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ABSTRACT  

This thesis introduces two new measurement systems developed for the estimation of 

tire-road friction coefficient and tire slip variables on highway vehicles. 

The first part of the thesis focuses on the development and experimental evaluation 

of a friction estimation system based on a novel adaptive feedforward vibration 

cancellation algorithm. The friction estimation utilizes a small instrumented wheel on the 

vehicle. Unlike other systems previously documented in the literature, the developed 

system can provide a continuous measurement of the friction coefficient under all vehicle 

maneuvers, even when the longitudinal and lateral accelerations are both zero. 

A key challenge in the development of the estimation system is the need to remove 

the influence of vibrations and the influence of vehicle maneuvers from the measured 

signal of a force sensor. An adaptive feedforward algorithm based on the use of 

accelerometer signals as reference inputs is developed. The parameters of the 

feedforward model are estimated by the adaptive algorithm and serve to determine the 

friction coefficient. The influence of vibrations and vehicle maneuvers is also removed. 

Detailed experimental results are presented on a skid pad wherein the road surface 

changes from dry asphalt to ice. Results are presented at different speeds and with and 

without lateral and longitudinal maneuvers. Excellent performance is obtained in 

estimation of the friction coefficient. The performance of the adaptive feedforward 

algorithm is shown to be significantly superior to that of a simple cross-correlation based 

algorithm for friction estimation. 

An alternative algorithm without using an accelerometer, namely the quadratic mean 

square vibration cancellation algorithm, is also developed and evaluated to eliminate the 

excessive vibrations. This algorithm does not perform as well as the adaptive feedforward 

accelerometer based algorithm. 
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The continuously estimated tire-road friction coefficient signal and a predefined 

threshold enable the design of a closed-loop controller for the applicator of a snowplow 

which automatically applies deicing material whenever an icy spot on the road is 

detected. The time delays of the applicator actuator on the snowplow and of the friction 

estimation algorithm are both determined experimentally and the system is shown to 

work reliably at speeds up to 25 mph. The closed-loop system is able to cover any 

detected slippery surface with the deicing chemical right from the beginning of the road 

surface transition point from dry to icy. It is also shown with a simple experiment that the 

system can operate along with a GPS receiver in order to map the friction coefficient of a 

designated snowplow route. 

The second part of the thesis introduces a simple approach for the analysis of tire 

deformations and proposes a new wireless piezoelectric tire sensor for the measurements 

of tire deformations. The tire deformation profile inside the contact patch can be used for 

the estimation of tire slip variables, tire forces and tire road friction coefficient. 

A wireless piezoelectric tire sensor for the specific case of slip angle and tire-road 

friction coefficient estimation is developed in this work. A sensor which decouples the 

lateral sidewall deformation from the radial and tangential sidewall deformations is 

designed. The slope of the lateral deflection profile at the leading edge of the contact 

patch is used to estimate the slip angles. A second order polynomial is used to model the 

lateral deflection profile of the sidewall. The parameters of this function are employed to 

estimate the lateral force and the conventional brush model is employed to estimate the 

tire road friction coefficient. 

A specially constructed tire test rig is used to evaluate the performance of the 

developed tire sensor. Results show that the sensor can accurately estimate slip angles up 

to 5.0 degrees. The sensor is also tested on different surfaces and results obtained for the 

estimation of friction coefficient are promising. 
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CHAPTER 1 

11   INTRODUCTION 

1.1 HIGHWAY SAFETY 

The World Health Organization (WHO) reported that about 1.2 million people die in 

road crashes each year worldwide and as many as 50 million are injured. Projections 

indicate that these figures will increase by about 65% over the next twenty years  [1]. 

According to another preliminary report from National Highway Traffic Safety 

Administration (NHTSA), 43,200 people died on the U.S. highways in 2005. The cost of 

motor vehicle crashes totaled $230.6 billion in 2000 which is equal to approximately 

2.3% of the US GDP  [2]. The statistics about the accident rates and costs are so startling 

that many researchers from different areas have become involved in developing 

technologies for effective and sustainable prevention of accidents. 

1.2 PASSIVE AND ACTIVE VEHICLE SAFETY SYSTEMS 

Automotive companies aim to manufacture vehicles that are as safe as possible. Both 

passive and active systems are utilized to increase the safety of occupants in a car. Today, 

some of these safety systems are becoming standardized in the U.S. and enforced by 

laws. 

Passive safety systems, such as vehicle body design, automatic seatbelts, frontal and 

side airbags, etc., increase the crashworthiness of a vehicle by helping absorb the crash 

energy. However, depending on the point of impact in an accident, passive systems may 

not always be effective. For example, statistics show that rollovers can cause an amplified 

number of fatalities compared to a frontal or side crash. 
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Table  1.1 2002 U.S. Accident Fatality Statistics (Mio = million) 

Despite the fact that the rollover crashes constitute only 2% of the total crashes in the 

U.S in 2002, 33% of all occupant fatalities are caused by rollover crashes as presented in 

Table  1.1  [3]. 

Active safety systems on highway vehicles such as Antilock Brake System (ABS), 

Automatic Traction Control (ATC), Electronic Stability Control (ESC) systems are 

designed to prevent accidents in which the passive systems are insufficient for safety. 

These systems can benefit significantly from the measurement of tire-road friction 

coefficient, slip ratio, slip angle and tire forces. However, an accurate and inexpensive 

technology for measuring these variables does not currently exist. 

1.3 WINTER ROAD MAINTENANCE 

Determining the optimum amount of chemicals that need to be applied to maintain a 

safe road surface condition is another application where the measurement of tire-road 

friction coefficient is important. Many highway agencies in Europe, Japan, and the U.S. 

have come to believe that surface friction measurements may form the basis for improved 

winter maintenance operations and mobility  [4]. By measuring the tire-road friction 

coefficient in real-time and using this measurement as a feedback to control the applicator 
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on the snowplow, the application of sand, salt and deicing chemicals to the pavement can 

be automated. Effective use of deicing material, correct location and time of use of the 

applicator, minimum environmental damage and reduced cost are the main goals for the 

design of such an advisory or automated applicator control system. 

1.4 REVIEW OF FRICTION MEASUREMENT SYSTEMS 

Many friction estimation systems have previously been proposed in literature which 

can be classified into three main groups, namely vehicle based, wheel based and tire 

based systems  [5]. 

1.4.1 Vehicle Based Systems 

Vehicle based systems utilize the lateral and longitudinal motions of the vehicle to 

estimate the friction coefficient [6]. The slip angle is measured by means of a gyroscope, 

lateral accelerometer and a steering angle sensor while the measurement of slip ratio 

requires the use of wheel speed sensors. A GPS receiver is also employed in both lateral 

and longitudinal control systems to measure the magnitude and the orientation of the 

vehicle’s velocity vector defined in the inertial frame. A differential GPS system, which is 

expensive and only available in some geographic locations, is necessary for high 

accuracies. A real-time parameter identification algorithm is utilized to obtain the real-

time tire-road friction estimate. The vehicle based system works during acceleration and 

deceleration of the vehicle and can work over a large range of slip values. However, the 

vehicle needs to be either accelerating or decelerating or cornering in order for the 

friction estimation algorithm to work and update the friction coefficient estimates. The 

vehicle based friction estimation algorithms do not work when there is no acceleration, 

deceleration or cornering [6]. 

1.4.2 Wheel Based Systems 

This type of measurement system utilizes a redundant wheel and is appropriate for 

heavy duty trucks such as snowplows. The Norse meter is a commercialized wheel based 

system which is used in winter road maintenance. This system requires a dedicated 
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operator and a brake actuator to skid the additional wheel on the roadway at timed 

intervals. The Norse meter is described further in the following chapter. The wheel based 

system designed at the University of Minnesota and described herein has several 

advantages over this traditional Norse meter system. 

This thesis develops the University of Minnesota wheel based friction estimation 

system and describes the developed technology in detail. The developed system employs 

an additional wheel which is at an angle with the traveling direction of the snowplow. 

The angle, namely the slip angle, generates a continuous lateral force even in the absence 

of cornering. The continuous force signal enables the design of an autonomous applicator 

control system which is very beneficial for the effective maintenance of the roadways. 

The measured lateral force signal is filtered and processed in real time with the help of 

some novel algorithms developed for accurately estimating the tire-road friction 

coefficient. The road surface condition is precisely evaluated with the tire-road friction 

coefficient and a control signal is sent to the applicator with respect to the output of a 

change detection algorithm. 

1.4.3 Tire Based Systems 

Tire based systems utilize the direct measurement of elastic tire deformations to 

estimate the tire-road friction coefficient. There are various types of tire based systems 

under development, employing different measurement technologies. However, none of 

these technologies are mature and reliable enough to be adapted to active safety system. 

Further, the use of piezoelectric technology in the tire deflection measurements has not 

previously been examined in detail in the literature. 

In the research documented in this thesis, piezoelectric sensors are embedded into the 

tire for measuring lateral tire deflections. A simple tire model is employed to relate the 

tire deflection measurements to the tire variables, namely the tire-road friction 

coefficient, slip angle, aligning moment and the lateral tire force. The developed system 

has several advantages over both the vehicle and wheel based systems. The tire based 

system is much cheaper than the vehicle and wheel based systems and requires minimal 
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on-board sensor measurements. The experimental results show that even with small slip 

angles, the tire based system can be used to estimate the tire-road friction coefficient. The 

tire-based friction estimation system is described in detail in Chapter 3 of this thesis. 

1.5 THESIS CONTRIBUTIONS AND SUMMARY 

In the first part of the thesis, a wheel based friction measurement system is 

developed for the closed-loop control of snowplow applicators that can work reliably up 

to a truck speed of 25 [mph] in real-time. This system: 

• Measures the friction coefficient of the road way continuously, 

• Detects any road surface condition change immediately, 

• Activates/deactivates the snowplow applicator accordingly, and 

• Applies chemicals or deicing materials on the road surface effectively. 

The main contribution of this part of the thesis is the development of several 

vibration cancellation algorithms for the removal of excessive vibrations on the measured 

force signal. This is basically the fundamental challenge in the design of a real-time 

automated friction measurement system since the excessive vibrations mask the change 

in friction coefficient and slow down the friction change detection. The developed 

algorithms include: 

• Cross-Correlation Based Vibration Cancellation 

• Adaptive Feed-Forward Filter for Vibration Cancellation 

• Biased Quadratic Mean Filter 

The first two algorithms are based on the use of an auxiliary accelerometer whereas 

the last one is based on the inherent statistical characteristic of the measured force signal 

particular to snowplow application. Tests are executed for different tasks such as 

elimination of the influences of truck maneuvers, measurement of hardware and software 

time delays, differentiation of black ice and wet road and mapping of the road friction 

coefficient using a GPS unit. 
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The second part of the thesis develops wireless piezoelectric sensors embedded 

inside the tire. In order to measure the tire lateral deflection profiles, a number of 

prototypes are developed for; 

• Tire tread sensors, and 

• Tire sidewall sensors 

Various experimental setups and circuits are designed and used for different tasks 

such as 

• Experimental evaluation of sensor prototypes with the tire test rig, 

• Experimental analysis of tire coupled deflections with a camera, 

• Determination of tire radial deflection profile under different loads, 

• Verification of sidewall sensor measurements with a camera, 

• Design of a wireless data transmission circuit, 

• Determination of sensor angular position, 

• Determination of contact patch location, 

The main contribution of this part of the thesis is the design of a tire sidewall 

deflection sensor that enables the decoupling of tire deflections and measures only the 

lateral tire sidewall deflection. The same idea behind this sensor design can also be used 

to measure the tire deflections in radial and tangential directions. With the help of this 

sensor, physically meaningful measurement results can directly be related with the theory 

of tire models in order to estimate the critical tire variables. 

The proposed methodologies and obtained estimation results are also two important 

outcomes of this thesis work. The tire variables associated with the lateral tire dynamics 

such as slip angle, lateral tire force and the friction coefficient are estimated based on the 

measured lateral sidewall deflection profile of the tire sidewall. The estimations may also 

include the tire variables associated with the radial and tangential dynamics of the tire, if 

the developed sensor is modified appropriately. 
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Slip angle is estimated based on the initial slope of the tread deflection profile at the 

leading edge of the tire contact patch. The deflection profile inside the contact patch is 

approximated by a parabolic function to estimate the total force and moment generated 

inside the contact patch. Then the conventional brush model is employed in turn to 

estimate the sliding slip angle and the friction coefficient. 
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CHAPTER 2 

22   FRICTION COEFFICIENT ESTIMATION FOR 
WINTER MAINTENANCE VEHICLES 

2.1 INTRODUCTION 

Winter road maintenance is a major economic and public safety issue of common 

concern in countries having lengthy winter seasons. US Federal Highway Administration 

reports that over 74% of the nation’s roads are located in snowy regions, which receive 

more than five inches average snowfall annually and nearly 70% of the U.S. population 

lives in these snowy regions  [7]. 

On average, state expenditures associated with winter road maintenance account for 

roughly 20% of Department of Transportation maintenance budgets. Highway agencies 

spend more than 2.3 billion dollars on snow and ice control operations annually. Harsh 

weather and road conditions also have consequences on economic productivity. Each year 

trucking companies or commercial vehicle operators lose an estimated 32.6 billion 

vehicle hours due to low visibility or slick pavement-related congestion in the nation's 

metropolitan areas. The estimated cost of the delays to trucking companies ranges from 

2.2 billion dollars to 3.5 billion dollars annually  [7]. 

Weather-related crashes are those that occur in the presence of adverse weather such 

as rain, sleet, snow, fog. Due to the slick, wet, snowy, slushy or icy pavements, these 

crashes constitute a significant portion of all motor vehicle accidents. Each year, 197,300 

crashes occur and 700 persons are killed just due to the icy road surface conditions. That 

is, nearly 13% of all weather-related crashes and 10% of all weather-related crash 

fatalities  [7]. 
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Adverse weather and road conditions also affect mobility. Free-flow speed is the 

term used to describe the average speed at which a motorist would travel if there were no 

congestion. It has been estimated that snow can cause free-flow speed to decrease by a 

maximum of 64% and highway capacity to reduce by 12% to 27%  [7]. 

Many highway agencies serving in the cold regions of the world have considered 

measurement of surface friction measurements to improve their winter maintenance 

operations and ameliorate the above mentioned statistics on winter maintenance cost, 

economic productivity, public safety and mobility for the benefit of society. 

Efficient use of deicing material, minimum environmental damage and reduced cost 

are the main goals for the design of an automated winter maintenance system. 

Measurement of tire-road friction coefficient provides information about the road surface 

condition. Then, the closed-loop control of the applicator based on these measurements 

optimizes the amount of deicing material that needs to be applied on the roadway, 

prevents the excessive use of chemicals and saves tax payer’s money. 

The system described herein can also be adapted to the existing winter road 

maintenance systems such as a Maintenance Decision Support (MDS) system or an 

Automatic Vehicle Location (AVL) system and improve their performance while 

maintaining a safer road surface condition.  

2.1.1 Conventional Friction Estimation Method 

The Norse meter is a wheel-based friction measurement system that overcomes the 

primary disadvantage of the vehicle-based estimation methods. It can estimate the friction 

coefficient under all vehicle maneuvers (or the absence of maneuvers). The Norse meter 

consists of an external redundant wheel fixed to the vehicle. The redundant wheel is 

instrumented with force-measurement load cells and also contains a hydraulic brake 

actuator that can apply brake torque to the redundant wheel. The technique behind the 

Norse meter is to intermittently apply a controlled braking torque to the redundant wheel 

until the tire starts to skid and high slip ratios are created at the contact patch. Under very 
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high slip ratios, the ratio of longitudinal tire force to vertical tire force is proportional to 

the tire road friction coefficient. Thus, by measuring vertical and longitudinal tire forces 

at high slip ratios, the friction coefficient is calculated. The picture of the Norse meter is 

presented in Figure  2.1. 

 

Figure  2.1 Photograph of the Norse Meter 

However, the Norse meter has several disadvantages. First of all it only works 

intermittently by applying brake torque whenever it is required to measure the friction 

coefficient. It does not provide a continuous measurement of friction coefficient. 

Furthermore, due to the use of hydraulic equipment, brake actuators and multiple load 

cells, it is expensive (over $50,000!) and prone to frequent breakdown. The use of many 

moving parts and frequent braking causes tire wear as well as breakdown of other 

components requiring frequent maintenance. 

2.1.2 Advantages of Proposed New Wheel Based System 

The new wheel based friction coefficient measurement system developed in this 

thesis work is a wheel based system like the Norse meter, but overcomes many of the 

disadvantages of the Norse meter. 

The new wheel based system has minimal moving parts and does not require the 

application of braking for friction measurement. Instead it works by continuously 
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measuring the lateral tire force. It is not an intermittent system like Norse meter meaning 

that it provides a continuous estimation of the friction coefficient. Furthermore, it is 

simpler and less expensive than the commercially available Norse meter system. The new 

friction measurement system also works under all vehicle maneuvers or the absence of 

vehicle maneuvers. 

2.1.3 Developed Friction Measurement System on Snowplows 

A snowplow clears snow off the road after a snow storm and further applies salt and 

chemicals to the road pavement in order to melt ice and keep the road friction coefficient 

high for vehicle operation. By measuring road surface conditions and controlling the 

amount of salt/chemicals applied to the road based on the measured road friction 

coefficient, the amount of salt and chemicals utilized can be optimized. This not only 

reduces the cost of chemicals used for winter road maintenance but also prevents 

environmental damage. Excessive use of salt and chemicals during winter has led to 

significant pollution of rivers and lakes in northern states in the USA. Furthermore, the 

measurement and recording of friction coefficient provides a quantitative method of 

evaluating how well winter road maintenance is being carried out by the road 

maintenance agency. This can help protect the agency from lawsuits. 

The wheel based friction measurement system developed in this thesis will especially 

be of great value to snowplows. By providing a continuous measurement of friction 

coefficient, the developed system will enable closed-loop automatic control of the 

applicator wherein salt and chemicals are applied automatically based on the measured 

friction coefficient. 

2.2 NEW WHEEL BASED FRICTION ESTIMATION SYSTEM 

The road surface condition data is measured through an additional wheel mounted 

between the front wheels of the snowplow. The wheel is driven by traction forces, i.e. no 

active drive torque applies to the wheel. A load cell, which is positioned between the 

truck and the wheel system, measures the lateral tire forces acting on the wheel along 
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with the vibrations coming from the roadway. Measurements are then filtered and 

processed by a microprocessor that generates an output signal to control the deicing 

applicator at the back of the snowplow. The locations of the additional wheel and the 

applicator are shown on a snowplow in Figure  2.2. 

 

Figure  2.2 Winter Road Maintenance System 

2.2.1 Design Constraints 

The system needs to operate in real-time, since a real-time system guarantees that a 

slippery part detected on the road surface by the additional wheel is treated properly with 

the deicing material deployed by the applicator. Hence, only a limited time is available 

for processing the data, estimating the friction coefficient and generating an appropriate 

control signal for the deicing applicator. 

The available time can be defined as in Equation ( 2.1) where V is the speed of the 

snowplow and L is the longitudinal distance from the redundant wheel at the front to the 

applicator at the back. 

VLTavailable =  ( 2.1) 

In other words, once the additional wheel goes over a slippery surface transition, the 

data processing unit has a total time of T seconds to detect the change and send a control 

signal to the applicator. 
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Table  2.1 Truck Speeds vs. Available Times for Data Processing and Applicator Activation 

Various snowplowing speeds and corresponding available times are listed in Table 

 2.1 for a truck having a longitudinal distance of approximately 6 meters from the wheel 

to the applicator. The minimum available time occurs at the highest snowplowing speed 

and the main goal is to keep the data processing time less than the minimum available 

time. 

 

Figure  2.3 Plan View Schematic of the Wheel Based System 
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2.2.2 Friction Coefficient Measurement System 

The plan view schematic of the developed friction measurement system is presented 

in Figure  2.3. The friction wheel is attached to the truck chassis through a hinge having a 

vertical pivot axis and the load cell. The equatorial line of the tire makes an angle with 

the traveling direction of the truck. The constant angle, which is also known as the slip 

angle αο, introduces a continuous lateral tire force FLat at the center of the tire contact 

patch. The photograph of the system is also given in Figure  2.4. 

 

Figure  2.4 Photograph of the Wheel Based System 

The static vertical force on the tire is kept constant using a pneumatic actuator, air 

supply from the available compressed air cylinder on the truck and a pressure servo loop. 

The lateral tire force for a given tire typically depends on the vertical tire force Fz, on the 

slip angle α and on the tire road friction coefficient µ. If vertical tire force is assumed to 

be constant and if the slip angle α is assumed to be large enough, then the lateral tire 

force reaches its maximum value which is given by Equation ( 2.2): 

( ) FFLat ×= µα0  ( 2.2) 

Since the vertical tire force is kept constant in the developed sensor system and the 

slip angle α is fixed to a value high enough, i.e. αο ≅ 6
o, the lateral tire force FLat is 

assumed to be proportional to the tire-road friction coefficient. One can simply determine 
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the tire-road friction coefficient in real time by just measuring the lateral tire force signal 

and dividing it by the constant vertical tire force. However, if the vertical tire force is 

assumed to be constant, then the lateral tire force contains all the necessary information 

for detecting a surface change on the roadway. Hence the friction coefficient can be 

determined by measuring the lateral tire force and scaling this value appropriately. 

It should be noted that the pneumatic servo loop only has a low bandwidth of around 

0.1 Hz. Thus it can only maintain a constant “static” vertical tire force. Variations in 

vertical tire force that happen due to maneuvers such as acceleration and/or cornering and 

due to vibrations induced by the road cannot be compensated by the pneumatic actuator. 

It should also be noted that a slip angle of 6o is high enough to ensure that the lateral 

force changes with friction coefficient. For very small slip angles of 1o or 2o, the lateral 

force may not change significantly with friction coefficient and may be measured to be 

about the same value for all friction coefficients. 

A pancake type load cell is used to measure the lateral tire force and an inexpensive 

MEMS accelerometer is employed to detect the vibrations and filter out the noise on the 

force signal. The total cost of material, electrical supplies and sensors for the developed 

friction measurement system is less than $1500. This includes the cost of both the 

computer system and the load cell which constitute the two most expensive components 

of the system. 

2.3 TECHNICAL CHALLENGES 

2.3.1 Influence of Vibrations 

The fundamental technical challenge in the design of a wheel based tire-road friction 

coefficient estimation system is the enormous noise on the force signal which is mainly 

caused by the excitations coming from the roadway. Two frequency bands, which are 

centered at about 1-2 Hz and 10Hz, stick out in the frequency spectrum of a typical force 

signal as shown in Figure  2.5. The static component (~0 Hz) of the frequency spectrum 
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plot corresponds to the steady state lateral force which provides the friction coefficient 

information. 

 

Figure  2.5 Frequency Spectrum of a Typical Force Signal 

Although, high frequency bands (>5Hz) of the noise contain substantial amount of 

energy, it is quite feasible to design a linear low pass filter and remove this portion of the 

noise within acceptable time limits. However, filtering out the low frequency content 

(<1Hz) of the noise within the same time limits is much more difficult. Since only a 

limited amount of noise reduction can be achieved within the given minimum available 

time, the low frequency content continues to interfere with step changes in the force 

signal and hinders reliable detection of road surface changes. 

Figure  2.6 shows a typical load cell measurement before and after filtering out the 

high frequency components using a second order Butterworth filter having a cut-off 

frequency of 5 Hz. The measurement is taken while the truck travels at a speed of 30 

[mph] on a roadway having a surface transition from asphalt to ice. It can be seen that the 

filtered signal still has significant noise that remains, mostly at lower frequencies, 

between 1 – 5 Hz. 
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Figure  2.6 Typical Load-Cell Signals Before and After Low Pass Filtering (fc=5Hz) 

It is also possible to use a low pass filter having a much lower cut-off frequency, 

such as 0.5 Hz. However, such a filter has a longer response time and thus violates the 

minimum available time constraint of the real-time system when an abrupt change occurs 

in the lateral force signal due to the tire-road friction coefficient change as shown in 

Figure  2.7. 

 

Figure  2.7 Typical Load-Cell Signals Before and After Low Pass Filtering (fc=0.5 Hz) 
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Thus, a primary challenge is to design estimation and filtering system that can 

quickly filter out the excessive noise, especially in the low frequency bands, while 

preserving the quick step changes that occur due to different road surface conditions. 

2.3.2 Influence of Vehicle Maneuvers 

In order to measure the lateral force on the tire used in the friction measurement 

system, first the effects of longitudinal tire forces and the variations in lateral tire forces 

due to steering maneuvers should be eliminated. Longitudinal tire force occurs due to the 

acceleration and deceleration of the truck. In the developed system, the center of the tire-

road contact patch is aligned with the vertical pivot axis so that the effect of longitudinal 

force on the reading of the load cell is eliminated by design. However, steering 

maneuvers give rise to significant variations in the measured lateral force. An algorithm 

that can remove the influence of these steering maneuvers so as to enable friction 

estimation during cornering is therefore also required. 

2.4 CORRELATION OF FORCE AND ACCELERATION SIGNALS 

In order to measure vertical acceleration experienced by the friction wheel, an 

accelerometer is mounted at the center of the additional wheel, as shown in Figure  2.8. 

 

Figure  2.8 Accelerometer and Load Cell Locations 
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This accelerometer measures only the vertical vibrations coming from the roadway 

while being indifferent to the step changes in the lateral force signal that occur due to the 

road surface friction coefficient changes. The developed vibration cancellation algorithms 

exploits this property of the accelerometer signal to remove the low frequency noise on 

the force signal. 

From a large set of conducted measurements, the vertical acceleration signal and the 

disturbances on the measured force signal are observed to be highly correlated. Figure  2.9 

shows the load-cell signal along with the vertical accelerometer signal from one sample 

data set. The accelerometer, which is mounted close to the center of the wheel, measures 

the vertical vibrations of the redundant wheel while being neutral to road surface friction 

coefficient transitions. These vibrations are then transmitted through the chassis of the 

wheel system to the load-cell where they cause similar disturbances on the force signal, 

but in smaller relative magnitude scales. In the measurements, the acceleration signal also 

consistently leads the disturbance signal with a time delay which implies causality 

between the two signals as shown in Figure  2.10. 

 

Figure  2.9 Low Pass Filtered Load-Cell and Acceleration Signals (fc=10Hz) 
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Figure  2.10 Time Delay between the Load-Cell and Accelerometer Signals 

Thus, there is a high correlation between the accelerometer and load cell signals. In 

order to remove low frequency content of the noise, a cross-correlation based algorithm 

or a special adaptive filter can be formulated. The following section focuses on the cross-

correlation based algorithm. 

2.5 CROSS-CORRELATION BASED VIBRATION CANCELLATION 

First, the high frequency contents of both the force and the accelerometer signals are 

filtered out by means of a traditional low pass filter. Next, in order to enhance the 

correlation coefficient by shifting the force signal with respect to the accelerometer signal 

the time delay between these two signals need to be known. Since the time delay between 

the force and the accelerometer is observed to change slightly and occurs in a limited 

time span, it is possible to develop an algorithm as described in the following steps that 

seeks for the time delay yielding the maximum correlation coefficient. 

• Predefine a set of delays (time-step in discrete time) as in Equation ( 2.3). 
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{ }3,2,1,0,1,2,3 −−−=P  ( 2.3) 

• Shift the accelerometer signal as much as the time delays in the set. 

• Calculate the correlation coefficient between the force and the shifted 

accelerometer signals for each and every time delay in the set P. 

( )
( )
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σσ

σ
=  

( 2.4) 

Here p refers to the current time delay selected from the set P, Cyf(p) is the 

correlation coefficient and σyf(p) the covariance function between the shifted 

accelerometer and force signals, and σyy(p) and σff(p)are the variances of the 

shifted accelerometer and force signals respectively. 

• Find the time delay yielding the maximum correlation coefficient. 

( ) ( )[ ]{ }pCpCPppp yfyf max&: =∈=
 

( 2.5) 

• Repeat the steps for the next time window as the time window moves forward in 

time. 

Finally, the shifted version of the accelerometer signal is scaled with a constant 

determined experimentally on asphalt road and added to the load cell signal in order to 

cancel out the low frequency noise on the force signal. This algorithm uses a constant 

scale factor for simplicity. However this is a serious drawback of this algorithm when 

compared with the adaptive filter discussed in the following section.  

2.6 ADAPTIVE FEED-FORWARD FILTER FOR VIBRATION CANCELLATION 

Next, an effective adaptive vibration cancellation algorithm is developed to remove 

the influence of vibrations from the lateral force signal. The adaptive parameters of the 
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feedforward model used in the vibration cancellation system serve to identify the tire-

road friction coefficient rapidly in real-time. 

A schematic of the estimation system using this approach is shown in Figure  2.11. 

The vibrations come from road induced excitation or from other vibration sources 

existing in the vehicle. These vibrations constitute the disturbances that act on the system. 

The measurement of the disturbances at the source is not possible. However, as a 

substitute for this the vertical acceleration is measured using an accelerometer mounted at 

the center of the wheel as shown in Figure  2.8. The transfer function between the source 

of disturbances and the lateral force input to the wheel is G(z) where as the transfer 

function between the disturbance and accelerometer signal is H(z). 

 

Figure  2.11 Block Diagram of Proposed Estimation Algorithm 

Accelerometer and load cell signals are first filtered with a Butterworth filter with a 

corner frequency of 5 Hz to remove high frequency noise. The filtered load cell signal is 

denoted by d(n) while the filtered accelerometer signal is denoted by u(n). There is an 

unknown steady state relationship between u and d and a Wiener filter is used to 

represent this unknown relationship: 

∑ −= )()( ll nuhny

 

( 2.6) 
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The order of the filter used in the estimations is four. The coefficients of the filter are 

identified in real time using an adaptive estimation algorithm. At steady state, y(n) should 

converge to -d(n), after convergence of the adaptive parameters hl. 

Note also that the filter parameters depend on friction coefficient µ. Vertical 

vibration of the redundant wheel causes variation in the normal force between the tire and 

the ground. This in turn causes a change in the lateral force read by the load cell. The 

lateral force is a function of both µ and Fz, since FLat = µ Fz for large slip angle. 

The error between the desired output and the actual filter output is defined as in 

Equation ( 2.7). 

( ) ( ) ( )nyndne +=  ( 2.7) 

And the error square is defined as in Equation ( 2.8). 

)()( 2 nen =ξ
 

( 2.8) 

Then the gradient of ξ(n) wrt the filter parameters hl is defined as in Equation ( 2.9) 

[ ] )()(2)( nenen ∇=∇ξ
 

( 2.9) 

The error e(n) can be rewritten as in Equation ( 2.10) 

( ) ∑ −+=
l

l
l)()()( nunhndne  ( 2.10) 

by substituting Equation ( 2.6) into Equation ( 2.7). Hence the gradient of the error is 

calculated as in Equation ( 2.11). 
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Equation ( 2.13) follows the relationship in Equation ( 2.12). 
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The adaptive algorithm updates the filter parameters as in Equation ( 2.14) in the direction 

of the gradient ∇ξ(n) using the step size parameter, ρ which is selected as 0.005.  
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( 2.14) 

When the friction coefficient µ is constant (for example, 0.9 on a dry asphalt road), 

the parameters hl will converge to constant values. These constant values will be such that 

the error e(n) will be approximately zero. However, when the friction coefficient µ 

changes, new parameters will have to be found that make e(n) zero. This is because the 

vibrations influence the lateral force Fy with a different scaling factor for a different value 

of µ. By keeping track of the changes in the parameters hl, the friction coefficient µ can 

be obtained in real-time. The relationship between the friction coefficient and the first 

filter parameter h0 can be defined as given in Equation ( 2.15) 

( )bha +∗−= 0µ
 

( 2.15) 

where a and b values are chosen such that the friction coefficients of asphalt and ice map 

to the levels reported in the literature which are in the ranges of 0.8–0.9 and 0.1–0.3, 

respectively. Hence adaptive estimation of the parameter h0 provides the real-time value 

of the friction coefficient µ. 

It should be noted that the output of the adaptive filter y(n) after convergence of the 

filter parameters is a replica of the measured force and thus cannot by itself provide the 

friction coefficient. 
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2.7 CHANGE DETECTION ALGORITHM 

Detection of the change in friction coefficient is made based on a change in the value 

of the parameters of the filter used in the adaptive feedforward vibration cancellation 

algorithm. This change in parameter value is detected using a likelihood ratio based 

change detection algorithm. 

Likelihood is defined as the probability of the data being the same as the observed 

data set (y), given the probability density distribution. If the probability density 

distribution model is assumed to be a Gaussian distribution, the likelihood function can 

be calculated as the product of the probability density of each sample as in Equation 

( 2.16). 
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The maximum likelihood estimator (MLE) yields the distribution parameter vector 

(θ ) which maximizes the likelihood function. For a Gaussian distribution, the 

distribution parameter vector maximizing the likelihood function consists of mean and 

variance of the distribution. The output vector of the developed algorithms, having the 

same size as the moving time window (N), corresponds to the observed data in our case. 

The observed data set in a moving time window is assumed to have a Gaussian 

distribution; therefore the moving mean and the moving standard deviation of the data set 

are determined. 

The likelihood-ratio test statistic is the ratio between the likelihood evaluated at the 

MLE and the MLE subject to a restrictive parameter vector (θr ) as in Equation ( 2.17). 
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The restrictive parameter vector can be chosen based on an extremum level of the 

friction coefficient, so that the deviations from this level yield a significant step change in 

likelihood ratio (Λ). In the current design, the restrictive parameter vector can be chosen 

with respect to the minimum/maximum expected level of the friction coefficient. Next, a 

hypothesis test is applied to the likelihood ratio, meaning that a certain threshold is 

chosen, considering the anticipated friction coefficient range. If the threshold is exceeded, 

a control signal is sent to the deicing applicator. Using this detection algorithm will be 

much more meaningful when there is substantial amount of measurement data taken by 

different snowplows at different times and locations. For a single road, measurements are 

quite repeatable so that a threshold can be selected after a couple of runs. 

2.8 EXPERIMENTAL RESULTS 

A large number of tests have been conducted to evaluate the performance of the 

designed friction coefficient estimation system. These include 

a) testing the algorithm on a skid-pad having a surface transition from dry asphalt to 

ice, at different snowplow speeds. 

b) examining the effects of acceleration, deceleration and steering maneuvers on the 

measurement system 

This section focuses on the skid pad tests. 

 

Figure  2.12 Skid-Pad Test Environments 
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The test environment is a special, closed-to-traffic roadway with a length of 

approximately 0.5 km. The first two thirds of the road surface is dry asphalt, while the 

rest is covered with hard ice. The transition from dry asphalt to icy road does not occur 

abruptly; rather it occurs gradually through a road surface composed of a mixture of wet 

asphalt and soft ice, as shown in Figure  2.12. 

The lateral tire forces and the estimated tire/road friction coefficients at two different 

snowplow speeds are presented in Figure  2.13, Figure  2.14, Figure  2.15 and Figure  2.16. 

The speeds which range from 20 [mph] to 40 [mph], cover the speed range in which the 

snowplows operate during a snowstorm in real-life. 

Figure  2.17 and Figure  2.18 compare the performance of the developed vibration 

cancellation system with an ordinary low pass filter at vehicle speeds of 30 and 35 [mph]. 

The cut-off frequency of this the low pass filter is picked such that the noise levels are in 

the same order of magnitude as the noise levels of the adaptive system. 

 

Figure  2.13 Tire/Road Friction Coeff. Estimation at 20 mph 



 

 28 

 

Figure  2.14 Tire/Road Friction Coeff. Estimation at 30 mph 

 

Figure  2.15 Tire/Road Friction Coeff. Estimation at 35 mph 
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Figure  2.16 Tire/Road Friction Coeff. Estimation at 40 mph 

 

Figure  2.17 Tire/ Adaptive Feedforward vs. Traditional LPF at 30 mph 
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Figure  2.18 Adaptive Feedforward vs. Traditional LPF at 35 mph 

From the experimental data presented above, the following conclusions can be 

drawn: 

1. The noise on the force signal d(n) is high and masks the change in the friction 

coefficient value µ. 

2. The noise due to vibrations increases gradually as the snowplow speed increases. 

3. Both the adaptive feedforward based vibration cancellation algorithm and the 

simple cross-correlation based algorithm are effective at removing most of the 

low frequency vibrations from the load cell signal. 

4. The adaptive feedforward algorithm performs significantly better than the cross-

correlation algorithm in removing vibrations. This difference in performance can 

be seen clearly, for example, during the transition from dry asphalt to ice. 
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5. After the transition to ice, the cross-correlation based vibration algorithm 

experiences a significant vibration due to a bump in the road. The effect of this 

bump can be seen at around 7th second in Figure  2.16. Since the scaling factor for 

the cross-correlation based algorithm is selected based on dry asphalt 

measurements, the algorithm is not able to perform well on ice. The adaptive 

feedforward algorithm, on the other hand, performs extremely well in being able 

to remove the vibrations due to the bump on the icy road. It can perform well on 

both dry asphalt and icy road. 

6. A traditional low pass filter having the same noise reduction performance causes 

300 [msec] more time delay compared to the adaptive algorithm. 

2.9 CANCELLATION OF VEHICLE MANEUVERS 

2.9.1 Effects of Acceleration and Deceleration 

 

Figure  2.19 Effect of Acceleration and Deceleration of the Snowplow 
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The longitudinal force at the contact patch is not measured by the load cell since the 

center of the contact patch is aligned with the vertical hinge. This also means that the 

longitudinal acceleration and deceleration of the snowplow should not have any effect on 

the load cell measurements. This is shown in the experimental data given in Figure  2.19. 

A stationary snowplow is accelerated from zero to a maximum velocity (30mph), and 

then decelerated back to zero velocity and brought to a complete stop. The longitudinal 

acceleration of the redundant wheel is measured with the help of another accelerometer. 

The measured force signal is not affected by the acceleration changes as seen in the lower 

portion of the figure. 

2.9.2 Cancellation of Lateral Vehicle Maneuvers 

 

Figure  2.20 Accelerometer and Load Cell Data During Lateral Steering Maneuver 
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The steering of the snowplow also contributes to the lateral force and the effect of 

steering can be eliminated by using an adaptive cancellation algorithm with the help of a 

steering angle sensor or a lateral accelerometer. In the current version of the system, a 

lateral accelerometer is used to compensate for the steering effect. 

The adaptive feedforward method used to compensate for steering will be described 

using the experimental data in Figure  2.20, Figure  2.21 and Figure  2.22. Figure  2.20 

shows raw signals from the lateral accelerometer, X, vertical accelerometer, Y and the 

load cell, F during an experimental test in which the driver conducted a weaving 

maneuver involving continuous positive and negative steering. As seen in the figure, the 

lateral acceleration and load cell signals contain significant high frequency noise as well 

as low frequency components. The low frequency component in the lateral accelerometer 

predominantly comes from the steering maneuver of the vehicle. The high frequency 

component of all three sensors comes from the vibrations in the redundant wheel. The 

vertical acceleration signal is not affected much by the lateral acceleration maneuvers. 

 

Figure  2.21 Accelerometer and Load Cell Data After Low Pass Filtering 
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A low pass Butterworth filter with a cut-off frequency of 10 Hz is first used to 

process the raw signals from the accelerometer and the load cell. The resulting filtered 

signals are shown in Figure  2.21. The Butterworth filtered vertical acceleration, Yb and 

the lateral acceleration, Xb are shown in the upper part of the figure. The filtered load cell 

signal and a time-shifted offset value of the vertical acceleration, Yb are plotted in the 

lower half of the figure. It can be seen that the high frequency components in the load cell 

signal correlate very well with the vertical acceleration signal. 

Subtracting the time-shifted offset value of the filtered vertical acceleration from the 

filtered load cell signal produces the signal FYa shown in the upper part of Figure  2.22. 

Now FYa contains low frequency components corresponding to lateral acceleration. The 

lateral acceleration signal is similarly treated with Yb being subtracted from it to produce 

XYa+0.1. As seen in the upper part of Figure  2.22, there is high correlation between 

XYa+0.1 and FYa. 

 

Figure  2.22 Friction Coefficient After Adaptive Estimation 
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An adaptive feedforward estimator is now used to filter the signal XYa+0.1. The 

difference between FYa and XYa+0.1 serves as the error signal to adaptively update the 

coefficients of the feedforward filter. The parameter h0 serves as an estimate of the 

friction coefficient µ (as was the case earlier in Equation ( 2.15). The lower part of Figure 

 2.22 shows the estimate of the friction coefficient. Starting from a value of zero, the 

friction coefficient estimate converges to a value around 0.8. 

2.10 BIASED QUADRATIC MEAN FILTER 

A new filter without using an auxiliary accelerometer is also designed based on a 

modified quadratic mean filter (QMF) by exploiting the relationship between the mean 

and the variance of the force signal which is inherent in the dynamics of the proposed 

friction coefficient measurement system as discussed previously. The variance takes care 

of filtering the low frequency oscillations on the force signal, leading to a faster and 

better filtering performance at low frequency bands.  

The definition of a QMF is given in Equation ( 2.18), where xi is the sampled signal, 

m is the number of samples in a moving time window and N is the size of the sampled 

signal. 
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The output of QMF is nothing but the moving root mean square (RMSj) of the signal 

which can be written in terms of the moving average µj and variance σj
2 of the signal as 

in Equation ( 2.19)  [8]. 

22

jjjj RMSy σµ +==
 

( 2.19) 

The quadratic mean filter can be modified to utilize the dynamic relationship 

between the mean and the variance for removing the low frequency oscillations. The 
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biased quadratic mean filter algorithm introduces a constant bias, K which is unique to 

the measurement system and valid for all snowplow speeds. 
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The relation between the moving average µj and the variance σj
2 can be deduced from 

Equation ( 2.20), as presented in Equation ( 2.21). 

( ) ( )1:1
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( 2.21) 

The proof of this relation can be given as in Equation ( 2.22). A Hann type weighting 

function is used while averaging the time windows. The Hann window is mostly effective 

in the filtering of high frequency bands rather than the low frequency bands. 
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As we have explained previously, the absolute mean value of the force signal 

decreases/increases whenever the variance of the force signal increases/decreases 

according to the physical interpretation of the system. This implies that the low frequency 

oscillation on the square mean value µj
2 signal is approximately 180o out of phase with 

the low frequency oscillation on the variance σj
2. Hence, an appropriate bias value should 

be chosen so that the oscillations on both signals cancel out each other. If the magnitude 
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of the square mean value oscillations is less than the magnitude of variance oscillations, 

K should have the same sign as µj. 

If we assume that the oscillations on the (µj
 +K)2 signal and the variance have the 

same magnitude and are perfectly out of phase, by adding them up we can completely 

remove the low frequency oscillations and find a constant output such as yj=A which only 

changes with respect to the friction coefficient as in Figure  2.23. 

 

Figure  2.23 Quadratic Mean Filter Sensor Performance 

The bias value relates the variance of the noise to the low frequency oscillation of the 

mean of the signal. A very high variance in a certain time interval means that there is no 

effective contact patch in that time interval. The traction between the tire and the road 

converges to zero, as well as the absolute mean value of the lateral tire force. If a linear 

relationship is assumed between variance of the noise and the reduction in the traction, a 

bias value can be found experimentally which is specific to the designed system. The bias 

depends on the mechanical parameters of the measurement system, rather than the 

excitation forces or the surface condition of the roadway. Refer to  [9] for test results. 
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2.11 CLOSED LOOP APPLICATOR CONTROL 

2.11.1 Friction Mapping with Automatic Vehicle Location 

The performance of the designed friction wheel system together with the AVL 

system is tested in a closed-to-traffic roadway located in Minnesota’s Cold Weather Road 

Research Facility. Under cold weather conditions a specially designed water spray system 

as presented in Figure  2.24 is used to form two ice-patches with an approximate length of 

75 feet and with a distance of about 300 feet in between as presented in Figure  2.25. The 

water spray system is hooked up to a water tank located at the back of a pickup truck. 

The snowplow truck starts traveling on the asphalt road from a certain distance. 

When the truck arrives at the first asphalt-to-ice transition region, the friction wheel 

immediately detects the slippery road surface. The reduction in road surface condition is 

measured by the force sensor and a control signal is generated to turn on the applicator 

based on the estimated tire-road friction coefficient. The applicator stays turned on until 

the truck reaches to the ice-to-asphalt transition. Once the friction wheel hits the asphalt 

road, the friction coefficient of the roadway increases and the control signal turns off the 

applicator. Same steps repeat themselves for the second ice patch, as well. 

 

Figure  2.24 Ice Patch Formation 
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Figure  2.25 Test Road 

 

Figure  2.26 Measurement Data, Estimated Friction Coefficient 
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An exemplary test result for a truck traveling at about 25 mph is presented. Both the 

raw accelerometer and load cell signals are shown in Figure  2.26 as the truck approaches 

and goes over the ice patches. It is clear from the figure that it is difficult to differentiate 

the road surface changes from the noise on the force signal, meaning that the slippery 

regions cannot be detected unless the excessive noise is filtered out quickly. 

 

Figure  2.27 Applicator Control Signal 

The estimated friction coefficient and the control signal output are presented in 

Figure  2.27. The developed filtering algorithm successfully removes the excessive noise 

on the force signal and generates a continuous control signal based on the friction 

coefficient estimations of two different road surface conditions. The control signal is 

generated using friction coefficient threshold value of 0.4 and this value has worked 

reliably for all of the tests executed so far while differentiating high and low friction 

coefficient surfaces. 
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Figure  2.28 Test Road in the Map 

 

Figure  2.29 Ice Patches Locations on the Test Road  
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The developed friction coefficient measurement system can be coupled with the AVL 

system through a GPS receiver for preparing friction coefficient maps of roadways. The 

treated and untreated slippery spots can be marked on the map with the help of the GPS 

receiver which basically keeps track of the truck location. The test road in the map given 

in Figure  2.28 has two slippery spots on it which are marked in light blue color as shown 

in Figure  2.29. The GPS receiver used in the experiments is a GARMIN 18x OEM 

sampling at 1.0 Hz as shown in Figure  2.30. 

 

Figure  2.30 GPS Receiver 

2.11.2 Black Ice and Wet Surface Differentiation  

Black ice is a type of slippery surface mostly seen on bridges and overpasses due to 

the air circulation both above and below the surface of the elevated roadway. The 

condensation of the automobile exhaust gas may also cause black ice on the surface of 

the normal roadways when the temperatures are at the lowest levels in winter time. This 

is a dangerous situation that threatens the roadway safety by causing serious accidents 

and loss of lives. 

Especially in harsh winter conditions when the visibility of the roadway is decreased, 

distinguishing between the black ice and the wet road surface is not an easy task for a 

snowplow operator. Such hazardous formations on the road surface may either be 

overlooked by naked eye and cause accidents or over treated in order to be on the safe 

side and cause increased maintenance costs. In these critical situations, the designed 

friction wheel system works reliably and helps the snowplow operator. 
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Figure  2.31 Black Ice  

 

Figure  2.32 Wet Road Comparison  
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In order to test the performance of the system on black ice and wet road surfaces, the 

friction wheel is fixed to the rear bumper of a pickup truck and the control signal is 

connected to an LED that represents the applicator. The two cases when the friction 

wheel travels on the black ice and the wet road are presented in Figure  2.31 and Figure 

 2.32 , respectively. In the former case, the LED sitting at the left bottom corner of the 

picture is turned on by the control signal due to the low friction of the black ice with 

respect to the dry asphalt. However, in the latter case LED is never turned on since the 

friction level of the wet asphalt is pretty much the same as the dry asphalt. 

Measurement and friction coefficient estimation results for both cases are presented. 

The estimated road friction seem to drop when the friction wheel travels on the black ice 

as presented in Figure  2.33 (a), while staying at the same level when it travels on the wet 

road as given in Figure  2.33 (b). The results show that the system is able to differentiate 

the two surface conditions. 

 

(a)     (b) 

Figure  2.33 Black Ice Data and Wet Road Measurement Data  
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The delay of the closed-loop control system is an important parameter especially 

while turning on the applicator in time in order to cover the entire ice patch, i.e. before 

the applicator at the back of the truck reaches the asphalt-to-ice transition. A certain 

amount of time elapses for the processing of the measurement data and the activation of 

the deicing applicator after the friction wheel hits the slippery road surface. And this 

delay actually has two main components, namely the applicator hardware delay and the 

signal processing algorithm software delay. The following sections present the 

measurement of these two delays in order to evaluate the overall performance of the 

closed-loop control system. 

2.11.3 Measurement of Snowplow Applicator Delay 

After a control signal is sent to turn on the applicator, a certain amount of time 

elapses until the deicing material reaches to the ground. This time delay is due to the 

electrical and mechanical components of the applicator system and completely 

independent from the time elapsed for the data processing. 

Applicators normally have time delays with a constant mean and certain variance. 

Since the length of the untreated portion of the ice patch is in distance unit, it is more 

intuitive to express delays in terms of the distance traveled by the truck during that time. 

When expressed in distance unit, applicator delays become a function of the truck speed.  

Applicator delays can change dramatically depending on their mechanical design. 

The delays of two applicators are measured and compared to understand whether one 

improves the time response of the developed closed-loop control system significantly 

better than the other one does. The two applicators examined in this paper, namely the 

conventional applicator and the zero velocity applicator, are presented in Figure  2.34 and 

Figure  2.35, respectively. 
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Figure  2.34 Conventional Applicator 

 

Figure  2.35 Zero Velocity Applicator  
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The conventional applicator is simply made of a spreader whose axis of rotation is 

normal to the ground. The target lane depends on the angular speed of the spreader. If the 

spreader is set to rotate at a low angular velocity, than the lane on which the truck is 

traveling is treated. If the spreader is set to rotate at a high angular velocity, then the 

adjacent lanes are treated. In our case, the spreader rotates very slowly, meaning that the 

deicing material particles on the spinner are also traveling at the truck speed in forward 

direction. Here, the angular velocity of the spinner is neglected. In other words, the 

particles are assumed to be in free fall with respect to an observer on the truck. This also 

implies that the available time for a conventional applicator is actually shorter than the 

available time previously obtained from the ratio between the length of the truck and the 

truck speed. The distance traveled by the sand particles should be subtracted from the 

truck length, as depicted in Figure  2.36, in order to determine the effective length of the 

truck. The effective length is then divided by the truck speed to obtain the actual 

available time. 

 

Figure  2.36 Setup for the Applicator Delay Measurement 
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The zero velocity applicator is another type of applicator which prevents the deicing 

material particles from traveling with respect to the ground. When the truck travels at a 

certain speed in the forward direction, the zero velocity applicator projects the deicing 

material at the same speed in the opposite direction with the help of a spreader whose 

rotation axis is parallel to the ground. Thus, the resulting speed of the particles becomes 

zero with respect to an observer on the roadway and this allows the operator to deploy the 

deicing material exactly where it is needed. Since the deicing material do not have a 

velocity parallel to the ground, it is now in free fall also with respect to an observer on 

the ground. The particles do not move relative to the ground and do not scatter away from 

the targeted icy spot. Thus, the zero velocity applicator is known to be more effective 

than the conventional applicator.  

In the executed tests, the friction wheel and the filtering algorithm is excluded from 

the system, in order to eliminate the delays due to the friction measurement system and 

the software data processing. The applicator is turned on automatically by means of a 

special setup, when a certain point on the road way is passed by the truck. This particular 

point basically substitutes the asphalt-to-ice transition, meaning that no ice-patch is used 

on the road surface since the friction wheel is not in use. 

The setup utilized to turn on the applicator is presented in Figure  2.36. A wooden 

block aligned with the friction wheel is extended out from the truck to the left as shown 

in Figure  2.37. 

The block carries a piece of wire which is hooked up to a normally closed contact. 

The operator drives the truck in such a way that the wooden block goes over a pylon 

standing on the roadway. When the loosely coupled wire is pulled off by the pylon as 

shown in Figure  2.38, the broken circuit activates a relay and runs the applicator 

instantaneously. The time delay of this setup is negligible with respect to the measured 

time delays. 
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Figure  2.37 Location of the Wooden Block 

 

Figure  2.38 Wire Piece/Pylon Couple  
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During these tests sand is used as deicing material. Since the sand particles are not 

easy to differentiate from the texture of the roadway, an observer outside the truck is put 

in charge of watching the experiment and pointing out where exactly the first sand 

particles fell down. If there were no time delay, the first particles would fall down to a 

“no-delay” point before the pylon, and the distance between the pylon and the no-delay 

point would be equal to the distance between the friction wheel and the applicator. This 

means that the delays expressed in distance unit are supposed to be measured relative to 

the no-delay point which is independent from the truck speed. However, since the 

position of the pylon represents the surface transition and is much more meaningful than 

the no-delay point, the delays are measured from the first deployed sand on the roadway 

to the pylon. This is the same thing as shifting the origin of the reference axis a constant 

amount of distance in forward direction. If the forward direction is assumed to be 

positive, than the delays before the pylon will have negative values after shifting the 

origin. 

 

Figure  2.39 Conventional Applicator Delay  
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The positive delay means that the first deployed sand is ahead of the pylon and some 

portion of the imaginary slippery surface is left untreated. The negative delay means that 

the first deployed sand is before the pylon and the surface coming after this point is 

completely treated including the imaginary slippery surface starting with the pylon. 

Conventional and zero velocity applicators are compared at a truck speed of about 26 

mph. At that critical speed the zero velocity applicator has no delay, whereas the 

conventional applicator has a delay of positive 20 feet. The measured delay of the 

conventional applicator is given in Figure  2.39. This proves that the zero velocity 

applicator performs better than the conventional applicator and it is more suitable for the 

developed close-loop control system. 

2.11.4 Measurement of Friction Measurement System Delay 

The delay of the developed filtering algorithm can also be measured with the same 

setup. In this case, an actual slippery surface is needed since the friction wheel is back in 

the loop. The pylon is again located at the surface transition and the on/off signal 

generated by the wire piece and the pylon is hooked up to the digital input of the data 

acquisition card in order to record this signal and determine where exactly the low 

friction surface starts in time. However, this time the applicator is not controlled by the 

on/off signal generated by the special setup, rather by the friction wheel through the 

output of the algorithm. 

 

Figure  2.40 Low Friction Plastic Surface  
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Since the tests are executed in spring time, a slippery plastic sheet is employed 

instead of an ice patch and the friction coefficient of the sheet is decreased further by 

spraying soap on the surface as in Figure  2.40. Although its friction coefficient is not as 

low as the friction coefficient of the ice patch, the plastic sheet with the soap works well 

for our purpose of measuring the time delay. 

The measurement results are presented in Figure  2.41. The original and filtered 

versions of the force are given in the left upper subplot along with the threshold line in 

black color. The left lower subplot shows the time difference between the applicator 

control signal and the signal generated by the special setup. When zoomed in the right 

lower subplot, the time delay of the filtering algorithm is read to be about 150 

milliseconds. 

The time delay of the algorithm is also constant and independent from the truck 

speed and thus can be used to find out the distance delays at different truck speeds. 

 

Figure  2.41 Filtering Algorithm Time Delay  

 



 

 53 

2.11.5 Analysis of Total Delay and Closed-Loop Performance 

The overall performance of the close-loop snowplow applicator is summarized in 

Figure  2.42. The black line at zero level indicates where the slippery surface starts, i.e. 

the position of the pylon. The blue color shows the distance delays of zero velocity 

applicator plotted against the corresponding truck speed, whereas the red color shows the 

total distance delays of the complete system including the filter delays. As mentioned 

previously, the positive delays at high truck speeds are basically the untreated length of 

the ice patch. The results show that the designed close-loop snowplow applicator system 

has zero delay at a truck speed of about 25 mph, meaning that the system can work 

effectively up to 25 mph. Although some portion of the ice patch is missed by the 

applicator beyond 25 mph, this speed is about the same as the average speed of a 

snowplow used in winter maintenance. 

 

Figure  2.42 Overall System Performance 
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CHAPTER 3 

33   WIRELESS PIEZOELECTRIC TIRE SENSOR 
DESIGN  

3.1 INTRODUCTION 

The maneuvering forces acting on a ground vehicle are mainly generated between 

the tires and the roadway. Sensors embedded inside tires can be used for the measurement 

of tire deflection profiles which enable the estimation of tire variables. Such tire sensors 

may lead to significant improvements in vehicle control systems such as traction control, 

skid control, lane departure avoidance and rollover prevention systems. This is basically 

due to the fact that slip angle is directly related to skidding, vertical forces are directly 

related to rollover, the slip ratio is directly related to loss of traction and friction 

coefficient provides a good measure of the available tire forces for each tire. 

This chapter defines tire deformations using a body coordinate frame, examines the 

coupled deformations of a regular car tire on a moving vehicle and proposes a novel 

wireless piezoelectric sensor design for the measurement of decoupled tire deflections. 

The current design of the proposed sensor measures the lateral deformation of the tire 

sidewall and enables the estimation of tire variables related to the lateral vehicle stability 

such as slip angle, lateral tire force and tire-road friction coefficient. The prototype of the 

developed tire sensor is evaluated and verified on a specially designed test rig. The sensor 

design can also be modified in order to measure the longitudinal or radial deflection 

profiles of the tire sidewall and the estimations can be extended to cover the tire variables 

such as longitudinal tire force, normal tire force and slip ratio. 

Various tire sensors have been previously studied in literature; however none of these 

sensors has yet to become mature enough to take place in the market  [10]. A surface 

acoustic wave (SAW) tire sensor is proposed to measure the mechanical strains of a tread 



 

 55 

element inside the contact patch  [11]. The sensor is attached to the inner liner of the tire. 

A pin is inserted into the tread element from inside the tire and used as a lever for 

transferring the tread deflections to the sensor’s substrate. The capacitive tire sensor 

exploits the similarity between the tire belt structure and an electrical condenser  [12]. Tire 

deformations change the spacing between the steel wires in the tire belt and the sensor 

measures the capacitance change due to the change in the spacing. The magnetic tire 

sensor is based on the Hall Effect principle  [13]. The motion of a miniature magnet 

embedded into the tire tread induces a potential voltage which is monitored by a Hall 

sensor. Magnetic sensors are also used to measure the tire sidewall deflections 

 [14] [15] [16]. The longitudinal sidewall deformation of the tire is measured by using the 

time delay between the measurements of two magnetic field sensors that are mounted on 

the wheel suspension. 

The optical tire sensor also measures the sidewall deformation of the tire. It consists 

of an infrared diode, a lens and a position sensitive detector  [17]. The diode placed inside 

the tire emits infrared light which is focused on the detector mounted on the rim by 

means of the lens. The deflection of the side wall is measured based on the triangulation 

principle. The main disadvantage of the optical sensor is that the tire carcass can move on 

the rim after one hard braking and the diode is no longer aligned with the detector. 

Accelerometers which can also be considered as sidewall sensors are also proposed 

for the estimation of kinematic and dynamic tire variables. In this case, the tire is 

modeled as a black box and a correlative relationship is sought between the measured tire 

variables and the synthetic variables obtained from the acceleration signals  [18]. This 

approach requires many experiments in order to be able to make accurate estimations of 

tire variables and is likely to have problems when the vehicle operates under a condition 

which is different from the test conditions. Another approach would be to seek simple 

physical models for the use of accelerometer signals while estimating the tire variables. 

The tire sensors can be grouped into two categories; namely, the tire tread sensors 

and tire sidewall sensors. 
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Tire tread sensors aim to measure the deflection of a tread element inside the contact 

patch. The tread sensors usually suffer from low signal to noise ratio, meaning that the 

sensor should be able to measure small tread deflections under the influence of excessive 

vibrations coming from the roadway. The noise on the signal can either be eliminated in 

the design stage by mechanically isolating the vibrations coming from the roadway or in 

the signal processing stage by developing advanced vibration cancellation algorithms. 

The verification of which phenomenon is exactly measured by the tread deflection sensor 

is also problematic since the coupled deflections of the tread element only takes place 

inside the closed contact patch area which is difficult to observe by any other means. 

The tire sidewall sensors aim to measure the deflection of the tire sidewall with 

respect to the rim. Decomposition of coupled deflections and measurement of a 

physically meaningful deflection is also a challenging problem for the tire sidewall 

sensors. Although, some of the sidewall sensors somewhat interfere with the tire 

maintenance operations, these sensors are more likely to produce meaningful and reliable 

data compared to the tread sensors. 

The tire sensor proposed in this thesis tries to solve the problems stated above with a 

better sensor design. The main contribution of this work is that the proposed sensor can 

decouple the tire deflections and measure only the lateral sidewall deflections using 

piezoelectric technology which has not been studied previously in detail for tire sensors. 

Unlike the previous tire sensors which were not able to extract much useful information 

from tire deformations, the sensors developed in this thesis are able to provide estimation 

of slip angle and friction coefficient. 

This chapter demonstrates the estimation of tire slip angle based on the lateral 

sidewall deflection measurements. The tire slip angle (α) is defined as the difference 

between the steering angle (δ) and the velocity angle of the wheel as given in Equation 

( 3.1) and illustrated in Figure  3.1  [19]. This angle causes a lateral force, F which is 

perpendicular to the longitudinal axis of the wheel. 
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Vθδα −=
 

( 3.1) 

 

Figure  3.1. Tire Slip Angle. 

The existing slip angle estimation methods generally employ indirect measurements 

related to the gross motion of a vehicle. Integration based methods use the integral of a 

lateral accelerometer signal to obtain lateral velocity. The slip angle can be calculated 

from the ratio of lateral and longitudinal velocities. A major shortcoming of this approach 

is that the accelerometer has bias errors and errors due to vehicle pitch, roll and heave 

motions. The errors lead to drift errors after integration. Observer based methods that rely 

on a vehicle model are also often used for estimation of slip angle  [20] [21]. The 

shortcoming of this model based approach is that the estimates can be very inaccurate due 

to the unknown road gradient, road bank angle, road surface conditions, unknown tire 

forces and varying vehicle and tire model parameters. GPS based methods require a GPS 

system with two antennas in order to be able to measure slip angle. The two antenna 

system required for adequate accuracy is of the order of thousand dollars which is too 

expensive for ordinary automotive applications. Another shortcoming of this approach is 

that the GPS is unreliable in urban environments  [22]. 

3.2 NOMENCLATURE OF TIRE DEFORMATION 

Tires are essentially made of rubber which is a viscoelastic material and have a 

complex structure with multiple layers and features. Tires are designed for different tasks 
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such as traction, prevent hydroplaning, vibration damping, noise reduction etc. Traction is 

the primary task of the tires and depends on the tire forces generated inside the contact 

patch. The tire forces provide desired vehicle maneuvers such as acceleration, 

deceleration and handling as they force the tire to deform. The tire deflections at different 

directions are usually coupled even under simple driving conditions. The design of a 

sensor measuring a pure deflection in one direction and having a physical meaning in a 

theoretical context is truly a challenging task. 

 

Figure  3.2. Two Types of Tire Deformations. 

Tire deformations can be considered as a combination of tread and sidewall 

deformations as shown in Figure  3.2. The tread is a rubber element on the tire 

circumference that makes contact with the road surface. Treads and grooves are designed 

to strengthen traction, to reduce noise and also to prevent hydroplaning. The tread 

deformation is defined as the deflection of a tread element with respect to the tire inner 

liner. 

The sidewall, on the other hand, is the part of the tire that is filled with the 

pressurized air. The sidewall deformation is defined as the deflection of the sidewall with 

respect to the wheel rim. The coordinate system given in Figure  3.3 is used to define the 

physically meaningful deflections of tread and sidewall. 
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Figure  3.3. Coordinate System for Tire Deformations. 

3.2.1 Comparison of sidewall and tread deformations 

Due to its discrete form and rigid structure, a tread element starts deforming as it 

enters the contact patch and recovers its shape back when it leaves the contact patch. The 

sidewall deformation on the other hand takes place even outside the contact patch since it 

has a continuous form and more elastic structure. 

 

Figure  3.4. Comparison of Lateral Tread and Sidewall Deflections 

The difference between the tread and sidewall deformations is presented in Figure 

 3.4 for their deflections in lateral direction. The tread deflects only inside the contact 

patch whereas the sidewall deflects both inside and outside the contact patch. 
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In the following sections, sidewall deflections of a tire rotating at a constant speed 

will be examined in radial, tangential and lateral directions with the help of a digital 

camera. Since the tread deflections take place in the closed contact patch area and the 

deflections are in micro scale, it is not possible to examine the tread deflections in the 

same way. 

3.3 TIRE TEST RIG AND WIRELESS DATA TRANSMISSION SYSTEM 

A tire test rig is developed in order to test the tire sensor prototypes under different 

operating conditions and a wireless data transmission system is designed for enabling the 

tire sensor measurements within a rotating wheel. 

3.3.1 Tire test rig 

There are several types of tire test-rigs available in the market with various 

capabilities. However, these test-rigs are generally designed for industrial purposes and 

require large spaces. They are also very expensive and have additional costs such as 

installation, maintenance and repair. Furthermore, many of the tire test-rigs in the market 

are based on a car tire rotating on a drum. This design is not very appropriate for our 

sensor research purposes since it distorts the shape of the contact patch and causes an 

unrealistic operating condition. 

A new tire test-rig whose main components are presented in Figure  3.5 is designed 

within a low budget. The test-rig allows an ordinary car tire to have both rotational and 

translational motions along a track as in real life. The track is made of a steel beam paved 

with concrete blocks. The tire is connected to a cart through a rotating shaft and bearings 

and the cart is driven by an industrial size electric motor through a roller chain. 

The cart is composed of two parts and the upper part of the cart is free to rotate on 

the lower part of the cart about the vertical axis of the wheel. Thus, the steering angle can 

be set by clamping these two parts together at different angles using the holes at the front 

and rear ends of the parts as shown in Figure  3.6 (a). The steering angle is equal to slip 
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angle in this setup since the direction of wheel’s velocity and traveling direction of the 

cart are coincident. 

 

Figure  3.5. Tire test rig. 1-Tire, 2-Track, 3-Roller chain, 4-Upper part of the cart, 5-Lower part of the cart, 
6- Electric motor, 7- Slip angle holes 

  

(a)    (b) 

Figure  3.6. Setting (a) the Tire Slip Angle and (b) the Vertical Tire Force. 

The upper part of the cart is also free to move in vertical direction with respect to the 

lower part. Wooden blocks cut in different thicknesses can be placed into the gap between 
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the two parts of the cart in order to adjust the different vertical tire force as presented in 

Figure  3.6 (b). The thicker the wooden blocks the lower the vertical force. The concrete 

blocks paved on the track can also be altered or covered with different types of materials 

in order to test different road surface conditions encountered in real life. 

3.3.2 Wireless Data Transmission System 

Wireless data transmission system is essential since the tire sensor has to be mounted 

on a rotating wheel. However, wireless data transmission is a comprehensive topic having 

a variety of aspects such as data transmission protocols/speeds, antenna 

types/sizes/orientations, transmitter and receiver sizes/powers, environmental factors 

disturbing the wireless transmission path etc. that need to be considered in detail. Since 

the focus of our research project is to develop a sensor achieving the measurement of tire 

deformations in the first place, the wireless system is currently designed to be as simple 

and reliable as possible. 

The designed wireless data transmission system is simply composed of a voltage-to-

frequency converter (VFC), wireless transmitter, wireless receiver, frequency-to-voltage 

converter (FVC) as illustrated Figure  3.7  [23]. The voltage signal produced by the sensor 

is first converted into a square wave by the VFC as a modulation source. The modulated 

carrier frequency is then transmitted through the antennas. And then, the transmitted 

signal is converted back to the voltage signal by the FVC. Finally the voltage signal is 

sampled and recorded by the data acquisition board. 

Designing a transmitter circuit for the wireless data transmission system is more 

challenging than designing a receiver circuit since the transmitter must operate on a 

rotating wheel. In other words, the transmitter is also subject to the strict design 

constraints such as reduced size, light weight, low power consumption etc like the sensor 

itself. 
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Figure  3.7. Schematic of the Wireless Data Transmission System. 

The current size of the wireless data transmitter prototype is now about 60x70 mm 

including the batteries as shown in Figure  3.8 (a). This is beyond the dimension of a 

desired product. However, a miniature version of the transmitter circuit with the exact 

same components except for the batteries is sketched, as in Figure  3.8 (b), just to 

demonstrate that it is actually feasible to shrink the circuit down to a size of about 20x20 

mm. The reduced size of the transmitter implies that it is quite possible to decrease the 

size of a transmitter as small and light as a quarter with the help of a dedicated microchip 

without battery. 

The developed tire sensor could also be batteryless in the long run. The transmitter 

has a telemetry distance of more than 10 feet. The smaller the size and the closer the 

telemetry distance, as in real case, the lower the power consumption. This means that the 

final product will eventually require a very small battery or might even use another 

potential power source such as energy harvesting. The proposed tire sensor that will be 

discussed in detail in the following sections has an appropriate design to incorporate such 

a technology that could harvest energy from the continued radial deformations of the tire. 
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(a)      (b) 

Figure  3.8. (a) Actual Transmitter w/ Battery. (b) Reduced Size Transmitter wo/ battery 

Later versions of the wireless data transmission system should include some 

additional features such as bipolar voltage range, multi-sensor capability and in case of a 

microcontroller, high enough sampling rates. The current wireless circuit has a unipolar 

input voltage range. Addition of a positive offset voltage has partially resolved this 

problem at a price of some voltage range loss. Multi-sensor capability is another useful 

feature that provides great flexibility. A microcontroller, for example, can take advantage 

of multiple sensor readings to produce more relevant deflection measurements. At high 

vehicle speeds the sampling rate of a micro controller also becomes critical. For a 

passenger car tire, if one sample per one degree wheel rotation is desired, which is more 

than enough for a complete deflection profile, a sampling rate of 4.2 kHz is needed at a 

vehicle speed of 50 mph. 

3.4 EXPERIMENTAL ANALYSIS OF COUPLED TIRE DEFORMATIONS 

3.4.1 Radial sidewall deflection 

The radial deflection of the sidewall is a result of the vertical tire force acting on the 

wheel. A simple technique is employed to determine the radial sidewall deflection profile, 

i.e. the change in nominal tire radius, throughout the tire circumference. The picture of 

wheel’s side view is taken with a digital camera in front of a light color background and 
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the image file is processed in computer environment in order to find the circumferential 

edge of the tire as presented in Figure  3.9 (a). The angular distances 0 and 180 degrees 

correspond to the top and the bottom of the wheel while 90 and 270 degrees correspond 

to right and left of the wheel respectively. The radial sidewall deflection profile is scaled 

and plotted in terms of the change in nominal tire radius against the angular distance in 

degrees as shown in Figure  3.9 (b). Since the upper frame of the cart blankets some 

portion of the sidewall, there is a lack of data in these regions. The tire radius decreases 

maximum 17 mm inside the contact patch and increases slightly before and after the 

contact patch due to the reacting forces inside the contact patch. No radius change is 

observed in the upper half of the tire circumference. 

The assumption is that the radial sidewall deflection is pretty much the same for the 

wheel while it is standing still and rotating at a constant speed. In reality, the vertical load 

distribution and thus the radial sidewall deflection profile of the tire are subject to change 

in cases of accelerating and decelerating maneuvers. However, the assumption may still 

hold for these maneuvers if these maneuvers are moderate enough. 

 

(a)     (b) 

Figure  3.9. (a) Tire Edge Detection. (b) Radial Deflection Profile of the Sidewall 
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The vertical tire force acting on the wheel is changed by adjusting the distance 

between the upper and lower parts of the cart with the help of the wooden blocks cut in 

the desired thicknesses as previously discussed. The magnitudes of the applied vertical 

forces are given qualitatively in Figure  3.10 since the radial rigidity of the tire is not 

known. The results show that the more the vertical tire force, the higher the amplitude of 

the radial deflections and the tire behaves like a hardening spring in the normal direction. 

The radial deflections inside and in the vicinity of the contact patch is a problem 

while designing the lateral sidewall deflection sensor. The lateral tire deflections need to 

be decoupled from the radial tire deflections in order to have physically meaningful 

measurements. This issue will be discussed in the sensor design section in more detail. 

 

Figure  3.10. Tire Radial Deflections at Different Vertical Force. 

3.4.2 Tangential and lateral sidewall deflections 

Tangential and lateral sidewall deflections of a tire rotating at a constant speed and at 

a constant slip angle are examined. In order to determine the tangential and lateral 

deflections visually, a digital camera is fixed to the center of the wheel rim and a light 

emitting diode (LED) is attached to the tire sidewall as given in Figure  3.11. 
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Figure  3.11. Camera Setup for Recording Tangential and Lateral Sidewall Deflections. 

The camera faces in the radial direction and records the LED’s trajectory as the 

wheel completes one single rotation. The movie file is then processed to determine the 

tangential and lateral sidewall deflections. The experiments are executed in a dark room 

for the sake of simplicity in image processing. A frame of the movie is shown in Figure 

 3.12 (a). 

  

(a)     (b) 

Figure  3.12. (a) Camera view in a Dark Room. (b) Trajectories at Various Slip Angles. 
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The two dimensional motion of LED is basically a projection of the three 

dimensional motion of LED on to the tangential plane defined by tangential and lateral 

axes, meaning that the motion in radial axis is not visible. The trajectories of LED for 

different slip angles are presented in Figure  3.12 (b) and the results show that as the slip 

angle increases LED draws a larger trajectory. 

The experimental results can also be analyzed by decomposing the trajectories into 

tangential and lateral components as given in Figure  3.13 (a) and Figure  3.13 (b). The 

legend used in Figure  3.12 (b) is also valid here. In this case, the maximum amplitudes of 

the tangential and lateral sidewall deflections increase as the slip angle increases. The 

change in maximum deflections in both directions saturates as the slip angle increases. 

The deflections do not only take place inside the contact patch but also outside the 

contact patch. The lateral sidewall deflection at zero degree slip angle is actually the 

deformation of the sidewall under the influence of vertical tire force. 

 

(a)     (b) 

Figure  3.13. (a) Tangential Component of the LED Trajectory at Different Slip Angles (b) Lateral 
Component of the LED Trajectory at Different Slip Angles. 

The two peak points in the tangential deflection profile indicates that the sidewall 

deflects in the counter clockwise direction until it reaches the middle of the contact patch 

and then in the clockwise direction after it leaves the middle of the contact patch. 
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The results show that radial, tangential and lateral sidewall deflections are all 

coupled with each other even at zero slip angles due to loading. In the following sections, 

a tire sensor which eliminates radial and tangential sidewall deflections and measures 

only the lateral sidewall deflection is discussed. 

3.5 PIEZOELECTRIC TIRE SENSOR DESIGN 

3.5.1 Piezoelectric Tread Deflection Sensor Design 

The simplest design scheme for a piezoelectric tread sensor is the bending cantilever 

beam. The developed tread deflection sensor is mainly composed of five components, 

namely pin, slot, beam, cantilever support and PZT piezoelectric material as depicted in 

Figure  3.14. 

 

Figure  3.14 Main Components of a Piezoelectric Tread Deflection Sensor 

The pin is inserted into the centerline of the inner liner and it goes through a tread 

element from inside the tire. The L shaped cantilever support piece is attached to another 

point also on the centerline of the inner liner as photographed in Figure  3.15. In other 

words pin and support are aligned with the centerline. One end of the beam is fixed to the 

cantilever support and the other end goes through the slot attached to the pin. The 

piezoelectric material is fixed to the surface of the cantilever beam. 
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Figure  3.15 Location of the Tread Sensor inside the Tire 

When a lateral force acts on the instrumented tread element as a result of a slip angle, 

the tread element deforms in the lateral direction. This motion is transmitted through the 

pin and the slot components to the cantilever beam. The slot connected to the pin 

basically bends the cantilever beam either way in the lateral direction while allowing the 

motion of the beam in radial and tangential directions. Although the lateral tread 

deflections are aimed to be decoupled from the deflections in other directions by using 

this type of bending component, i.e. the slot, this goal is not fully achieved. 

 

Figure  3.16 Second Version of the Tread Sensor 

Once the cantilever beam is bent, the piezoelectric element on top of the beam 

generates a voltage signal. As the tread element goes through the contact patch, the sensor 

continuously measures the lateral deflection profile of the tread. The deflection of the 
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tread element is in the order of millimeters and therefore PZT piezoelectric material is 

more appropriate for this application since it has a higher sensitivity compared to PVDF 

piezoelectric film. 

In this thesis, two versions of lateral tread deflection sensor are developed. The first 

and second versions are presented in Figure  3.14 and Figure  3.16 respectively. The main 

difference between the two versions of the tread sensors is demonstrated in Figure  3.17. 

 

Figure  3.17 The Difference between the Two Versions of the Tread Sensor 

The lateral deflection of the tire is a combination of sidewall and tread deflections as 

stated in the previous sections. The drawback of the first version is that the pin and the 

cantilever support have a certain distance between each other. Due to this distance, the 

sensor also captures the slope of the sidewall deflection as depicted in Figure  3.17. The 

black and the red dots on the deflection profile of the centerline, i.e. the sidewall, in the 

figure indicate the locations of the pin and the cantilever support, respectively. The 

second version of the sensor brings these two points together and tries to eliminate the 

effect of the sidewall deflections. In other words, cantilever support and pin are also 

aligned in the lateral direction to make the slope of the sidewall deflection profile zero. 

However, this design strategy also does not really help to solve the decoupling problem. 
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Figure  3.18 presents three deflection profile results measured by the tread sensor at 

each slip angle. The vertical solid lines indicate the leading and trailing edges of the 

contact patch. 

 

Figure  3.18 Lateral Tread Deflection Profiles at Different Slip Angles 

The tread is supposed to deflect when it enters the contact patch. This is an important 

argument since it is closely related with the estimation of some tire parameters. However, 

the measurement results presented in Figure  3.18 are not consistent with this statement. 

In other words, the sensor keeps measuring even it is outside of the contact patch.  

 

Figure  3.19 Effect of the Radial Deflection due to the Change in Radius of Curvature 
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This is basically due to the fact that the sensor is affected by the radial and lateral 

sidewall deflections of the tire. Due to the change in radius of curvature at the leading 

and trailing edges of the contact patch as presented in Figure  3.19, slot and cantilever 

support rotate with respect to each other and get closer. This basically changes the 

application point of the force acting on the cantilever beam while the sensor is entering 

and leaving the contact patch. In other words, the radial deflection of the sidewall 

interferes with the lateral deflection profile measurement of the tread element. 

3.5.2 Disadvantages of Tread Deflection Sensors 

Various tire sensor prototypes have been designed in this research and tested for the 

measurement of lateral tread and sidewall deflections. However, the tread deflection 

sensors have some common disadvantages. Measurement of a physically meaningful 

tread deflection in one direction is very difficult since the tread deflections are highly 

coupled with each other and the sidewall deflections. Piezoelectric materials having a 

high sensitivity must be employed to be able to measure very small tread deflections but 

there is a trade off between high sensitivity and signal to noise ratio since the tread 

deflection measurements are very susceptible to the vibrations coming from the roadway. 

Further, verification of the tread deflection measurements is also very difficult since the 

observation of the tread deflections on a rotating tire or inside a closed contact patch area 

requires great effort. 

Sidewall deflection sensors are more advantageous than tread deflection sensors in 

terms of deflection decoupling, sensor sensitivity and measurement verification issues. In 

the following sections, the design of a lateral sidewall deflection sensor will be discussed 

based on these issues. 

3.5.3 Decoupled Lateral Sidewall Deflection Sensor Design 

Decoupling of tire sidewall deflections in three different directions is the main 

challenge while designing a sidewall deflection sensor producing physically meaningful 

measurements. The designed sensor measures the lateral deflection of the tire with 
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respect to the rim as presented in Figure  3.20 (a). The sensor is based on the bending 

motion of a cantilever beam whose surface is covered with a piezoelectric film as shown 

in Figure  3.20 (b). The root of the beam is fixed to the tire edge where the tire and rim 

overlaps, since this location deforms minimally with respect to the rim. Another option 

would be to fix the root of the cantilever beam directly to the rim, but as a principal the 

sensor is desired to be assembled only to the tire for practicality. 

  

(a)      (b) 

Figure  3.20. (a) Sensor location. (b) Designed tire sensor. 1- Elastic component, 2- Sensor base, 3- Slider 
mechanism, 4- Cantilever beam, 5- Beam Root 

The key element of this sensor design is the cylindrical component whose central 

axis is parallel to the lateral direction. The cylindrical component is attached to the inner 

circumferential surface of the tire and moves laterally in case of a slip angle. The 

cylindrical shape of this component provides low rigidity in tangential and radial 

directions, but high rigidity in lateral direction leading to the separation of lateral sidewall 

deflection from the tangential and radial sidewall deflections. As the tire rotates with a 

certain slip angle, the cylindrical component moves laterally through a slider mechanism 

and applies a bending force on the cantilever beam which causes a voltage generation in 

the piezoelectric film. Meanwhile the tangential and lateral deflections are all eliminated 

and do not disturb the lateral deflection signal. The vibrations coming from the roadway 



 

 75 

are also removed by this sensor design which behaves like a mechanical filter, meaning 

that the signal to noise ratio of the sensor is pretty high. 

3.5.4 Lateral Sidewall Deflection Measurements 

Lateral sidewall deflections are measured by means of a piezoelectric film which is 

made of polyvinylidene fluoride (PVDF). The piezoelectric film is attached to the surface 

of the cantilever beam shown in Figure  3.20 (b) and is bent along with the beam when the 

tire sidewall deflects in the lateral direction. If we consider a piezoelectric material in a 

zero external electric field and only under bending stresses, the simplified sensor 

equation can be given as in Equation ( 3.2) 

11313 σdD =
 

( 3.2) 

where D3 is the electric displacement, i.e. charge per unit area, of the electrode surface, 

d31 is the direct piezoelectric coefficient in the normal direction of the electrode surface 

due to the normal bending stress and σ11 is the normal stress component of bending 

stresses. Shear and normal stress components in any other directions are assumed to be 

negligible. The piezoelectric film measurements can be calibrated using the relationship 

between the average strain and generated voltage described in  [24] and  [25]. 

 

Figure  3.21. Interface Circuit of the Piezoelectric Film Sensor. 
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The sensor is connected to the transmitter through an interface circuit as shown in 

Figure  3.21. The piezoelectric film is represented by a voltage source (Vp) and a capacitor 

(Cp) whose value is declared in the product data sheet. Wireless transmitter can only 

transmit unipolar voltage signal. Thus, an offset voltage (Vos) is added on top of the 

measured voltage for enabling the measurements of the bipolar signal. The amount of 

offset voltage is adjusted with a voltage divider by setting the values of two resistors, R1 

and R2. 

The interface circuit is a two input one output system, and the transfer function of the 

interface circuit is the sum of two transfer functions corresponding to the piezoelectric 

sensor and the voltage divider circuit as given in Equation ( 3.3); 
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where the time constants are defined as in Equation ( 3.4) and Equation ( 3.5). 

LpHP RC=τ
 

( 3.4) 

( )
LepHP RCC +=τ̂
 

( 3.5) 

The first term of the transfer function is the transfer function of a modified high pass 

filter since the equivalent circuit of the piezoelectric film constitutes a high pass filter 

along with the load resistor (RL). It is “modified” because a serial capacitor (Ce) is 

employed to reduce the cut-off frequency. The additional capacitor not only increases the 

measurement bandwidth of the piezoelectric film sensor but also attenuates the 

amplitudes. The second term on the other hand is the transfer function of the voltage 

divider circuit. Since the off-set voltage Vos is a DC input signal, the term with the time 

constant in denominator becomes zero, meaning that a constant fraction of the off-set 

voltage is added on top of the measurement signal. 
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A typical circuit output signal, Vout is given in Figure  3.22 (a). This voltage signal 

corresponds to the lateral sidewall deflection which occurs as the tire rotates at a certain 

slip angle. The original measurement signal produced by the piezoelectric film is 

recovered by canceling out the effect of the interface circuit transfer function with an 

inverse filter. The recovered signal after the post processing is given in Figure  3.22 (b). 

The angular position of the sensor is determined for analysis purposes with the help of an 

encoder and an optocoupler. The encoder is fixed to the wheel shaft and measures the 

angular distance whereas the optocoupler is fixed to the frame and points out the two 

time instants when the sensor is at the top of the wheel in a full rotation. The optocoupler 

changes its status by an interrupter attached to the rim and positioned with respect to the 

sensor’s top position. 

 

(a)      (b) 

Figure  3.22. (a) Measured Voltage Signal in Response to Lateral Sidewall Deflection (b) Recovered 
Voltage Signal after Inverse Filtering. 

The sidewall deflections are measured at different slip angles ranging from 0.5 to 5.0 

degrees and the processed results are presented in Figure  3.23. The angular positions of 0 

and 360 degrees correspond to the sensor at the top of the wheel whereas the angular 

position of 180 degree corresponds to the sensor at the bottom of the wheel, i.e. in the 

middle of the contact patch. The maximum lateral sidewall deflection increases, as the 

slip angle increases. 
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Similarly, the slope of initial linear part of the deflection profile also increases as the 

slip angle increases. However, the increase in both the maximum deflection and the slope 

saturates towards the high slip angles. The slip angles will be estimated by using these 

deflection profiles measured by the piezoelectric film. 

 

Figure  3.23. Lateral Sidewall Deflections at Different Slip Angles Measured by Piezoelectric Sensor. 

3.6 VERIFICATION OF LATERAL SIDEWALL DEFLECTION MEASUREMENTS 

WITH CAMERA 

A digital camera is used to record the developed sensor while in action. The lateral 

sidewall deflections are also determined from the movie file in order to verify the 

measurements of the piezoelectric film sensor. 

The camera is inserted into the tire through a hole on the rim and positioned such 

that it could have a complete view of the tire, rim and the sensor as shown in Figure  3.24 

(a). The illuminating light of the camera is not enough to make things clearly visible 

inside the dark closed space of the tire. Thus, the reflective tapes are used to highlight the 
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sensor parts and the edges of the closed space. The blue tape indicates the static part 

while the white tape indicates the moving part of the sensor. White color tape is also used 

to highlight the edges of the rim and the tire as shown in Figure  3.24 (b). 

  

(a)      (b) 

Figure  3.24. (a) Camera and Sensor Locations. (b) Sensor View Taken by the Camera. 

As stated previously, the sensor is initially at the top and as the wheel rotates it 

reaches to the bottom and passes through the contact patch and gets back to its original 

position. As the wheel rotates at a certain slip angle the images taken at the times when 

the sensor is at the top and at the bottom of the wheel are presented in Figure  3.25 (a) and 

in Figure  3.25 (b) respectively. 

  

(a)      (b) 

Figure  3.25. (a) Sensor at the Top/No Deflection. (b) Sensor at the Bottom/Deflection. 
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A light emitting diode (LED) is attached to the moving part of the sensor as a bright 

marker to be used in the image processing as shown in Figure  3.24 (b). After turning off 

the illuminating light of the camera, the motion of the marker in the dark background is 

recorded and the movie file is processed to determine the lateral sidewall deflection 

quantitatively. 

The digital camera recordings and the piezoelectric sensor measurements presented 

in the previous section are carried out simultaneously. The encoder and optocoupler are 

again used to determine the angular position of the sensor during a full rotation of the 

wheel. The lateral sidewall deflections measured at different slip angles with the camera 

are presented in Figure  3.26. 

The lateral sidewall deflection measurements obtained by the piezoelectric sensor 

and the digital camera are very similar and the previous observations made for the 

piezoelectric measurement results are all valid for the camera measurements results as 

well. This proves that the developed piezoelectric tire sensor works properly and 

produces reliable measurements for the estimation process. 

 

Figure  3.26. Lateral Tire Deflections at Different Slip Angles Measured by Camera. 
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3.7 SLIP ANGLE ESTIMATION 

3.7.1 Theoretical Background 

The fundamental differential equations of motion for a point inside the contact patch 

of a rolling and slipping tire can be derived based on the kinematic relationships as 

demonstrated in  [26]. The equations derived for the general case reduces to the Equations 

( 3.6) and ( 3.7) under certain assumptions described in the paragraphs below. 
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The displacements of a contact point with respect to the position which this point 

would have in the horizontally undisturbed state are indicated by u and v in longitudinal x 

and lateral y direction respectively. The traveled distance s is used instead of time t as an 

independent variable. Spin slip and the slip angle are represented by ϕ and α, 

respectively. 

These simplified equations are valid under the assumptions such as small slip angle, 

no longitudinal slip, no camber, no loading deformation in the contact horizontal plane, 

freely rolling tire and full adhesion. If it is also assumed that the angular yaw rate is very 

small, i.e. no spin slip, and the deflections are in steady state, the equations above can be 

further simplified as in Equations ( 3.8) and ( 3.9). 

α−=
∂
∂
x

v

 

( 3.8) 

0=
∂
∂

x

u

 

( 3.9) 

Equation ( 3.8) implies that the derivative of lateral tire deflection with respect to 

longitudinal tire axis is proportional to the slip angle inside the contact patch. In other 
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words, the slope of the initial linear region of the tire lateral deflection in the contact 

patch can be used to estimate the slip angle. Equation ( 3.9) means that there is a constant 

or zero deflection in the longitudinal direction. 

Lateral tire deflection outside the contact patch can be considered along with the 

string model  [27]. This model essentially assumes that the tire elements in the region 

immediately ahead of the contact print roll into the contact print in a continuous manner. 

Equatorial line immediately in front of the contact print is continuous and tangential to 

the equatorial line just inside the contact print. This means that the linear region in the 

first half of the lateral deflection profile measurements can be used to estimate slip 

angles. 

3.7.2 Location of the Contact Patch  

In order to be able to estimate the slip angle, the position of the leading edge of the 

contact patch should be known. The position of the trailing edge or the length of the 

contact patch also needs to be known for the estimation of friction coefficient as will be 

discussed in the following sections. 

In the designed tire test rig, the location of the contact patch is determined with the 

help of an encoder attached to the wheel rotating shaft and an optocoupler/interrupter set-

up as shown in Figure  3.27. The encoder measures the traveling distance in terms of 

angular position and optocoupler/interrupter set-up basically marks the location of the 

contact patch on the measured deflection profile. Optocoupler is fixed to the upper part of 

the cart in a way that it faces the circumferential edge of the rim, while the three 

interrupters are located on the circumferential edge of the wheel rim. Interrupters are 

positioned with respect to the sensor angular position such that they can generate an 

on/off signal while passing through the optocoupler. The zeros in this signal indicate the 

location of the leading, trailing and the center points of the contact patch on the sensor 

deflection measurements as the wheel rotates. However this setup cannot be used directly 

in real life. 
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Figure  3.27 Interrupter/Optocoupler Setup 

For the real life situation, the contact patch location can be determined by using 

some simple techniques. For example, another piezoelectric film can be attached to the 

elastic cylindrical part of the developed sensor or this part can even be made of 

piezoelectric film material for the measurement of decoupled vertical deflections of the 

tire. 

 

Figure  3.28 Determination of the Contact Patch Length 
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The maximum value of the measured vertical tire deflection, ∆R can be used along 

with the wheel radius, R to find the half length of the contact patch, a as shown in Figure 

 3.28 and given in Equation ( 3.10). The leading and trailing edges of the contact patch can 

be determined by using the half length of the contact patch and the position of the peak 

point of the vertical deflection profile. 

( ) ( )22 RRRa ∆−∆=  
( 3.10) 

Another way of finding the contact patch location is to attach a sensor such as a 

piezoelectric strip or an accelerometer directly to the inner liner of the tire. The sensor 

would generate voltage peaks as it enters and leaves the contact patch, and this voltage 

signal can be utilized to determine the location of the contact patch. In both methods, the 

wheel speed sensors are assumed to be available. 

3.7.3 Slip Angle Estimation Results  

A typical lateral sidewall deflection profile after post processing is presented in 

Figure  3.29. According to the theoretical hypothesis regarding the sidewall lateral 

deflections in literature, the tire slip angle is proportional to the slope of the linear part in 

the initial portion of the deflection profile.  

 

Figure  3.29 Slip Angle Estimation Using Line-Fit 
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Thus, a line-fit algorithm is employed to estimate the slip angles using the linear 

portion of the curve. Slip angles are estimated from both the piezoelectric sensor and 

digital camera measurements and the estimated slip angles are plotted against the actual 

slip angles as given in Figure  3.30. 

 

Figure  3.30 Slip Angle Estimations 

The results obtained from two different sources are consistent implying that the 

sensor measures the sidewall deflections properly. The slip angles are estimated 

accurately up to a slip angle of 2.0 degrees. This means that the estimation results can 

directly be utilized in vehicle control systems such as the lane departure control where the 

slip angles are not too big. However, in the estimation of the high slip angles the 

nonlinear characteristic of the tire dominates the results. In that case, a look-up table can 

be employed to determine the slip angles from the nonlinear relationship. 

3.7.4 Compensation of Tire Non-Linearity 

As the lateral force increases inside the contact patch, the lateral deflection profiles 

saturate and converge to a limit value. In other words, the tire sidewall behaves like a 

hardening spring in the lateral direction, as well. This behaviour can be modeled with a 

non-linear exponential hardening spring model and the slip angles greater than 2o can 

also be estimated accurately. 
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A nonlinear elasticity model basically allows the estimation of the lateral tire force 

acting on the tire. After calculating the estimated lateral tire forces, a linear spring model 

is employed to find the linear correspondents of the measured lateral sidewall deflection 

profiles as demonstrated at four steps in Figure  3.31(a). 

 

(a)     (b) 

Figure  3.31 (a) Conversion (b) Linear Counterparts of the Sidewall Deflection Profiles 

The compensated slip angle estimations are made by calculating the slope at the 

leading edge of the contact patch in the converted profiles as presented in Figure  3.31 (b). 

 

Figure  3.32 Slip Angle Estimations with the Compensation of Tire Non-Linearity 
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The slip angle estimation results obtained by using this alternative approach are 

presented in Figure  3.32. This technique can also be considered as a mathematical 

approach of mapping especially the higher slip angles to their correct values, instead of 

using a look-up table. 

3.8 ESTIMATION OF FRICTION COEFFICIENT 

3.8.1 Theoretical Background 

The tire-road friction coefficient is equal to the maximum normalized force that can 

be generated inside the contact patch. The normal force distribution acting on the tire is 

assumed to be parabolic and the magnitude of the total normal force is assumed to be 

known. In order to be able to estimate the friction coefficient, the lateral tire force and the 

aligning moment generated inside the contact patch between the tread elements and the 

roadway need to be determined. 

The lateral tire force and the aligning moment can be associated with the coefficients 

of a second order polynomial which is used to model the measured lateral deflection 

profile of the sidewall inside the contact patch. The lateral deflection profile of the tire’s 

equatorial line, yb is assumed to be a parabolic function of the contact patch position, xb 

as in Equation ( 3.11). 
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( 3.11) 

The lateral force, Fy and the aligning moment, M’z acting on the tire form the portion 

of the equatorial line inside the contact patch in three different ways, i.e. shifts this 

portion in the lateral direction and also yaws and bends it about the normal axis as 

depicted in Figure  3.33. The parabolic function models these three types of deformations 

by representing the lateral shift, yaw and bending deformations with a constant, a first 

order and a second order terms, respectively. In other words, the lateral force directly 

affects the off-set and the slope of the deflection curve through the constant and the 

second order terms, while the aligning moment gives rise to the asymmetric shape of the 
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curve through the first order term. The coefficients of the parabolic function are assumed 

to be proportional to the generated lateral force and the aligning moment and the 

coefficients cbend, cyaw and clat are known as the proportionality constants used in the 

model. 

 

Figure  3.33 Physical Justification of the Assumed Parabolic Function 

The estimated lateral force through a parabolic curve fit is then plugged into the 

conventional brush model to estimate the friction coefficient. In brush model the lateral 

force generated between the tread elements and the roadway can be expressed in terms of 

tire slip angle, α and the tire sliding slip angle, αsl as given in Equation ( 3.12). Sliding 

slip angle is the slip angle where full sliding of the tire starts. 
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( 3.12) 

The slip angle is estimated using the initial slope slip angle estimation approach 

discussed in the previous section. Using this slip angle estimation, Equations ( 3.12) is 

solved for the tire sliding slip angle. The sliding slip angle is then plugged into Equation 

( 3.13) and the friction coefficient is estimated. In this equation a is the half length of the 

contact patch and cpy is the lateral stiffness of a tread element and the normal force, Fz is 

assumed to be known. 
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3.8.2 Friction Coefficient Estimation Results  

The friction coefficients of two different surfaces as presented in Figure  3.34 are 

estimated by using the lateral deflection profiles measured at the same slip angle along 

with the approach described above. The front side of a panel having a white smooth 

surface is coated with some lubricant and prepared as a low friction (LF) surface, while 

the back side of the panel having a rough surface is used as a high friction (HF) surface. 

   

Figure  3.34 Front and Back Side of a Panel Used as Low and High Friction Surfaces 

The parabolic curves fitted to the portion of the measured deflection profile inside 

the contact patch are presented in Figure  3.35. As in the slip angle estimation, the angular 

position of the leading and trailing edges of the contact patch need to be known. The 

angular positions of these two points can be determined with the help of another sensor 

such as a piezoelectric film or accelerometer attached to the inner liner of the tire as 

discussed previously. 

The normal force, lateral and yaw stiffness of the tire and the lateral stiffness of a 

tread element are given in Table  3.1. The orders of magnitudes of these variables are 

quite realistic for a regular passenger car. 
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Fz 2.75 kN 

cyaw 3.25 kN/rd 

clat 80 kN/m 

cpy 1550 kN/m 

Table  3.1 Constants Used in the Estimation Process 

  

(a)      (b) 

 

(c) 

Figure  3.35 Measured and Estimated Deflections inside the Contact Patch at a Slip Angle of (a) 1.0, (b) 1.5 
and (c) 2.0 Degrees 
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Slip 

Angle 

(α)(α)(α)(α)    

Friction 

Surface 

Lateral 

Force 

(Fy) 

Friction 

Coefficient 

(µ)(µ)(µ)(µ)    

Low 569 N 0.31 

1.0o 
High 688 N 0.72 

Low 750 N 0.34 

1.5 
High 1028 N 1.05 

Low 802 N 0.31 

2.0o 
High 1200 N 0.73 

Table  3.2 Friction Coefficient Estimation Results 

Estimated lateral tire forces and tire-road friction coefficients are presented in Table 

 3.2. The estimation results are quite promising except for the values obtained for the high 

friction surface at the slip angle of 1.5o. The algorithm estimates the friction coefficient of 

the low friction surface very similar at different slip angles. Besides, as the slip angle 

increases the lateral tire force also increases. The non-linear spring behaviour of the tire 

can also be observed in the results obtained for the low friction surface. 
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CHAPTER 4 

44   CONCLUSIONS 

This thesis is composed of two parts which introduce a wheel based tire friction 

measurement system and a tire based measurement systems for the estimation of tire-road 

friction coefficient, tire slip angle and the tire forces. 

The wheel based system developed for closed loop snowplow applicator control 

constitutes the first part of the thesis. The experimental evaluation of the developed wheel 

based system and the proposed adaptive feedforward vibration cancellation algorithm are 

both presented. Unlike other systems previously documented in literature, the developed 

system can provide a continuous measurement of the friction coefficient under all 

snowplow maneuvers, even when the longitudinal and lateral accelerations are zero. 

The removal of the influences of the vibrations and snowplow maneuvers are the 

most important challenges in the development of the wheel based friction estimation 

system. An adaptive feedforward algorithm based on the use of accelerometer signals as 

reference inputs is developed. The parameters of the feedforward model estimated by the 

adaptive algorithm are correlated with the road surface condition and serve to determine 

the value of the friction coefficient. The influences of vibrations and vehicle maneuvers 

are also removed based on the same approach. Detailed experimental results are 

presented on a skid pad wherein the road surface changes from dry asphalt to ice. The 

performance obtained in estimation of the friction coefficient is reliable. The performance 

of the adaptive feedforward algorithm is shown to be significantly superior to that of a 

simple cross-correlation based algorithm for friction estimation. 

The applicator of the snowplow is then activated by a control signal obtained from 

the estimated friction signal by defining a threshold to distinguish between slippery and 
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non-slippery surfaces. The time delays of the applicator actuator and the estimation 

algorithm are both determined experimentally and the closed-loop system is shown to 

work reliably at speeds up to 25 mph. It can cover all the slippery surfaces on the road 

right from the beginning of the road surface transition from dry to icy. 

The second part of the thesis examines the deformations of a car tire at different slip 

angles with the help of a camera and simple image processing techniques. Then, it 

focuses on the design of a novel piezoelectric tire sensor that measures the pure lateral 

sidewall deflections by eliminating the effects of the radial and tangential sidewall 

deflections. The sensor is based on piezoelectric technology and connected to a wireless 

data transmission system which is also developed in this project. The lateral sidewall 

deflections measured by both the piezoelectric sensor and the digital camera are shown to 

be in accordance with each other, meaning that the developed sensor measurements are 

reliable to be utilized in the slip angle estimations. The slip angles are estimated 

accurately by calculating the slope of the linear region existing in the initial portion of the 

tire deflection profile. The estimated force and the aligning moment are obtained from a 

parabolic function used for modeling the deflection profiles inside the contact patch. The 

friction coefficient is then estimated based on the conventional brush model. 
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