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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 by road-profiling
vehicles in a quantifiable 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 can’t be carried out every day, and it does not provide a direct
indication of ride comfort. However, advancements in sensor technology provide
necessary enhancements that current methods cannot address. This study aims to
develop an innovative method using built-in wireless sensing and mobile computing
features of smartphones to not only estimate road roughness, but to provide a direct
real-time 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



vehicle can be readily measured using wireless accelerometers or built-in smartphone
sensors, information pertaining to the vehicle and road properties is left unknown. To
address this issue, various system identification methods are evaluated for high-
damped systems and applied to the vehicle. Through the application of system
identification methods using vehicle response data, the unknown parameters of the
vehicle can be estimated. These methods are validated through analysis of vehicle
model simulation paired with standard simulated road profiles. Furthermore, these
simulations create an environment to determine optimal conditions for vehicle mass
prediction. With vehicle parameters identified, the dynamic response parameters of
the vehicle and the input of the road surface profile can be correlated to estimate the
IR1 while directly providing ride comfort information. Field testing involving the use
of a wireless accelerometer and GPS is also implemented to compare recorded data
against the simulation findings.

This study establishes a framework that integrates wireless sensors, system
identification methods, and the correlation between ride comfort and the IRI with
vehicle vibration measurements. System identification methods with a focus on
vehicles subjected to excitation from the road are evaluated. This involves an
investigation of prediction error identification methods with the use of grey-box
modeling to estimate vehicle mass under varying road conditions. With vehicle
parameters known, correlation of vehicle vibration response with the IRI and ride
comfort is empirically established to determine areas of road in need of maintenance

along with comfortable travel routes in real-time. This study demonstrates the appeal



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

for alternative travel routes.
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Chapter 1: Introduction

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

traveling on the road. These expected characteristics are in part attributed to road
roughness. Determining the road roughness is an important part of transportation
engineering and is currently evaluated through numerous methods of road profiling.
The goal of this study is to create an efficient and cost effective methodology of
profiling road roughness and ride comfort by using the automobile itself as a moving
sensor. The profiling method can be implemented on mobile devices such as
smartphones. Smartphones have already provided great advancements to the field of
transportation through the use of GPS data for vehicle location and travel
information. By incorporating this information, along with vibration measurements
from the phone’s internal accelerometer, a quick and easy profiling map can be
created and the International Roughness Index (IRI) can be estimated. Once the IRI is
determined, it can be used to find roads that are in need of maintenance and
rehabilitation, and necessary actions can be taken to create safer driving conditions.
The widespread use of smartphones by drivers facilitates large amounts of road
profiling data on many U.S. roads, especially in urban areas. Therefore, real-time
road profiling data poses interesting fundamental research questions to be addressed
through a framework consisting of structural dynamics, system identification

methods, and sensors found in smartphone devices.



Computer simulation provides a useful tool in understanding the behavior of a vehicle
in motion. Creating a vehicle suspension model that can accurately react to given road
profiles will be useful in determining the accuracy of the correlation between
smartphone-measured vibration data and road roughness. Generating new and more
accurate methods of tire-road interaction will not only be useful for this research, but

can also be used for many other applications as well.

To validate computer simulations and collect smartphone vibration data, field tests
must be performed. Due to the varying nature of the vehicle response, multiple tests
must be completed on several different types of road profiles. This includes road
surfaces ranging in roughness, and specific types of bump inputs. Data is collected
through the use of a commercial off-the-shelf (COTS) accelerometer in addition to

the built-in chip accelerometer found in a smartphone.

To understand the response of the moving vehicle, modal frequency identification
methods will be used to determine the fundamental periods/frequencies. Due to the
complexity of these calculations and the current limitations of processing power on
smartphones, either an algorithm with a minimal amount of data error must be created
to simplify the process or the data must be sent to a server for real-time processing via
cloud computing technology. By determining the limitations of the smartphones, a
simple algorithm can be made for onboard processing of modal frequencies that
makes the best use of the power supplied by the phone while providing accurate data

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



experimental runs and use the vibration response with system identification methods
to estimate the vehicle mass. The application will also make use of the onboard GPS
to track the location of any changes in the road conditions and vehicle speed. With

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

Technology has reached a point where detecting damages in roads can be quickly
determined using information that can be given without changing our daily routines
— driving with a smartphone in the car. Traffic conditions are currently updated in
real-time through the use of the smartphone GPS. Recent research has also begun to
take advantage of smartphone technology for collecting data, such as real-time
pothole detection (Mednis, et al., 2011) and earthquake detection for early warning
(Zambrano, et al., 2014). Through the use of a smartphone and a properly constructed
algorithm, information about the road roughness can be collected and calculated on-
the-spot for fast evaluation in a way that has never been done before. This study will
not only be able to be used for detecting the roughness index, but will also provide a
direct measure of ride comfort using smartphone technology to 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 viable use of wireless sensors or smartphones in everyday vehicles to
create a ubiquitous sensor network. This network can be used to develop a real-time
picture of road roughness and ride comfort from the perspective of users with

different needs. This involves 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:

Evaluate system identification methods for use of parameter identification of
highly-damped systems, specifically used for estimation of vehicle mass. This
involves performing system identification methods with the use of
acceleration data collected with a single wireless sensor.

Road profiling does not represent the user experience. The comfort of a ride is
dependent on the type of vehicle combined with the weight of the passengers
and cargo. Road profilers are used to determine the changing elevation of the
road and relate it to roughness. Although useful, determining the roughness of
the road does not provide a direct indication of the users’ sense of ride
comfort. This research not only examines various methods of determining the
roughness of roads, but also relates the unevenness of the road to the comfort
of the user.

Create road profile maps relating the vehicle response to user perception and
road roughness information. These maps, based on vertical acceleration of the
vehicle, directly relate the output to both the roughness of the road profile and
the comfort of the user, which varies based on vehicle type.

Take advantage of new mobile sensing and computing technology, such as
smartphones, to enable real-time updating of road conditions, which current

profiling methods are ill-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 comfort. This review

IS necessary for a complete understanding of the inputs and outputs of the vehicle.

Chapter 3 investigates various system identification methods for high-damped
systems typical of a vehicle, including algorithms such as ERA, ARMAX, N4SID,
and PEM. These processes are evaluated to determine which identification techniques
are best suited for identification of vehicle parameters using system response data

with an estimated input.

Chapter 4 includes numerical simulation of system identification of the vehicle
parameters and statistical properties of the road profile. To perform system
identification, simulation of road profiles and vehicle dynamic responses is first
studied to create a system with similar real world input and output. Relations between
profile roughness to acceleration response and ride comfort are found with Monte

Carlo simulation methods.

Chapter 5 demonstrates the effectiveness of the application of system identification
methods through field testing. These tests include the vertical acceleration vibrations
affected by vehicle speed, road roughness, and various bumps in the road through the

use of wireless sensor data collection.



Chapter 6 consists of analysis of the data gathered during the field tests. This analysis
includes the use of estimated road inputs to predict the vehicle mass. With vehicle
parameters known, a relation correlating the vertical acceleration response to the IRI
is determined. This relation, in addition to the direct measure of comfort, is used to
create two profile maps; one to display areas of roughness, and one to show ride

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 inputs and outputs must be understood. As seen in Figure 2.1, the vehicle can

be viewed as 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, while the 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 maintenance is required. The following
sections of this chapter examine the classification of road profiles determined by the
amount of surface roughness. The level of roughness is then calculated through the
International Roughness Index (IRI), which is used to determine the quality of the
road. In regards to system output, the vibration response and its relation to human

comfort is considered.



2.2 Road Profiling

Road smoothness is a major factor concerning both ride comfort and driver safety.
Determination of the 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 profiles show the superelevation and crown of the road, while
longitudinal profiles are used 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 repaired road sections,
and examine specific segments of roads for rehabilitation or research (Sayers, 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 this, at least ten states also use profilers for construction quality control for
individual projects (Wang, et al., 2009). Many different profilers exist, such as the rod
and level, which uses a static reference point while measuring the 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 of roads. To overcome this
weakness, General Motors Research Laboratories developed the inertial profiler
(Sayers, et al., 1998). Introduced in the 1960s, the inertial profiler made high-speed
profiling possible through the use of a moving vehicle. As visualized in Figure 2.3,
this profiler makes use of an accelerometer in conjunction with devices such as laser
transducers, and infrared and ultrasonic sensors to measure the height of the ground
beneath the vehicle. 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 <<ﬂ ~
»
/ ’ o ]

Accelerometer

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

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



Beginning in 1996, the entire National Highway System has been profiled annually
with these high-speed profilers (PennDOT, 2015). Each road profiler is equipped with
an on-board computer used to interface with the 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 of high-speed
profilers, the current profiling process is very costly and time consuming. A 2003
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 profile is limited to a single year. Table 2.1
shows the survey results containing the frequency of profiling in years along with the

application for the data.

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

e | Cracking S e Depth  Faulting
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
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Cost is also major concern when it comes to profiling an entire network of roads.
Collection and processing data through road profiling averages more than $30 per
lane-km ($50 per lane-mi) and can reach up to $125 per lane-km ($200 per lane-mi)

in urban or high traffic areas (McGhee, 2004).

Technological advancements have been made since the introduction of the high-speed
inertial profiler that current profiler vehicles are not taking advantage of. Current road
profilers take the road profile roughness into account, but do not investigate the
impact the surface has on the user. Through the use of smartphone technology, not
only can roughness be estimated, but the ride comfort can be directly measured as

further shown in this study.
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2.2.1 1SO Classification

The International Organization for Standardization (ISO) has specifications for
reporting longitudinal road profile data which uses the calculated PSD of the vertical
displacement profile. The use of PSD to describe road irregularities was first
introduced by Dodds and Robson by viewing the road surface profile as a
homogeneous and isotropic two-dimensional Gaussian random process (Dodds, et al.,
1973). The procedure in which roads are classified uses this description and is
detailed in 1SO 8608: Mechanical Vibration - Road Surface Profiles - Reporting of
Measured Data. This procedure is used for the reporting of road profiles such as
streets, highways, and off-road terrain areas. Each profile is given a class based on its
roughness, which 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 runways. Class C profiles can typically be viewed as older roadways which
are not maintained. Classifications of 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 statements instead of defined equations. Power spectral density (PSD) is
the limiting mean-square value of a signal per unit frequency bandwidth. 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
qualities can be split into three categories: topography, road roughness, and road
texture. Topography consists of the vertical changes of 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, have small wavelengths, below
10 cm, and frequencies above 10 cycle/m. These components also don’t affect the
dynamics of the vehicle because they are filtered out by the tire. The area of interest,

road roughness, ranges between these two limits (Johannesson, et al., 2012).

When reporting road profiles using the procedures established in 1SO 8608, the
profile can be described in terms of either displacement or acceleration PSD. This
method of characterization of road profiles in PSD form is useful because it can be
used to describe roughness as a single term (Dodds, et al., 1973). Equations 2.1 and
2.2 represent the displacement PSD as described with spatial frequency with units of

cycle/m, n, and angular spatial frequency, rad/m, Q.

Ga(n) = Gg4(no) (nio)_w (2.2)
G;(Q) =G40 & - (2.2)
() = 6a(20) (&)

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

discontinuity frequency, no. To simplify the road surface roughness, the roughness
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exponent, w, also known as the waviness is typically assumed to be 2 regardless of
the wave number (Sukhvarsh, et al., 2008). The degree of roughness, G;(n,), can be
estimated by looking at the displacement PSD at the reference spatial frequency. This
reference is taken as ny, = 0.1 cycles/m. This degree of roughness is used to give the
profile a letter classification as previously mentioned. Table 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 the bounds 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: Ge(no), 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
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Figure 2.5: Road Classification (ISO 8608)

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

Equation 2.3.
G,(n) = 2an)* - G4(n) (2.3)

To provide a sense for a typical profile PSD plot, examples of simulated profiles with
different roughness are shown in Figure 2.6 and Figure 2.8 with their corresponding
displacement PSD’s plotted in Figure 2.7 and Figure 2.9. Observing the differences in
the PSD plots, it can be seen that low wave numbers have higher amplitudes when
compared to the high wave numbers with lower amplitudes (Sayers, et al., 1996). It
can also been seen that the displacement PSD amplitude is shifted upward for all

wave numbers for road profiles with increased roughness.
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Since the PSD’s for road profiles are calculated with a constant bandwidth, there is an
appearance of high fluctuation caused by the statistical noise. To account for this, a
smoothing process is implemented as per ISO 8608. This smoothing process is
completed by dividing the PSD into different octave bands and using the root mean
square values. This process is outlined is Equations 2.4, 2.5, and 2.6, where G, (i)
represents the smoothed PSD in smoothing band i, and B is the frequency resolution
given in cycles/m. The upper and lower cut-off frequencies are included in the
equations as nn and n;. A list of the specific cut-off values used for each bandwidth

can be found in 1SO 2631-1.

[(n, +0.5) - B, = m(@D] - G(ny) | Tj2n 11 60D B

o (D) = () np (1) — ny (i)
[n, (i) — (ng — 0.5) - B,] - G(ny) (2.4)
nh(l) - nl(L)
ny = INT <n;(l) + 0_5> 5
n; = INT <nlB(l) + 0_5> 25

As seen in Figure 2.7 and Figure 2.9, classification of the road profiles becomes

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

Since the introduction of gas-powered vehicles, the need for smooth roads has been
present. Determination of roughness has been a major factor in the maintenance and
preservation of smooth roads. Due to the varying response from early roughness
measuring devices, such as the rolling straightedge, Profilograph, and Roughometer,
the necessity of a single standard became apparent (Gillespie, 1992). Objectives of
creating a new standard include the relation to vibration response of the vehicle rather
than vehicle performance, a scale that is stable with time, measureable with a range of
different types of hardware, and the ability to be consistently replicated for tests
around the world. This need for a new standard led to the introduction 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 measured profile. This algorithm acts
as a replacement for a roadmeter and eliminates the possible difference in vehicle
dynamics and the need for calibration by creating a standard set of parameters to be
used in all IRI calculations. This change from roughness measurement hardware to
software became a major advantage of the use of the IRI as the standard, as it could
be used in conjunction with different types of road profilers and remains consistent
over time (Sayers, et al., 1986). Consistency of the IRI values through the use of
different types of profiles has been verified by the Road Profiler User Group and the

Federal Highway Administration (Sayers, et al., 1998).
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The IRI is a calculated statistic that quantitatively expresses the quality of road
conditions based on the recorded road profile. The IRI can be viewed as a
mathematical transform of a measured road profile (Prem, et al., 2005). It is
calculated by observing the simulated relative displacement response of a quarter
car’s sprung and unsprung mass while traveling along the profile of interest. The
quarter car system is chosen to show a similar response to that of a passenger car as

displayed in Figure 2.10 (Toyota, 2015).

Figure 2.10: Quarter Car Representation

Since the adoption of the IR as the standard measure of roughness, the FHWA has
started programs, such as the Pavement Smoothness Initiative, which are established
to ensure smooth pavements by setting a target limit IRl (FHWA, 2014). To calculate
the IRI, the FHWA uses ProVAL, an engineering software application capable of
analyzing measured road profiles. Beginning with its introduction in 2001, ProVAL
has been a trusted source for pavement analysis and has been used by State
Departments of Transportation in the study of pavement smoothness following
construction (FHWA, 2003). A sample of a recorded road profile can be seen in

Figure 2.11 with its calculated IRI in Figure 2.12.
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2.2.2.1 IRI Sensitivity

One reason the IRI is chosen to characterize road roughness is due to its ability to
describe the profile roughness that causes vehicle vibrations. The parameters of the
simulated quarter car model in the calculation of the IRI were specifically chosen by
the United States National Cooperative Highway Research Program (NCHRP) to
provide a model that offers similar results as a majority of passenger vehicles
(Gillespie, et al., 1980). The quarter car with these parameters, given as ratios as

shown below, is known as The Golden Car.

C m
£=63.3 ﬁ=653 — =6 — =0.15
S mg ms ms

These ratios relate the suspension stiffness, tire stiffness, suspension damping, and
unsprung damping to the sprung mass. The Golden Car was developed in an attempt
to create a uniform calibration system that has a high correlation with the vehicles
that were used to measure the road elevation when profiling. These parameters, used
to maximize the output of the system, are similar to highway vehicles, with the
exception of an increased amount of damping. This additional damping prevents the
simulated vehicle from “tuning in” to certain wavelengths that a majority of vehicles
are not sensitive to (Sayers, et al., 1998). Sensitivity of the IRI is significant as it
relates to the resonant frequency of typical highway vehicles. The IRI gain slope
represents the ratio of the output IRI to the amplitude of the input sinusoids. Figure
2.13 shows the calculated IR values for sinusoids with wavelengths varying from 0.1
to 100 m. This figure shows the maximum sensitivity of the IRI at two specific

points; the first peak at a wave number of 0.065 cycles/m and the second peak at a
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wave number of 0.42 cycles/m. These two points correspond to wheel hop and body
bounce of the vehicle, respectively. Evaluating these wave numbers with an 80 k/hr
quarter car model, the resonant frequencies are calculated as 1.44 and 9.33 Hz. These
two frequencies are important because they are approximately equal to the
frequencies designed for vehicles to minimize transmission of road inputs (Sayers, et
al., 1998). The sensitivity of the IRI to these frequencies is the basis for the usefulness
for calculating road roughness. The resonance seen in the IRI gain slope provides
dominant results when using suspension deflection as the measured response

(Gillespie, 1992).

IRI Gain Slope

Amplitude
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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 IRl of a longitudinal profile, two filters are applied; a moving
average and a quarter car filter. As seen in Figure 2.5, when a tire makes contact with
the road, the tire covers 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 typically viewed as an input to the system as a series of
points. Using point inputs may over-emphasis small dips and bumps in 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 profile, a moving average is used on the profile data.
This moving average as seen in Equation 2.7 (Sayers, et al., 1998) acts as a low pass

filter to the road profile data.
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Figure 2.14: Tire Contact Patch
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In this equation, the original road profile, p, sampled with a 4X interval is split into
segments summed over the base length, B, and divided by the number of samples, N,
included in 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 process (Sayers, et al., 1996). The effect of this smoothing process on a

sample longitudinal profile is shown in Figure 2.15.
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Figure 2.15: Smoothed Profile due to Contact Patch

The second filter applied to the profile in the calculation of the IRI is the quarter car
filter. This consists of the simulation of an 80 k/hr quarter car model along the
smoothed profile. The quarter car model uses the Golden Car parameters as
previously discussed. This simulation is completed to calculate the wvertical

displacement response of the sprung and unsprung masses, typically calculated
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through state space methods. The IRI represents the average rectified slope, which is

the accumulated suspension motion divided by the distance traveled.

n-k
1
IRI = —— Zl 55 = su 2s)
i=

In this equation s; and s, are defined by the derivatives of the vertical displacement of
the sprung and unsprung masses with respect to distance, providing units of m/km or
inches/mile. These slopes are summed and divided by the total number of samples
subtracted by the number of samples enveloped by the contact patch length,

expressed as n-k in the equation.

2.2.2.3 IRI Scale

To give a sense for the meaning behind the values of the IRI, Figure 2.16 and Table
2.3 provide approximate ranges of roughness for defining certain road types (Sayers,
et al., 1998). An airport runway will likely have an IRI of below 1.75 m/km to ensure
smoothness for flight takeoff, while an IRI of 8.00 m/km or above would most likely
be a rough unpaved road. Additional road quality descriptions relating to IRI can be
found in Table 2.4. The aforementioned FHWA Pavement Smoothness Initiative,
originally used 2.68 m/km (170 inches/mile) as a target IRI for highways when
beginning in 2002. In 2006, the target performance goal was reduced to 1.50 m/km

(95 inches/mile) in an effort to further improve the nation’s highways (FHWA, 2014).
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Figure 2.16: International Roughness Index for Roads Classes (Sayers, 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 Highways 0.25 1.75
New Pavements 1.50 3.25
Older Pavements 2.25 5.75
Maintained Unpaved Roads 3.25 10.00
Damaged Pavements 4.00 10.75
Rough Unpaved Roads 8.00 20.00
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Table 2.4: Road Roughness Estimation Scale for Paved Roads (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 1.3 to 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 100-120 km/h. At 80 km/h, moderately perceptible
movements or large undulations may be felt. Defective surface; occasional

4 depressions, patches or potholes (e.g. 5-15mm/3m or 10-20mm/5m with
frequency 2-1 per 50m), or many shallow potholes (e.g. on surface treatment
showing extensive raveling). Surface without defects; moderate corrugations or

S large undulations.

Ride comfortable up to 70-90 km/h, strongly perceptible movements and swaying.

6 Usually associated with defects; frequent moderate and uneven depressions or
patches (e.g. 15-20mm/3m or 20-40mm/5m with frequency 5-3 per 50m), or
occasional potholes (e.g. 3-1 per 50m). Surface without defects; strong

7 undulations or corrugations.

Ride comfortable up to 50-60 km/h, frequent sharp movements or swaying.

8 Associated with severe defects; frequent deep and uneven depressions and patches
(e.g. 20-40mm/3m or 40-80mm/5m with frequency 5-3 per 5m), or frequent
potholes (e.g. 4-6 per 50m).

9

10 Necessary to reduce velocity below 50 km/h. Many deep depressions, potholes
and severe disintegration (e.g. 40-80mm deep with frequency 8-16 per 50m).

11

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

vehicle motion into account (Liu, et al., 1999). Traditional roughness measurement
systems only provide information about the road profile quality, but lack a direct
measure of ride comfort experienced by the vehicle occupants (Prem, 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 understanding in regards to the
roughness of the road, it is based on the response between the vibrations of the
vehicle axle and body. This quantity is fundamentally different than ride vibrations

felt by the passenger and cannot always indicate the ride quality.

Although other factors concerning comfort while driving exist, such as noise, small
vehicle vibrations, and temperature, the focus of ride discomfort 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 cause by the excitation of the road 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). The vibration response is filtered through the passenger’s seat and
weighted in the frequency range of human sensitivity. Whole-body vibration
influences comfort, performance, and long-term health effects of the subject (Nahvi,
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 whole-body

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

The human body can be viewed as a linear passive mechanical system for small
amplitude vibrations. Vibrations up to 12 Hz affect all of the human organs, while
local effects occur at higher frequencies (Hostens, et al., 2003). For subjects exposed
to vibrations in the vertical direction, resonance changes depending on body position.
For a seated person, the first resonance occurs between 4 and 6 Hz, while for a
standing person, resonance occurs at both 6 and 12 Hz (Piersol, et al., 2009). For 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 hour of seated vibration if vibrating at the resonant frequency
of 4-6 Hz (Nahvi, et al., 2009). Larger vibration frequencies, such as 20-30 Hz and

60-Hz, affect the head and eyeball respectively.

Seat-back

Seat-surface
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’

Figure 2.17: Axes for Vibration of Seated Person (1SO 2631-1, 1997)
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2.3.2 Vibration Standards

Guidelines for human vibration can be found in International Standard 1SO 2631:
Evaluation of Human Exposure to Vibration and Shock — Evaluation of Human
Exposure to Whole-Body Vibration. Additionally, the British Standard for vibration
can be found in BS 6427: Guide to Evaluation of Human Exposure to Vibration in
Buildings. Both standards contain very similar methods and philosophies concerning
evaluation of vibration after the revision of ISO 2631 in 1997 (Griffin, 1998). These
standards outline the transfer of vibration to the human response through frequency
weightings and include methods for evaluating the effect of whole-body motions. The
equations summarized in ISO 2631 will be used to quantify ride comfort through use

of the recorded vertical acceleration data.

2.3.3 Forms of Discomfort

Due to the laws of physical systems, humans do not sense displacement and velocity
if they are not changing (Liu, et al., 1999). Ride discomfort stems from sensitivity due
to vertical acceleration and large sudden changes in acceleration, known as jerk. Jerk
is defined as the rate of change in 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 be sensed due to bumps and

potholes.
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2.3.4 Quantifying Comfort

Although ride 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 acceleration value as seen in Equation 2.9 is weighted based on
specified frequency domains which are dependent on position of the subject and

direction of vibration (ISO 2631-1, 1997).

LT 1/2
a,, = lff aﬁ,(t)dtl (2.9)
0

Typical ranges of this frequency weighted acceleration and its relations to comfort
can be found in Table 2.5, where values of a, less than 0.315 m/s* may be
comfortable for a seated person, while an a,, value larger than 2.0 m/s? corresponds to
extreme discomfort of the subject. Fifty percent of sitting or standing healthy people
can detect frequency weighted accelerations in the range of 0.01 to 0.02 m/s with a
median of 0.015 m/s®. This range considers the variation 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
05-1.0 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, another method of comfort evaluation that
takes these short term accelerations into account is used. Known as the running root
mean square acceleration method, presented in Equation 2.10, this method includes a
time variable, 7, to represent the integration time for the running average. This time
variable is recommended to be set as one second to only envelope the short duration
response. The maximum absolute value of a,,(t,) is known as the maximum transient

vibration value (Equation 2.11).

1 to 1/2
ay (ty) = I— f a&v(t)dtl (2.10)
T (to—7)
MTVV = max|a,,(ty)| (2.11)

Furthermore, the vibration dose value, defined in Equation 2.12, is similar to
frequency weighted acceleration in terms of equation, but instead uses the fourth
power, giving a value that is more sensitive to peaks in the weighted acceleration

data. The units of VDV are calculated as m/s*".

T 1/4
VDV = l J [aw(t)]“'dt] (2.12)
0

To determine which equation provides the best estimation of acceleration related to
comfort, a crest factor is used. The crest factor is defined as the ratio of the maximum
instantaneous peak value of the frequency weighted acceleration to its RMS value.
For crest values below or equal to 9, the basic frequency weight acceleration value
from Equation 2.9 is considered to be adequate. Furthermore, MTVV or VDV should

be used in addition to the root mean square of the weighted acceleration if MTVV >

1.5a,, or VDV > 1.75a,,T'/* (Piersol, et al., 2009).
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2.3.4.1 Calculation of Frequency Weightings

Frequency weightings are provided in 1SO 2631-1 for human vibrations in the 0.5 to
80 Hz range. Weighting functions relate the human sensitivity to vibration as a
function of frequency and are weighted based on the sensitivity at given frequencies
(Smith, et al., 1976). These weights act as low and high-pass filters to isolate the
significant frequency range based on location and vibration axis. Table 2.6 provides a
listing of all six different frequency weightings and their applicability to directional
vibration effects on health and comfort (Piersol, et al., 2009). The principle
weightings, Wy, Wy, and W;, are used to assess the effects of vibration on health,
comfort, and perception during whole body vibration. Weighting Wy is used for
vibration in the z-direction, excluding the head, while Wy is the weighting for x and y
directions of vibration. W; is a frequency weighting included specifically for the
assessment of motion sickness caused by low-frequency vibrations. Additional
weightings, W, W., and W;, are provided for special cases including seat-back
vibrations, rotational body vibrations, and head motion of a reclining person,
respectively. For the purpose of understanding ride comfort in a forward moving
passenger car, Wy is used as the weighting function. Although seat-back vibration and
vibrations in other directions exist, the vertical seat surface vibrations are dominant

when compared to the others.
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Table 2.6: Directions for Whole-Body Vibration Frequency Weightings

Frequency Weighting Health Comfort Perception | Motion Sickness
Z-seat
" . X, Y, Z-feet .
Z-standing
X-lying
X-seat
X-seat Y-seat
Wy Y-seat X, Y-standing X, Y
Y, Z-lying
Y, Z-back
W z
W, X-seat back | X-seat back
W, Oy, Oy, 0,
W; X-lying (head)

The frequency weightings are expressed mathematically by a combination of transfer
functions that are made up of various frequencies, f, and resonance quality factors, Q.
These values are given in Table 2.7 and Table 2.8. The overall transfer function
includes a band limiting two-pole filter, an acceleration-velocity transition, and an
upward step. Equations 2.13 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 frequency acceleration range for human
comfort. Accelerations at low frequencies are transferred through Equation 2.15,
while Equation 2.16 takes accelerations due to jerk into consideration. Combining
these four functions through multiplication (Equation 2.17), a single transfer function
for each of the different frequency weightings is provided. Plots of the weights in
terms of frequency against amplitude can be seen in Figure 2.18 for principle

weightings and Figure 2.19 for additional weightings.
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Table 2.7: Principle Frequency Weighting Transfer Function Parameters (ISO 2631-1, 1997)

- Band-Limiting | Acceleration-Velocity Transition Upward Step
W gy [ ) | ki | Rt | @ et | o 6] o
Wy 04 100 125 125 0.63 237 [ 091] 335 |091
Wy 04 100 2.0 2.0 0.63 o0 — ) —
Wk 0.08 0.63 o 0.25 0.86 | 0.0625 | 0.80 0.1 0.80

Table 2.8: Additional Frequency Weighting Transfer Function Parameters (1SO 2631-1, 1997)

e Band-Limiting | Acceleration-Velocity Transition Upward Step
WA | ¢ vy o) | ) | D | Q0 |G| Qs |2 | Qo
W, 0.4 100 8.0 8.0 0.63 s — o _
W, 0.4 100 1.0 1.0 0.63 s — o _
W, 0.4 100 0 © — 375 |091| 532 |0.91
|Hy,(p)]| ‘ 1 f* (2.13)
h p = = .
1+V2w,/p + (w1/p)? fr+ £t
fz4
|H,(p)| = ‘ = |72 (2.14)
‘ 1+VZp/w, + (p/wy)?| f*+ £
_ 1+p/w3 _ f2+ﬁ§2_ ﬁl-4QZ 215
= ‘1+p/(Q4w4)+(p/w4)2 _j Jf‘*-QZ TPRd-zd G
|H()|=‘1+P/(Q5w5)+(p/w5)2_(ﬁ2 =& f4'Q§+f2'f52(1—2Q§)+f54'Q§ (2.16)
SN T 0/ (Qswe) + /@6)? \we) |~ Qs F*-QF +f2-f2(1— 208 + £ - Q2 '
H(p) = H,(p) - Hi(p) - H:(p) - Hs(p) (217
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2.3.5 Human Tolerance Criteria

Vibration not only affects short term ride comfort, but can also pose possible long
term health concerns. These concerns include possible risks affecting the lower spine
and the connected nervous system for seated persons (ISO 2631-1, 1997). The effect
of duration follows a power law relationship that assumes responses are related to

equivalent energy given as
¢"t = constant (2.18)

where t is the duration of exposure and n is index and is equal to either 2 or 4
depending on the study (Piersol, et al., 2009). Guidance for health concerns due to

whole body vibrations are outlined in ISO2631-1 and shown in Figure 2.20.
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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 respectively. The
dashed lines represent an index of n = 2, while the dotted lines represent n = 4. The
shaded area existing between 4 and 8 hour daily exposure duration shows where there
is an increase for potential health effects. Below 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
vibrations by 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 and 5 Hz. This range is avoided because it
envelopes the resonance of a seated person. Effectively, the seat cushion should have
a natural frequency that is small when compared to the forcing frequency, such as 1

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

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 rather than creating a complex design at the start. Although there is a
trade-off for complexity and accuracy, using simplified models has been proven to be
very useful in demonstrating the overall performance of the system (Van Overschee,

et al., 1996).

A key step in creating the initial model involves the use of system identification
techniques, including stochastic methods used in prediction error. Although different
than physical models, as they may provide no physical meaning, system identification
models are easily attainable and diverse enough to create systems comparable to the
physical models. State-space models provide a useful and simple way of relating a
mathematical model to a physical model though a system defined by its equations of
motion. By creating a state-space model, the input and output of a system have a
mathematical relationship with physical meaning that relates to the real model
parameters. Depending on the structure, these models can include physical
parameters, such as mass, damping, and stiffness that are to be identified using

experimental dynamic data (De Angelis, et al., 2002).
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3.1 State-Space Introduction

A state-space model is used to relate the input and output of a physical system by
using a mathematical model to rewrite second order differential equations as two first
order matrix equations. This simplified state-space form can be seen in Equations 3.1

and 3.2.

x =Ax + Bu (3.1)

y=Cx+Du (3.2)

In this form, the physical model is represented in matrix form as the state matrix, A.
The transfer of the input into the system is described in matrix B. State vector, X,
describes the location of the input to the system, while input vector, u, contains the
actual input data. The second state-space equation describes the output of the system,
where y is the output vector, and C is the output matrix constructed based on the

desired output of the system.

For the case of a moving vehicle, state vector, x, represents the displacement and
velocity of the sprung and unsprung masses of the vehicle. The input vector is the
elevation of the road profile in which the vehicle is traveling. The output vector
provides the displacement, velocity, or acceleration of the vehicle masses depending

on the configuration of the output matrix.

State-space is used because it provides a method in which the physical parameters can
be extracted directly from the matrices based on the dynamic system properties. The

state-space matrices can be determined from the input/output data using system
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identification methods. These methods provide a means of obtaining a state-space
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 Identification Techniques

Parameter identification begins with the representation of the second order
differential equations of motion of the dynamic system in state-space form. The state-
spaces equations described in Equations 3.1 and 3.2 characterize the system in
continuous-time, which can be evaluated at any instance in time. Because
experimental data is discrete in nature due to sampling, the continuous-time state-
space model must be represented in a discrete-time form for analysis (Ren, et al.,

2004):

X1 = Axk + Buk 3.3)

Vik = ka + Duk (3.4)

Process noise and measurement noise is also considered when describing the system
due to uncertainties in the model. Process noise, wy, is caused by disturbances and
model inaccuracies, while measurement noise, vy, is due to sensor inaccuracies (Ren,
et al., 2004). If these stochastic components are considered, the state-space model

becomes:

Xk+1 — Axk + Buk + Wi (3.5)

Vi = ka + Duk + Vi (3.6)
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Due to the difficulty of precisely determining the process and measurement noise
characteristics, it is assumed they are each zero mean, stationary, white noise vector
sequences (Van Overschee, et al., 1996). As shown in Equation 3.7, the two noise

terms are assumed to be statically independent of each other.

E [(‘Zs) (wq v‘;)] = (SQT ;) Spq @3.7)

In this next section of the study, various algorithms that use this state-space form are
examined to determine the proper system identification techniques best suited for

vehicle parameter identification.
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3.21 ERA

Through the use of an impulse force, the Eigensystem Realization Algorithm (ERA)
excludes the input and feedthrough matrices in the state-space model for modal
identification. The Natural Excitation technique is used with ERA to simulate this
impulse response due to excitation from a white noise input load (Chang, et al.,
2012). This method has been found to be accurate, but requires impulse for free
response data under noiseless conditions (Petsounis, et al., 2001). Additional 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
Stoen] ‘|’ el Plotting Power Spectral
mnguiar vafue Density of Qutput
Input (Impulse) / Output X - y p
Output-Only Dewmposlltlmn (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 state space system identification, known as
N4SID, compare projections of future output against recorded output data (Van
Overschee, et al., 1993). The predicted state-space model is found once the projection
of the future output and recorded output has been minimized. This process of
parameter identification through eigenvalue estimation is shown in in Figure 3.2

(Chang, et al., 2012).

Pre-Processing Eigenvalue Estimation Post-Processing
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Figure 3.2: N4SID Process (Chang, et al., 2012)
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3.2.3 ARMAX (ARX /AR)

Other popular linear models include 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 response. Described respectively, in Equations 3.8 and 3.9 (L., et al., 2006), these

models express the output in terms of the current input in addition to the previous step

of input/output (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 modes of the
structure. Additional methods are needed for further prediction of second order
parameters consisting of system mass, stiffness, and damping. Known as the
prediction-error identification method (PEM), this method provides the additional
steps necessary for parameter estimation (Ljung, 1987). The prediction error method
begins by describing the model as a predictor of future output based on past data
(Ljung, 2002):

Im(tlt — 1) = f(Z'71) (3.10)
The left-hand side of Equation 3.10 represents the predicted output, while f is an
arbitrary function of past data and Z™ is the observed data. This predictor can be
parameterized as shown in Equation 3.11.

y(tle) = f(Z1,0) (311)

Here, 6, represents a finite-dimensional parameter vector. Through the minimization
of distance between the predicted output, y(t|8),..., y(N|€), and measured output,
y(1),...,y(N), a suitable estimate of the parameter vector can be made. This

estimation is completed through the following minimization technique:
Oy = argmin Vy(6) (3.12)
N
Vv (6) = Z I(y(®) - F(2°1,6)) (3.13)

t=1

where | is chosen based on an acceptable distance limit, [(g) = ||¢||?.
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The state-space model with known and unknown physical parameters can be written

as:

1(t) = A@)x(t) + B(O)u(t) (3.14)

y(t) = Cx(t) + Du (3.15)

Here it can be seen that the state and input matrices are both functions 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 system cannot be modeled, whether the construction is
unknown or the physical interactions are too complicated, a standard model can be
used. This standard model is capable of handling a range of various system dynamic
problems (Ljung, 2002). This method is known as black-box modeling and involves
the use of the ARMAX model. This technique creates a model based on the
input/output or output-only measured response of the system. For the case of a known
system with partially unknown parameters, grey-box modeling can be used. When
available, the use of the grey-box 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 to a structure 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 combined with the
response. Unlike testing in the laboratory, controlled tests of real world structures
through applied forces can either be impractical or costly. In cases such as this,
output-only identification techniques are required to determine the unknown

parameters of the system (Peeters, et al., 1999).

In the case of output-only identification, the input term of the state-space model,
ug, 1S not known. For ambient vibration testing, it becomes impossible to
distinguish this input term from noise terms w;, and v, (Li, et al., 2006). By

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

Xk+1 — Axk + wy, (3.16)

Yk = ka + Vg (3.17)

While the input is now described by the noise terms, the white noise assumptions
cannot be omitted. If the input of the system contains dominant frequency
components combined with the white noise, these components cannot be
separated from the eigenfrequencies of the system (Ren, et al., 2004). Violation of
this white noise assumption largely affects the poles of the state matrix, A. The

goal of this form of output-only analysis is to determine the mathematical
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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 mode shapes can be calculated through eigenvalue decomposition.

Output-only identification methods have been used on civil structures for
parameter estimation involving structural health monitoring. Due to the inability
to apply specific loading for excitation of in-use 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 vibrations have been used to determine the modal parameters of bridges
for post-earthquake structural integrity investigations (Londono, et al., 2004).
Furthermore, these methods have been used for structural damage detection
involving the prediction of strength and stiffness deterioration (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 methods. Research on recursive least squares for off-road vehicles has
shown its effectiveness in sprung mass estimation involving the use of acceleration
signals from both the sprung and unsprung masses (Pence, et al., 2009). The added
measurement of the unsprung mass response creates a technique in which the
estimation of the ground input can be avoided. A further study shows that regression
methods, such as recursive least squares and recursive total least squares, are not
suitable for the output-only estimation of the sprung mass because of their sensitivity
to tuning parameters (Pence, et al., 2011). Another study includes the use of multiple
accelerometers on heavy duty vehicles for measurement of the longitudinal response.
Recursive least squares with multiple forgetting factors is used for the simultaneous

estimation of vehicle mass and road grade (Vahidi, et al., 2005).

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

input/output and output-only 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 modes of a system. However, these methods are
purely based on mathematical models and lack any physical meaning necessary to
describe the second order parameters, including mass, stiffness, and damping. For the
case of a typical passenger vehicle, which includes known physical component
interactions, the system can be represented in state-space form for the use of grey-box

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

4.1 Simulation Overview
Computer modeling is performed for a full 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 state-space analysis. State-space 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. State-space representation is also useful for grey-box model estimation for

parameter identification of the vehicle used in system identification algorithms.

The simulated vehicle is excited through input of generated road profiles that include
various bumps. Analysis is performed to determine how much excitation is needed to
provide a response sufficient enough for system identification. Once the vehicle
parameters are determined, an index can be created, which relates the roughness of

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

an understanding of the input, which in this case is the road profile. Through the use
of inertial profilers to determine profile elevation, studies have found that typical road
surfaces are made up of random excitation with a Gaussian distribution (Dodds, et al.,
1973). Furthermore, statistical research performed concerning road profiles has
determined that profiles can be viewed as a summation of a series of sinusoids
(Sayers, et al., 1996). Figure 4.1 shows a series of sinusoids with random
wavelengths, amplitudes, and phases. Although in reality road profiles do not contain
identifiable sinusoids, a good approximation can be made by adding a series of

sinusoids together to create a simulated profile, as observed in Figure 4.2.
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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 profile elevations in the time domain follows the notion of a
combination of a series of harmonics related to the power spectral density
interpretation of profiles presented in Equation 2.1. This summation of harmonics is

expressed in Equation 4.1 as a function of distance (Da Silva, 2004).

N
r(x) = Z A;cos(n;x — ;) (4.1)
i=1

Variation of spatial frequency and phase angle is defined by n and ¢, respectively.
Spatial frequency, n, ranges from 0.011 to 2.83 cycles/m, which corresponds to the
frequency range defined in 1ISO 8608 for classification of road profiles (Johannesson,
et al., 2012). These frequencies are linearly distributed between this range for N
interpolations. The range of spatial frequency can also be shown as n; = ny;, +
An(i — 1) where the increment is calculated as An = (M. — Nmin) /N (Da Silva,
2004). The phase angle in Equation 4.1 is randomly normally distributed over the
range of 0 and 2x. As shown in Equation 4.2, the amplitude of the harmonic is

proportional to the roughness of the power spectral density function, G;(n;).

Ai =4/ ZAnGd (nl) (4.2)

For a profile consisting of N harmonics, a mathematical approximation can be made
consisting of N/2 sinusoids (Sayers, et al., 1996). In addition to this generated profile,
if large local irregularities such as bumps and potholes exist, they must be added
separately because the 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 expressed in terms of millimeters over a distance
of meters. The choice of units can make the profile elevation appear to be greatly
exaggerated as the unit of elevation is three orders of magnitude smaller than the units
of distance. Two example profiles, generated using Equation 4.1 are shown below.
Figure 4.3 shows a road profile consisting of “very good” pavement quality with a
degree of roughness value, G,4(n,), equal to 16 cm®. Figure 4.4 shows a generated
profile with a degree of roughness of 256 cm?®, categorizing the profile as a road of

“poor” quality, according to 1ISO 8606.

Road Profile
100 I |8 L |8 |8 |8
E 50r- T
e
c
k=) o e T
I
>
(]
w -50r T
_100 L r r r r r
0 5 10 15 20 25 30
Distance, m
Figure 4.3: Road Profile - Very Good Pavement Quality
Road Profile
100 £ L L L |8 |8
IS
S
c
k=)
®
>
Q
w
_100 L L L L L
5 10 15 20 25 30
Distance, m

Figure 4.4: Road Profile - Poor Pavement Quality
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These generated profiles are verified by calculating the root mean square of the
profile elevations and comparing them to previous road profile studies. A plot of the
range of elevation based on degrees of roughness ranging from 1 to 1024 cm? can be

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

Although there is a large standard deviation of elevation in the generated profiles, the
mean of the samples show results similar to elevations found in previous work (Da

Silva, 2004).
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4.3 Vehicle Model

Two types of vehicle models are used in this study; a quarter car and a half car model.
The quarter car model is used to calculate the IRI of simulated and recorded road
elevation profiles as per FHWA standards, while the half car model is used to
compare recorded acceleration response of the actual vehicle against the simulated
vehicle. The decision to use the half car model stems from the need to include the
road surface input of both the front and rear tires and the combined interaction they
provide to the vehicle 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 not needed because 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 dynamics of the vehicle in a mathematical
model. The models are made up of masses, suspension stiffness, suspension damping,
and tire stiffness. The contact patch where the tire surface meets the road is taken into

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

The quarter car model is a two degree-of-freedom linear system that is widely used by
the automotive industry for predicting dynamic response, parameter identification,
and system optimization of ground vehicles (Verros, et al., 2005). Although highly
simplified, the quarter car model provides considerable insight into the dynamic
response of a vehicle without over-complicating the analysis (Turkay, et al., 2005).
The quarter car model represents one fourth of a typical four-tired vehicle as shown in
Figure 4.6. The two masses used in the quarter car model consist of the sprung and
unsprung masses. The sprung mass is the mass supported above the vehicle’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 main suspension 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 tire. The tires are sometimes modeled with a damping value in
addition to stiffness. Due to the small value of tire damping compared to the damping
of the suspension system, it can be neglected (Jazar, 2008). It is assumed that the tire
is always in contact with the ground for the quarter car model. This assumption holds
true at low frequency vibrations, while the tire may not stay in contact when exposed

to high frequencies.

The quarter car model is limited in that it does not provide the geometric effects of
longitudinal and lateral connections that are included in full and half car models.
Although the quarter car model does not include these interactions, it still gives a
good dynamic representation of the vehicle response due to road unevenness without

over-complicating the system (Turkay, et al., 2005).
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4.3.1.1 Diagram and Equations

The calculation of the IRI is based on the relative displacement of the sprung and
unsprung masses of the quarter car model induced by the unevenness of the road
profile. The goal of simulating this quarter car model is to calculate the displacements

of the two masses based on an input displacement profile.

The equation of motion for the quarter car model is shown in Equation 4.3. 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.
MX+Cx+Kx=0 (4.3)

The two degrees 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 the vehicle mass and spring and damping coefficients that represent the

suspension system and tire.

-5

_[6 G _ [ ks —ks ]
0 my €= [_CS Cs ] k= [_ks ks + ki
These three matrices used in the equation of motion represent the entire quarter car
model as a system that includes interactions between the degrees of freedom with the

input profile.
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Determining the displacement response of the quarter car model involves the
conversion of the equation of motion into state-space form. State-space representation
replaces n™ order differential equations with first order matrix differential equations,
given as a system of two equations. For the quarter car model, this system of

equations is given in Equations 4.4 and 4.5.

X S

X L |*u X

%, =A %, + B[*g] (4.9)

Xy Xy,
X

xS xu

=cl. X

[xu] C % + D[Xg] (4.5)

B

Equation 4.4 is know as the state equation. This equation is made up of the state
xS

xZ , and input vector [Xg]. The state

xu

matrix, A, input matrix, B, the state vector

equation includes the first order derivative of the state vector on the left hand side.
The output equation, Equation 4.5, includes the output matrix, C, and the feedthrough
matrix, 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 matrix, A, is determined by relating the system input and
output through the system itself using equations of motion for each degree of
freedom. The free body diagram for the sprung mass, seen in Figure 4.7, 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 coefficient, cs, is multiplied by the difference in
velocity. The output is labeled as x;, representing the displacement of the sprung mass

relative to the ground.

|
1

k(x,—x,) c (¥ -x)

Figure 4.7: Quarter Car Model — Sprung Mass Free Body Diagram
Application of Newton’s second law of motion and summation of each component

leads to Equation 4.6.
mgXs + Cs(xs - xu) + ks(xs - xu) =0 (4.6)

This equation is rearranged to isolate the acceleration of the mass on the left hand

side to determine the components used in the state matrix:

Bo=m — g b Xy — X+ — “7)
S m S u m S m u
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Similarly, a free body diagram is presented for the unsprung mass. The unsprung
mass, which represents the mass of the suspension system and tire, provides the
necessary connections to relate the vehicle body to the road itself. The displacement

elevation of the road is denoted on the diagram as Xg.

ks(xs - x&) C.S("‘:‘S - i"‘&)

L1

kx (X& - xg )

Figure 4.8: Quarter Car Model — Unsprung Mass Free Body Diagram

myXy — Cs(xs - xu) - ks(xs - xu) + kt(xu - xg) =0 (4.8)

Again, the acceleration of the mass is isolated on the left hand side to develop the
state matrix. Unlike the equation of motion for the sprung mass, Equation 4.9 has an

additional term for the inclusion of the profile input, xy. The coefficient multiplied by

this input, % is used in the construction of the input matrix.

)
u

+ i, +—x (4.9)
u m N u m g
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The state and input matrices are developed by transforming Equations 4.7 and 4.9
into matrix form. Arrangement of the coefficients found in these two equations leads
to space matrix, A, and input matrix, B. In the case of the quarter car model, the input

matrix is a vector because the system has only a single input.

0 0 1 0 1
0 0 0 1 [0]
kg kg Cs Cs 0
A - mS mS mS mS B - kot
s _stk) o & I |
mu mu mu mu “

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

unsprung masses. The output matrix seen below is selected to relate the state vector,
, to an output of [xs], through multiplication as seen in the second state-space
u

equation for the quarter car model, Equation 4.5. For the case of relative displacement

of the system, the feedthrough constant, D, is equal to 0.

1 0 0 0 _
C‘[0100 b=0

State-space matrices, A, B, C, and D, make up the state-space model used to simulate

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

A half car model is used for a more accurate assessment of relating the acceleration
response of the vehicle to the elevation of the road profile. This two-axle vehicle,
shown in Figure 4.9, is modeled as a four degree-of-freedom system. Unlike the
quarter car model, the half car model includes both 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 the vehicle body itself. The
assumption of small rotation of the vehicle body is made to retain vertical movement
of the end points (Wakeham, et al., 2011). This assumption maintains the linearity of

the model.

Sprung g e 0, I s
Mass

ksZ =] Cs2 ksI =] Csg

X2 Xui
Unsprung

Mass m,, m,;

Road
Surface

Figure 4.9: Half Car Model
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For the half car model, road uneveness is input into the system at both the front and
rear tires, represented as Xg: and Xg in Figure 4.9. The input of road elevation to the

front and rear tires is separated by a time delay:
Xg2(t) = x41(t — 1) (4.10)

This time delay, z, is a function of the distance between the front and rear tires and the

vehicle forward moving velocity:

(L +15)
T=—""
v

(4.11)

A visualization of the road elevation input for the half car model is shown in Figure

4.10.
Front and Rear Tire-Road Contact
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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 motion is set equal to zero in
Equation 4.12.

MX+Cx+Kx=0 (4.12)

The mass, damping, and stiffness matrices now include the effect of the moment of
inertia for rotation, and interaction of the front and rear suspension systems based on

the distance between them.

mg 0 0 0
10 I 0 0
M=109 0 my o0
0 O 0 mMy>
Cs1 T Cs2 Cs1ly — €2l —Csy _Csz]
C = csilh —C2ly  Cailf Heali —cali col
—Cs1 _Cslll Cs1 0
—Cs2 Cs2ly 0 Cs2
[ ks + ks ksily — kgyly —ksq —ks,
K = kslll - k52l2 ksll% + kszl% _kslll kszlz
—ks1 —ksly kg1 + keq 0
_ksz ksZ l2 0 ksZ + ktZ
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A free body diagram for the vehicle body is shown in Figure 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 — Sprung Mass Free Body Diagram

Because this study is based on a single acceleration response of the vehicle, it is
necessary to relate the two end point motions to a singular motion at the center of

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

4.13 through 4.16:
Xgy — X
xS == HSIZ + xSZ == %lz + xsz (413)
1 2
Xs1 — Xs2
0, = ——— .
ST+ L *19
Xs1 = Xg + O5ly (4.15)
X = Xg — 9512 (4.16)
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State-space formulation of the half car model is represented to relate the road
elevation to the vertical acceleration of the vehicle body at its center of gravity.
Equation 4.17 characterizes the equation of motion for the sprung mass based on
equilibrium. Rearranging the terms to provide a formula for the vertical sprung mass
acceleration leads to Equation 4.18. Substituting Equations 4.15 and 4.16 into
Equation 4.18, replaces the end point accelerations with terms based on rotation and
the location 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.
msjés + ksl (xsl - xul) + Cs1 (J.Csl - xul) + ksz (xsz - xuz) + Csz (5552 - xuz) =0 (4-17)
ksl ksZ ksl ksz Cs1 Cs2 Cs1 Cs2
Hg = ——— Xy ——Xsg F— Xy F—Xyp —— Xy — —Xgy + — Xy + — % 4.18
S mg s1 ms S2 mg ul ms u2 mg s1 ms S2 m ul ms uz2 ( )

ksl ksz ksl ksz Cs1 A
Xy = —— (xg + Osly) — == (x5 — O5ly) + ——xyq + —— x5 — — (s + 6l
S ms( S 51) ms( s 52) ms ul ms u2 ms( S sl)
=5 (= Gy ity + -2 9
m s st2 m ul m u2
. ksl + ksz kslll - kszlz ksl ksz Cs1 1 Csz
Xg = — Xg — 95+—xu1 F— Xy — X
mg myg mg mg mg
4.20
Cs1ly — ¢soly Cs1 ., Cs2 . (4.20)
- —95 T Xy + Xy
mg mg mg
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Following a similar approach to the formation of Equation 4.20, Equations 4.21
through 4.25 provide the necessary steps in creating relation for the rotational

acceleration of the vehicle body.

LB + kg (51 — 2y1)ly + €1 (sq — Ky ly — kgp (Xsy — 2y5)ly — €53 (gy — Xy2)lp = 0 (4.21)

Isés = —(ks1lixsr — ksrlixys ) — (CorliXsy — CorlyXyn) + (ksploXsy — kgalpxy2)
4.22
+ (Co2lpXsr — Cs2lp%y2) (4.22)
b = kg1l X kgly X kg1l X kgly X Cs1ly % Cs2ly % Cs1ly i
N Is s1 Is s2 [s ul [s u2 Is s1 Is s2 Is ul
4.2
Cs2ly (4.23)
- I u2
S
. kol kol kol kol Coql .
95 = - 511 : (xs + gsll) + %(xs - 9512) - 511 : Xu1 + 512 - Xuz — 511 : (xs + 9511)
S S S S S
4.24)
Corl . csql Cgrl (
+ SIZ - (xs - 9512) + 511 : J.Cul - SIZ - xuz
S S S
o ksily = ksyly ko lf + kg,l3 ksily ksl Cs1li = Csaly |
QS - I Xs — I 95 - I Xu1 + I u2 I Xs
S S S S S
_ ca1lf + e 3 6. + Caly _ Csoly (4.25)
Is S Is ul Is u2
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Equilibrium equations of the front unsprung mass are shown below, followed by the

equations for the rear unsprung mass on the next page.

mu]

!

k., (xal )

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

My Xy — kg1 (51 — 1) — €1 (s — Fuq) + ktl(xul - xgl) =0 (4.26)
.o ks ks Cs1 Cs1 ki1 ki 497
Xu1 = Xs1 — Xy1 T Xs1 — Xu1 — Xy1 + Xg1 (4.27)

my, ul ul ul mys mys
ksq ksq Cs1 . Cs1 ke key
Xy = x, +0,l) ——xy +— (X, +0,1) ——x,; ———xy +—X 4.28
ul mul( S N 1) mul ul mul ( S s 1) mul ul mul ul mul gl ( )
k kol kg +k c coqly . [ k
jc.ul — s1 xs + s1t1 95 _ s1 t1l xu1 s1 X_S s1t1 95 _ s1 J.Cul t1l xgl (4.29)
my My, My, My, My My, mMyq
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k:l(xal)

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

MyaXyz — ks (Xsp — Xy2) — Cop(Xsp — Xyy2) + ki (xuz - xgz) =0

. ke ks> Cs2 Cs2 ke ke
Xy2 = Xs2 — Xyz + Xs2 — Xu2 Xyp + Xg2
My My uz2 uz2 uz my»

. kg, ks, Cs2 /. : Cs2 ke, ke,
Xuz = (g = O5ly) — ——xyp + — (xs - 9512) - Xuz — Xyp + Xg2
uz My my; My My, My,
= ks, X ksal, 0 ksp + ktzx Cs2 % Cs2la 0 Cs2 % ke, X
uz2 — s s u2 s s u2 g2
uz My, My, My, u2 My, u2
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The state-space equations are formed in a way to provide road elevation

]

. Xg1 . . .
displacement, [xgz], as an input and vehicle acceleration response, I | as the
g Xu1
L, ]
output:
xS xS
Os Os
xul xul
Xu2 Xuz Xg1
=Al . 1+ B[ ] 4.34
X Xs xgz ( )
0, 05
Xu1 Xu1
xuz —xuz
_xs
Os
[E] [
] Xu2 Xg1
l--S|=Ca'c +D[9] (4.35)
lxulJ oS Xg2
.'k.'uz HS
Xu1
L X2

The state-space matrices used to relate the input and output of the system can be
found on the following page. Matrices A and B are formed based on the acceleration
response of each of the four degrees of freedom as found in Equations 4.20, 4.25,
4.29, and 4.33. Matrices C and D are made up of the constants that relate the road
elevation to the acceleration response based on the state vector multiplied by C, as

seen in Equation 4.35.
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4.3.3 Model Vehicle Parameters

Natural frequencies for a typical passenger car are around 1 and 10 Hz (Jazar, 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 which have wavelengths greater than the distance of the front and
rear tire while driving at average speeds. These bumps cause bounce motions of the
sprung mass. At a higher speed, bumps will have shorter wavelengths, and act as an
impulse to the system. This impulse causes the wheels to oscillate at the natural
frequency of the unsprung mass. Due to the different natural frequencies of the
sprung and unsprung masses, the excitation of 10 Hz of the unsprung mass is isolated
through the suspension system to prevent any discomfort of the vehicle user.
Although high frequencies can be isolated from the vehicle body, low frequency

vibration of 5 Hz or less can cause resonance of the mass.

The amount of damping provided to a vehicle is chosen as a tradeoff between ride
comfort and vehicle handling. Due to this 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 inclusion 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 includes a much higher ideal damping ratio of 1.0 (Dixon, 2007).
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Parameters of the simulated models are chosen to accurately describe 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 represent The Golden Car. These
parameters are based on sprung mass ratios used to maximize the output of the
vehicle. Damping of The Golden Car is larger than what would be found in a typical
vehicle to avoid sensitivity to certain wavelengths (Sayers, et al., 1998). The sprung
mass is set equal to 1.00 with the units of the parameters omitted because 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 amplitude of the masses is not a

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

Performing eigenvalue analysis to determine the natural frequencies of the model
with these parameters leads to frequencies of 1.2 and 11 Hz, which is within the range
of natural frequencies for passenger vehicles. The 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 parameters are selected to represent the vehicle used for testing in this
study. The testing vehicle, as shown in Figure 4.14, is the 2009 Toyota RAV4, 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 Ibs or 1524.07 kg (Edmunds, 2015). Ratios similar to the
ones used in calculation of The Golden Car will be used to estimate parameters of the
vehicle. Assuming the unsprung mass is 15% of the sprung mass, the total mass can

be shown as the sum of the two masses as seen in Equation 4.36.
m; = mg + 0.15m (4.36)

With this assumption, the sprung mass can be calculated as mg =% with the

addition of mass for each passenger, in this case taken as 72.57 kg (160 Ibs). 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 front of the rear tire to the
center of gravity of the vehicle were both measure to be 1.47 m. The full list of

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

ms (kg) | 875 | kg (N/m) | 23088
| (kg/m?) | 1100 | ke (N/m) | 23088
mu (kQ) 55 Cs1 (N-s/m) 1776
my2 (Kg) 55 [ Cs2 (N-s/m) 1776
lL(m) |147 ] ka(N/m) | 238180
l,(m) | 1.47 | kp(N/m) | 238180

ks2 (e Cs2 ksl e Cs)

Figure 4.15: Half Car Model

Similar to typical passenger vehicles, these 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 coefficient, G;(n,), used for ISO classification (Equation 2.1)
and profile simulation (Equation 4.1). A direct relation between the values of the
roughness coefficient and the IRI is found empirically through simulation. 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 based on a quarter
car model with a forward moving velocity of 80 km/h, varying vehicle speeds do not
need to be taken into consideration. IR is calculated for each generated road profile.
The effect of profile roughness on the value of the IRI is shown in Figure 4.16. Based
on the relation of the two parameters in the log-log scale in Figure 4.17, it can be seen
that the use of a nonlinear regression power model to determine the correlation is

appropriate (Seber, 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-Log)
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A power model is used to linearize the data and create a simple power-law
relationship as y = cx?. Linearization leads to the following form, in(y) = In(c) +
b = In(x), where coefficients b and c are computed using Equation 4.37. Based on the
simulated data, computation of these coefficients results in a power model relating the
IRI to the roughness coefficient as shown in Equation 4.39. The trendline formed by

this nonlinear regression is shown in both Figure 4.16 and Figure 4.17.

[ln(c)] __O) (4.37)
b [1 In(x)]
[ln(c)] _ In(IRI)
b 1 (4.38)
i In(Ga(ng))
1
IRI = 0.5386 - G;(ny)°5 (4.39)
IRI \?
Gano) = <0.5386> (40

The inverse of this relation is presented in Equation 4.40. The inverse relation is used
to determine the roughness coefficients for generating road profiles with specific IRI

values.
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This relation is validated by comparing the correlated roughness coefficients and IRI
values with their respective physical meaning as defined in Chapter 2. A road with an
IRI value of 3.05 m/km or below is considered a newly paved road, airport runway, or
superhighway, which correlates to the Road Class A ISO classification as shown in
Table 4.3. A road with an IRI value ranging between 12.19 and 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 IR1 Values

Roughness Coefficient: Gy(no), cm® IRI (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 results are validated further by creating generated profiles with IRl values
ranging from 1 to 20. These profiles are processed through ProVAL for calculation of
the exact IRI values. The results are shown in Figure 4.18. Due to the random nature
of the generated profiles, two sets of data were used for validation. Based on the
results and their highly linear correlation, this method for generating random road

profiles based on selected IR values is valid.
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Figure 4.18: Validation of Generated Profiles using ProvAL
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4.4  System ldentification Study Based on Simulated Data

Simulation of the half car model traveling along various road types is conducted to
show the effectiveness of system identification used for determining unknown vehicle
parameters. Parameter identification is performed through prediction error estimation
using a linear grey-box model. This grey-box model is constructed with the state-
space matrices which represent the vehicle, 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 model, simulation is also performed to

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

Simulation consists of two main sources of excitation: speed bumps and bridge
bumps. Speed bumps are chosen because they provide a well-defined vehicle
response. Bridge bumps are used to determine whether or not the response provides a
signal-to-noise ratio strong enough to perform system identification. A study on the

discomfort caused by bridge bumps is also performed.
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4.4.1 System ldentification: Known Input

PEM is performed for a system with a known input to determine the process’s
effectiveness.. For this case, a vehicle represented as a half car model is simulated
traveling on a road 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 input-output test analyzes the effect of the time window for system
identification. This shows how the prediction of the parameters is affected by the
range that is being analyzed. The second test shows the effects of the initial parameter
estimation to determine the importance of the initial guess for convergence of the

exact mass.

4411 Effectof Time Window

Figure 4.19 and Figure 4.20 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 is simulated based on a road with existing roughness, while
the input is replaced with a profile that lacks the added noise from the unevenness of
the road. This is done because the added effects of the road roughness typically
remain unknown. In this case, the road profile is given an IRI of 5 m/km. Each of the
two figures are shown to represent different time windows used for analysis. Figure
4.19 covers a 15 m range, while Figure 4.20 includes the profile for a length of 100

m.
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Figure 4.20: System ID Window — 100 m
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Parameter identification of the unknown vehicle mass is performed for time windows
ranging from 5 to 100 m in 5 m increments, as shown in Figure 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 mass of the half car model is shown to be very close to the exact 875 kg for
each case. These results show that with strong signal-to-noise ratio consistent road

roughness, the size of the window has little effect on the prediction of the mass.
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Figure 4.21: Effect of System 1D Window
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4.4.1.2 Effect of Mass Estimation

This next case examines the initial guess of the estimated mass and its effect on the
predicted mass using PEM. Twenty estimates are made, linearly ranging from 700 to
1100 kg for the half car. This range is selected to properly reflect the mass range of
typical passenger cars with varying passengers and cargo loads. Similar to the
previous case, the input is taken to be a bump as shown in Figure 4.19. The predicted
masses are shown in Figure 4.22. These results demonstrate the effectiveness of the
system identification process for systems with known inputs. All predicated masses

are within 6% of the actual 875 kg mass.
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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 input needs to be provided to the vehicle to
excite a response from the system. A speed bump is used to obtain an acceleration
response with a strong signal-to-noise ratio. Typical speed bumps can be modeled as

a cosine function, as seen in Figure 4.23 (Kropac, et al., 2008).

7
S w >|

Figure 4.23: Half-Cycle Cosine Function Speed Bump Simulation
This bump is modeled using Equations 4.41 and 4.42, where h is the height and tg is
the time is takes for a single tire of the vehicle to pass over the bump. This time

variable is dependent on bump width, w, and vehicle velocity, v.

h h
b(t) = — 3 cos(2mt;/ty) + 3 (4.41)

tyg = (4.42)

v
The size of the bump, which is represented as height and width, determines the
amplitude of the vehicle response. This information is necessary to provide the

vehicle with enough of a response to produce a signal-to-noise ratio strong enough for

the parameter identification.
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Figure 4.24: Acceleration Response for a Damped System Excited by Harmonic Force (Chopra, 2007)

As shown in Figure 4.24, the acceleration response of a damped system excited by a
harmonic force is dependent on the ratio of the frequency of the input to the natural
frequency of the system (Chopra, 2007). Other factors that affect the response include
the amplitude of the input force and the damping ratio of the system. For passenger
cars, the damping ratio is typically 0.3. Calculation of the input frequency is shown in
Equation 4.43. Equation 4.44 shows the ratio of frequencies is based on bump width,

vehicle velocity, and vehicle natural frequency.

_ - _" (4.43)
=, T 2w '

w v

W, 2w wy,

(4.44)

For the case of constant velocity and constant natural frequency, the only factor for
acceleration response is the width of the bump. For this study on the effect of speed
bumps for system response, both the velocity and vehicle parameters will remain

constant.
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The vehicle velocity is limited to 16.1 kph (10 mph) to prevent any wheel hop caused
by the bump. The natural frequency of the vehicle is taken as 1.2 Hz. The peak
acceleration response of the half car model based on bumps with varying height and
width is shown in Figure 4.25. The height of the bump varies 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
response, and the larger the width, the smaller the peak response. Although seemingly
trivial, this information is necessary for estimation of the input of the system when

only the vehicle response is provided.

Peak Acceleration Response, g

2.5

Height, mm Width. m

Figure 4.25: Peak Acceleration 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 an input estimate of the road for detection of changes in
vehicle parameters with the use of PEM. For a vehicle at a known velocity with
known system parameters, it may be possible to estimate input properties based on

the acceleration response.

Simulation is conducted to determine the sensitivity of the PEM algorithm for
predicated mass with varying estimated bump input. The estimation of the bump is
based on height and width. The vehicle response is simulated with a bump height 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 to 3.35 m (6 to
11 ft). The results for percent error based on the variation of estimation height and
mass input is shown in Figure 4.26. The range of percent error is limited to 50% to
exclude any extreme values. This plot clearly shows a region where the estimation
produces accurate results. Upon further inspection of the data in Figure 4.27, it can be
seen that it is possible to get a correct prediction of vehicle mass with height and
width estimation that are different than the exact values. This angled dark blue region
is due to the variance of the width and height combining to provide similar vehicle
response to those found through the actual simulation. Returning to Figure 4.24, 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

seen in Figure 4.27.
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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 Simultaneous Identification of Mass and Stiffness

This next simulation assumes not only the mass of the vehicle is unknown, but the
suspension stiffness as well. To perform this analysis, estimated masses and
suspension stiffness are made for a known input/output system. Estimation of 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 mass and the suspension stiffness for
both the front and rear suspension systems is shown in Table 4.4 through Table 4.6.
According to the results, each predicted value falls within 3% of the exact value. This
data shows that not only can the use of PEM provide accurate results for a single
unknown parameter, but that it can also be used to determine the unknown mass and
stiffness simultaneously for systems with known input/output. Information
concerning changing stiffness of a system can be used to assess damage to a system,

assuming there is no change in mass (Bighamian, et al., 2013).
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Table 4.4: Mass Prediction Error for System with Unknown Mass & Stiffness

Predicted Mass
Percent Error

Estimated Mass, kg

Estimated Stiffness, N/m
20000 | 21250 | 22500 | 23750 | 25000
700 096 | 204 | 196 | 195 | 191
800 1.43 1.20 1.12 1.45 0.94
900 105 | 0.68 | 0.18 | 054 | 0.67
1000 1.11 1.14 1.05 1.07 0.84
1100 1.93 1.92 2.19 1.98 2.40

Predicted Stiffness
(Front Suspension)

Table 4.5: Front Suspension Stiffness Prediction Error for System with Unknown Mass & Stiffness

Estimated Stiffness, N/m

RARLSSININE 20000 | 21250 | 22500 | 23750 | 25000
7 700 050 | 1.29 | 1.04 | 078 | 051
= 800 129 | 1.10 | 082 | 0.84 | 050
22 900 078 | 0.83 | 023 | 0.24 | 0.24
£ 1000 | 086 | 0.89 | 054 | 041 | 065
& 1100 | 087 | 038 | 0.85 | 0.15 | 0.18

Predicted Stiffness
(Rear Suspension)

kg

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

Estimated Stiffness, N/m

SOWINRUSSRINR 20000 | 21250 | 22500 | 23750 | 25000
700 | 166 [ 1.67 [ 1.44 | 1.16 | 0.90
800 | 1.93 | 1.83 | 141 | 115 | 116
900 | 1.68 | 256 | 1.74 | 041 | 0.38
1000 | 114 | 1.15 | 0.89 | 093 | 1.09
1100 | 0.80 | 0.39 | 0.69 | 021 | 0.33

Estimated Mass,
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445 Bridge Bump Identification

As of 1995, of the 600,000 bridges located in the United States, 150,000 of them had
bumps formed at the ends (Briaud, et al., 1997). Simply put, these bumps at the ends
of the bridges are caused by a differential in settlement at the joint connecting the
bridge approach and the bridge deck, as shown in Figure 4.28. Major causes of the
bump include compression of the fill material, settlement of the soil beneath the
embankment, design and construction errors, high traffic loads, and poor drainage.
Additional causes of bump formation are shown in Figure 4.29. Some sources state
that at a height differential of 12.7 mm (0.5 in.) between the bridge deck and road
pavement, the bridge requires maintenance (Dupont, et al., 2002). A 1995 survey
conducted in Illinois showed that more than 27% of bridges had bumps larger than

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

One concern surrounding the bumps involves the discomfort they cause on 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 IRI of 10 m/km for the end of the bridge is
considered to be poor quality (Islam, 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 identification.
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Figure 4.28: Bridge Approach Diagram (Briaud, et al., 1997)
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Figure 4.29: Causes of Bridge Bumps (Briaud, et al., 1997)
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The use of bridge bumps as an input for system identification is advantageous
because the input of the system can be easily located based on the vehicle response.
Assuming there is no approach slab, the bump can be modeled as a step (Dupont, et
al., 2002). Because the bump is modeled as a step function, the only unknown

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

Figure 4.30.
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Figure 4.30: Input/Output Response of Bridge Bump
This next analysis is performed using the response of the vehicle model traveling at
48.3 m/s (30 mph) over a 38.1 mm (1.5 in.) step. 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 in Figure 4.31.
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Figure 4.31: Predicted Mass based on Estimated Step Height

These results show that with the amplitude of the step unknown, the system
identification analysis provides large amounts of error. It can be seen that the mass is
linearly proportion to the estimated height. Although the mass cannot be predicted
without knowing the actual step amplitude, these results still have potential
application for estimating 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 estimating bridge bump size,

which can determine 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 caused by bridge bumps through an investigation of the
acceleration response they provide. As shown in Figure 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 38.1 mm (1.5 in.). The response of the half car model traveling over
the bump at 48.3 (30 mph) is displayed in Figure 4.33. This response clearly shows
the effect of the bump to the motion of vehicle when compared to the other sections

of the road surface.

To understand how much discomfort this bump causes, the frequency weighted
acceleration is calculated based on the response of the vehicle. These values are
shown for segments of 1 and 10 m in Figure 4.34 and Figure 4.35, respectively. These
frequency weighted acceleration values, based on human comfort criteria, reach up to
values close to 1.5 m/s% Following the values provided for levels of comfort provided
in 1ISO 2631 and shown in Table 2.5, this amount of vibration would be considered as
“uncomfortable” to “very uncomfortable.” 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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Figure 4.35: Effect of Bridge Bump on Comfort — 10 m Interval
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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. These points represent the peak frequency
weighted acceleration for a vehicle traveling along a road with no roughness aside
from the step representing a bridge bump. This is done to isolate the effect of the
bump without any additional effects from other sources of roughness. The results
displayed in Figure 4.36 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 discomfort, while anything above the red line

causes 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 vehicle-road interaction shows the effectiveness of grey-box modeling

combined with PEM for vehicle parameter identification. Simulation shows that
vehicle mass can be accurately predicted for known input profiles regardless of initial
mass estimation even with the inclusion of noise due to road roughness. 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
than the actual input, and can produce a similar response to that of the actual vehicle
response. Further studies show that mass and stiffness can simultaneously be

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 mass prediction and ride comfort. Performing PEM with
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 known vehicle mass based on the deviation of the
prediction to the actual mass. Step amplitude and vehicle speed are related to ride

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

5.1 Overview of Testing Process
Determining the effectiveness of system identification for unknown vehicle mass is

accomplished by collecting the vertical acceleration response through wireless
sensing and processing the data with PEM analysis. Testing is performed on a variety
of surfaces for this study to understand the 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 extension cable used to simulate a pneumatic
road tube. For the speed bump, the input is known, while the mass of the vehicle is

assumed as unknown.

Known Input System with Unknown Parameters Recorded Output

-

Figure 5.1: Testing Process for Known Input

For the case of the bumps located at the ends of the bridge, the vehicle parameters are
considered to be known 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 Estimated Input
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5.2 Wireless Accelerometer
The iPhone 5S contains many sensors, including an accelerometer, ambient light

sensor, proximity sensor, three-axis gyro sensor, and a digital compass. The
accelerometer is the Bosch Sensortec BMA220 low-power high performance three
axis MEMS sensor. This sensor is capable of recording acceleration from 0.5 Hz to 1
kHz with a range of £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 Accelerometer — BMAZ220 (Bosch Sensortec, 2011)

The acceleration response can be recorded directly on the smartphone using apps for

data collection, such as SPARKvue®, shown in Figure 5.4.

[PASC ORI

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 used for testing in this study is the PASCO PS-2119. Shown in
Figure 5.5, this three axis acceleration sensor has a range of £10 g with a resolution of
0.010 g (PASCO, 2015). For wireless communication, this sensor is paired with the
AirLink,. The AirLink, is an interface for the sensors that wirelessly connects to
devices for data collection through Bluetooth™. It has a wireless range of 10 m with

a sampling rate up to 1 kHz (PASCO, 2015).

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

The reason this sensor is used for testing rather the smartphone is due to its reliability.
The PASCO PS-2119 is a commercial grade, factory calibrated sensor. Due 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 PS-2119 and iPhone 5S are comparable accelerometers, they are

simultaneously used to record the free vibration response of a model structure. This
test is also performed to ensure the sensors are properly calibrated by comparing the

experimental results with calculated analytical results.

The testing model is a five-story shear frame building made of aluminum floors and
polycarbonate siding as shown in Figure 5.6. 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.) thick polycarbonate sheet. Both
accelerometers are tightly clamped side by side to the top of the model using C-

clamps. A closer view of this configuration is shown in Figure 5.7.
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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 floor of the model. The data is recorded with a frequency of
100 Hz. The acceleration response of both sensors is shown in Figure 5.8. Through
observation, it is clear that both sensors provide very comparable results 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?)

PS-2119 0.0458
iPhone 0.0445

|(iPhone) gys — (PS — 2119) gys| 10.0445 — 0.0458|
x 100% = X 100% = 2.859 5.1
(PS-2119) gus % 0.0458 o % 6D

0.25¢ T T T - T T T
PS-2119
0.2 iPhone

0.15 .

1

0.1 N

0.05 f

Acceleration, g

_0. 25 o r r r r r r
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Time, s

Figure 5.8: Accelerometer Comparison
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Analysis of the modal frequencies and a further investigation of the similarities
between the two sensors are completed by comparing the FFT in Figure 5.9. The
peaks in the FFT represent the modal frequencies of the model structure. The values

for the first three modal frequencies are displayed in Table 5.2.

Table 5.2: Model Structure Modal Frequencies

Mode Frequency, _Hz
PS-2119 iPhone
1 0.074 0.074
2 2.548 2.548
3 4.226 4.226

100 F L |8 L |8 L |8 L L T C!
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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 results. The structure can
be idealized as a simplified lumped mass structure with five degrees of freedom, one
for each floor as displayed in Figure 5.10 (Chopra, 2007). For this idealization, it is

assumed that the floors are rigid in flexure and axial deformation is neglected.

my
R u
T E,l, \_J g
h E . -
4
-- ' >
Ejdy, ~ 4
h E.lL .
3
- O > U3
Eply
h E.L m,
- 0O
By, e
h E.L
m;
O > U
T By ~ !
h E.l
i .. NN

Figure 5.10: Simplified Representation of Test Model
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Each of the five degrees of freedom is represented by u, which consists of the
horizontal movements of each floor of the structure. The mass matrix, shown below,
is made up of the mass floor of the structure.
m; 0 0 0
[ 0 my, 0 O ]
M =| 0 0 mg O
[ 0 0

S O O O

0m4|
0 0 0 0 ml

The masses of all the floors are equal except for the top floor, which takes into
consideration the additional mass of the sensors and C-clamps. The mass of each

component is detailed in Table 5.3.

Table 5.3: Mass of Model Components

Component Mass, g
Aluminum Block 346
iPhone 5S 112
PS-2119 48
AirLink2 78

C-Clamp 358.34

m;=my; =m3=my=346g

mg = 346 + 2+ (358.34) + 112 + (48 + 78) = 1300.7 g
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The boundary conditions for the columns can be viewed as torsional spring, meaning

they are somewhere between pinned and fixed-end connections. To account for this,

the stiffness value is taken between the two terms shown below.

3EI

Fixed-Fixed: k = —

h3

Fixed-Free: k =

For the polycarbonate siding, E = 2.2 GPa, I = 33.873 mm*, and h = 142.875 mm

[2 -1
-1 2
=klo -1
IO 0
lO 0

0 0 07
-1 0 0]
2 -1 0|
1 2 -1
0 -1 1J

The amount of damping must be determined experimentally because it is impossible

to be determined analytically (Chopra, 2007). The damping ratio 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 Equation 5.2 with the recorded

acceleration data displayed in Figure 5.8.
5 1 l il;
=S —inz
2mj Uy
Peak Time, sec Acceleration, m/s?
1 1.19 0.1978
11 14.83 0.8545
1 0.198¢

¢

- !
2m(10) " 0.085 g

= 0.0134 or 1.34%
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Application of differential equation solutions for the equation of motion for a non-
damped structure leads to Equation 5.4, which is used to solve for the natural

frequencies as seen in Equation 5.5 (Chopra, 2007).

[K — wiM]¢p, = 0 (5.4)

det[K — wZM] =0 (5.5)

Performing an eigenvalue analysis of the idealized non-damped system leads to the

modal frequencies in Table 5.4.

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 4534 7.29%

The experimental and analytical modal frequencies show very similar results. Small

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

The use of this model has not only shown that the iPhone accelerometer can produce

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

similar to that of a commercial grade sensor.
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5.4 Testing Setup
All testing in this study is performed using a 2009 Toyota RAV4. For data collection,

the PASCO PS-2119 acceleration sensor is firmly attached to the vehicle’s center
console using Velcro straps as seen in Figure 5.11. In addition to the use of straps, the
sensor is pushed down by hand to prevent additional vibration. The sensor is attached
to the center console rather than one of the seats due to consistency of data results.
Because the seat cushion acts as spring, attaching the sensor to the cushion would add
an unknown as to how firmly the cushion is being pressed in and the value of the

stiffness constant.

Figure 5.11: Wireless Sensor Setup

Acceleration response is recorded at a fixed sampling rate of 100 Hz. This sampling

rate is chosen to ensure 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 intended forward 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 times and 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 console. The recorded acceleration responses
are compared to the simulated results of the half car model found in Chapter 4. If the
responses are found to be suitable, they are then used to predict the vehicle mass

using system identification methods in Chapter 6.

5.5.1 Road Surfaces

To begin the testing, the acceleration response of the vehicle is recorded while
traveling on pavements with varying surface roughness. As shown on the pages 120-
123, the road surfaces include a newly paved road, a rough road, a road with damaged
pavement, and a parking lot with a row of speed bumps. As previously mentioned, the
combination of the size of the input and speed of the vehicle excite different modes of
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 Hz (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 domain. For an accurate estimate of the response in the frequency domain,
the Fast Fourier transform is implemented on even segments of the acceleration
response, which is then summed. This process removed unwanted noise from the
frequency domain representation. The effects of each of the tested surfaces on the
vehicle response are detailed in Table 5.5. 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 Speed, kph | Max Response, g | fi, Hz | f,, Hz
Newly Paved Road 40.2 (25 mph) 0.2017 2.51 | 13.57
Rough Road 40.2 (25 mph) 0.8899 1.01 | 12.82
Damaged Pavement 32.2 (20 mph) 0.8437 2.01 | 12.06
Speed Bumps 16.1 (10 mph) 0.8703 151 | 12.56

Although the newly paved road is fairly smooth, small bumps in the surface excite the
response of the vehicle. Due to the small amplitude of the bumps, they are shown to
have little effect on the overall resonance of vehicle. As seen in Figure 5.15, due to
the consistent unevenness of the surface, the vehicle 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 vehicle natural
frequencies. Due to the first large initial input and following vibration, the frequency
domain shows the vehicle to have natural frequencies of 1.51 and 12.56 Hz, which

are similar to those calculated using the half car model.
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5.5.2 Speed Bumps
Speed bumps are used as a system input because they provide a large system response

and are easy to measure. A set of four similar speed bumps are driven over at 16.1
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 shown in Figure 5.21.

Figure 5.20: Speed Bump

I
I 2.60 m >

Figure 5.21: Speed Bump used for Testing
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As seen in Figure 5.22, the recorded 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
strong signal-to-noise ratio, 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 the four 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 bridges provide a possible source of excitation for the use with
system identification methods. The bridge shown in Figure 5.23 is used to test this
hypothesis and used to compare the vehicle acceleration response with the simulated
response found in Chapter 4. Seen in Figure 5.24, there is a distinct joint where the
pavement meets the bridge slab. It is the differential in settlement between these two

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

To perform this next test, the vertical acceleration response is recorded while
travelling at a speed of 48.2 kph (30 mph). Data is collected at both ends of the bridge
to account for possible positive and negative differentials in the step found at the
joint. The acceleration response from one of the bridge ends can be seen in Figure
5.25, with a closer look of the response at the bump in Figure 5.26. This data shows
how similar the actual response is to the simulated response when assuming a step
input. It can clearly be seen when each of 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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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 speed (McGowen, et al., 2011). The use of
rubber tubes creates a means of data collection that is non-obstructive to the driver
while traveling over them. The goal of this next test is to determine whether these
road tubes can cause enough excitation to the passing vehicle for system

identification or if the response is isolated from the motion of the vehicle body.

Performing this test is accomplished through the use of a 6.35 mm (0.25 inch)
diameter extension cable in place of a standard pneumatic road tube as shown in
Figure 5.27. The cable is firmly stretched and taped in the center and on each end to
prevent movement while the vehicle passes. This test is performed in a parking lot to

prevent additional road roughness from interfering with the input of the cable.
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Acceleration response when driven at 16.1 kph (10 mph) is shown in Figure 5.28. The
two arrows show the points at which 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 the road even on a smooth road profile.
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Figure 5.28: Pneumatic Road Tube, 16.1 kph (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 lot pavement itself.
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Figure 5.29: Pneumatic Road Tube, 32.2 kph (20 mph)
This pilot shows that the use of road tubes do not provide much excitation in this
specific situation. Due to the small vehicle response compared to the noise from the
pavement itself, it can be seen that a larger source of excitation is needed to perform
system identification analysis. This test only accounts for a specific scenario at low
vehicle speeds. Additional testing is needed to further evaluate the practicality of

pneumatic road tubes for use with parameter identification techniques.
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Chapter 6: Data Processing

6.1 Data Processing Overview

This chapter presents the processed data collected throughout the field tests. This
includes the acceleration response from sources of excitation including speed bumps,
bridge bumps, and various roads in the surrounding area. Analysis is performed using
parameter identification methods for mass and input estimation. Acceleration
response is correlated to road roughness for a road profile map based on IRI values. A

second map shows the comfort perceived by the user of the vehicle.

6.2 Parameter ldentification

Data collected through field testing is analyzed through the use of parameter
identification with PEM and grey-box 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 study. Each test is recorded twice to
determine the consistency with the results. 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 bumps, the size of the input either has to be
known or estimated. In this case, the input is known to have a width of 2.60 (8.5 ft)
and a height of 150 mm (6 in.). The generated input bump is related to the recorded
acceleration output for parameter estimation through the use of grey-box modeling.
Shown in Figure 6.1, the bump is estimated and 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 caused by anything other than the expected input.
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Figure 6.1: Speed Bump Response used for Mass Estimation
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The mass is predicted for two sets of four bumps to ensure consistency. The results

for the both trials are shown in Table 6.1 and Table 6.2.

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 adequate results are found for the first two bumps, bumps three and four
include error. Possible sources of error include discrepancy of actual bump width and
height, changes in vehicle speed, and additional vehicle excitation from the
surrounding area. The full set of 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 show that the predicted vehicle mass is proportional to the step amplitude
estimation. Although this information cannot be used to predict unknown vehicle
mass, it can be used to determine the step amplitude if the mass is already known. As
seen in Figure 6.2, the bridge selected for this study does provide a noticeable
excitation to the vehicle where the pavement meets the bridge deck, but does not
provide a strong signal-to-noise ratio necessary to accommodate accurate

performance of system identification methods.
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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 amplitude other than 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
1-1 700.528 19.94%
1-2 596.911 31.78%
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 43.25%

The results presented in Table 6.3 and Table 6.4 show inconsistencies between each
trial. This error may be caused by the weak signal-to-noise ratio in addition to the
sources of excitation surrounding the bridge bump. 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 of 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 acceleration response can be directly
related to the roughness of the profile. The relation between the vehicle output

response and the IRI is shown in Figure 6.3.

International Roughness Index
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Degree of Roughness

Vehicle Parameters, Forward Velocity
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Vertical Acceleration

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 road profiles ranging in
roughness. With this relationship defined, a correlation can be used to approximate

the IRI based on the acceleration response of the vehicle.
This correlation is determined using 100 m simulated road profiles with varying

degrees of roughness, ranging from Gq = 2 cm® to Gq = 4096 cm®. 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 with known parameters is simulated at speeds of 4.5 m/s
(10 mph) to 31.3 m/s (70 mph) to observe the variance in vehicle response. Results
are found empirically and are shown in Figure 6.4. Power trendlines are used to show
the relation between the RMS of the acceleration and the IRI based on the nonlinear
relationship. The relation is shown again using a log-log scale in Figure 6.5. This
relation shows that roads with larger amounts of roughness produce larger
acceleration response at higher speeds. To determine consistency of these results,
simulation is performed a second time with a shorter road length. The output proves
to be independent of segment length for this analysis as each profile simulates a

specific roughness to avoid any change in response over time.
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To further analysis this correlation, the root mean square of the acceleration response
is directly related to the IRI using the relation found in Equation 4.39, relating the IRI
to the roughness coefficient. Applying this conversion gives a direct linear relation

between the IR1 and acceleration response, as shown in Figure 6.6.
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Figure 6.6: Relation between Vertical Acceleration Response and IRI
This relationship is valuable because it essentially turns every vehicle into a high-
speed road profiler through the use of wireless sensing. This relation can be pre-
calculated for a large variety of vehicles with varying parameters and is used to
determine the roughness of the roads 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 of wireless sensors, the roughness of the road can be

continuously monitored and areas of concern can be immediately discovered.
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The effect of changing vehicle parameters is analyzed by adding mass to the vehicle
and evaluating a change in the correlation between the IRI and acceleration response.
The updated correlation is shown in Figure 6.7 for the addition of two passengers to
the vehicle. Comparing this updated correlation with the added mass against the
original relationship, it can be seen that the addition of mass to the vehicle decreases
the acceleration response regardless of road roughness or vehicle speed. An

exaggerated case, doubling the original mass of the vehicle, is shown in Figure 6.8.

141



L L L L L L L L L
V= 4.5m/s (10 MPH)
V= 8.9m/s (20 MPH)
0.3p V = 13.4 m/s (30 MPH) J
V = 17.9 m/s (40 MPH)
0.25 - V = 22.4 m/s (50 MPH) 4
V = 26.8 m/s (60 MPH)
V = 31.3 m/s (70 MPH)

o
(V)
I

1

7

0.15 =

Acceleration RMS, g

©

[EEY
I

1

7

0.05 -

r r r r r

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

o
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6.3.1 Verification of Acceleration to IRI Relationship

To verify the relationship of the acceleration response to the IRI found in Figure 6.6,
a sample road profile recorded with a high-speed road profiler is used (ProVAL,
2015). This profile, shown in Figure 6.9, is used to compare the exact IRI using
ProVAL against the approximated values found using the acceleration response

relation.
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Figure 6.9: Measured Profile

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

estimate the IRI. This response is shown in Figure 6.10.
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Figure 6.10: Simulated Acceleration Response
The relation between the acceleration response and the IRI found in Figure 6.6 is
dependent on the speed of the vehicle. Ideally, the estimated IRI should remain the
same regardless of vehicle speed because the road profile is fixed, whereas the
response differs depending on the vehicle velocity. The effect of vehicle velocity for
the approximation of the IRI is shown in Figure 6.11. This plot shows the
approximation of IRI is higher at low travel velocities 16.1 kph (10 mph) when

compared to the approximation made at high vehicle speeds 112.7 kph (70 mph).
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Figure 6.11: Estimated IRI from Acceleration Response at Varying Speeds
ProVAL is used to calculate the exact IRI values for this profile. These values are
compared with the estimated results based on the response acceleration at 17.9 m/s
(40 mph) using the correlation in Figure 6.6. Comparisons for results taken at 30.48
m (100 ft) and 7.62 m (25 ft) profile segments are shown in Figure 6.13 and Figure
6.15, respectively. These results show the accuracy of the use of acceleration output
for IRI estimation at 17.9 m/s (40 mph). It can be determined that lower vehicle
speeds overestimate the IRI values, while high speeds underestimate the IRI from the

results found in Figure 6.11.
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6.4 Ride Comfort

A major objective in this study is to determine the direct relation between the road
roughness and the ride comfort. While high-speed road profilers manage to capture
the elevation and roughness of the road surface, they do not relate 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 vehicle, meaning the 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
response to the road profile. This is done to determine the effects of road roughness,
vehicle speed, and vehicle parameters on ride comfort. This is completed by
generating road profiles with IRI values ranging from 1 to 10 m/km, and simulating a
half car model traveling along them. The frequency weighted acceleration, which is
used to quantify 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). Results are shown in

Figure 6.16 and Figure 6.17.
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6.5 Profile Maps
Application of the correlation of acceleration response to road roughness and comfort

is presented in this section. Two maps are generated using recorded vehicle
vibrations: one map based on the correlation to the acceleration response to the IRI
and a second 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 campus. The use
of IRI and comfort scales each have different applications. A map 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 of comfort level, can be used by the drivers themselves. Using real-
time vehicle acceleration response in combination with vehicle location determined

by the smartphone’s GPS, these profile maps can be continuously updated.

Figure 6.18: Map of College Park, MD (Google Maps, 2015)
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To create these profile maps, 37 sections of roads are traveled along to gather data.
These sections of roads are shown in Figure 6.19. For each segment, only a single
lane is tested. It is assumed that the profile roughness is similar for the left and right
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

151



A color scale is created to visualize the IRI and comfort levels on the profile map.
Two individual scales are established that relate to the IRI roughness descriptions and
the comfort described by the frequency weighted accelerations. The selection of IRI
values is based on an approximate IRI for various road classes shown in Figure 2.16.
As for the level of comfort, the values are based on vertical vibration response

described in 1SO 2631-1. Further description of this range can be found in Table 2.5.

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 standards state the IRI is reported every 25 ft (Maryland SHA, 2012).
Following this standard, the IRI and level of comfort are approximated every 25 ft for
this study. An example of this approximation using the created color scale is shown in
Figure 6.21for the IRI and Figure 6.22 for the level of comfort. As seen from the two
figures, the use of coloring makes it very clear to see where there are areas of

roughness and sections of road that may cause discomfort.
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6.5.1 Profile Map: Road Roughness
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The profile map displaying the road roughness is shown Figure 6.23 for the tested
area. While IRI approximation provides reasonable results for roads traveled at high

speeds, IR values found at the center of the campus map, driving at speed below 32.2

kph (20 mph), appear to be overestimated.
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6.5.2 Profile Map: Level of Comfort
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Figure 6.24: Ride Comfof{ Map

As shown in Figure 6.24, ride comfort is directly measured through the acceleration
response, and is applied to profile mapping for additional information. This map
shows which road sections provide more comfort over others. Overall, a majority of
the roads are comfortable in this area and additional testing should be conducted in

other areas to show additional effects of road roughness on ride comfort.
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6.5.3 Revisiting Areas of Interest

Selected areas of interest are revisited 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 map. Three areas, displayed on pages 157
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 paved section of road with the existing road. Road 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 summarized in the 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 pavement
2 6 Fairly Uncomfortable Manhole
3 23 Uncomfortable Damaged pavement
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6.6 Summary of Analysis

This chapter evaluates the accuracy of PEM for mass estimation for acceleration
response recorded on actual roads. It is found that the selected speed bumps provide
accurate results assuming the input is properly estimated. The bridge bumps used in
this study were found to have a weak signal-to-noise ratio, providing inconsistent
results using system identification methods. Additional testing is required to
determine the overall effectiveness for the use of bridge bumps as a source of vehicle

excitation for use with PEM.

The correlation between IRI and vehicle response is found to be linear and dependent
on vehicle speed. This correlation varies depending on vehicle mass. Additionally, the
comfort of the driver and passengers can be determined; the vertical acceleration
response can be directly related to comfort through a weighting function provided in
ISO 2631-1. These correlations provide additional information concerning road
roughness and comfort that are used to create two road profile maps — an IRI profile
map and a comfort level profile map. The ability to obtain this information in real-
time using smartphone acceleration and GPS sensors is advantageous because it
provides necessary data that can be used to determine the most comfortable travel

routes and roads in need of maintenance, which is currently unavailable.
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Chapter 7: Conclusions

7.1 Research Conclusions

High-speed road profilers are currently used to measure the elevation of road surfaces
to calculate road roughness, but do not provide a direct measure of ride comfort of the
user. Due to technological advancements, mobile sensing has become a viable tool for
measuring vibrations, which can be applied to the analysis of road conditions and ride
comfort. It addition to providing another layer of information by including ride
comfort, key road information can be updated in real-time through the use of mobile

sensing, whereas current profiles are updated between every one to two years.

The research completed in this dissertation demonstrates the viability of estimating
road roughness and directly measuring ride comfort through wireless sensing. Due to
the variation in vehicle properties, this study focuses on parameter identification of
high-damped systems. This includes the evaluation of system identification methods
and the necessary requirements to obtain an accurate prediction of the vehicle mass
by applying these methods. Knowledge of the vehicle parameters is essential in
determining a correlation between the vehicle vibration response and the road surface
roughness. Through simulation and experimental testing using mobile sensors, system
identification of vehicle dynamics and road conditions is performed to show the
effectiveness in creating this correlation. Major findings of this study are summarized

as follows:
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Through the evaluation of various system identification techniques, a
combination of PEM with the use of grey-box modeling proves to be an
effective method for parameter identification of high-damped systems with
known input, specifically when used for vehicle mass identification. Due to
the similarities in structure between typical passenger cars, grey-box modeling
provides an effective way of relating the input and output while partial system
parameters are left unknown. Application of PEM is used to predict these
unknowns. With both simulated studies and field testing, this method proves
to be effective in the prediction of vehicle mass, providing little to no error
when provided with information concerning the system input.

Vehicle mass can be accurately predicted using the PEM algorithm over a
range of realistic initial guesses for mass estimation assuming known input
excitation and measured output response. The mass of the half car model used
in this study is 875 kg with the inclusion of two passengers. The range of
initial mass estimates is selected to vary from 700 to 1100 kg to envelope the
empty vehicle mass through the mass of the vehicle at full capacity.

Based on research through vehicle simulation, it is found that unknown input
gives poor identification results due to sinusoidal response waveform.
Because of this, an input either needs to be known or estimated to provide
accurate results for vehicle parameter prediction. If the input is known, the
prediction is significantly improved.

Comparison of the BMA220 accelerometer found in the iPhone 5S and the

PASCO PS-2119, shows that the iPhone 5S provides similar acceleration data
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quality to that of a COTS wireless accelerometer. This is found through
simultaneously recording the acceleration response of a model structure with
each sensor.

With a careful selection of an input bump height and width combined with
speed of the vehicle, response data with a strong signal-to-noise ratio can be
provided for use with system identification methods. In the case of the bump,
it is assumed that the vehicle remains in contact with the ground at all times.
Although bridge bumps provide a response viable for use with system
identification methods wunder theoretical ideal situations, the bridge
investigated in field testing provides a weak signal-to-noise ratio and
inconsistent results. The bumps at the ends of bridges differ from bridge to
bridge, and due to many varying factors, one bridge does not provide enough
data. More tests are required to show similarities between simulated and
recorded responses.

A pilot test using an extension cable to simulate pneumatic road tubes shows
small vehicle response at low speeds of 16.1 to 32.2 kph (10 to 20 mph). The
measured test data shows low signal-to-noise ratio, which greatly decreases
the accuracy of system identification techniques. Further conclusions
concerning the use of pneumatic road tubes as a source of vehicle excitation
requires additional testing.

By simulating vehicle response while traveling on roads with varying
roughness, the relation between the IRI and vertical acceleration response is

determined empirically. This correlation shows that the IRI of the road profile
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and the vertical acceleration response is linearly proportional at constant
speeds. Assuming the profile is static, the estimated IRI should remain
constant regardless of vehicle speed. The correlation appears to provide
overestimated IRI values at low vehicle speeds (16.1 kph / 10 mph) and
underestimated values at high speeds (112.65 kph / 70 mph). This is realized
by analyzing the differences between the estimated IRI values found through

the acceleration correlation and the exact values calculating using ProVAL.

7.2 Recommendations for Future Work

This study presents the necessity of accurately estimating the input of the
vehicle when applying system identification methods for prediction of vehicle
parameters. Further research can be conducted to estimate the profile input
based additional information, such as natural frequencies and damping ratio of
the vehicle found in the output acceleration response.

Although the half car model provides a worthwhile representation of the
vehicle for parameter identification studies, it can be further extended to a full
car model to account for lateral effects due to road unevenness and mass
position of passengers and cargo.

For this study, the sensor is assumed to be located at the center of gravity of
the vehicle to negate effects of vertical vibration due to vehicle pitch
(rotation). A further look into the influence of sensor location can demonstrate
the effect of vehicle pitch on the recorded response.

Field testing in this study is limited to the response of a single vehicle model

with road inputs from the surrounding area. Testing vehicles of different sizes
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with user-created inputs in an open test area could provide additional
information concerning the effect of input size and vehicle response due to
varying vehicle parameters. This also includes further testing of various
bridge bumps and pneumatic road tubes at higher vehicle speeds.

The correlation established between the vehicle vertical acceleration response
and the road surface roughness in this study shows an overestimation of the
IRI at low vehicle speeds and an underestimation at higher speeds. In
actuality, the IRI, which is based on a static road profile, should remain
constant regardless of vehicle speed. A further study on the effects of vehicle
speed on measured response with a single accelerometer is necessary to create

an improved correlation needed for IRI estimation.
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Appendices
Appendix A: MATLAB Code

A.1 Road Profile

function [x, h] = profile sim(GdnO, L, dx)

o

% Road Profile Simulation

Input
Gdn0O, roughness coefficient, m"3
L, profile length, m
dx, length interval, m

Output
x, profile distance, m
h, profile elevation, mm

o o° o° o° o° o°

o

x = (0:dx:L)"'; % length of profile, m

N = round(length (x)/2); % number of waves

n min = 0.011; % minimum spatial frequency, cycle/m

n max = 2.83; % maximum spatial frequency, cycle/m

n0 = 0.1; % reference spatial frequency, cycle/m

w = 2 % exponent of fitted PSD calculated on Gd
n = linspace(n min,n max,N)'; % spatial frequency range,

Gd = GdnO* (n/n0) ."-w;

A = sqgrt(2*dn*Gd) ; % amplitude of harmonic waves

[

% random phase angles, [0 2pi]
phi min = 0; phi max = 2*pi;
phi = phi min + (phi max-phi min).*rand(N,1);

% initialize profile
h = zeros(length(x),1); hi = zeros(N,1);

for i = 1l:length(x)
for 3 = 1:N

hi(J) = A(J)*cos(2*pi*n(j)*x(1)-phi(J));
end
h(i,1) = sum(hi)*1000; % m to mm

end
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A2

% Mass Matrix
M1l = diag([ms Is mul

% Stiffness Matrix
Kl = [ ksl+ks2
ksl*11l-ks2*12
-ksl
-ks2

% Damping Matrix

Cl = [ csl+cs?2 csl*ll-cs2*12
csl*ll-cs2*12 csl*11"2+cs2*%1272
-csl -csl*11
-cs?2 cs2*12
ndof = size(M1l,1);
A = [zeros(ndof) eye(ndof); -inv (M1)*K1l
B = [zeros(ndof,2); 0 0; 0 0; ktl/mul O0;
C = [-inv(M1l) *K1 -inv (M1l)*C1l];
D= [0 0; 0 0; ktl/mul 0; 0 kt2/mu2];
msmd = ss(A,B,C,D);
acc = lsim(msmd, [hl h2],t); %
acc_o = acc(:,1)/9.81; %

Half Car Model Simulation

mu2]) ;

ksl*11l-ks2*12
ksl*1172+ks2*12"2
-ksl*11
ks2*12
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-ksl
-ksl1*11
ksl+ktl
0

-csl
-csl*11
csl

-ks2
ks2*12
0
ks2+kt2];

-Ccs2
cs2*12

cs2];

—inv (M1) *C1];
0 kt2/mu2];

use road profile elevation input

sprung mass acceleration response,



Appendix B: Speed Bumps
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Figure B.1: Estimated Input / Recorded Response — Speed Bump 1, Trial 1
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Figure B.2: Estimated Input / Recorded Response — Speed Bump 1, Trial 2
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Figure B.4: Estimated Input / Recorded Response — Speed Bump 2, Trial 2
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Figure B.6: Estimated Input / Recorded Response — Speed Bump 3, Trial 2
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Figure B.7: Estimated Input / Recorded Response — Speed Bump 4, Trial 1
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Figure B.8: Estimated Input / Recorded Response — Speed Bump 4, Trial 2
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Appendix C: Bridge Bumps
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Figure C.1: Estimated Input / Recorded Response — Bridge Bump 1, Trial 1
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Figure C.2: Estimated Input / Recorded Response — Bridge Bump 1, Trial 2
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Figure C.3: Estimated Input / Recorded Response — Bridge Bump 2, Trial 1
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Appendix D: Acceleration Response from Test Area

Acceleration responses from the 37 road segments tested in the University of
Maryland, College Park area are provided in this section. Each road segment is
analyzed for roughness and comfort level every 7.62 m (25 ft). The IRI is
approximated using the correlation found in Figure 6.6. This correlation is dependent
on the speed of the vehicle. The constant vehicle travel speeds for each road segment
are shown in Table D.1. The comfort level is estimated by calculating the frequency
weighted acceleration as described in ISO 2631-1. Each plot is colored according to

the scale found in Figure 6.20.

Table D.1: Vehicle Travel Speeds

Road Vehicle Velocity Road Vehicle Velocity

Segment kph mph Segment kph mph
1 48.28 30 20 32.19 20
2 48.28 30 21 32.19 20
3 48.28 30 22 24.14 15
4 48.28 30 23 32.19 20
5 40.23 25 24 32.19 20
6 32.19 20 25 32.19 20
7 32.19 20 26 32.19 20
8 40.23 25 27 32.19 20
9 40.23 25 28 32.19 20
10 32.19 20 29 32.19 20
11 32.19 20 30 32.19 20
12 32.19 20 31 32.19 20
13 32.19 20 32 32.19 20
14 32.19 20 33 32.19 20
15 32.19 20 34 32.19 20
16 32.19 20 35 32.19 20
17 32.19 20 36 32.19 20
18 32.19 20 37 32.19 20
19 32.19 20
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