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Deepak Dhasarathy 

ABSTRACT 

The vertical load on a moving tire was estimated by using accelerometers attached to the inner 

liner of a tire. The acceleration signal was processed to obtain the contact patch length created by 

the tire on the road surface. Then an appropriate equation relating the patch length to the vertical 

load is used to calculate the load. In order to obtain the needed data, tests were performed on a 

flat-track test machine at the Goodyear Innovation Center in Akron, Ohio; tests were also 

conducted on the road using a trailer setup at the Intelligent Transportation Laboratory in 

Danville, Virginia. During the tests, a number of different loads were applied; the tire-wheel 

setup was run at different speeds with the tire inflated to two different pressures. Tests were also 

conducted with a camber applied to the wheel. An algorithm was developed to estimate load 

using the collected data. 

It was then shown how the estimated load could be used in a control algorithm that applies a 

suitable control input to maintain the yaw stability of a moving vehicle. A two degree of freedom 

bicycle model was used for developing the control strategy. A linear quadratic regulator (LQR) 

was designed for the purpose of controlling the yaw rate and maintaining vehicle stability. 
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1. Introduction 

The study of tires is important to understanding the dynamics of a vehicle, as tires are the only 

means of contact between the road and the vehicle and they produce the forces needed to control 

the vehicle. One important component of operating vehicles is safety and the best place to start 

would be through the study of tire parameters that can be utilized in keeping passengers safe. 

Unfortunately, not many stability and safety features focus directly on the factors affecting tires. 

This thesis aims to present a method by which some of these factors can be predicted and utilized 

in improving safety. 

 

The dynamic load being applied on a tire at the tire-road surface can be a useful parameter in 

stabilizing the vehicle. Vehicle stability is maintained by a number of technologies including 

electronic stability control (ESC), anti-lock braking systems (ABS), traction control systems 

(TCS) and electronic brakeforce distribution (EBD) systems. These systems have been quite 

effective in increasing passenger safety [1]. Incorporating data from tires will be an additional 

safety measure. 

 

The first part of the research focuses on developing an algorithm that can estimate the dynamic 

load by first estimating the tire contact patch length. The second shows how this dynamically 

estimated load can be used in controlling a vehicle moving under a certain set of conditions. 

1.1 Motivation 

The problem presented to us was to develop an algorithm that would be able to estimate the 

dynamic load on a moving tire, by first estimating the length of the contact patch. Being able to 

estimate load and patch length will be an important tool in helping maintain the vehicle on a 

desired course. Large changes in these parameters could signify unstable behavior, which could 

then be corrected using an appropriate control algorithm. 

 

One of the places where this finds use is in controlling the yaw rate of a car performing a turn 

under conditions that may cause instability. The information available from the tire can be used 
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to calculate parameters such as lateral force and cornering stiffness, which can be used in a 

control algorithm to maintain a desired yaw rate. 

1.2 Research Approach 

For estimating load from patch length, accelerometers were attached to the inner liner of a tire to 

measure the radial acceleration produced inside the moving tire. A data acquisition system was 

set up to collect the data in real time. A tire test rig inside a trailer was used to load the tire and 

run on dry asphalt. The data obtained was used as a starting point for the development of a signal 

processing algorithm to obtain dynamic load from patch length. 

 

Tests were then performed on a flat track at the Goodyear Innovation Center in Akron, Ohio. The 

flat track or rolling road is an indoor facility on which a tire can be run while being subjected to 

different forces, speeds, slip angles and camber, all controlled by a program. The data obtained 

from this second set of experiments was used to arrive at a version of the algorithm that is able to 

detect the required parameters favorably. 

 

The algorithm thus developed was shown to be useful in designing a vehicle stability controller 

that can utilize the information from the intelligent tire. A two degree-of-freedom ‘bicycle’ 

vehicle model was used for this purpose. Matlab and Simulink were used to simulate the output 

of the controlled system. 

1.3 Thesis Outline 

Chapter 2 is a brief review of the literature available on intelligent tires, the research done in this 

area and the area of vehicle stability. 

 

Chapter 3 explains the setting up of the equipment needed to capture data from the running tire. 

It includes a description of the tire-wheel assembly, the electrical connections and the data 

acquisition system. 
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Chapter 4 shows the testing carried out at the Intelligent Transportation Laboratory. This chapter 

details the initial work carried out in developing a signal processing algorithm that would aid in 

estimating the dynamic load on a tire. 

 

Chapter 5 shows the tests carried out at the Goodyear Innovation Center in Akron, Ohio and the 

modifications to the algorithm developed in chapter 4 to fit the data obtained from flat track 

tests. The results of applying those modifications are shown as plots of estimated load against the 

rotations of the tire. 

 

Chapter 6 explains how the estimates from chapter 5 can be used in developing a control strategy 

to keep the yaw rate of a vehicle at a desired value. 

 

Chapter 7 contains a summary of the research and recommendations on how to improve the 

algorithm to work under practical conditions. 

 

Chapter 8 contains future work that can be based on the work done in this research. 
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2. Literature Review 

In this chapter, we take a brief look at the current safety features associated with tires and 

research in the field of equipping tires with sensors; an outline of how the existing literature 

provides a way to incorporate these ideas into the project is provided. We finally take a look at 

vehicle stability and its relation to factors affecting a tire. 

2.1 Intelligent Tires 

Intelligent tires are tires equipped with sensors that measure quantities like pressure, 

acceleration, temperature, friction et al [2]. From model year 2008, due to the NHTSA 

requirements [3], all passenger cars and light trucks in the U.S.A. have tire pressure monitoring 

systems (TPMS), which provide information to the driver in case the tire is dangerously 

underinflated; these became especially important since tire recalls in the year 2000 by a leading 

tire manufacturing company after a number of deaths due to rollovers. These systems use direct 

or indirect TPMS [4]. Other sensors used in tires include surface acoustic wave (SAW) sensors 

[5] and strain gauges [6]. All of these aim to provide information regarding conditions of tires 

that may be potentially dangerous. 

 

Research is being conducted in the area of using sensor information from tires directly in 

controlling the motion of a vehicle, and not just as a driver aid. A study conducted previously [7] 

involved different kinds of sensors (single axis and triaxial accelerometers, triaxial optical sensor 

and piezo strain sensor) placed inside a tire to measure acceleration; this was used to find the 

patch length of the tire as it moves. Accelerometers and other sensors like piezoresistive 

elastomers have also been used in other studies [8-12] of tire behavior when it is moving. These 

studies showed that accelerometers produce a characteristic waveform (figure 2.1) that can be 

used to find contact patch length, as will be explained soon. This thesis details the experiment 

that used accelerometers, aiming to reproduce the scenario in [7] and [8] and further build on it 

by estimating the dynamic load on the tire by appropriate signal processing. 

 

As stated in [7], the patch length can be calculated as the product of the time spent by the 

accelerometer inside the patch and the speed of the vehicle. The accelerometer experiences a 



5 
 

radial acceleration when outside the contact patch due to a centrifugal force. On either side of the 

contact patch, the acceleration shoots up as the accelerometer is entering and leaving the patch. 

Inside the patch, the acceleration falls (ideally to zero) because there is only linear motion, as 

shown in [7-8] and [11-12]. Figure 2.1 shows an example of what the acceleration signal might 

look like for one cycle of rotation of the tire. 

 

 
Figure 2.1. Typical acceleration profile for one rotation of the tire 

 

The patch length, according to [7], can be calculated as  

 

 Patch length = peak to peak time x linear speed (2.1) 

 

However, it would be more appropriate to take the patch length from halfway up the slope on 

one side to halfway on the other side, as this is where the accelerometer is actually entering or 

leaving the patch. The linear speed of the vehicle is taken because in the contact patch, the 

accelerometer moves linearly along the ground along with the patch. 

 

Two different equations have been investigated for their suitability in calculating load. The patch 

length can be substituted in these equations to estimate the load on the tire. Both equations are 

for a static tire. A suitable multiplicative factor dependent on the speed and inflation pressure 

would have to be introduced in dynamic conditions i.e. when the tire is in motion. In the 
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following equations (2.2 and 2.3), the load is expressed in terms of its ratio to vertical stiffness of 

the tire. The vertical stiffness is a measure of the resistance offered by the tire to a vertical load 

and is expressed in newton per meter. 

 

The relation between patch length and load according to [13] is 

 
Patch length ܮ = 2ܽ݀ඨ

ߜ
݀ − ൬

ߜ
݀൰

ଶ

 (2.2) 

 

where a is a multiplication factor that was found to be 0.65 for the tire under test in static 

condition, d is the diameter of the tire and δ is the ratio of the normal load to the vertical stiffness 

at a particular inflation pressure. 

According to [14], the relation between patch length and load is 

 
Patch length ܮ = ௙ݎ0.7ܽ ቌ

ߜ
௙ݎ

+ 2.25ඨ
ߜ
௙ݎ
ቍ (2.3) 

 

where rf is the radius of the unloaded tire. The multiplicative factor a in this case has a different 

value from that in equation 2.2. It is 1 for a static tire. 

2.2 The Pacejka Model  

Before reviewing the control strategy, it would be necessary to explain certain parameters related 

to the tire. It is necessary to know the forces acting on a tire before developing a control strategy 

for the vehicle. The Pacejka Magic Formula tire model [15] can be utilized in stabilizing a 

vehicle. 

 

We are interested in the normal force (Fz), the lateral force (Fy), the slip angle (α) and camber 

angle (γ) for use in the Pacejka Magic Formula tire model. The camber angle is the inclination of 

the tire from its vertical position and the slip angle is the difference in the directions in which the 

wheel is traveling and that in which it is actually pointing. Figure 2.2 outlines the important 

forces acting on the tire and the angles of interest. 
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Figure 2.2. Forces acting on a tire 

 

The Pacejka Magic Formula Tire model, a semi-empirical model developed by Hans Pacejka at 

TU Delft in Holland, was studied so that the load that can be calculated from equations 2.2 or 2.3 

can be utilized in the control algorithm development for the vehicle. The formula is used to 

calculate steady state tire force and moments. As stated in [15], it is  

 

ܻ = ݊݅ݏܦ ቄܥ arctan ቂݔ)ܤ + ܵு) − ݔ)ܤൣܧ + ܵு) − ݔ)ܤ൫݊ܽݐܿݎܽ + ܵு)൯൧ቃቅ+ ܵ௏ (2.4) 

 

Y is the force or moment on the tire. We are interested in calculating the lateral force Fy. So in 

our case, Y will be the lateral force to be calculated from the normal load Fz. x is the slip angle. 

The coefficients B, C, D, E, SH and SV (called main coefficients) are dependent on the Pacejka 

coefficients [15] for the tire under test, the camber angle and the normal load Fz. The Pacejka 

coefficients are determined by appropriate curve fitting techniques based on tests conducted on 

the tire with different loads, slip angles and camber angles. 
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The equations for slip angle at the front and rear [16] are as follows. 

Front: 
௙ߙ = ௙ߜ − ௩௙ߠ = ௙ߜ − ߚ −

݈௙ݎ
௫ܸ

 (2.5) 

Rear: 
௥ߙ = ௩௥ߠ− = ߚ− +

݈௥ݎ
௫ܸ

 (2.6) 

β is the vehicle slip angle [16], and is given by 

 
ߚ = tanିଵ ቆ

݈௙ tan ௥ߜ + ݈௥ tan ௙ߜ
݈௙ + ݈௥

ቇ (2.7) 

lf and lr are, respectively, the distance of the front and rear axles from the center of gravity of the 

vehicle. δf and δr are, respectively, the front and rear steering angles at the wheels. Typically, δr 

is assumed to be zero; that is, the rear wheels are aligned along the direction of the vehicle. 

The cornering stiffness [16], the ratio of the lateral force to the slip angle, for the front and rear 

tires are given as  

Front: ܥఈ௙ =
௬௙ܨ
௙ߙ

 (2.8) 

Rear: ܥఈ௥ =
௬௥ܨ
௥ߙ

 (2.9) 

The cornering stiffness values thus calculated can be used in the dynamical equations of a system 

(as will be seen in the section 2.3) to estimate a feedback that will stabilize the system in case of 

instability. 

2.3 Vehicle Model and Control 

A two degree of freedom bicycle model is commonly used to model vehicles [16-17]. In such a 

model, each pair of front and back wheels is represented by a single wheel. The dynamic 

equations of the system are written in terms of the lateral velocity of the vehicle and the yaw rate 

as the state variables. 
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The system dynamic equation is 

൤݉ 0
0 ௭ܫ

൨ ൬
ݒ̇
൰ݎ̇ −

⎣
⎢
⎢
⎡ −

ఈ௙ܥ + ఈ௥ܥ
ݑ ݑ݉− +

݈௥ܥఈ௙ − ݈௙ܥఈ௥
ݑ

݈௥ܥఈ௥ + ݈௙ܥఈ௙
ݑ −

݈௥
ଶܥఈ௥ + ݈௙

ଶܥఈ௥
ݑ ⎦

⎥
⎥
⎤
ቀ
ݒ
ቁݎ − ൤

ఈ௙ܥ
݈௙ܥఈ௙

൨ ൫ߜ௙൯ = 0 (2.10) 

 

where 

v = vehicle lateral velocity 

r = yaw rate 

m = mass of the vehicle 

Iz = moment of inertia 

Cαf = cornering stiffness of front tires 

Cαr = cornering stiffness of rear tires 

u = longitudinal speed of the vehicle 

lf = distance from center of gravity of the vehicle to the front axle 

lr = distance from center of gravity of the vehicle to the rear axle 

δf = steering input at wheels 

 

As shown in [17] (and as will be seen in chapter 6), the application of a steering input to this 

system results in the yaw rate shooting up to a high value, if the system is uncontrolled. This may 

cause the vehicle to topple over because the yaw rate increases to the large value in a short time. 

 

Typically, control systems are designed so that the yaw rate r follows a desired yaw rate. When 

the driver uses a steering wheel to apply an input (i.e. rotates the wheel), an input is applied at 

the wheels of the vehicle, through a ratio called the steering ratio. The driver input is represented 

as δ, whereas the corresponding input at the wheels is represented as δf. A desired yaw rate [17] 

is calculated from the steering angle δf, given by the relation 

 
ௗݎ =

௙ߜݑ

൫݈௙ + ݈௥൯ ൬1 + ଶݑ
௖ܸ௛௔௥

൰
 (2.11) 

 

Vchar is the characteristic speed of the vehicle [18]. 
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To control the yaw rate and bring it down to the desired value, a number of techniques are 

available. In [17], the author shows the use of a Lyapunov function to generate the control 

algorithm. In [16], the author shows a simple state feedback design to bring the yaw rate error to 

zero. Since the system is linear, a simple linear quadratic regulator (LQR) may be designed to 

follow a desired yaw rate. This method is applicable when the slip angle versus lateral force [15] 

curve is in the linear region. The control strategy is discussed in detail in chapter 6. 

2.4 Summary 

From the review of the literature, we can conclude that the signal obtained from an accelerometer 

attached to the inner liner of a tire can be used to estimate the patch length. The ascending front 

and descending front in the signal provide an indication of when the accelerometer enters and 

leaves the contact patch, thus leading to an estimate of the patch length. 

 

The relation between patch length and load can be given by suitable equations. These equations 

can help estimate the load corresponding to the patch length, for a cycle of rotation of the tire. 

However, the load-patch length relation is only for a static tire, and suitable adjustments would 

have to be made for a moving tire. 

 

The Pacejka Magic Formula Tire model was examined and its relation to the dynamic load 

explained. The use of this model can help predict the actual cornering stiffness from the load and 

slip angle; it can then be used directly in a vehicle model to stabilize it and maintain a desired 

yaw rate. 
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3. Test Setup 

This chapter explains the setting up of the equipment required for performing the tests detailed in 

chapters 4 and 5, including the creation of the instrumented tire (i.e. the tire containing the 

accelerometers) and the necessary electrical connections. We begin with a short description of 

the tire used in testing. 

3.1 The Tire and Wheel 

Goodyear Fortera P245/65R17 tires were used to carry out the tests. These are radial tires with 

an unloaded radius of 14.82 inches. The rated load of the tires is 2039 pounds at an inflation 

pressure of 35psi. The tires were tested at two different inflation pressures, 35 psi and 32 psi, for 

different loads and different speeds. The vertical stiffness (equations 2.2 and 2.3) of the tire at 

these two inflation pressures was calculated from existing load-patch length data provided by the 

manufacturer. A wheel of diameter 17 inches and radius 8 inches was used to mount the tire.  

3.2 Accelerometers 

The accelerometers used were  

1. Dytran 3225F (uniaxial) with a 500g peak measurement range. 

2. Dytran 3023A5 (triaxial) with a 5000g peak measurement range. 

 

The uniaxial accelerometers measure only the radial acceleration. The triaxial accelerometers can 

measure radial, lateral and tangential acceleration. These accelerometers were chosen for their 

range and high sensitivity, as the tire would be subject to large forces during testing. The 

accelerometers were glued to the inner liner of the tire using cyanoacrylate adhesive. The inner 

liner was cleaned with a water-based cleaner to remove dirt particles and allowed to dry before 

attaching the accelerometers. For on-road tests, the uniaxial accelerometers were directly glued 

to the inner liner. But examination of the accelerometers after testing revealed that some had 

come loose due to the forces experienced by the tire as it is moves on the road. 

 

For testing on the flat track, the accelerometers were enclosed in latex (rubber) and the latex part 

was glued to the inner liner. This formed a stronger bond with the tire and reduced the chances of 
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the accelerometer coming loose when the tire is rotated. In addition, duct tape (in combination 

with cyanoacrylate adhesive) was used to secure the wires of the accelerometers inside the tire. 

The idea is to prevent the wires pulling on the accelerometers and yanking them out during 

rotation. Figure 3.1 (a) and (b) show how this was carried out. 

 

 
(a)                                                                (b) 

Figure 3.1. Accelerometer (a) enclosed in latex and (b) glued to the inner liner 

3.3 Electrical Connections 

The accelerometers were placed inside the tire-wheel assembly with electrical connections going 

to the power supply outside using an electrical bulkhead connector fixed in the rim of the wheel. 

There are two separate connecting pieces – one inner and one outer- that attach to the bulkhead 

connector, as shown in figure 3.2. 

  

 
Figure 3.2. Bulkhead connector with the inner and outer connecting pieces attached 

Inner  connector 
Outer  connector 

Bulkhead  connector 

This part is inside the tire, attached 

to accelerometers 

This part is outside the tire 

attached to the slip ring 
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Each of these connector pieces has electrical soldering contact points. The accelerometer wires 

were soldered to the inner connecting piece. Wires from a slip ring were soldered to the outer 

connecting piece. The placement of the bulkhead connector on the rim is shown in figure 3.3. 

 

 
Figure 3.3. Wheel with connector fixed on rim 

3.4 Slip Ring 

A slip ring assembly, placed at the center of the wheel, is required to allow the free rotations of 

the tire-wheel assembly without having the wires entangled in it or in other testing equipment.  

 

Two different types of slip rings were used. 

1. Low speed slip ring (figure 3.4) – this was used for on-road testing where low speeds of 

up to about 35mph were reached. The slip ring was placed at the center of the wheel cap. 

 

2. High speed slip ring (figure 3.5) – this was used for tests conducted on the flat-track 

where higher speeds of up to 65mph were reached. A metal plate was machined to be 

Connector fixed on the rim 
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bolted to the center of the wheel (where the wheel cap normally sits), and the slip ring 

was bolted to this metal plate. 

 

 
(a)       (b) 

Figure 3.4. (a) Low speed slip ring and (b) its placement on the wheel cap 

 

 
   (a)       (b) 

Figure 3.5. (a) High speed slip ring and (b) its placement on a metal plate 

 

One set of wires from the slip ring was soldered to the connector piece that attaches to the 

outside of the bulkhead connector (figure 3.5 (b)). The corresponding wires from the center of 

the slip ring were then connected to the wires carrying power to the accelerometer (the same 
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wires also carry acceleration signal from the accelerometer), and the ground wires. These wires 

were connected to the power supply for the accelerometers. The connection from the slip ring is 

shown in figure 3.6. The gray cables soldered to the slip ring wires attached to the wires that are 

carrying power to the accelerometers (each wire carrying the accelerometer signal and current 

has a 10-32 coaxial connector at the end and is shown with a yellow label in the figure below).  

 

 
Figure 3.6. Connections to 10-32 coaxial cables from slip ring  

 

 
Figure 3.7. Accelerometer power supply 
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The power supply also has terminals to which the data acquisition system can be connected 

through the use of BNC connectors. Each terminal carries the acceleration signal from a single 

accelerometer. The 16-channel power supply used to power the accelerometers is shown in 

figure 3.7. 

3.5 Data Acquisition System 

A dSpace 1401/1501 MicroAutoBox was used for collecting data from the accelerometers. A 

Simulink model was developed and linked to a project in ControlDesk, the software that captures 

data and allows it to be stored as a ‘.mat’ file (Matlab data file) and hence allows easy analysis 

using Matlab. 

3.6 Summary 

The chapter started with a description of the tire used in testing and the wheel on which it was 

mounted. The procedure to install the accelerometers in the tire to facilitate testing is given. This 

included the method used in gluing the accelerometers to the inner liner of the tire and the 

electrical connections used to obtain data from inside the tire. 

 

The installation of the connectors on the rim of the wheel was shown. The slip ring assembly and 

its connection to the connector on the rim were explained. Finally, a brief description of the data 

acquisition system was provided and it was explained how the data captured by the system could 

be easily analyzed. 
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4. Testing and Algorithm Development 

The testing of the instrumented tire has been carried out at two locations. 

a. The Intelligent Transportation Laboratory (ITL), a part of the Institute for Advanced 

Learning and Research (IALR) at Danville, Virginia. It also served as the base for putting 

together the instrumented tire and the associated electronics. A tire-test trailer was used 

for testing the instrumented tire on the tarmac. 

b. Goodyear Innovation Center in Akron, Ohio. A flat-track test machine was used for 

testing the tire. 

This chapter details the work done at the ITL. 

4.1 Testing Equipment 

Twelve Dytran 3225F (uniaxial) accelerometers were glued to the inner liner of the tire at equal 

intervals along the circumference. The setting up of the circuit to collect data was explained in 

chapter 3. 

 

The tire was subject to static testing (figure 4.1) by suspending it using rubber chords as shown. 

The tire was hammered on different points on its surface, and the acceleration signal recorded 

and observed to test the working of the circuit. Once the set up was tested for proper 

functionality, on-road tests were performed. 

 

 
Figure 4.1. Testing the set up with a free-hanging condition experiment 
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A tire-test rig was used to load up the tire (i.e. apply a normal load on it). The tire is attached to a 

hub that has a Kistler wheel force transducer for measuring the load. The load on the tire is 

varied by moving the rig up or down as per requirement. The rig is inside a trailer that can be 

towed by a truck (figures 4.2 and 4.3).  

 

 
(a)            (b) 

Figure 4.2. (a) Tire test rig and (b) its placement in the trailer 

 

The speed at which the tire is run is dependent on the speed at which the truck moves. The trailer 

was towed by a truck at different speeds and loads.  

 

 
Figure 4.3. The trailer pulled by a truck 
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4.2 Sample Data 

Samples of the acceleration experienced by the accelerometers inside the tire are shown in the 

following figures. Figure 4.4 shows the acceleration profile for data collected from a single 

accelerometer (the acceleration recorded by the other accelerometers in the tire follows the same 

characteristic pattern); figure 4.5 shows a magnified view for two cycles of rotation and figure 

4.6 shows acceleration during a single rotation of the tire. 

 

 
Figure 4.4. Sample of data from a single accelerometer for tire inflated to 35psi, initial load of 

about 1560 lbs 

 
Figure 4.5. Magnification of the acceleration of figure 4.4 

0 2 4 6 8 10 12 14
0

0.2

0.4

0.6

0.8

1

1.2

1.4
Acceleration v Time

Time (s)

A
cc

el
er

at
io

n 
(V

ol
t e

qu
iv

al
en

t)

2.3 2.35 2.4 2.45
0

0.2

0.4

0.6

0.8

1

Acceleration v Time

Time (s)

A
cc

el
er

at
io

n 
(V

ol
t e

qu
iv

al
en

t)



20 
 

 
Figure 4.6. The acceleration profile for a single cycle of rotation of the tire 

4.3 Description of the Data 

As has been explained in section 2.1, when the accelerometer enters and leaves the contact patch, 

the acceleration shoots up. According to [8] there is a descending front corresponding to the 

entry of the accelerometer into the contact patch and the ascending front as it leaves the patch. In 

the set up for this research project, the acceleration recorded by the data acquisition system is 

only positive as the dynamic range of the accelerometers is only 0 to 5 Volts. Hence, the 

acceleration falls to zero (ideally) when the accelerometer is in the contact patch. 

4.4 Signal Processing 

The signal processing technique involves finding the ‘flat spot’ corresponding to the time spent 

by the accelerometer in the patch. The signal from a single accelerometer was considered for this 

purpose; the same procedure could be applied to other accelerometer data too. The general 

strategy is to find the peaks and process the data between the peaks to obtain the patch length. 
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A Butterworth filter [19] was used to filter the data before obtaining the peaks. To get the cut-off 

frequency for the filter, the Fourier Transform of the acceleration signal is taken for one cycle of 

rotation of the tire. The data for a particular cycle of rotation is multiplied by a Blackman 

window [19] prior to obtaining the Fourier Transform. From this, power plots in magnitude and 

decibel scales are constructed. Typical power plots in absolute magnitude and decibel scales are 

shown below. 

 
Figure 4.7. Power plot (dB scale) for a single cycle of rotation of the tire 

 

 
Figure 4.8. Power plot (absolute magnitude scale) for a single cycle of rotation of the tire 
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As can been seen in figures 4.7 and 4.8, the most significant component of power in the signal 

lies below the frequency indicated on each plot (in this particular case 88.24 Hz). This was taken 

as the approximate cut-off frequency of the Butterworth filter. A third order Butterworth filter 

was used to help attenuate the higher frequencies (that are treated as noise) better.  

 

These plots were examined for multiple rotations of the tire for different operating speeds to see 

if a linear relation existed between the filter cut-off frequency and the speed at which the tire 

moved. This is explained in section 5.5. Result of filtering the signal is shown in the figure 4.9. 

 

 
Figure 4.9. Low pass filtered version of the signal shown in figure 4.5 

 

As a result of the filtering operation, multiple spikes observed in the raw data are reduced to a 

single ascending and a single descending front, similar to that seen in [8]. Please note that the 

filtered signal is represented as a function of the number of samples corresponding to that 

rotation of the tire and not as a function of time. The data acquisition system records the 
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acceleration data as a function of sample number; the sample numbers can then be converted to 

time by multiplying by the sampling period. 

 

Once the filtered signal was obtained, the time instances at which the largest peaks occur were 

detected. Once we know where the peaks occur, in terms of their sample number, the original 

signal for the cycle of rotation under consideration is normalized and the best fit line  subtracted 

(detrending operation, [8]) from it, resulting in a signal that had a zero crossing. A few samples 

before the first peak, a few samples after the second peak and all the data in between was taken 

from this modified signal. This signal between the peaks was then processed separately to find 

the zero crossing. In such a case, finding the zero-crossing of the (shortened) signal is 

approximated to be equal to finding the length of the flat spot (figure 4.10) that corresponds to 

the time spent by an accelerometer in the patch as the tire is moving. 

 

 
Figure 4.10. Normalized and detrended version of signal 
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A number of zero-crossings may be detected because the original acceleration signal (before 

detrending) varies constantly between zero and a finite value, except for when the accelerometer 

is in the contact patch. Usually, there are a number of zero crossings in the detrended signal, of 

which the longest zero crossing corresponds to the time spent by the accelerometer in the patch. 

 

An immediate problem can be noticed here: what if there is a sudden spike in acceleration, 

corresponding to say, a pebble or irregularity that a tire may run over? In such a case, there may 

be a faulty detection in the patch length. This issue is addressed in section 5.5. However, this 

algorithm certainly works when data is assumed to be ‘good’, in the sense that there are no 

sudden jumps in acceleration when the accelerometer is going through the contact patch. It is 

assumed that, for now, the data is ‘good’. 

 

Once the samples corresponding to zero crossing are found, the difference between the higher 

sample number and the lower sample number gives the number of samples corresponding to the 

time spent by the accelerometer in the contact patch for that cycle of rotation. This sample length 

multiplied by the sampling time gives the actual time spent by the accelerometer in the patch. 

 

To find the patch length, the time is multiplied by the speed of movement (which is the speed at 

which the trailer with the test rig is towed). Patch length is calculated as the product of number 

of samples (N) corresponding to flat region in the signal, the sample time (T) and speed (u). 

 

 Patch length ܮ =  (4.1) ݑܶܰ 

 

Once the patch length was found, it was compared to the patch length calculated by observing 

the raw signal directly. The number of samples was comparable with very little to no difference 

between them, as shown in figure 4.11. The procedure was tested for a large number of cycles of 

rotation for different speeds. Figure 4.11 shows the comparison for twenty cycles of rotation for 

the conditions of load and speed that have been discussed so far (section 4.2). 
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Figure 4.11. Actual versus algorithm-estimated patch length 

 

As seen in the plot, the estimated patch length (in terms of number of samples) is the same for 

the two cases. The problem occurs when a scenario like the following plot (figure 4.12) arises. 

The acceleration shoots up in the middle of what is expected to be a region of zero acceleration. 

 

 
Figure 4.12. Possible cause of false detection – a spike in the middle of the patch 
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How should the number of samples be estimated? Is the data on either side of the spike 

considered as being part of the contact patch or is it only that after the spike occurs? Did the 

spike occur due to some imperfection in the road surface when the accelerometer is in the patch? 

What if the magnitude is much higher, and if the spike is in the middle of the flat region? In such 

cases, false detection of length of contact patch may occur. As will be seen in section 5.5, one 

solution is to use the filtered signal to calculate patch length. 

4.5 Calculating Load 

This section outlines the initial methodology used to estimate the load and does not represent the 

final solution. 

 

As mentioned previously, the tire was attached to a hub that has a Kistler wheel force transducer 

for measuring the load. The hub can record samples of the vertical load; the load read from the 

hub was stored for comparison with the load estimated by the algorithm. The varying load was 

sampled at 10 Hz (on the hub) whereas the accelerometer data was sampled at 2500 Hz. Exact 

variation of load vs. patch length could not be found at that sample rate, but at certain points of 

synchrony, the calculated patch length was used to compare the expected load to the actual load. 

 

The relation between the load and the patch length [13] is restated here. 

 
Patch length ܮ = 2ܽ݀ඨ

ߜ
݀ − ൬

ߜ
݀൰

ଶ

 (4.2) 

 

a = 0.65 for the tire under test in static conditions. 

 

By substituting the calculated value of contact patch length (L) in the equation, the ratio (δ) of 

normal load to vertical stiffness can be found, which can be further used to calculate the normal 

load by knowing the value of tire vertical stiffness. 

 

Table 4-1 shows the calculation of load from patch length for a tire inflated to 35 psi running at 

35 mph with an initial load of 1560 pounds. 
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Table 4-1. Calculated and observed values of dynamic load for 3 different cycles of rotation, 

based on a single accelerometer 

 

As can be seen in the table, the load was an average value (the measured load at the beginning of 

the experiment) and not the instantaneous load. To calculate the patch length instantaneously, the 

load also has to be sampled at the same rate as the acceleration. 

 

Another round of testing was carried out with the load sampled at the same rate as the 

acceleration signal i.e. 2500 Hz to see if a correspondence could be established between the 

expected and actual load. Figures 4.13 and 4.14 show the variations of estimated load with tire 

rotation and actual load with time, respectively, for a tire moving at about 10 mph with an initial 

applied load of about 1550 lbs. 

 

The estimated load does not match the applied load. The differences could possibly be because 

of variations in load in the time that the accelerometer is in the patch. The trailer bounced around 

during the test, causing an ever changing load to be applied on the tire. 

 

The differences could also be because of the roughness of the surface over which the tire was 

tested as evidenced by a few points in the waveform where acceleration signals shoot up when 

zero acceleration is expected (figure 4.12). This could indicate that there were bumps/stones on 

the ground which caused the spikes. This would throw off the estimate of the patch length and 

the associated load. 

Calculated patch 

length (inches) 

(using algorithm) 

Load calculated 

using formula 

(lbs) 

Observed load 

(from Kistler hub) 

(lbs) 

Expected patch length 

(inches) (from Goodyear 

provided data) 

6.89 1580 1520 6.75 

7.14 1700 1660 7 

6.89 1580 1550 6.8 
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Figure 4.13. Estimated load 

 

 
Figure 4.14. Load recorded by Kistler force hub 

 

The multiplicative factor a would depend on the speed of movement and possibly the load. 

Without stable operating conditions, it was difficult to come up with an estimate for the 

multiplicative factor (a) for the particular set of conditions that would help in estimating the load. 

 

1 2 3 4 5 6 7 8 9 10

1200

1400

1600

1800

2000

2200

2400

2600

2800
Estimated Load vs. Tire Rotations

Rotations

Lo
ad

 (l
bs

)

0 1 2 3 4 5 6
1350

1400

1450

1500

1550

1600

1650

1700
Applied Load vs. Time

Time (s)

Lo
ad

 (l
bs

)



29 
 

The tests performed on the road were not conclusive enough and it was decided that the 

instrumented tire would be run on a stable flat surface, like a flat track machine. Also, it was 

clear that the estimation algorithm would work better if the load was constant or near constant 

during the period for which an accelerometer would be in the patch.  This did not mean that the 

actual road surface would have to be smooth for the algorithm to work, but it would have to be 

tested for smooth surfaces before it can be developed to work for non-smooth roads. This leads 

to the next chapter on testing at the Goodyear Innovation Center in Akron, Ohio. 

4.6 Summary 

The methodology used to test the tire at the ITL in Danville was explained, including a brief 

description of the test rig. Samples of the data obtained from the tests were provided.  

 

The sample for a single cycle of rotation of the tire was taken as an example to explain how the 

signal processing is carried out to estimate the patch length, which is (ideally) the region where 

acceleration falls to zero. It was shown that the estimates of the patch length could match up 

almost exactly with the expected values of patch length. The problem associated with this type of 

estimation was explained, wherein, without ‘good’ data, the estimates could fall short because of 

false detection. 

 

The load on the tire was estimated based on the equation 2.2 relating patch length to load. It was 

shown that the estimates of the load varied because of the nature of the test set up, but that at 

certain instances, the estimates potentially matched up to the applied load. The results were 

inconclusive and led to the need for tests on a smooth surface to provide a usable working 

version of the algorithm. 
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5. Testing at the Goodyear Innovation Center, Ohio 

This chapter details the tests done on a flat track machine at Goodyear’s testing facility and the 

subsequent development of the algorithm to estimate load. 

5.1 Flat Track Testing 

Triaxial accelerometers were used in the testing to obtain data from lateral and longitudinal axes 

in addition to the yaw axis. This was done to see if any trends could be noticed in the data from 

the other axes that could help in estimating other tire parameters. However, the data from other 

axes was not used in load estimation. A flat track machine (figure 5.1) was used to carry out the 

tests for the tire at different pressures, speeds, loads, camber and varying slip angle. 

 

 

 
Figure 5.1. Tire mounted on the flat track machine 

 

The slip angle from the flat track machine’s data acquisition system was used as a synchronizing 

signal between the accelerometer signal data acquisition and flat track machine data acquisition 

systems. The remaining set up for capturing the data was the same as that for tests conducted 

using the trailer. 



31 
 

A typical test involved a straight line run for 10 seconds and then a sweep maneuver, in which 

the tire is moved from side to side up to slip angles of 2 degrees on either side of the straight line, 

is applied for about 3 seconds.  

 

A test matrix was created (table 5.1) that included the following information: 

1. The speeds at which the tire would be run (10, 30, 45 and 65 mph) 

2. The inflation pressures (35 and 32 psi) 

3. The loads to which the tire is subjected (1300, 1500 and 1800 lbs at 35 psi and 1000, 

1300 and 1500 lbs at 32 psi) 

4. Slip angles (-2 to 2 degrees) 

5. Camber (0 and 2 degrees) 

 

Table 5-1. Test matrix for flat track testing 

 Test Matrix for 8X4010C-6 and 8X4010C-7 

 
   

Start at 0 deg       10 second dwell 

 
Zero degree 

camber   
Go from 0 to -2 deg and sweep to +2 deg 

 
Pressure 

psi(kpa) 

Load 

lbs.(newtons) 

Speed 

mph(kph) 
Slip angle (degrees) 

1 35(241) 1300(5783) 10(16.1) Sweep from -2° to 2° at 2 degrees/second 

2 35(241) 1500(6672) 10(16.1) Sweep from -2° to 2° at 2 degrees/second 

3 35(241) 1800(8007) 10(16.1) Sweep from -2° to 2° at 2 degrees/second 

4 35(241) 1300(5783) 30(48.3) Sweep from -2° to 2° at 2 degrees/second 

5 35(241) 1500(6672) 30(48.3) Sweep from -2° to 2° at 2 degrees/second 

6 35(241) 1800(8007) 30(48.3) Sweep from -2° to 2° at 2 degrees/second 

7 35(241) 1300(5783) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

8 35(241) 1500(6672) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

9 35(241) 1800(8007) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

10 35(241) 1300(5783) 65(104.6) Sweep from -2° to 2° at 2 degrees/second 

11 35(241) 1500(6672) 65(104.6) Sweep from -2° to 2° at 2 degrees/second 
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12 35(241) 1800(8007) 65(104.6) Sweep from -2° to 2° at 2 degrees/second 

13 32(221) 1000(4448) 10(16.1) Sweep from -2° to 2° at 2 degrees/second 

14 32(221) 1300(5783) 10(16.1) Sweep from -2° to 2° at 2 degrees/second 

15 32(221) 1500(6672) 10(16.1) Sweep from -2° to 2° at 2 degrees/second 

16 32(221) 1000(4448) 30(48.3) Sweep from -2° to 2° at 2 degrees/second 

17 32(221) 1300(5783) 30(48.3) Sweep from -2° to 2° at 2 degrees/second 

18 32(221) 1500(6672) 30(48.3) Sweep from -2° to 2° at 2 degrees/second 

19 32(221) 1000(4448) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

20 32(221) 1300(5783) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

21 32(221) 1500(6672) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

22 32(221) 1000(4448) 65(104.6) Sweep from -2° to 2° at 2 degrees/second 

23 32(221) 1300(5783) 65(104.6) Sweep from -2° to 2° at 2 degrees/second 

24 32(221) 1500(6672) 65(104.6) Sweep from -2° to 2° at 2 degrees/second 

 
+2 degree 

camber    

 
Pressure 

psi (kpa) 

Load 

Lbs.(Newtons) 

Speed 

mph(kph) 
Slip angle (degrees) 

25 35(241) 1300(5783) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

26 35(241) 1500(6672) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

27 35(241) 1800(8007) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

 
    

28 32(221) 1000(4448) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

29 32(221) 1300(5783) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

30 32(221) 1500(6672) 45(72.4) Sweep from -2° to 2° at 2 degrees/second 

5.2 Application of the Algorithm to the Collected Data 

The algorithm developed earlier (section 4.4 and 4.5) was run on the data obtained from the flat 

track runs. Some of the results are documented here while the rest are documented in appendix 

A. Only the plots of the estimated load are shown as this is the main focus of the research 

project. 
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The algorithm was first tested with the value of the multiplicative factor a (equation 2.2) as 0.65, 

which is the value under static conditions; this led to unreasonably low estimates. Hence it was 

decided to test different values of a according to the speed. It was found that the following values 

of a for inflation pressure of 35 psi and 32 psi worked the best for the given speeds (table 5-2). 

The smaller values of a as compared to the static condition shows that the patch length is smaller 

under dynamic conditions. Also, the patch length seems to be increasing as speed increases, as 

the value of a increases with speed. 

Table 5-2. Value of multiplicative factor a for different speeds 

Speed (mph) a 

10 0.53 

30 0.55 

45 0.58 

65 0.59 

 

The following plots (figure 5.2 (a) – (d)) show how the estimated load varies with the cycles of 

rotation of the tire for different speeds, when the applied load is about 1800 lbs. 
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(b) 

 

(c) 
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(d) 

Figure 5.2. Variation of estimated load with rotation of tire with applied load of 1800 lbs at 

speeds of (a) 10 mph (b) 30 mph (c) 45 mph (d) 65 mph 

It was observed that the same multiplicative factor (a) could be used across different loads when 

the tire is moving at a particular speed. The following plots show the estimated load for different 

applied loads at a speed of 65 mph, with an a value of 0.59. 
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(b) 

 

(c) 

Figure 5.3. Variation of estimated load with tire rotation at 65 mph with applied loads of 

(a) 1300 lbs (b) 1500 lbs (c) 1800 lbs 

 

The estimates of the load are clearly fluctuating too much and by large values (up to hundreds of 

pounds around the applied value) to prove useful. Some more results have been documented in 
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the appendix A, but as such they don’t provide load estimates that can be used in control 

algorithms. 

5.3 A Discussion on the Algorithm 

As seen from the plots (figures 5.2 and 5.3), the estimated load is not consistent with the applied 

load. It was decided to alter the approach to calculate the patch length and the corresponding 

load. Most part of the algorithm explained in section 4.4 is still valid in detecting the patch 

length here, but with a few changes that will be explained in section 5.5.  

 

One problem with the detection is that even a small change in the number of samples 

corresponding to the time spent by the accelerometer in the contact patch leads to a large change 

of up to 200 lbs in the estimated load (because of the change in estimated patch length). 

 

Figure 5.4 is a typical plot of the applied load. The loads applied are not absolutely constant as 

can be seen below. The slightly higher loads near the end pertain to the application of a slip 

angle from -2 degrees to 2 degrees. Even though the variation in load is small (of the order of 

tens of ponds), it seems to throw off the data points by one or two samples. 

 

 
Figure 5.4. Typical applied load profile 
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Figure 5.5 shows the samples for two consecutive rotations at 65 mph and 1300 lbs load. In the 

first rotation, the number of samples is (3824 - 3813) = 11 and in the second, it is (4023 - 4011) 

= 12. We should add 1 sample to each; this is because the time to enter and leave the contact 

patch has not been counted. That would add half a sample on either side i.e. one more sample. So 

the actual number of samples would be 12 and 13, corresponding to the two rotations above.  

 

 
Figure 5.5. Comparison of samples corresponding to patch length for two consecutive cycles 

 

The time spent in the patch is the product of number of samples corresponding to patch length 

and sampling period. In this case sampling period is 0.0004 seconds (sampling rate is 2500 Hz). 

 

For first rotation: Patch length = speed in inches per second x time in the patch  

                       = 65 x 17.6 x 12 x .0004  

                                                 = 5.4912 inches (5.1) 

  

For second rotation: Patch length = 65 x 17.6 x 13 x .0004  

                                                       = 5.9488 inches (5.2) 

 

The factor 17.6 is the conversion from mph to inches per second. 
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This is only a 0.35 inch variation between cycles, which may seem like a small number. 

Converting these into the corresponding load values, however, we get 1507 lbs for the first 

rotation and 1780 lbs for the second. Thus, even a single point sample difference can lead to a 

large variation in load estimate, depending on the speed. The small variation in applied load may 

lead to this variation in estimated load; the actual load at the patch may be somewhere between 

these estimated load values but it cannot be accurately detected from the acceleration data. It 

may be possible to resolve this error using an even higher sampling rate, but that may not be a 

practical solution; such high sampling rates may only be possible with expensive data acquisition 

systems, which could be impractical if this has to be implemented in everyday cars. 

 

The number of samples corresponding to the patch length need to be consistently close to each 

other for multiple cycles of rotation, when the load varies little around an average value. The 

multiplicative factor a in equation 2.2 (and in equation 2.3, which will be used in further 

calculations) can be suitably adjusted to estimate a load that is close to the applied load. This 

requires that the variations be smoothened out to get values that are consistent with the load. 

 

Some the other important conclusions from applying the algorithm of sections 4.4 are as follows. 

 The multiplicative factor (a) in equation 2.2 is speed dependent. 

 An algorithm that would work for a certain inflation pressure could also be used for a 

different inflation pressure by selecting a suitable multiplicative factor in the load 

equation (section A.3). 

 The algorithm so developed could possibly also be used on a cambered wheel (section 

A.2). 

 The filter cut-offs needed to smooth the data seem to follow a linear relationship to the 

speed. This is shown in section 5.5. 

5.4 Improvements in the Algorithm Using Kalman Filter 

As seen in the previous sections, there is a large variation in the estimates of the patch length and 

hence the load. One way to smooth out these variations is to weight up or down the observation 

for a particular cycle of rotation by the value estimated in a previous cycle of rotation. This is 

done using a Kalman Filter [20]. 
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The equations involved are as follows. 

(݇)ݔ  = ݇)ݔ ܣ  − 1) + (݇)ݑ ܤ   +  (5.3) ݓ 

(݇)ݖ  = (݇)ݔ ܪ   +  (5.4) ݒ 

 

x(k) is the current state of the system, x(k-1) is the previous state of the system, z(k) is the 

observation vector, u(k) is the input, A is the state matrix, B is the input matrix, H is the 

observation model, w is the process noise and v is observation noise (with w and v being 

independent of each other). 

 

For the current system, state matrix A is taken as unity, assuming that the patch length from one 

cycle of rotation to the next is consistent (which is reasonable, given that load varies very little 

and the surface over which the tire runs is smooth). There are no inputs to the system. Hence, the 

estimated state x(k) is the observation from the previous cycle, affected by a small process noise 

w, that is assumed to be zero mean, additive white Gaussian noise (AWGN) with a variance of 

0.001. The observation vector z(k) is the estimate from the current cycle of rotation. The 

observation model H is taken as 1, assuming that the current observation z(k) is the same as the 

estimated state, with observation noise added. Observation noise (v), like process noise w, is 

taken as zero mean AWGN with a variance of 1. 

 

In Matlab, the equations implemented are implemented as follows. 

 

Kalman filter time update equations: 

(݇)ݔ  = ݇)ݔ ܣ  − 1) + ݇)ݑ ܤ  − 1) (5.5) 

 ܲ(݇) = ݇)ܲ ܣ  − ்ܣ (1  +  ܳ (5.6) 

 

Kalman filter measurement updates equations: 

(݇) ܭ  = ்ܪ(݇)ܲ ܪ)்ܪ (݇)ܲ  + ܴ)ିଵ (5.7) 

(݇)ݔ  = (݇)ݔ  + (݇)ݖ)(݇)ܭ   (5.8) ((݇)ݔ ܪ−

 ܲ(݇) =  ܲ –  (5.9) (݇)ܲ ܪ (݇)ܭ 
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P is the estimate covariance. This is assumed to be 1 at the start and is updated after each cycle 

until it reaches a steady value. Q is the process noise covariance, taken as 0.001. It was found 

that a noise variance of greater than about 0.001 did not fit the data appropriately; the variation in 

estimate became too high to prove useful. R is the measurement error covariance, taken as 1. K is 

a gain matrix that tries to minimize a posteriori (that which is known later) error covariance P 

and is calculated during each cycle of rotation. 

 

Summarizing: 

 A = 1, H = 1. 

 No inputs to the system, u(k) = 0. 

 x(k-1) is the observation from previous cycle of rotation. 

 z(k) is the estimate from current cycle of rotation. 

 w is assumed to be AWGN with variance  Q = 0.001. 

 v is assumed to be AWGN with variance R = 1. 

 

During practical implementation, the steady state value of gain K is used in the load estimation 

as this will avoid the transient behavior, and hence greater fluctuations in load estimate, in which 

a constant value of K is reached after multiple iterations. The steady state value is K=0.0311, 

which is used in all test cases. 

5.5 Additions and Changes to the Algorithm 

There were some changes and additions made to the process of estimating the patch length and 

the vertical load. 

 

1. A second order Butterworth filter has been used instead of a third order filter. When trying to 

implement the system in practice, this will help in bringing down the cost of the filter. 

 

2. As in section 4.4, the power content of the acceleration signal as a function of frequency for 

each cycle of rotation was examined. The filter cut-off frequencies to be used in the 

Butterworth filter were determined by taking that frequency below which the most significant 

power content was available in the spectrum. The observations from this data lead to a near-
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linear plot of filter-cut off frequency versus speed. For speeds between 10mph and 65mph 

(the lower and upper limits at which tests were conducted), the plot is as shown below. Note 

that this is for an inflation pressure of 35 psi. 

 

 
Figure 5.6. Plot of speed versus filter cut-off for tire inflated to 35 psi 

 

Similarly, for an inflation pressure of 32 psi, the plot is as shown below. 

 

 
Figure 5.7. Plot of speed versus filter cut-off for tire inflated to 32 psi 

10 20 30 40 50 60 70
0

50

100

150

200

250
Filter Cut-off Frequency vs Speed

Fi
lte

r C
ut

-o
ff 

(H
z)

Speed (mph)

10 20 30 40 50 60 70
0

50

100

150

200

250
Filter Cut-off Frequency vs Speed

Fi
lte

r C
ut

-o
ff 

(H
z)

Speed (mph)



43 
 

The value of the cut-off frequency for any speeds between these limits of 10 and 65mph can 

be interpolated from the plot (this is done in the algorithm). For speeds outside the given 

range, more measurements can be taken at higher (greater than 65mph) and lower speeds 

(less than 10mph) to get a suitable curve that can be used for any speed. 

 

3. As explained in section 4.4, there is the chance of false detection when working with the data 

as is. It was decided to test the low pass filtered version of the signal and subject it to the 

same procedure as the raw data. That is, after the peaks were detected, the normalization and 

detrending of the signal was carried out, followed by the zero-crossing detection of the signal 

between the peaks. Due to the smoothening of the waveform, there are obvious differences in 

the actual and filtered signal. 

 

 
Figure 5.8. Actual versus estimated patch length (in terms of number of samples) 
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how can we justify using the algorithm that produces a difference of three or four sample 

points, even if the false detection problem is solved? 

 

The use of the Kalman filter in combination with the multiplicative factor a in equation 2.3 

can solve this problem. The Kalman filter causes smoothening of the variation in the 

estimate; suitable adjustments of the factor a results in estimates of load that are very near the 

expected load for each test case. This has been repeated for the thirty different test cases 

listed in table 5-1. This shows that using the filtered data can make the algorithm more 

robust. 

 

This version of the algorithm is used for estimation of patch length in all further processing. 

 

4. The equation to estimate load from patch length was changed to the more widely used 

formula shown below (equation 2.3 is restated here). 

 
Patch length ܮ = ௙ݎ0.7ܽ ቌ

ߜ
௙ݎ

+ 2.25ඨ
ߜ
௙ݎ
ቍ (5.10) 

rf is the radius of the unloaded tire. a is 1 for a stationary tire. It was found that for a moving 

tire, a value of a from 0.81 to 0.83 at 35 psi and 0.84 to 0.85 at 32psi were sufficient to cover 

the entire range of speeds from 10mph to 65mph, instead of having a big variation based on 

the speed when equation 2.2 is used. Going forward, this formula is used for all the tests 

conducted on the flat track. For on-road testing, a may have to be recalculated as necessary, 

by further testing. 

5.6 Results of Applying the Modified Algorithm 

The results of applying the modified algorithm are shown in the form of the plots of estimated 

load against rotations of the tire (figures 5.09-5.38). For reference, the applied load as a function 

of time is also shown. It is to be noted that there is not a one-to-one correspondence between the 

plots of the applied and estimated load. However, the general trend can be observed in most 

cases shown below.  

Note: All the results are for a sampling frequency of 2500Hz. 
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The following points can be noted from observing the plots. 

1. The estimates of the load from patch length are comparable to the applied load, usually 

within 50 lbs of the applied value. This is a drastic improvement over the case when Kalman 

filtering was not used. The initial variation of the estimate from the applied may be quite 

high, but this settles down fairly fast, as attested by the plots. 

 

2. The use of the steady state value of the gain K means that there is no transient portion, where 

there might be high fluctuations, in the estimates of the load. 

 

3. The shape of the estimated load plot generally follows that of the applied load plot, i.e. it is 

generally increasing with a sharper increase where slip is applied. This is especially evident 

at higher speeds with more data points. 

 

4. The values of a, the multiplicative factor used to estimate load are tabulated below. 

 

Table 5-3. Value of multiplicative factor a for different speeds and inflation pressures 

 Pressure = 35 psi Pressure = 32 psi 

Speed (mph) a a 

10 0.81 0.83 

30 0.82 0.835 

45 0.83 0.835 

65 0.84 0.86 

 

As can be seen from the table, the general trend is an increasing value of a as the speed 

increases; however, the increase is not linear (unlike the case of the filter cut-off frequency). 

The variation of this factor with speed actually means the patch length is changing with 

speed; this variation has to be studied more carefully. For a, from a value of 1 at standstill to 

about 0.81 at 10 mph seems to indicate that patch length variation has be modeled before the 

algorithm can be actually implemented for speeds outside this range. This can be done by 

conducting more rigorous testing at higher and lower speeds. 
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5. The higher values of a at 32 psi inflation pressure as compared to 35 psi implies that the 

patch length is higher at lower inflation pressure, which is as expected. 

 

6. The data acquisition could only capture data for 14 seconds at the sampling rate of 2500 Hz 

and had to be started and stopped manually based on approximate timing. Hence, in certain 

test cases, the complete maneuver (straight line run and application of a slip angle) may not 

have been performed before the data acquisition was completed. This is seen in some plots 

where the estimated load increases to a certain value, but does not drop according to the 

applied load plots. In some of the plots however, it can be seen that the load increases to a 

maximum value and then falls according to the applied load. This indicates that as each test 

was brought to an end, the load on the tire reduced, which is as expected (in actual flat track 

tests, the tire is lifted up from the track at the end of each test case, causing the drop in the 

applied load). Hence, it can be readily seen that the Kalman filter can help estimate the load, 

despite its varying nature. 

 

Section 5.6.1 shows the variation of estimated load with rotations of the tire and applied load 

with time for an inflation pressure of 35 psi (cases 1-12 in table 5-1). Section 5.6.2 shows the 

same for an inflation pressure of 32 psi (cases 13-24 in table 5-1). Section 5.6.3 shows the same 

for the case when the wheel is cambered at 2 degrees. 
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5.6.1 Inflation Pressure of 35 psi 

 

(a) 

 

(b) 

Figure 5.9. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 10 mph. 
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(a) 

 

(b)  

Figure 5.10. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 10 mph. 
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(a) 

 

(b) 

 Figure 5.11. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1800 lbs and speed of 10 mph. 
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(a) 

 

(b) 

Figure 5.12. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 30 mph 

0 2 4 6 8 10 12 14
1260

1280

1300

1320

1340

1360
Applied Load vs. Time

Time (seconds)

Lo
ad

(lb
s)

0 10 20 30 40 50 60 70 80
1320

1330

1340

1350

1360

1370

Estimated Load vs. Tire Rotations

Rotations

Lo
ad

 (l
bs

)



51 
 

 

(a) 

 

(b) 

Figure 5.13. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 30 mph 
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(a) 

 

(b) 

Figure 5.14. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1800 lbs and speed of 30 mph  
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(a) 

 

(b)  

Figure 5.15. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 45 mph 

0 2 4 6 8 10 12 14
1260

1280

1300

1320

1340

1360

1380
Applied Load vs. Time

Time (seconds)

Lo
ad

(lb
s)

0 20 40 60 80 100 120

1240

1260

1280

1300

1320

1340

1360

Estimated Load vs. Tire Rotations

Rotations

Lo
ad

 (l
bs

)



54 
 

 

(a) 

 

(b)  

Figure 5.16. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 45 mph 
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(a) 

 

(b)  

Figure 5.17. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1800 lbs and speed of 45 mph 
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(a) 

 

(b)  

Figure 5.18. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 65 mph 
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(a) 

 

(b)  

Figure 5.19. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 65 mph 
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(a) 

 

(b)  

Figure 5.20. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1800 lbs and speed of 65 mph 
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5.6.2 Inflation Pressure of 32 psi 

 

(a) 

 

(b)  

Figure 5.21. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1000 lbs and speed of 10 mph 
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(a) 

 

(b)  

Figure 5.22. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 10 mph 
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(a) 

 

(b)  

Figure 5.23. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 10 mph 
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(a) 

 

(b)  

Figure 5.24. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1000 lbs and speed of 30 mph 
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(a) 

 

(b)  

Figure 5.25. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 30 mph 
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(a) 

 

(b)  

Figure 5.26. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 30 mph 
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(a) 

 

(b)  

Figure 5.27. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1000 lbs and speed of 45 mph 
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(a) 

 

(b)  

Figure 5.28. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 45 mph 

0 2 4 6 8 10 12 14
1260

1280

1300

1320

1340

1360
Applied Load vs. Time

Time (seconds)

Lo
ad

(lb
s)

0 20 40 60 80 100 120
1250

1260

1270

1280

1290

1300

1310

1320
Estimated Load vs. Tire Rotations

Rotations

Lo
ad

 (l
bs

)



67 
 

 

(a) 

 

(b)  

Figure 5.29. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 45 mph 
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(a) 

 

(b)  

Figure 5.30. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1000 lbs and speed of 65 mph 
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(a) 

 

(b)  

Figure 5.31. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 65 mph 
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(a) 

 

(b)  

Figure 5.32. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 65 mph 
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5.6.3 Cambering 

 

(a) 

 

(b)  

Figure 5.33. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 45 mph, with the wheel cambered at 2° 
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(a) 

 

(b)  

Figure 5.34. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 45 mph, with the wheel cambered at 2° 
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(a) 

 

(b)  

Figure 5.35. (a) Applied and (b) estimated loads at 35 psi inflation pressure for average applied 

load of about 1800 lbs and speed of 45 mph, with the wheel cambered at 2° 
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(a) 

 

(b)  

Figure 5.36. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1000 lbs and speed of 45 mph, with the wheel cambered at 2° 
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(a) 

 

(b)  

Figure 5.37. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1300 lbs and speed of 45 mph, with the wheel cambered at 2° 
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(a) 

 

(b)  

Figure 5.38. (a) Applied and (b) estimated loads at 32 psi inflation pressure for average applied 

load of about 1500 lbs and speed of 45 mph, with the wheel cambered at 2° 
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5.7 Summary 

The methodology used to test the tire on a flat track machine at the Goodyear Innovation center 

was explained. This included a description of the loads, speeds, slip angles and the camber that 

the tire-wheel assembly was subjected to during the tests. 

 

The algorithm developed in chapter 4 was used on the test data gathered on the flat track 

machine. The resulting estimates were found to be unsatisfactory, leading to modifications in the 

algorithm. An explanation for the estimates in load variation was provided and this led to the 

revised version of the algorithm that incorporated Kalman filtering to smooth the estimates. A 

linear filter cut-off frequency versus speed relationship was established. The filtered signal was 

used in detecting patch length, instead of using the raw signal as in chapter 4. A different 

equation was used to estimate load, as was a speed-dependent multiplicative factor a. 

 

It was shown, by suitable plots, that the introduction of the Kalman filter has improved the 

estimates for the patch length, from the previous algorithm which did not use the filter. By 

properly weighting the estimate for a given cycle, based on the estimate from the previous cycle, 

the fluctuations have been smoothened out. 

 

The process noise tolerance is low. It has been assumed that the noise variance is very low, of the 

order less than 0.01. This is a favorable assumption for a flat-track test where the surface on 

which the tire is running is fairly smooth. Experimenting on road will introduce more noise. 

More experiments have to be carried out to check what kind of changes need to be made. 
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6. Developing a Control Strategy 

This chapter explains the development of a control algorithm that helps maintain a desired yaw 

rate for a vehicle. 

6.1 Bicycle Model 

As mentioned in section 2.3, the control strategy revolves around using a two degree of freedom 

‘bicycle’ model to represent a vehicle and develop a control strategy based on the data from the 

tire. The model is restated here. 

 

൤݉ 0
0 ௭ܫ

൨ ൬
ݒ̇
൰ݎ̇ −

⎣
⎢
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ఈ௙ܥ + ఈ௥ܥ
ݑ ݑ݉− +

ఈ௙ܥܾ − ఈ௥ܥܽ
ݑ

ఈ௥ܥܾ + ఈ௙ܥܽ
ݑ −

ܾଶܥఈ௥ + ܽଶܥఈ௥
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⎥
⎥
⎤
ቀ
ݒ
ቁݎ − ൤

ఈ௙ܥ
ఈ௙ܥܽ

൨ ൫ߜ௙൯ = 0 (6.1) 

 

Most control algorithms rely on an estimate of the cornering stiffness [21] from a theoretical 

model to perform yaw rate control. The algorithm developed in section 5.5 shows how the load 

can be estimated; by using the Magic Tire Formula model, the lateral force can be calculated 

(equation 2.4). The values of the slip angles for front and rear tires calculated from equations 2.5 

and 2.6 can be used in conjunction with the lateral force estimate to obtain the cornering stiffness 

(equations 2.8 and 2.9). Hence the vehicle stability control is based directly on the factors 

affecting a tire in motion i.e. the cornering stiffness values can be found from actual tire data and 

not from a model. 

 

NOTE: The cornering stiffness values Cαf and Cαr will ideally be supplied by the load estimates 

from section 5.5. However, the values used in simulations in this chapter are not calculated from 

the loads shown in section 5.5, as the Pacejka coefficients required are not available for the 

particular tire under test. Also, there is no vehicle characteristics involved because only a single 

tire was tested. The values used in the simulations below are those supplied by the manufacturer. 

6.2 Uncontrolled System 

First, the uncontrolled system is simulated with parameters from an existing road going car. 
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m = 1418 Kg 

Iz = 1819 

Cαf = peak of 112000 N/deg 

Cαr = peak of 84000 N/deg 

u = 80 Km/h 

lf = 1.012 m 

lr = 1.568 m 

 

It is assumed that the driver applies a steering input of 80° at the steering wheel; this translates to 

a steering input at the wheels of the car (with a steering ratio of 19.5) as δf = 4.1026 degrees/s. 

Simulating the system with these parameters, we get the plot of figure 6.1. 

 

 
Figure 6.1. Uncontrolled yaw rate 
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6.3 Introducing a Controller 

The steering input angle at the wheel (δf) is expressed as a sum of the driver steering input angle 

(δfd) and a controller steering input angle (δfc). δfc is the steering input at the wheels to be 

provided by the controller, in addition to the driver input. 
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In order to control the yaw rate, an additional term is introduced on the right hand side of the 

equation as shown. This reduces the system to being dependent on the controller input alone. 
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..(6.3) 

This can be rewritten as 
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Rewriting the equation 6.3, we get the following. 
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In the state space form, this is 

ݔ̇  = ݔܣ +  (6.6) ݑܤ

 

Note: ൤݉ 0
0 ௭ܫ

൨ is invertible because m and Iz are non-zero. 
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The problem has reduced to supplying a control input u (i.e. δfc) to maintain the yaw rate r at a 

desired value. For this thesis, the controller was designed to be a linear quadratic regulator 

(LQR). The problem is treated as a linear quadratic (LQ) optimal control problem where the state 

of the system has to follow a desired output, in this case the desired yaw rate.  

6.4 Linear Quadratic Optimal Output tracking 

According to [22] and [23], for a linear system represented by  

ݔ̇  = ݔܣ +  ݑܤ

ݕ =  ݔܥ
(6.7) 

that has to follow a desired output yd(t), a performance index of the following type can be 

considered. 

 
න(ݕ − ݔ)ܥଵ்ܳܥ்(ௗݕ − (ௗݔ + ݔଶ்̅ܳݔ̅ + ߬݀ ݑ்ܴݑ
்

଴

 (6.8) 

C has full row rank. Q1 and Q2 are positive semi definite (Q1 ≥ 0, Q2 ≥ 0) and R is positive 

definite (R > 0). 

ݔ̅  = (1−  (6.9) ݔ(ܥ†ܥ

C† is the Moore-Penrose pseudo inverse. 

 

As shown in [22], the control law for this system is 

(ݐ)ݑ  = −ܴିଵ(ݐ)ݔ(ݐ)்ܲܤ − ܴିଵ(6.10) (ݐ)்ܾܤ 

where b(t) is the solution to 

 ܾ̇ = ܣ)− − ்ܾ(்ܲܤଵିܴܤ + ௗݕାܥܳ , ܾ(ܶ) = 0 (6.11) 

 

This can be represented by the following block diagram: 

 

 

 

 

 

Figure 6.2. Output tracking block diagram 
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6.5 Practical Implementation 

Assume the same system simulated in section 6.2, but this time, the controller is implemented 

using state feedback (with LQR). The first step is to determine the desired yaw rate. The driver 

input of 80 degrees at the steering wheel translates to a steering input at the wheel given by 

 

 
௙ߜ =

ߜ
 (6.12) ݋݅ݐܽݎ ݃݊݅ݎ݁݁ݐݏ

 

Knowing this input at the wheel, the desired yaw rate is calculated according to equation 2.11. 

The yaw rate rises from zero to the maximum value in a finite time, assumed to be 0.5 seconds. 

This desired yaw rate is a reference input to the system (figure 6.3).  

 

 
Figure 6.3. Desired yaw rate 

 

As the yaw rate increases and levels off, so do the cornering stiffness values of the front and rear 

tires.  

 

The penalty matrices Q1 and R in equation 6.7 have to be chosen (Q2 was taken to be 0). A trial 

and error approach was undertaken to settle on the values of Q1 and R producing the most 

suitable response. The values of Q1 and R were chosen to be 1 and 0.4 respectively.  
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The system was simulated using a combination of Matlab and Simulink. The following plots 

show how the desired and controlled yaw rates vary as the control input is applied. 

 

 
Figure 6.4. Variation of desired and controlled yaw rate with time 

 

There is a small steady-state error between the controlled and desired yaw rate that is of the order 

of 0.01 degrees/s. However, the output yaw rate is in good agreement with the desired value, thus 

showing that the controller will work to prevent the vehicle from overturning. 

 

Figure 6.5 shows the control input that is applied (in addition to the driver’s input) by the 

controller, in terms of angle in degrees, to stabilize the vehicle at the particular desired yaw rate. 

The value of the control input is quite small (less than 0.2 degrees), showing that the controller 

does not rotate the wheels by a large amount to achieve the desired yaw rate. A large increase or 

decrease in the steering angle could be fatal to the passengers in the vehicle. 
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Figure 6.5. Variation of control input with time 

 

The following plot (figure 6.6) shows the lateral velocity (v) of the vehicle. As can be seen, the 

lateral velocity has a very low value, less than 0.04 m/s in magnitude (less than 0.1 Km/h). The 

controller would not be a feasible option if the lateral velocity was also not controlled. 

 

 
Figure 6.6. Variation of lateral velocity with time 
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Please note that the controller would work only if the vehicle is operating in the linear region of 

the lateral force versus slip angle curve [15]. For more violent maneuvers, such as the fish-hook 

maneuver [24], where the steering wheel input (delta) from the driver ranges between 300 

degrees and -300 degrees, the system becomes non-linear and a different algorithm would be 

required. 

6.6 Summary 

The dynamic equation of a vehicle was examined with the help of a bicycle model. The relation 

between the load estimation of chapter 5 and the dynamic equations was explained in terms of 

the use of cornering stiffness that could be calculated from the load. The second order system 

was simulated with a typical input to show the uncontrolled nature of the output, in terms of yaw 

rate.  

 

A control strategy was explained that would help maintain the yaw rate of a vehicle at a desired 

value based on the input from the driver. A linear quadratic regulator was developed by choosing 

the values of the penalty matrices Q1 and R. The controlled system was simulated to show how 

the yaw rate of the vehicle followed a desired yaw rate. The control input and the lateral velocity 

were also shown to be within reasonable values, hence proving that the control system is a 

feasible option when the vehicle is operating in the linear region of the force versus slip curve of 

the tire. 
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7. Summary and Recommendations 

This chapter provides a brief summary of the research carried out, followed by recommendations 

on how the work done can be improved. 

7.1 Summary of Work Done 

The problem provided was to develop a method to estimate the dynamic load on a tire. The 

research focused on accomplishing this through the use of accelerometers, knowing how the 

characteristic pattern of a signal from an accelerometer attached to the inner liner of a tire would 

appear. 

 

An instrumented tire was developed with the associated electrical circuits. Uniaxial 

accelerometers were used in the instrumented tire. A data acquisition system was set up to 

capture data from the accelerometers. The tire was first tested on asphalt using a test rig to 

provide the data used to start the development of the algorithm. A method was found that could 

potentially detect patch length. However, it was subject to the data being constant for the time 

that the accelerometer is in the contact patch.  

 

An appropriate equation was used to estimate the dynamic load from the patch length. The 

estimated load was compared to the applied load (read from the Kistler hub attached to the test 

rig). It was found that, although there seemed to be a correlation between the applied and 

estimated load, the tests conducted were not sufficient to arrive at an algorithm that could 

provide a good estimate of the load. 

 

Tests were then conducted on a flat track machine on a tire instrumented with triaxial 

accelerometers. The algorithm developed earlier was tested on the new data. Although the 

estimates of load were in the region of the applied load, they were varying far too much to be of 

any practical significance. 

 

It could be clearly seen that there was a need to bring the estimates closer to each other, with the 

estimate for one cycle of rotation being weighted by the data from the previous cycle of rotation. 
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This was achieved through the use of a Kalman filter. Some other modifications and additions 

were done to the algorithm, including a multiplicative factor dependent on speed and inflation 

pressure for load, a relation between filter cut-off frequency and speed et al. that helped in better 

estimation of the load. The results were repeatable for thirty test cases, hence showing that 

algorithm can be used in estimating the load quite successfully, at the very least within the 

conditions of testing. 

 

Once the estimates of the load were found, it was shown how they can be used in controlling the 

yaw rate of a vehicle to stabilize it. A bicycle model was used in developing a control strategy 

that would keep the yaw rate down to the desired value, as opposed to an uncontrolled vehicle 

where the yaw rate shoots up.  

7.2 Conclusions and Recommendations 

It was shown that the algorithm developed during the course of the research could estimate the 

load on a moving tire with a small percentage of error. It is by no means conclusive proof of the 

working of the algorithm for all environments, only that it is at the very least suitable for the 

given conditions of testing. It might be worthwhile considering the use of linear interpolation as 

an alternative to the Kalman filter to smooth the variations in the estimates. 

It is recommended that further tests be performed on an instrumented tire on the flat track to get 

even more data points so that the working of the algorithm can be tuned to work under the 

typical conditions that a tire is subjected to during everyday use. Since the conditions under 

which the tire is running can be controlled and observed easily on a flat track, this kind of testing 

would be the best way to develop the algorithm further. This would mean testing under extreme 

conditions of speed, load and slip that may happen during dangerous driving conditions like 

slippery roads, high-speed cornering or sudden braking. 

Once the algorithm has been tuned to these different factors, it needs to be tested on a road going 

vehicle. Setting up the data acquisition system will not be an easy task; during the research, wires 

were used to obtain signals from the accelerometers which cannot be used in practical scenarios. 

Wireless systems need to be developed to get the data out of the tire. 
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8. Future Work 

The work done in this research can be important to developing control systems that directly 

utilize tire data to control the movement of vehicles on the road. One aspect of this has already 

been discussed in chapter 6. 

The data obtained during the course of the research can be an important tool in energy harvesting 

techniques. A feasibility study [25] has already been conducted using the vibration 

measurements in the data obtained from the instrumented tire. This will help both in powering 

the sensor and developing a wireless system to transmit the data from the tire to a receiver that is 

possibly attached to the processing unit of the car. 

The data obtained from the testing process has also been studied to see if it can be used in the 

identification of the surface over which the tire is moving [26]. The frequency response obtained 

from the data can be studied to possibly characterize the terrain over which the vehicle is being 

driven and provide an appropriate feedback to the control system to maximize performance. 

If the algorithm developed during this research is shown to work under different conditions, it 

may be possible to insert an application-specific integrated circuit (ASIC) that could process the 

signal and, with the appropriate Pacejka coefficients for the tire programmed in the chip, transmit 

the load information directly to the control unit. This IC could be powered by the use of energy 

harvesting techniques and could transmit data wirelessly. In addition, it could also process the 

signal to provide data that indicates the type of surface. 
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Appendix A: Additional Results 

As was shown in sections 5.2 and 5.3, the load estimated using the algorithm from chapter 4 had 

a large variation around the applied load. As a result, it was decided to modify the methodology 

used to obtain the patch length estimate. The following are some of the other plots that were 

generated (but not used) before moving on to the algorithm of section 5.5 and 5.6. 

A.1. Cambering 

The wheel was cambered at 2° and run at a speed of 45 mph (test cases 25- 30 in table 5-1) for 

the different inflation pressures. The following plots (figures A.1 (a) – (c)) show the estimated 

loads for test cases 25-27. As can be seen in the plots, the algorithm works in the same manner 

for the cambered wheel as the non-cambered wheel, with sometimes large variations in the 

estimated load. 
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(b) 

 

(c) 

Figure A.1. Variation of estimated load with rotation for the tire run at 45 mph with the wheel 

cambered at 2° and applied loads of about (a)1300 lbs (b) 1500 lbs (c) 1800 lbs 

A.2. Application of a Sweep Signal 

We take a closer look at the load estimated during the application of sweep. As a sample, we can 

consider the applied load versus estimated load during the application of a sweep signal that 
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causes the tire to move through a slip angle of -2° to 2° through zero, for the case of the tire 

moving at 65 mph with an applied load of about 1800 lbs. 

 

(a) 

 

(b) 

Figure A.2. (a) Applied and (b) estimated loads during application of sweep at inflation pressure 

of 35 psi and speed of 65 mph 

The vertical load is not very different during the sweep signal as during the straight line run and 

hence the estimate is also similar to that during straight line run. It may be possible to calculate 
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other parameters (for example lateral force) by using the information from the other axes of the 

accelerometers. But development of algorithms based on those signals will require more 

research. 

A.3. Load Estimation at Different Inflation Pressure 

The tests conducted at an inflation pressure of 35 psi were repeated for an inflation pressure of 

32 psi. The formula used to estimate the load from the patch length at 35 psi (equation 2.2) is 

used in this case too, except that the stiffness coefficient is now changed to reflect the change in 

pressure. The values of a at different speeds was the same as that used for 35 psi inflation 

pressure. The stiffness coefficient used is 1530 lbs/inch. The following plots (A.3 (a) - (c) ) show 

the estimated load with an applied load of 1000 lbs, 1300 lbs and 1500 lbs, respectively, at 45 

mph. 
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(b) 

 

(c) 

Figure A.3. Variation of estimated load with tire rotation at inflation pressure of 32 psi and 

speed of 45 mph, with applied loads of about (a) 1000 lbs (b) 1300 lbs (c) 1500 lbs 

Again, the same kind of variations are seen here as in the case where inflation pressure is 35 psi. 

This seems to indicate that any changes that any changes introduced in better estimation of load 

for an inflation pressure of 35 psi may also improve the estimates at 32 psi. This can be seen in 

section 5.6. 
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Appendix B: Simulink Block Diagram 

The Simulink block diagram used in simulating the control system (section 6.3) is shown in 

figure B.2. The parameters required for the simulation, including the various matrices, are run 

from a Matlab file and then the simulation (shown in figure B.1.) is run on Simulink. Plots are 

generated for the output yaw rate, the control input and the lateral velocity (figures 6.4 – 6.6). 

 

Figure B.1. Simulink block diagram of control system 

 

The file implements the block diagram of figure 6.2. Embedded Matlab functions [26], (each 

labeled ‘emfun’ in the image and numbered 1 to 4) are used to implement equations 6.6 and 6.9. 

Outputs of the embedded Matlab function 1 and 2, xdot_1 and xdot_2 respectively, are combined 

to give xdot (equation 6.6), while outputs u1 and u2, from embedded Matlab functions 3 and 4 

respectively, are combined to give u (equation 6.9). u is the control input (figure 6.5) and y is the 
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desired output yaw rate (figure 6.4). The index T used in some of the blocks in figure B.1 shows 

the time varying nature of the system being simulated. 


