the output matrig, and the feedthrough

matix, D. Output matrix,C, is formed to provide the desired kinematic quantity,

whether it be displacement, velocity, or acceleration.
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Formation of the state matripd, is determined by relating the system input and
output through the system itselfsing equations of motion for each degree of
freedom.The free body diagram for the sprung mass, sedfgure4.7, shows the
connection of the vehicle body mass to the suspension system. The suspension
stiffness ks, is multiplied by the difference in displacements between the sprung and
unsprung masses, while the damping coefficienis multiplied by the difference in
velocity. The output is labeled &s representinghe displacement of the sprung mass

relative o the ground.

w1
1

]{J (xj - xlx ) C.S (;‘:‘J - ‘\l‘:i‘)

Figure 4.7: Quarter Car Model 7 Sprung Mass Free Body Diagram

Application of Newtonds second | aw of mo t i

leads to Equation.6.
adw 0Ow o Qw o T (4.6)
This equation is rearranged to isolate the acceleration of the mass on the left hand

side to determine the ogonentaised inthe state matrix

W — 0 —0 —®O —O 4.7)
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Similarly, a free body diagram igresentedor the unsprung mass. The unsprung
mass, which represents the masstt@ suspension system and tigrovides the
necessary connections relatethe vehicle body to the road itselihe displacement

elevation of the road is denoted on the diagramy.as

ks(xs - x&) C.S("‘:‘S - i"‘&)

L1

d o 0w o Qw w Qw 1 (4.8)
Again, the acceleration of the mass is isolated on the left hand sdivétopthe

statematrix. Unlike the equation of motion for the sprung mass, Equai®mhas an

additioral term for the inclusion of the profile inpu{. The coefficienmultiplied by

this input,—, is usedin theconstriction of theinput matrix

0w —0 —0 —0 —® — (4.9)
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The state andnhput matrces are developedy transformingEquations4.7 and 4.9
into matrix form.Arrangement of theoefficientsfound in these two equatiotesads
to space matrixA, and input matrixB. In the casefahe quarter car model, the input

matrixis avector because the systéras onlya single input.

Tt T p m .

(85 1]
Ul E TTT T P o v Il
0l Q Q w w , 11 ()
© - —_— JR— — 11 >
° (1 a a a a ° : :‘"T[ I,I
Q N 6 Qo —

ua a a a U

Output matrix,C, is constructed based dhe desired output. For the case of this
quarter car model, the desired output is displacement for both the sprung and

unsprung masse¥he output matrix seen below is selected to relate the state,vector
W
W
(b )
W

to an outpt of ., , through multiplication as seen in the second siptee

equation for theuarter car model, Equati@nb. For the case of relative displacement

of the system, the feedthrough consténtis equal to 0.

P MM T
T p T T

O m
Statespace matrices), B, C, andD, make up the statgpace model used simulate

the time response of the dynamic system.
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4.3.2 Half Car Model

A half car model is usedf a more accurate assessment of irejahe acceleratin
response of the vehicle to tieevation of the road profileThis two-axle vehicle,
shownin Figure 4.9, is modeled as a four degrekfreedom systemUnlike the
guarter car model, the half car model includbegh the front and rear suspension
systems, which interact through the connection and rotation of the vehicle body. The
degrees of freedom include the vertical motions of the front and rear suspension
systems, and the vertical motion and rotation of thhicke body itself. The
assumption of small rotation of the vehicle body is made to retain vertical movement
of theend pointgWakeham, et al., 20117 his assumption maintains the linearity of

the model.

Sprung g e 0, I s
Mass

X2 Xui
Unsprung

Mass m,, m,;

Road
Surface

Figure 4.9: Half Car Model
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For the half car modelpad uneveness is input into the systarboth the front and
reartires, represente@sxy; andxy in Figure4.9. The input of road elevation to the

front and rear tires iseparated by a time delay:

w 0 w o ft (4.10)
This time delay(J is a function of the distance between the front and rear tires and the
vehicle forward moving velocity

+ u (4.11)
0

A visualization of the road elevation input for the half car model is shovigime

4.10.

Front and Rear Tire-Road Contact

15
Front Tire
Rear Tire
10~ T
5 |- D

Elevation, mm
o
==

10+~ (\

-15

Time, sec

Figure 4.10: Front and Rear Tire-Road Contact
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4.3.2.1 Diagram and Equations
Similar to the quarter car model, the equation of mot®rset equal to zero in
Equation4.12.

Dw 0w LW T (412
The mass, dampingnd stiffness matrices now include the effect of the moment of
inertiafor rotation,and interaction of the front and rear suspension systems based on

thedistancebetween them

a m T i
i nm O m T
v m 1 a 11
m m T da
m& (Zo (jod (E)d f:) ~d)|’|
5 WA wa waTc‘oa wa wday,
1] W w a w T N
u &) ® a s o U
. Koo Qa Qa Q Q 0l
Ra Qa Qa Qa Q a Qa .
11 ko) Q a Q Q Tt 1l
u Q Qo Tt T QU
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A free body diagram for the vehicle body is shownFigure 4.11. This diagram

includes the rotation and end point motions of the sprung mass.

X sz Xy
L_ My NG J

Voo ! !

k.;:(x_;l 7’\.542) CJI("“:JI - "‘:‘ul) k:l(x.il 7‘xnl) Csl(i._xl - ’\l.&l)

Figure 4.11: Half Car Model i Sprung Mass Free Body Diagram

Because this study is based on a single accelereggponseof the vehicle, it is
necessary to relate the two end point motions to a singuldaonmat the center of

gravity of the vehicle body. The relations of these motions are detailed in Equations

4.13through4.16:
‘ N

w —Q w —A w (4.13)

a a

W W
P (4.14)
W w0 — (4.15)
O o — (4.16)
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Statespace formulation of the half car model rnspresented to relatthe road
elevation to the vertical acceleration of the vehicle body at its center of gravity.
Equation4.17 characterizeshe equation of motion for the sprung masased on
equilibrium Rearranging the terms to provide a formula for tedical sprung mass
acceleration leads to Equatiohl8. Substituting Equationsl.15 and 4.16 into
Equation4.18, replaces the end point accelerationthwerms based on rotation and
thelocation of the center of gravity of the vehicle body. This substitution is done to

create a state matrix that directly relates the road profile to vehicle acceleration

response
G Qo o O 0w Do o O 0 ® s (4.17)
Ko} . . Q. O . o . O . o .
w — 0 @ — 0 @ — — — N @ —0 — —® (4.18)
a a a a a a
i K ) 0 Q )
w -— W —a -— W —a — W — W — W —q
a a a a a
&) 0 o . (419
— W —a — W — W
a a a
T . Qa Qa .7 O O .
W 7 [V} — — W — W 7 w
a a a a
o ®a @ &) (4.20)
7 — —W — W
a a a
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Following a similar approacho the formation of Equatiort.20, Equaions 4.21

through 4.25 provide the necessary steps in creating relation for the rotational

acceleration of the vehicle body.

O— Q® o a ®ow ®a Qo o a4 oo o a m (42
Oo— Naw Qoo DA Oaw Qoo Qaw
v v (4.22)
W aw W adw
Qa. Qa. Qua. Qa . Oa., wad. oa.
— — 0 V0 @ 0 @0 0 —0
‘0 ‘0 ‘0 ‘0 o) ‘0 ‘0
—— W
o)
Q& o a . Qo Qa . @ &
— - W —0 — 0w — w w w —
‘0 ‘0 ‘0 ‘0 ‘0
& o  obha. da. (4.24)
- W A S W
‘0 o) ‘0
Qa Qa a Qo Qa . Qa . Do 0o,
— w — w w w
‘0 ‘0 ‘0 ‘0 ‘0
v T T . 4.2
wa wa W a w a (4.29)
— w w
o o D
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Equilibrium equation®f the front unsprung masse shown below, followed by the

equationdor the rear unsprung mass on the next page.

mu]

!

k., (xal )

Figure 4.12: Half Car Model i Front Unsprung Mass Free Body Diagram

d o Q o o D0 o Mo i (4.26)
‘ . ko) &) &) 0 0
w — W w w — W —W — W (4.27)
a a a a a a
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72



ksl(xsl_xal) C-‘i:
x.u2
mu2
k:l(xal)

Figure 4.13: Half Car Model i Rear Unsprung Mass Free Body Diagram

N o o ® 0w W Mo o Tt (4.30)
Q . Kol o . &) Kol Kol
—w w w — W —w — W (4.31)
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The statespace equations are formed & way to provide road elevation

. o 1l
- w - - - 2
displacement ;, , as an input and vehicle accelgon response;d')_',', as the
I
w U
output
W W
o a
| l‘_l’l | N
I(l:\) ',' [k 1N
I(i)') ] o o " w
L. ¥ o', o (4.34)
I |°° :,I l I('o Y w
1 | l‘_ r
o n W 1
W w U
@
oL
. IJ:O |:|
v 1 Lk, 1 &
1 | |°| ’
. o'l O . (4.35)
1w N “0.) 1 W
w U [
([ 1
w U

The statespace matrices used to relate the input and output of the system can be
found on the following page. MatricésandB are formed based on the acceleration
responseof each of the four degrees of freedom as ¢bim Equations4.20, 4.25,

4.29, and4.33. MatricesC andD are made up of the constanitet relate theoad

elevationto the accelerationesponse based on the state ventattiplied by C, as

seen in Equatiod.35.
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4.3.3 Model Vehicle Parameters

Natural frequencies for a typical passenger car are drbwand 10 HfJazar, 2008)

The lower frequency is due to the bounce of the sprung mass, while the higher
frequency has to do with the response of the unsprung mass. The sprung mass is
excited by bumps whichavewavelengths geater than the distance of the front and

rear tire while driving at average speeds. These bumps cause bounce motions of the
sprung mass. A4 higher speed, bumps will have shorter wavelengths, and aot as
impulse to the system. This impulse causes theels to oscillate at the natural
frequency of the unsprung mass. Due to the different natural frequencies of the
sprung and unsprung masstg excitation of 10 Hz of the unsprung mass is isolated
through the suspension system to prevent any discomfotheo vehicle user.
Although high frequencies can be isolated from the vehicle body, low frequency

vibration of 5 Hz or lessan cause resonance of the mass.

The amount of damping provided to a vehidehosen as a tradeoff between ride
comfort and vehlile handling. Due to ths compromise between comfort and
handling, the damping ratio is selected based on the goal of the specific vehicle.
Typical passenger cars will have a damping ratio close to 0.3, which provides a
comfortable ride through the inclasi of soft dampers, but lessens the overall control

of the vehicle. This is in contrast to a vehicle such as a racecar, which is designed for

handling and includesrauch higheideal damping ratio of 1.(Dixon, 2007)
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Paiameters of the simulated models are chosen to acludatscribe the behavior of

a typical passenger vehicle. Because the quarter car model will only be used to
calculate the IRI, the parameters are selected to reprékenGolden CarThese
parameters ra based on sprung masstios usedto maximize the output of the
vehicle. Damping ofThe Golden Cairs larger than what would be found in a typical
vehicleto avoid sensitivity to certain wavelengt(Sayers, et al., 1998The spung

mass is set equal to 1.00 with the units of the parameters digitause they are all
based on ratios to the sprung mass. Since the IRI is calculated based on the relative

motion between the sprung and unsprung mass, the ampdtubde massessinot a

factor.
Table 4.1: Quarter Car Model Parameters
Quarter Car Parameters
Mg 1.00
my 0.15
K 63.3
Cs 6.00
Kq 653

Performing eigenvalue analysis to determine the natural frequencies of the model
with theseparameter¢eads to frequencies @f2 and 11 Hz, whicls within therange
of natural frequencies for passenger vehiclé& damping ratio is calculated to be

0.40, which is the target amount of damping for this model.
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The half car parameterseaselected to represent the vehicle used for testing in this
study. The testing vehicleas shownin Figure 4.14, is the 2009 Toyota RV4, a

compact sports utility vehicle.

Figure 4.14: 2009 Toyota RAV4 (Toyota, 2015)

The curb weight of the vehicle, which is the total weight when not loaded with
passengers or cargo is 3360 Ibsd624.07kg (Edmunds, 2015)Ratios similar tahe
ones used in calculation ®he GoldenCar will be used to estimate parameters of the
vehicle. Assuming the unsprung mass is 15% of the sprung mass, the totahmass

be shown as the sum of the two masses as seen in Equaton
a a T d (4.36)
With this assumption, the sprung mass can be calculated as—— with the

addition of mass for each passenger, in this case taken as 73B50Kds). Due to
the increased damping of the quarter car model, the damping is lowered to provide a
damping ratio of 0.30 for the vehicle. The lengths from the frottefear tire to the
center of gravity of the vehicle were both measure to be 1.4Then.full list of

parameters used for the half car model is showirahbie4.2.
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Table 4.2: Half Car Model Parameters
Half Car Parameters

ms(kg) | 875 | Kksi(N/m) | 23088
| (kg/m?) | 1100 | ksp(N/m) | 23088
mu1(kg) | 55 | Cs1(Nis/m) 1776
My (kg) | 55 | cs2(Nis/m) | 1776
ly(m) | 1.47| ka(N/m) | 238180
l,(m) | 1.47| ke (N/m) | 238180

ks2 (e Cs2 ksl e Cs)

Figure 4.15: Half Car Model

Similar to typical passenger vehisléhese parameters provide natural frequencies of

1.1 and 11 Hz, with a damping ratio of 0.30.
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4.3.4 Correlation of Roughness Index and IRI

To simulate road profiles at specific IRI values, it is necessary to directly relate the
IRI to the roughness coefficienO ¢ , usedfor ISO classification (Equatiog.1)

and profile simulation (Equatiod.1). A direct relation between the values of the
roughness coefficient and the IRI is fouahpirically throughsimulation.Four sets

of 100 generated road profiles are simulated from roughness coefficients ranging
from 2 to 4096 cm?. This range is chosen based on the ISO Classification of roads
within Road Classes A through D. Because the IRI is calculated basadjoarter

car model with a forwardhovingvelocity of 80 km/h, varying vehicle speeds do not
needto be taken into consideration. IRI is calculated for egaterated roagrofile.

The effect of profile roughness on the value of theisRshownin Figure4.16. Based

on the relation of the two parameters in thellmg scale inFigure4.17, it can be seen

that the use of a nonlinear regression power model to determine the corrédation

appropriatgSeber, et al., 2003)
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Figure 4.16: Degree of Roughness vs. IRI
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Figure 4.17: Degree of Roughness vs. IRI (Log.og)
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A power mode is used to linearize the data and create a simple plawer
relationship aso v . Linearization leads to the following formx &b & &0

wz & &, where coefficientd andc are computed using Equatich37. Bad on the
simulated data, computation of these coefficients results in a power model relating the
IRI to the roughness coefficient asownin Equation4.39. The trendline formed by

this nonlinear regression is shown in bbture4.16 andFigure4.17.

o §(I) v (4.37)
) p aé&w
a6 a £0Y0
® P (4.39)
é a¢e0 ¢
p
OYO® o yop ¢ 8 (4.39)
0 & oY (4.40)
™ oY

The inverse of thiselationis presentedn Equation4.40. The inverse relation issed

to determinghe roughness coefficient®r generating road profiles with specific IRI

values
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This relation is validatetdy comparing the correlated roughness coefficients and IRI
values with their respective physical meanas defined irChapter 2A road with an

IRI value of3.05m/km or belowis considered a newly paved road, airport runway, or
superhighway, which correlatés the Road Class ASO classification as shown in
Table4.3. A road with an IRI value ranging betwe&f.19and 24.37 m/km would

most likely be damaged pavements or rough unpaved roads, relating to Road Class D,

or a poor quality road profile.

Table 4.3: Comparison of Roughness Coefficient and IRI Values

Roughness Coefficient: G(ng), cm® IRl (m/km)
Road Class — — — —
Lower Limit Upper Limit Lower Limit Upper Limit
A - 32 - 3.05
B 32 128 3.05 6.09
C 128 512 6.09 12.19
D 512 2,048 12.19 24.37
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The resudts are validatedfurther by creating generated profiles with IRl values
rangng from 1 to 20. These profiles are procesgedughProVAL for calculation of

the exact IRI valug The results are shown kigure4.18. Due to the andom nature

of the generated profiles, two sets of data were used for validation. Based on the
results and the highly linear correlation, this method for generating random road

profiles based on selected IRI values is valid.

20: : : : : : : : : :
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Calculated IRI, m/km
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IRI Value using ProVAL used for Generated Profile, m/km

Figure 4.18: Validation of Generated Profiles using ProVAL
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4.4 System Identification Study Based on Simulated Data

Simulation of the half car modélavelingalong various road types ®nductedo

show the effectiveness of systemnt&cation used for determining unknown vehicle
parametersParameter identification is performed throyghkdiction error estimation
using a linear grepox model.This greybox model isconstructedwith the state

space matricesvhich represent the veld; omitting the variables selected as
unknowns. For the prediction of the unknown vehicle mass, only the sprung mass is
defined as the unknown, while all other parameters are defined. In addition to
predicting unknown parameters of the half car modeluksition is alsgerformedto

show how varying road irregularities cause discomfort to the user of the vehicle.

Simulation consists of two main sources of excitatispeed bumps and bridge
bumps. Speed bumpare chosen because they provide welldefined vehicle
responseBridge bumps are used to determine whether or not the response pvide
signatto-noise ratio strong enougb perform system identification. A study on the

discomfort caused by bridge bumps is also performed

85



4.4.1 System ldentification: Known Input

PEM is performed for a system with a known input determinethe pr oces s d s
effectiveness For this case, a vehicle represented as a half car model is simulated
traveling on aroad surface with a single bump. This bump is required to excite the
vertical acceleration of the system and provide a response for analysis. The first
known inputoutput testanalyzesthe effect of the time window for system
identification. Thisshows how the prediction of the parameters a&fected by the

range that is &@ing analged The second test shows the effects of the initial parameter
estimation to determine the importance of the initial guess for convergence of the

exactmass

4.4.1.1 Effect of Time Window

Figure4.19 andFigure4.20 show the effect of a bump on the vertical acceleration of
the vehicle. The input is shown for both the front and rear tires as a function of time.
The output of the system ssmulatedbased on a road with existing roughness, while
the inputis replaced with a profile that lacks the added nbis@ theunevenness of

the road. This is done becaute added effects of the road roughness typically
remain unknownln this case, the sal profileis given anlRI of 5 m/km. Each of the

two figuresare shown to represent different time windowsduse analysis.Figure

4.19 covers a 15 m range, whikggure 4.20 includes the profile for a length of 100

m.
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Figure 4.20: System ID Window1 100 m
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Parameter identification of the unknowaehicle masss performed fotime windows

ranging from 5 to 100 m in & incremats, as shown inFigure 4.21. This figure

shows the accuracy of the system identification process for the varying time window.
Even with the added noise to the output response due to the roughness of the road, the
predicted massfdhe half car model is shown to be very close to the exact 875 kg for
each caseThese results show thatith strongsignatto-noise ratioconsistent road

roughnessthe size of the window has little effect the prediction of the mass.
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Figure 4.21: Effect of System ID Window
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4.4.1.2 Effect of Mass Estimation

This next case examines the initial guegshe estimated mass and its effect on the
predicted masasing PEM Twenty estimates are made, linearly randginogn 700 to

1100 kg for the half car. This range is selected to properly reflect the mass range of
typical passenger camwith varying passengers and cargo loa8smilar to the
previous case, the input is taken to be a bump as shokigure4.19. The predicted
masses are shown kigure4.22. These results demonsgdhe effectiveness of the
system identification process feystems withknown inpus. All predicated masses

arewithin 6% of the actua875 kgmass
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Figure 4.22: Effect of Initial Mass Estimation
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4.4.2 Varying Bump Height, Width, Time

To perform parameter identification, an inpugeds to be provided to the vehitbe
excite a response from tlsystem.A speed bump is used to obtain an acceleration
responseavith a strong signaio-noise ratio Typical speed bumps can be modeled as

a cosine functioyas seen ifrigure4.23 (Kropac, et al., 2008

7
S w >|

Figure 4.23: Half-Cycle Cosine Function Speed Bump Simulation
This bump is modeled using Equatichd41 and4.42, whereh is the height and is
the time is takes for a single tire of the vehicle to pass over the.blimg time

variable is dependent doump width,w, and vehicle velocity.

s Q. L Q

wo Ewe ¢“ojo - (4.41)
. 0
o - (4.42)

The size of the bump, which is representedhaght and width determines the
amplitude ofthe vehicle responseérhis information is necessany provide the
vehiclewith enowgh of a response to produce a sigioahoise raticstrongenough for

the parameter identificatian
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Figure 4.24: Acceleration Response for a Damped System Excited by Harmonic For@hopra, 2007)

As shown inFigure4.24, the acceleration response of a damped system excited by a
harmonic force iglependenbn the ratio of thdrequency of the input to the natural
frequency of the systei€hopra, 2007)Other factorghataffectthe responseclude

the amplitude of the input forcand the damping ratio of the system. For passenger
cars, the damping ratio is typically 0.3. Calculation of the input frequency is shown in
Equaton 4.43. Equation4.44 showsthe ratio of frequencies is based on bump width,

vehicle velocity, and vehicle natural frequency.

1 CL(‘J c% (4.43)
1 0
R @

For the case of constant velocity and constant natural frequency, the aohfdac
acceleration response is the width of the bump. ksstady m the effect of speed
bumgs for system response, both the velocity aedicleparametersvill remain

constant.
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The vehiclevelocity is limited to16.1 kph (10 mph}o preventany wteel hop caused

by the bump. The natural frequenoy the vehicle is taken a&.2 Hz. The peak
acceleration response of the half car model based on bumps with varying height and
width is shown irFigure4.25. The height of the bumyaries from 101.6 to 203.2 mm

(4 to 8 in.), with a width varying from 1.83 to 3.35 m (6 to 11 ft). The results shown
in Figure 4.25 are expected; the larger the height, the larger the peak acceleration
responsgand the larger t@ width, thesmaller thepeak responsélthough seemingly

trivial, this information is necessary festimation of the input of the system when

only thevehicle responsis provided.

Peak Acceleration Response, g

2.5

Height, mm Width. m

Figure 4.25: Peak Accderation Response Based on Variation of Input Bump Width and Height
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4.4.3 Estimation of Input

It is necessary to provide amput estimate of the road for detection of changes in
vehicle parameters with the use of PENbr a vehicle at a known velocity with
known system parameters,ntay bepossible to estimate input propertiessed on

the acceleration response

Simulation is conductedo determine thesensitivity of the PEM algorithm for
predicated maswith varying estimaed bumpinput. The estimation ofhe bump is
based on height and widthhe vehicle response is simulated with a buraght and

width of 150 mm and 2.60 m, respectively. For the estimated input, the height varies
from 72.2 to 228.6 mm (3 to 9 in.), while the width ranges from 1.82 tor8.@5to

11 ft). The results for percent error based on the variation of estimation height and
mass input is shown iRigure4.26. The range of percent error is limited to 50% to
exclude any extreme values. This plot clearly shawggion where the estimation
producesaccurataesults.Upon further inspection dhe data irFigure4.27, it can be

seen that it is possible to getcarrect prediction of vehiclenass with height and
width estimation that ardifferent than the exact values. This angled dark blue region

is due to the variance of the width and height combining to provide sivaitacle
response to those fouridrough the actual simulatioReturning toFigure4.24, it is

seen that the amplitude of acceleration response is based on the ratio of input
frequency to the natural frequency of the system. Typically, for a larger width, the
response is lessened. To compensate, the height of the bump has to be increased as

seenn Figure4.27.
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Figure 4.26: Percent Error Due to Variation in Estimated Bump Width and Height
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Figure 4.27: Percent Error Due to Variation in Estimated Bump Width and Height
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4.4.4 Simultaneousldentification of Mass and Stiffness

This next simulation assumes not only the mass of the vehicle is unknown, but the
suspension stiffness awell. To perform this analysis, estimated masses and
suspension stiffness are made for a known input/output syEistiimationof mass

varies from 700 to 1100 kg, with an exact value of 875 kg. Suspension stiffness for
both the front and rear suspension systems is estimated at equal values with a range of

20,000 to 25,000 kg.

The percent error for the predicted vehicle body naashe suspension stiffness for
both the front and rear suspension systems is showahle 4.4 throughTable 4.6.
According tothe results, &h predicted value falls within 3% of the exact value. This
data shows that not only cdhe use of PENprovide accurate results for a single
unknownparameterbutthat it can alsdbe used taletermine the unknown mass and
stiffness simultaeously for systesr with known input/output. Information
concerning changing stiffness of a system candesl toassess damage &system,

assuming there is no change in m@ghamian, et al., 2013)
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Table 4.4: Mass Prediction Error for System with Unknown Mass & Stiffness
Predicted Mass Estimated Stiffness, N/m

RISV 20000| 21250 22500| 23750 25000
700 096 | 204 | 196 | 1.95 | 191

800 143 | 1.20 | 1.12 | 145 | 0.94
900 1.05| 0.68 | 0.18 | 0.54 | 0.67
1000 111 | 114 | 1.05 | 1.07 | 0.84
1100 193 | 192 | 219 | 1.98 | 2.40

Estimated Mass, kg

Table 4.5: Front Suspension Stiffnes$rediction Error for System with Unknown Mass & Stiffness
Predicted Stiffness Estimated Stiffness, N/m

(Front Suspension)

20000| 21250 22500| 23750| 25000

Percent Error

700 050 | 1.29 | 1.04 | 0.78 | 0.51
800 129 | 1.10 | 0.82 | 0.84 | 0.50
900 0.78 | 0.83 | 0.23 | 0.24 | 0.24
1000 086 | 0.89 | 0.54 | 0.41 | 0.65
1100 087 | 0.38 | 0.85 | 0.15 | 0.18

Estimated Mass
kg

Table 4.6: Rear Suspension Stiffness Prediction Error for System with Unknown Mass & Stiffness

Predicted Stiffness Estimated Stiffness, N/m
(Rear Suspension)

Percent Error 20000| 21250 | 22500| 23750| 25000

700 166 | 1.67 | 1.44 | 1.16 | 0.90
800 193 | 183 | 141 | 115 | 1.16
900 168 | 256 | 1.74 | 041 | 0.38
1000 114 | 115 | 0.89 | 0.93 | 1.09
1100 080 | 039 | 0.69 | 0.21 | 0.33

Estimated Mass
kg
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4.4.5 Bridge Bump Identification

As of 1995, of the 600,00(ribges located in the United States, 150,000 of them had
bumps formed at the en@@riaud, et al., 1997)Simply put, these bumps at the ends
of the bridges are caused by a differential in settleraenihe jointconnectingthe
bridge approach and the bridge deak showrin Figure 4.28. Major causes of the
bump include compression of the fill material, settlement of the sikath the
embankment, design and construction errors, high traffic loadispaor drainage.
Additional causes of bump formation are showrFigure 4.29. Some sources state
that at aheightdifferential of 12.7 mm (0.5 in.hetween the bridge deck and road
pavement the bridge requires maintenan(@upont, et al., 2002)A 1995 survey
conducted in lllinois showed thatore than27% of bridges had bumps larger than

50.8 mm (2 in.YStark, et al., 1995)

Oneconcernsurroundinghe bumpsnvolvesthe discomfort they causmn drivers If

the segment of road containing a bridge bump has an IRI of less than 4.0 m/km, it is
considered as good quality, while an IRl of 10 m/km for the end of the bridge is
considered to be poor qualitflslam, 2010) This next section of the study
investigates the use of bridge bumps as a source of vehicle excitation for use with

PEM for mass iddrfication.
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Figure 4.28: Bridge Approach Diagram (Briaud, et al., 1997)
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Figure 4.29: Causes of Bridge BumpgBriaud, et al., 1997)

98



The use of bridge bumps as an input for system identificaioadvantageous
becausehe input of the system cde easily locatethase on the vehicle response
Assuming there is no approach slab, the bump can be modeled ag@ugtept, et

al., 2002) Because the bump is modeled astep function, the only unknown

variable is the height of the stefv.simulated response to a bridge bump is shown in

Figure4.30.
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Figure 4.30: Input/Output Response of Bridge Bunp

This next analysis iperformed using the response of thehicle modeltravelingat
48.3m/s (30 mph) over a 38.1 mm (1.5 istgp Mass prediction is performed using

estimated step inputs varying from heights of 25.4 to 50.8 mm (1.0 to 2.0 in.). The

results are shown iRigure4.31.
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Figure 4.31: Predicted Mass based on Estimated Step Height

These results show thatith the amplitude of the stepnknown the system
identification analysis provides large amounts of ertbcan be seen that the mass
linearly proportion to the estimated heigltlthough the mass cannot be predicted
without knowing the actual step amplitude, these results still have potential
application forestimating the input. For a vehicle with a known mass, the step height
can be calculated from the amount of error found in the calculation of the predicted
mass. This essentially turns the vehicle into a sensor for estinfaitiygge bump size

which can déermine areas in need of maintenance.
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4.4.6 Bridge Bump Discomfort

Bridge bumps are an area of great concern because of the amount of discomfort they
cause to the vehicle user when travelling over them. This next case demonstrates the
amount of discomfort caed by bridge bumps through aimvestigationof the
acceleration response they provides shown inFigure 4.32, a bridge bump is
modeled as a step on a smooth road with an IRl of 2 m/km. This downward step is
given a height of 38. mm (1.5 in.). The response of the half car model traveling over
the bumpat 48.3 B0 mpl) is displayedn Figure 4.33. This response clearly shows

the effect of the bump to the motion of vehicle when compared to the sstims

of the road surface.

To understand how much discomfort this bumguses the frequency weighted
acceleration is calculated based on the response of the vehicle. These values are
shown for segments of 1 and 10 nFigure4.34 andFigure4.35, respectively. These
frequency weighted acceleration values, based on human comfort criteria, reach up to
values close to 1.5 nf/sFollowing the values provided for levels of comfort provided

in ISO 2631 and showim Table2.5, this amount of vibration would be considered as
funcomfortablé to fivery uncomfortabl@ Even at 10 m segments, it is still clear that

this bump causes a discomfort.
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Figure 4.32: Generated Bridge Bump on Smooth Road
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Figure 4.33: Acceleration Response to Bridge Bump
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Further simulation is completed to express the range of discomfort based on both a
change in bump height and vehicle speed. Thesesp@ptesent the peak frequency
weighted acceleration for a vehicle traveling along a rodld mo roughness aside

from the step representing a bridge bunminis is done to isolate the effect of the
bump without any additional effects from other sourcesoofghness. The results
displayed inFigure4.36 are split to show varying ranges of comfort. Points below the
lower horizontal green line show a comfortable ride, the section between the two
horizontal lines may provide some diswdort, while anything above the red line

causs noticeable discomfort.
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Figure 4.36: Discomfort Due to Bridge Bumps
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4.5 Summary of Simulation Results
Simulation of vehicleoad interaction shows the effectivss of greypox modeling

combined with PEM for vehicle parameter identificati@@imulation showsthat
vehicle mass can be accurately predicted for known input profiles regardless of initial
mass estimatioeven with the inclusion of noise due to road fmgss. Sensitivity
studies also show the effect of input estimation involving speed bumps. This study
shows that the mass can be predicted assuming the estimated input, even if different
thanthe actual inputand carproduce a similar response to thatld actual vehicle
response.Further studies show that mass and stiffness can simultdypebas

predicted for known or accurately estimated input.

In addition to the effect of speed bumps, bridge bumps are also analyzed with
assumed step inputs for mas®diction and ride comfort. Performing PEWith
varying estimated step amplitude results in a linear correlation between mass
prediction and input height estimation under ideal conditions. This proves to be useful
for prediction of input height for knownehicle mass based on the deviation of the
prediction to the actual masStep amplitude and vehicle spese related to ride

comfort to show the effedtom the user perspective.
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Chapter 5: Field Testing

5.1 Overview of Testing Process
Determiningthe effectivenessf system identification for unknown vehiclaassis

accomplishedby collecting the vertical accelerationresponsethrough wireless
sensingand processing the data with PEM analy$esting is performed on a variety

of surfaces for this study to undersdahe behavior of the vehicle based on the input.
This includes road surfaces ranging from smooth to rough and damaged pavements.
In addition to these surfaces, known inputs are also used, such as speed bumps,
bumps at the ends of bridges, and an extensatnte used tsimulatea pneumatic

road tube For the speed bump, the input is known, while the mass ofethiele is

assumed as unknown.

Known Input System with Unknown Parameters Recorded Output

|:> f/\mww

Figure 5.1: Testing Process for Known Input

Forthe case of the loops located at the ends of the bridge, the vehicle parameters are
considered to b&nown and used to estimate the input based on the error in the

prediction of the mass.

Estimated Input Known System Recorded Output

o

Figure 5.2: Testing Process for Estinated Input
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5.2 Wireless Accelerometer
The iPhone 5S containmany sensors, including an accelerometer, ambient light

sensor, proximity sensor, thregis gyro sensor, and a digital compass. The
accelerometer ishe Bosch Sensortec BMA22w-power high perfanance three
axisMEMS sensor This sensor is capable of recording acceleration from 0.5 Hz to 1
kHz with a range o£16. The footprint of the sensor is 2 x 2 mm with a height of 0.98

mm (Bosch Sensortec, 2011)

Figure 5.3: iPhone 5S Accelerometei BMA220 (Bosch Sensortec, 2011)

The acckeration response can be recoraeectly on the smartphone using apps for

data collection, such as SPARKvue®psim in Figure5.4.

[PASC ORI

Perodic: 100 Hz NGNS
Figure 5.4: SPARKvue® Software Interface on iPhone 5S
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Although smartphones are capable of recording acceleration data at large sample
rates, the sensor usedff testing in this study is thEASCOPS2119 Shown in
Figureb.5, this three axis acceleration senkas a range of £10 g with a resolution of
0.010 g(PASCO, 2015)For wireless communication, thsensor igaired with the
AirLink . The AirLink, is an interface for the sensors that wirelessly connects to
devices for data collection through Bluetodthlt has a wireless range of 10 m with

a sampling rate up to 1 kHPASCQ 2015)

Figure 5.5: PS-2199 3Axis Accelerometer / PASPORT AirLink;

The reason this sensor is used for testing rather the smartphone is due to its reliability.
The PASCO P119 is a commercial gradéactory calibrated sensobue to its
reliability, this sensor provides a high level of confidence when recording

acceleration data used for system identification analysis
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5.3 Model Analysis
To ensure the R3119 and iPhone 5S are comparable acceleromdterg, are

simultaneously used to record three vibrationresponse of a model structunéhis
test is also performed to ensure the sensors are properly calibrated by comparing the

experimental results with calculated analytical results.

The testing modek a fivestory shear frame building made of aluminéloors and
polycarbonatesiding asshownin Figure5.6. Each aluminum floor has a plan size of
152.4 mm by 101.6 mm (6 by 4 in.) and a height of 152.4 mm (6 in.) for each story
The side columns consist of a 1.6 mm (1/16 in.gktipolycarbonate sheeBoth
accelerometerare tightly clamped side by side to the tab the model using €

clamps. A closer view of this configuration is showrrigure5.7.
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Figure 5.7: Accelerometer Configuration
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Acceleration is recorded for a free vibration response based on an applied
displacement of the top floaf the model The data is recorded with a frequency of
100 Hz. The acceleration response of both sensors is shokgure 5.8. Through
observation, it is clear that both sensors prewery comparableresults based on
similar acceleration peaks and matching phase angles. This observation is further

verified by comparing the root mean square of each set of data.

Table 5.1: Model Structure Acceleration Response RMS Values
Sensor | RMS (m/s)
PS2119 0.0458
iPhone 0.0445
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Figure 5.8: Accelerometer Comparison
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Analyss of the modal frequencies and a further investigation of the similarities
between the two sensoese completedby comparing the FFT ifrigure 5.9. The
peaks in the FFT represent the modal frequencies of the model stritteralues

for the first three modal frequencies are displayebaible5.2.

Table 5.2: Model Structure Modal Frequencies

Mode Frequency,. Hz
PS2119 iPhone
1 0.074 0.074
2 2.548 2.548
3 4.226 4.226
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Figure 5.9: Fast Fourier Transform of Recorded Acceleration
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An analytical solution is found to confirm the experimental restiltg. structurecan
beidealized as aimplified lumped mass structure with five degrees of freedom, one
for each flooras displayed irFigure5.10 (Chopra, 2007)For this idealization, it is

assumed that the floors are rigid in flexure and axial deformétineglected.
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Figure 5.10: Simplified Representation of Test Model
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Each of the five degrees of freedom is representeds, byhich consists of the
horizontal movements of each floor of the structutge Tass matrix, shown below,

is made up of the mass floor of the structure.

a T T OTm M.
[ 2 11

B O S | S | S 1 4

0 it n

) 1 SR | SR | G U1

utm T
The masses of all the floors are equal except for thefloap, which takes into
considerationthe additional mass of the sensors andla&nps.The mass of each

component isletailed inTable5.3.

Table 5.3: Mass of Model Components

Component Mass, g
Aluminum Block 346
iPhone 5S 112
PS2119 48
AirLink2 78

C-Clamp 358.34

a a a a oT @

G oT@eclovdTt ppc TY XY poEQ
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The boundary conditions for the columns can be viewed as torsional spring, meaning
they aresomewhere between pinned and fhexdl connections. To account for this,

the stiffness value is taken betwedha two terns shown below.

Fixed-Fixed:' Q — FixedFree:Q —

For the polycarbonatsiding© ¢&' 0,0 o@ xioi ", andQ pta@&yxbi

G p m T T,
o _aP ¢ p WM T,
v Qm P ¢ p T
'‘'m nm p ¢ p7
Uum m nm p pV

The amount of dampingust be determined experimentally becaitise impossible
to be determinedinalytically (Chopra, 2007) The damping i# is based on the
change in amplitude per cycle of the response of the structure. For lightly damped
structures, this value can be obtained using Equatidh with the recorded

acceleration data displayedhigure5.8.

_ P éé_ (5.2)
CH %O
Peak Time, sec | Acceleration, m/$
1 1.19 0.1978
11 14.83 0.8545
w . s
- P, [Bwe ip 41 T P (5.3)

a E
¢"pmm TBYGQ
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Application of differential equation solutions for the equation of mot@na non
damped structurdeads to Equatiorb.4, which is used to solve for the natural

frequencies as seen in Equat® (Chopra, 2007)

O 1 0 % T (5.4)

QOB 1 0 T (55)

Performingan eigenvalue analysis of the idealized rdamped system leads to the

modal frequencies iTable5.4.

Table 5.4: Model Structure Modal Frequencies, Experimental vs. Analytical
Mode Frequency, Hz Percent
Experimental | Analytical Error
1 0.7419 0.7453 0.46%
2 2.548 2.500 1.88%
3 4.226 4,534 7.29%

The experimental and analytical modal frequencies show very siregalts Small

analytical error is most likely only due to the simplification of the model for analysis.

Theuse of this model has not ordhown that the iPhone accelerometer can produce

results that match expected analytical outcomes, but that its results are extremely

similar to that of aommercialgrade sensor.

116



5.4 Testing Setup
All testing in this study is performed using a 2009 Toyota RAKor data collection,

the PASCOPR 119 acceleration sensor is firmly
console usinyelcro strapsas seen ifrigure5.11. In addition to the use of straps, the

sensor is pushed down by hand teyant additional vibratiorilhe sensors attached

to the center console rather than one of the shastoconsistency of data results.

Because the seat cushion acts as spring, attaching the sensor to the cushion would add

an unknown as to how firmly theushion is being pressed in and the value of the

stiffness constant.

VEasesce.
essp00ies

Figure 5.11: Wireless Sensor Setup
Acceleration response is recorded ditxad sampling rate of 100 Hz. This sampling

rate is choserotensure all components of vehicle vibrations are properly reported.
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Some assumptions are made regarding the vehicle during data collection concerning
vehicle speed and dynamics. For all recordings, it is assumed that the vehicle has
reached its intendefbrward moving velocity and remains constant throughout the
data collection process. It is also assumed that the vehicle stays in contact with the
ground at all timeand that the mass is evenly split between the left and right side of

the vehicle.

5.5 Testing Results

Test results are shown for the vertical acceleration response for each of the varying
inputs. All tests are performed using the 2009 Toyota RAV4 with the PASCO PS
2119 acceleration attached to the center con3ble.recorded acceleration respess

are compared to the simulated results of the half car model fou@idaipter 4 If the
responses are found to be suitable, they are then used to predict the vehicle mass

using system identification methods@mapter 6

5.5.1 Road Surfaces

To begin the testing, the acceleration respooise¢he vehicle is recorded while
traveling on pavements with varying surface roughnésshown on the pagd0

123 theroadsurfaces include a newly paved road, a rough road, a road with damaged
pavement, and a parking lot withr@aw of speed bumpg\s previously mentioned, the
combination of the size of the input and speed of the vehicle excite differeesrabd

the vehicle. Large bumps at average speeds will excite the sprung mass of the vehicle
at 1 Hz, while smaller inputs at high speeds tend to excite unsprung mass used to

isolate the vibration from the vehicle body at 10 (Jazar, 2008)The effect of the
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road surface on the vehicle resonance can be seen by looking at the response in the
frequency domainf-or an accurate estimate of the response in the frequency domain,
the Fast Fourier transform is implemented on even setgna&f the acceleration
response, which is then summed. This process removed unwanted noise from the
frequency domain representatiorhe effects of each of the tested surfaces on the
vehicle response adetailedin Table5.5. For comparison, the natural frequencies of

the half car model used for simulation were found to be 1.1 and 11 Hz.

Table 5.5: Vehicle Response due to Varying Surface Roughness
Surface Type Vehicle Speedkph | Max Response, ¢ fi, Hz | 5, Hz
Newly Paved Road 40.2 @5mph) 0.2017 2.51 | 13.57
Rough Road 40.2 5 mph) 0.8899 1.01 | 12.82
Damaged Pavemel  32.2 Q0mph) 0.8437 2.01 | 12.06
Speed Bumps 16.1 @0 mph) 0.8703 1.51 | 12.56

Although the newly paved road is figismooth,small bumps in the surface excite the
response of the vehicl®ue to the small amplitude of the bumps, they are shown to
have little effect on theverallresonance of vehicle. As seenHigure5.15, due to

the consitent unevenness of the surface, tlehicle suspension system vibrate at

their natural frequencies. This resonance is also seen for the damaged pavement at a

lower vehicle speed.

The speed bumps provide the clearest response for prediction of the welickd
frequencies. Due to the first large initial input and following vibration, the frequency
domain shows the vehicle to have naturabjiencies of 1.51 and 12.56 Hz, which

are similar to those calculated using the half car model.
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Figure 5.13: Acceleration Response due to Newly Paved Road
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Figure 5.15: Acceleration Response due to Rough Road
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Figure 5.17: Acceleration Respnse due to Damaged Pavement
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Figure 5.19: Acceleration Response due to Speed Bumps
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5.5.2 Speed Bumps
Speed bumps are used as a systgmat because they provide a large system response

and are easy to measure. A set of four similar speed bumps are driven d&dr at
kph (10 mph). Each speed bump is measured to have a width of 2.60 (8.5 ft) and

height of 150 mm (6 in.) as shownFkigure5.21.

Figure 5.20: Speed Bump

I
I 2.60 m >

Figure 5.21: Speed Bump used for Testing
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As seen irFigure5.22, therecorded vertical acceleration of the vehicle is very similar

to the simulated response of the half car model. Although there is added noise from
the roughness of the road itself, the response due to the size of the bump provides a
strongsignatto-noise atio, making the use of this data ideal for performing system

identification for mass estimation.
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Figure 5.22: Simulated and Recorded Speed Bump Acceleration Response

Data is collected for two sets of tfeur speed bumps to determine the consistency

with the predicted parameter results.
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5.5.3 Bridge Bumps

Bumps at the ends of bridggsovidea possible source of excitatidor the usewith

system identification method3he bridge shown ifrigure 5.23 is used to test this
hypothesis and used to compare the vehicle acceleration response with the simulated
response found i€hapter 4 Seen inFigure5.24, there is a distinct joint vdre the
pavement meets the bridge slab. It is the differential in settlement between these two

segments of road that meet at the joint tnaatethe bump felt by the vehicle.

To perform thisnext test, the vertical acceleration response is recordedewhil
travelling at aspeed of8.2 kph 80 mpl). Data iscollected at both afs of the bridge

to account forpossible positive and negative differergial the step found at the
joint. The acceleration response from one of the bridge ends can be d&gare

5.25, with a closer look of the response at the bumpigure5.26. This data shows

how similar the actual response is to the simulated response whenregaustep
input. It can clearly be seen wheachof the front and rear tires interact with the step
input with two large spikes in vertical acceleration when compared to the rest of the

vehicle response.
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Figure 5.23; Bridge
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Figure 5.26: Simulated and Recorded Bridge Bump Acceleration Response (Enhanced View)

128



5.5.4 Effects of Pneumatic Road Tube
Commonly seen across roads in the United States, pneumatic road tubes are used for

collecting traffic volume and vehicle speédlicGowen, etal., 2011) The use of
rubber tubes creagen means of data collection that is navstrictive to the driver
while travding over them. The goal of this next test is to determine whether these
road tubes can cause enough excitation to the passing vdbiclesystem

identification orif the response is isolated from the motion of the vehicle body.

Performing this test is accomplishéldrough the use o& 6.35 mm (0.25 incl)
diameter extension cable in place of a standard pneumatic road tube as shown in
Figure5.27. The cablds firmly stretchedandtapedin the center and oraehendto
prevent movement while the vehicle pas3éss testis performed in a parking lot to

preventadditional road roughne$s®m interfering with thenput of the cable.

Figure 5.27: Extension Cord used for Testing
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Acceleration response when driveriLétl kph @0 mph) is shown inFigure5.28. The
two arrows show the points athich the front and rear tires hit, respectively.
Although visible in this test, the response of the signal is not much greater than the

response due to the natural uneveness of theengadon a smooth road profile
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Figure 5.28 Pneumatic Road Tube,16.1kph (10 mph)
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Tested again at a higher vehicle speed, the location of the excitation due to the cable
cannot even be determined due to the overall amount of vibration cause by roughness

of the parking b pavement itself.
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Figure 5.29: Pneumatic Road Tube32.2kph (20 mph)
This pilot shows that the use of road tubes do not provide much excitatidhis
specific situation Dueto the small vehicle respsa compared tthe noisefrom the
pavement itselfit can be seen thatlarger source of excitation is needed to perform
system identificatin analysisThis test only accounts for a specific scenario at low
vehicle speeds. Additional testing is neededuidher evaluate the practicality of

pneumatic road tubder use withparameter identificatiotechniques
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Chapter 6: Data Processing

6.1 Data Processing Overview

This chaptempresentsthe processeddata collected throughout the field tests. This
includes the accetation response from sources of excitation including speed bumps,
bridge bumps, and various roads in the surroundieg. Analysis is performed using
parameter identification methods for mass and input estimation. Acceleration
response is correlated toad roughnesfr a road profile map based Rl values. A

second maghowsthe comfort perceived by the user of the vehicle.

6.2 Parameter ldentification

Data collected through field testing is analyzé#dough the use of parameter
identification withPEM ard greybox modeling.Speed bumps and bridge bumps are
both analyzed as sources of input excitation, while the simulated pneumatic road tube
is omitted due to the small response in this stlghch test is recorded twice to
determine the consistency withethesults. For each trial, the initial mass is estimated

at 875 kg.
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6.2.1 System ldentification: Speed Bumps

For parameter identification using speed bgntpe size of the input either has to be
known or estimated. In this caghe input is known to have aidth of 2.60 (8.5 ft)

and a height of 150 mm (6 inJhe generated input bumis relatedto the recorded
acceleration outpufor parameter estimatiotihrough the use ajrey-box modeling

Shown inFigure 6.1, the bump is estimadeand modeled using a cosine function.
This estimated input is used with the response shown below to determine the actual
mass of the system. A 20 Hz low pass filter is applied to the recorded data to remove

any noise due to vehicle vibrations calibg arything other tha the expected input.
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Figure 6.1: Speed BumpResponse used for Mass Estimation
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The mass is predicted for two sets of four bumps to ensure consisi¢recyesults

for thebothtrials are Bown inTable6.1 andTable6.2.

Table 6.1: Predicted Mass- Speed Bumps, Trial 1

Bump | Predicted Mass, kg| Percent Error
1 870.658 0.50%
2 927.464 6.00%
3 519.555 40.62%
4 672.677 23.12%

Table 6.2: Predicted Mass- Speed Bumps, Trial 2

Bump | Predicted Mass, kg| Percent Error
1 844.053 3.54%
2 911.141 4.13%
3 660.512 24.51%
4 817.204 6.61%

While adequateeasults are found for the first two bumps, bumps three and four
include error. Possible sources of error include discrepanagtodl bump width and
height, change in vehicle speed, anddditional vehicle excitabn from the
surrounding arear he full setof estimated inputs and recorded response can be found

in Appendix B
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6.2.2 System ldentification: Bridge Bump

Theoretical system identification methods applied to ideal bridge bump step input
excitation showhat the prediced vehicle masss proportionalto thestep amplitude
estimation.Although this informationcannot be used tpredict unknown vehicle

mass, it can be used to determine the step amplitude if the mass is already known. As
seen inFigure 6.2, the bridge selected for this study does provide a noticeable
excitation to the vehicle where the pavement meets the bridge loigickioes not
provide a strong signatto-noise ratio necessary to accommodate accurate

performance o$ystem identificatiomethods.
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Figure 6.2: Bridge Bump Response used for Mass Estimation
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It is found that performing parameter identification through the use of PEM offers
meaningless results estimating any step amplitudsr thilan zero for this case.

Because of this, the input is modeled as a flat surface.

Table 6.3: Predicted Mass- Bridge Bump, Trial 1

Bump | Predicted Mass, kg| Percent Error
11 700.528 19.94%
1-2 596.911 31.8%
2-1 576.042 34.17%
2-2 416.843 52.36%

Table 6.4: Predicted Mass- Bridge Bump, Trial 2

Bump | Predicted Mass, kg| Percent Error
1-1 1398.92 59.88%
1-2 983.834 12.44%
2-1 460.687 47.35%
2-2 496.564 43.5%

The results presented irable 6.3 and Table 6.4 show inconsistencies between each
trial. This error may be caused by tiweak signatto-noise ratio in addition to the
sources of excitation surroumdj the bridgeoump Although testing on this bridge
does not provide beneficial results for the use of system identification methods,
statistical analysis can be performed across many different bridges to draw further
conclusions concerning the viability bridge bumps as a source of excitation for

parameter identification.
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6.3 Road Profile Identification
Once the vehicle parameters are known, either through system identification or

previously known properties, the relation of the acceleragsponsean le directly
related to the roughness of the profilhe relation between the vehicle output

response and the IRl is shownFigure6.3.

¥
¥
¥

Figure 6.3: Relation of Vertical Acceleration to the International Roughness Index

The vehicle response varies based on a combination of the vehicle forward moving
speed and the roughness of the road surface. To determine this relationship,
simulation of a moving vehicle is performed on generated profilesrangingin
roughnessWith this relationship defined, eorrelationcan be used to approximate

the IRI based on thecceleration responsé the vehicle.
This correlation is determined usirfd®0 m simulated road profilesvith varying

degres of roughness, ranging fro@y = 2 cn? to Gq = 4096 cmi. This range is

chosen to include smooth roads and extremely rough roads in the simulation. For each
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profile, the half car model witknown parameters is simulated at speeds of 4.5 m/s
(10 mph) to 313 m/s (70 mph) to obsentbe variance in vehicle response. Results
are found empirically andre shown irFigure6.4. Power trendlines are used to show
the relation between tHeMS of theacceleration and the IRI based thie norlinear
relationship. he relation is showmgainusing a loglog scale inFigure 6.5. This
relation shows that roadwith larger amounts of roughness produce larger
acceleration response at higher spedds.determine consistenayf these results,
simulation is performed a second time witsherterroad length. The output proves
to be independent of segment length for this analysis as each profile ssvaulate

specific roughness to avoid any changeespons@ver time.
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To further aalysisthis correlationthe root mean square of the acceleration response
is directly related to the IRI using the relation foundEquation4.39, relating the IRI
to the roughness coefficient. Applying this conversigines a direct linear relation

between the IRI and acceleration resppaseshownn Figure6.6.

L L L L L L L L L
V= 4.5m/s (10 MPH)
V= 8.9m/s (20 MPH)
V = 13.4 m/s (30 MPH)
V =17.9 m/s (40 MPH)
0.25 - V = 22.4 m/s (50 MPH) 7
V = 26.8 m/s (60 MPH)
V = 31.3 m/s (70 MPH)

0.3

©
(N
7

0.15- .

Acceleration RMS, g

©

[EEN
I

1

0.05~ -

0 r r r r r r r r

0 2 4 6 8 10 12 14 16 18 20
IRI, m/km

Figure 6.6: Relation between Vertical Acceleration Response and IRI
This relationship isvaluable because it essentially turns every vehicle into a high
speed road profiler through the usewafelesssensing.This relationcan be pre
calculated for a large variety of vehicles with varying parametersisanded to
determine the roughness tifetroads being traversed. Normally, the IRI is reported
annually for national highway systems and up to every two years for all other roads
(FHWA, 2014) Through the use afirelesssensors, the roughness of the road can be

coninuously monitored and areas of concern lsaimmediately discovered
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The effect ofchangingvehicle parameters analyzedoy adding mass to the vehicle

and evaluating a change in the correlation between the IRI and acceleration response
The updatectorrelationis shown inFigure 6.7 for the addition of two passengers to

the vehicle Comparing thisupdatedcorrelationwith the addedmassagainstthe
original relationship, it can be seen tlia¢ addition of mass to the vehiclecdeass

the acceleration responsegardless of road roughness or vehicle spefea

exaggerated casdoubling the original mass of the vehiclesi®wn inFigure6.8.
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6.3.1 Verification of Acceleration to IRI Relationship

To verify the relationship of the accelerati@sponséo the IRI found inFigure6.6,
a sample road profile recorded with a higgeed road profilers used(ProVAL,
2015) This profile shownin Figure 6.9, is used to compare the exact IRding
ProVAL againstthe approximated values found using thecelerationresponse

relation

200 F L L C C L T T T

150 -

100

]
1

Elevation, mm
n
o
|
1

-100 - -
-150 - -

-200 - | .

_2 50 L r r r r r r r [
0 200 400 600 800 1000 1200 1400 1600

Distance, m

Figure 6.9: Measured Profile

The half car model is used to simulate the vertical acceleration respusesketo

estimate the IRIThis response is shown kingure6.10.
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Figure 6.10: Simulated Accderation Response
The relation between thacceleratiorresponse anthe IRI found in Figure 6.6 is
dependenbn the speed of the vehicle. Ideally, #&timatedRI shouldremain the
sameregardlessof vehicle speed because thead profile isfixed, whereas the
response differs depending on the vehicle velocity. The effect of vehicle velocity for
the approximation of the IRl is shown iRigure 6.11. This plot shows the
approximation of IRlis higher atlow traved velocities 16.1 kph (10 mph) when

compared to the approximation made at high vehicle sggeds kph(70 mph).
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Figure 6.11: Estimated IRI from Acceleration Response at Varying Speeds
ProVAL is used to calculate thexact IRI values for this profile. These values are
compared with the estimated results based on the response acceleraich rats
(40 mph using the correlation ifigure 6.6. Comparisos for resultstaken at30.48
m (100 fi) and7.62 m @5 ft) profile segments arshown inFigure6.13 and Figure
6.15, respectivelyThese results show the accuracy of tee af acceleration output
for IRI estimation atl7.9 m/s(40 mph) It can bedetermined that lower vehicle
speeds overestimate the IRI values, while high speeds underestimate frioenl Rie

results found irFigure6.11.
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6.4 Ride Comfort

A major objective in this study i® determire the direct relation between the road
roughness and the ride comfort. While hgpeed road profilers manage to capture
the elevation and roughreesf the road surface, thelp notrelate this information to

the perception of the user. The main source of ride discomfort stems from the
vibrations of the vehicle in the vertical direction. These vibrations are based on the
dynamic properties of the vielle, meaningthe perception of comfort may vary from

user to user based on the vehicle properties.

The goal of this next simulation is to relate the frequency weighted acceleration
responseo the road profileThis is done to determirtbe effects of rad roughness,
vehicle speed, and vehicle parameters on ride comfort. This is deohplsy
generating road profilesith IRI values ranging from to 10 m/kmand simulahg a

half car model travelinglongthem. The frequency weighted acceleration, whgch i
used toquantify comfort based on vertical vibrations, is calculated for profile at
speeds ranging from 4.5 m/s (10 mph) to 31.3 m/s (70 mph). Reselshown in

Figure 6.16 andFigure6.17.
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Figure 6.17: 3D Plot of Level of Comfort Based on IRl and Velocity of Vehicle
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6.5 Profile Maps
Application of the correlation of acceleration response to road roughness and comfort

is presented in this sectiomwo maps are generated using recorded vehicle
vibrations one map based on the correlation to the acceleration response to the IRI
and asecond map directly relating the response to the comfort of the user of the
vehicle. These maps are created by recording vehicle vertical acceleration along the
roads through and around the University of Maryland, College Park caifipaisise

of IRI and canfort scales each have different applicatiohsmap displaying road
roughness based on the IRI values can be used by the Department of Transportation
to determine sections of roads in need of maintenance and rehabilitation. The second
map, consisting ofamfort level, can be used by the drivers themselves. Using real
time vehicle acceleration response in combination with vehicle location determined

by the smartphories GP S, tnmpssan bgpcontinfuouslyeupdated.

Figure 6.18: Map of College Park, MD(GoogIe Maps, 2015)
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To create these profile maps, 37 sections of readsraveled along to gather data
These sections of roadire shown inFigure 6.19. For each segment, only a single
lane is tested. It is assumed that the profile roughness is similar for the lefglaind ri
tires. It is also assumed that the vehicle remains at a constant velocity throughout
each segment. A 15 Hz low pass filter is used to remove the high frequency vibrations

caused by the vehicle console where the sensor is attached.

Figure 6.19: Location of Road Segments
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A color scale is created to visualize the IRI and comfort ewrlthe profile map.
Two individual scales arestablishedhatrelate to thdRI roughness descriptions and
the comfort desribed by the frequency weighted acceleratiorhe selection of IRI
values is based aan approximate IRI for various road classes showfigare2.16.
As for the level of comfortthe values ardased a vertical vibration respnse

described in ISO 2631. Further description of this range can be foun@ahle2.5.

IRI (m/km) a,, (m/s?)

1.625 0.315
2.75 0.565
Fairly Uncomfortable
4.50 0.90
Uncomfortable
7.00 1.40
9.375 2.25

Figure 6.20: IRl / Comfort Scale

Maryland SHA stanards statehe IRI is reported ever®s ft (Maryland SHA, 2012)
Following this standard, the IRl and level of comfamtapproximatd every 25 ft for
this study An example of this approximation using ttreatedcolor scale is shown in
Figure 6.21for the IRl andrFigure6.22 for the level of comfort.As seen from the two
figures, the use of coloring makes it very clear to see where there ascoérea

roughness ansections of road that may cause discomfort
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Figure 6.21: Approximation of IRI Based on Acceleration Response
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6.5.1 Profile Map: Road Roughness
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Figure 6.23 Road Roughness Map
The profile mapdisplayingthe road roughnesgs shownFigure 6.23 for the tested
area.While IRI approximation provides reasonable festdior roadstraveledat high
speedslRI values found at the center of the campus rdaping at speed belod2.2

kph 20 mpl), appearto be overestimated.
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6.5.2 Profile Map: Level of Comfort
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Figure 6.24: Ride Comfoft‘Map

As shownin Figure 6.24, ride comfortis directly measured through the acceleration
responsegand is appliedto profile mapping foradditional information.This map
showswhich road sections provide more comforepwthers. Overalla majority of
the roads are comfortable in this area and additional testiogldbe conductedn

other areas to shoadditionaleffects of road roughness on ride comfort.
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6.5.3 Reuvisiting Areas of Interest

Selected areas of interest ag@isited to demonstrate the effectiveness of the comfort

profile map.These areas are selected based on the level of discomfort they provide

according to the color scale used on the nfdpee areas, displayed on padé&

through 159 are chosen with varying levels of discomfort. The first area, found on
road segment 5, shows a slight discomfort. This discomfort is due to the intersection
of a newly pavedection of road with the existing rodficad segment 6 shows that a
manhole located in the road provides reasonable discomfort. Lastly, an uncomfortable

section of road is found on road segment 23. This area shows the discomfort is caused

by damaged pavement. These three revisited areas are smeumarthe following

table:
Table 6.5: Areas of Interest Based on Comfort Level
Location | Road Segment Perception Reason for Discomfort
1 5 A Little Uncomfortable| Intersection of new and old paveme
2 6 Fairly Uncomfortable Manhole
3 23 Uncomfortable Damaged pavement
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Figure 6.27: Location of Interest #3
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