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ABSTRACT 

Vehicle sensivity to transient cross-wind gusts has gained interest in the recent 

years. A vehicle's response to side-wind excitations can be determined either 

experimentally using a full-scale vehicle or model or mathematically using a 

simulation of transient cross-wind gusts and driver-vehicle model. This study 

presents a computer simulation of a driver-vehicle system's response to cross-wind 

excitations. 

The two-dimensional wind fluctuations at two points on a moving vehicle in a 

turbulent wind field are derived from a Fourier time series representation of the 

power spectral density function obtained at a coordinate system moving 

perpendicular to the mean wind speed. 

The dynamic model of a vehicle is represented with a form of nonlinear time 

domain equations of motion with four degrees-of-freedom model. The vehicle 

dynamic model contains a nonlinear tire model and lateral load transfer for tire 

forces. A modified two-level model is used for the driver to keep the vehicle in a 

straight line against cross-wind excitations. 

After evaluation of the result of wind simulation at two points on a moving 

vehicle, two vehicles, a 1987 Ford Thunderbird and a 1987 Hyundai Excel, are 

tested with fixed steering and with driver control for different wind and vehicle 

speeds. The effects of the driver's parameters on a vehicle's response to cross-wind 

is investigated. 
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C H A P T E R I 

INTRODUCTION 

Modern passenger cars are sensitive to cross winds because of their low 

structural masses, aerodynamic shapes and high operating speeds. Reducing 

cross-wind sensivity has become one of the current objectives of 

vehicle-development engineers. 

When driving on the open road, air flows over the vehicle and this causes 

forces and moments along or about aU axes, which affect driving characteristics. 

Of these forces, aerodynamic drag has always at tracted the most interest because 

of energy conservation. However, the other components of the aerodynamic forces 

and moments greatly influence the lateral dynamic characteristics of the vehicle. 

Lift and pitching moment occur along with the drag during motion of a vehicle 

through still air, whereas in side-wind conditions the additional components of 

side force, yawing moment and rolling moment develop. 

These aerodynamic forces and moments must be balanced by the reaction 

forces between the vehicle and the road, through the tires. The resulting tire sHp 

angles lead to a deviation from the required vehicle path which must be 

compensated by the driver using the steering wheel. If the cross-wind is constant 

with respect to time and position, the deviation which occurs due to yawing 

moment and side force can be compensated by a constant steering angle. In 

na ture , both the velocity and direction of the wind acting on vehicles change with 
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time and position. Consequently, the steering angle wiU not be constant and wiU 

cause a loss of comfort. When strong side winds occur, undesirable deviations 

from the required vehicle path result and incorrect reactions can lead to loss of 

control depending on the driver's skiU and experience. Therefore, it is very 

important to predict a vehicle's response to naturally occurring cross winds. 

Many methods can be used to determine the response of vehicles to the 

cross-wind. A full-scale vehicle can be tested on the road subjected to real 

atmospheric wind. Also, the wind may be simulated in wind tunnel testing of a 

model of a vehicle or the fuU-scale vehicle. Another testing method is to use large 

fans that blow across test roads in an a t tempt to simulate cross winds on fuU-scale 

vehicles. However, there are practical difficulties associated with simulating 

atmospheric wind in a wind tunnel or using blowers. The difficulties include 

accurate generation of the velocity profile, turbulence level and fluctuations in the 

wind velocities as a function of time. Alternatively, theoretical analysis may be 

used instead of the above mentioned experimental methods. Mathematical 

modeling and computer simulation are valuable tools for investigating the 

cross-wind stability and handfing characteristics of vehicles. 

This research deals with the modeling and computer simulation of the response 

of vehicles to wind excitation. The objectives of this research are: 

1. Develop a computer program to simulate wind time histories at two points on 

a moving vehicle. This is the most important part of this research because 
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the aerodynamic forces and moments significantly change with wind speed 

and direction. These simulated wind time histories must rephcate the 

statistical parameters of naturally occurring wind. After generating wind 

velocities at two points, the aerodynamic forces and moments are obtained 

for a specific vehicle from wind tunnel force and moment data. 

2. Simulate vehicle dynamic characteristics in order to investigate the effect of 

the atmospheric wind on the vehicle. Vehicle dynamic simulations vary 

widely in complexity. For the purpose of this research, a vehicle dynamic 

simulation with four degrees-of-freedom (with constant forward speed) wiU be 

used. 

3. Develop a driver simulation for the response to cross-wind disturbances. 



C H A P T E R II 

BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction 

This chapter contains a review of the literature related to the problem 

described in the first chapter. The problem can be divided into four main areas: 

1. Simulation of atmospheric turbulence, 

2. Cross-wind stability, 

3. Vehicle dynamics, 

4. Driver simulation. 

2.2 Simulation of Atmospheric Turbulence 

Atmospheric wind, or the motion of air with respect to the surface of the 

earth, is fundamentally caused by variable solar heating of the earth 's atmosphere 

(Simiu and Scanlan, 1986). An atmospheric boundary layer is formed over the 

earth 's surface as the result of a horizontal drag force. Because turbulence in the 

atmospheric boundary layer is continuously changing randomly in time and space, 

it is necessary to describe its properties in statistical terms. In view of statistics, 

the atmospheric turbulence can be taken as a stationary stochastic phenomena. 

Since the development of modern data recording and computing techniques, a 

lot of studies have been done involving atmospheric turbulence and its spectral 

characteristics. In a fixed coordinate system, the detailed definitions of the 
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statistical terms and characteristics of atmospheric turbulence near the ground are 

given in (Engineering Sciences Data Unit [ESDU], 1975). 

The basic inputs required by any method of simulation for atmospheric 

turbulence are the wind spectra and coherence. Kaimal et al. (1972) determined 

the spectra and cospectra of velocity and temperature fluctuations from 

experimental data , and compared them with other investigators' results. They 

suggested empirical equations for the power spectrum of the fluctuating velocity 

components of atmospheric wind. The simulation of atmospheric turbulence 

extremely has been used modelhng stochastic wind loads on wind turbines. In 

this area, Frost et al. (1978) introduced similar equations for the power spectrum 

of the wind fluctuations. 

The studies noted above were aU done using a fixed coordinate system. Balzer 

(1977) developed a new description of atmospheric turbulence on moving vehicles. 

Cooper (1984) has developed a model for the turbulent wind with respect to a 

moving ground vehicle using modiflcations of the correlations given in ESDU 

(1975). Actually these correlations were postulated by Karman (1948). In 

Cooper's (1984) study, it is considered that the mean wind vector is normal to the 

direction of the vehicle motion. A new study of the effects of atmospheric wind 

on moving ground vehicles in which the lateral turbulence component was 

considered was presented by Cooper (1991). In an experimental study. Duncan 

(1990) measured cross-wind histories on a fuU-scale moving vehicle. 
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Because atmospheric turbulence is a stationary random phenomena, it can be 

simulated using Fourier t ime series. Shinozuka (1971) simulated multivariate and 

multidimensional random processes with specified cross spectral density using the 

cosine series with random frequencies and random phase angles. Later Shinozuka 

and Jan (1972) presented efficient methods for digital simulation of general 

random processes. 

Veers (1984) has obtained a velocity time history for modeling stochastic wind 

loads on wind turbines using Shinozuka's technique (1971). Veers" method works 

in a stationary coordinate frame and generates turbulence values everywhere in 

the field. This method produces a Gaussian random process with the specified 

turbulence power spectral density. One-dimensional variations are obtained by 

using Taylor's frozen turbulence hypothesis and a single-point wind time series. A 

three-dimensional wind simulation is produced by creating single-point simulations 

at a number of input points. These time series are random and partially 

correlated in a way that matches the empirical coherence function suggested by 

Frost et al. (1978). Also, Stickland (1987) simulated atmospheric turbulence to 

predict the aerodynamic and performance characteristics of turbines with Veers' 

method using nondimensional parameters. Veers (1988) presented a 

three-dimensional wind simulation for investigating the aerodynamic and 

structural characteristics of wind turbines, using the coherence functions given by 

Frost et al. (1978). Later, Marcland et al. (1988) and Homicz (1989) have 



calculated t ime histories of the fluctuation velocities due to turbulent wind at a 

flxed point using the same method presented by Veers (1984). 

A multidimensional and multivariate turbulent wind velocity is computed for 

two points on a moving vehicle by Semrad (1988). In his study, the wind 

fluctuations are derived from a Fourier time series representation of the power 

spectral density function appropriate for a coordinate system moving 

perpendicular to the mean wind speed. The correlations between two points are 

determined using a square-root coherence function in a moving coordinate system 

as given by Cooper (1984). 

2.3 Cross-Wind Sensivity 

A vehicle's disturbance response to aerodynamic inputs has been an important 

factor in automobile design since the 1930's, when high car speeds first became 

possible. The response of a vehicle to cross winds can be investigated using 

experimental or mathematical models. Extensive information related to 

cross-wind sensivity of vehicles is given by Hucho (1987). 

Bundorf et al. (1963) performed the first important study of the response of an 

automobile to external disturbances. They used a hydrogen peroxide rocket 

motor to generate an external disturbance. The use of a rocket motor provided an 

accurate and flexible control of the location and magnitude of the input 

disturbance. The results from the experiments and computer model were in good 

agreement. Beauvais (1967) measured the aerodynamic forces and moments in 
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steady-state and dynamic situations in order to investigate the transient nature of 

wind gusts. He showed that quasi-steady-state aerodynamic data normally 

measured in the wind tunnel can be considered adequate for vehicle stabifity and 

handling analysis including a 15 degree angle of attack for the wind. Above 15 

degrees, the transient effects become noticeable. For investigations of a step 

cross-wind disturbance on the vehicle, lacovoni (1967) tested a real automobile 

using a high pressure air jet system to simulate the cross-wind. In addition, he 

modeled the vehicle-driver system. For a mathematical model, he determined 

values for the time constants of the transfer function and the gain coefficients of 

the feedbacks to the driver, which would present a realistic simulation of the 

driving task. 

Brown (1973) experimentally investigated highway passing situations in the 

cross winds using moving 1/10-scale models of vehicles in a wind tunnel. Smith 

(1973) gave some typical wind gust data measured on highways. 

Side force coefficients and yawing moment coefficients which are used in 

mathematical modeling of cross-wind gusts are measured in a wind tunnel under 

stationary conditions, whereas driving through a wind gust or a vehicle's wake is a 

transient process. Using the slender body theory, Hucho and Emmelman (1973) 

showed tha t coefficients of the side force and yawing moment are considerably 

higher than the stationary values if the cross-wind gust has a steep velocity 

gradient. Consequently, this leads to a higher lateral deviation of a vehicle diving 



into a cross-wind gust. Also using a wind tunnel, Yoshida et al. (1977) 

experimentally investigated the transient side force and yawing moment on a 

1/10-scale models of vehicles passing through cross winds. Klein and Hogue 

(1980) tested five different fuU-scale vehicles using a cross-wind generator to 

investigate cross-wind sensivity. Assuming two degrees of freedom, side slip and 

yaw, they simulated the vehicles and compared results in situations of steering 

fixed, steering free, and closed loop control. Baker and Gawthorpe (1983) 

analyzed several experimental results which were taken from different wind 

tunnels using different scale models. They noted that turbulence length scales 

and intensities in simulations of the atmospheric boundary layer are important to 

realistically determine the forces and moments on ground vehicles in a cross-wind. 

Passing in front of the openings between buildings along highways or an 

isolated building can cause a sudden change of cross-wind force on a vehicle and 

consequently lateral deviations from the desired path. These deviations must be 

corrected by the driver. To investigate a situation of cars driving along a road 

behind a building, Leene and Schuurman (1986) measured the cross-wind 

components at one meter above the road for different wind directions using a 

1/250-scale model in a wind tunnel. They calculated the lateral course deviation 

from a mathemat ical model of the driver-vehicle system. 

Nogochi (1986) investigated the effects of roU steer and compHance steer 

properties on vehicle stability in a step cross-wind using a mathematical model. 
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His mathemat ica l model included lateral displacement, yaw, and roll. The roll 

axis was horizontal and the tire model was linear. To verify his mathematical 

model he tested a real vehicle for the situation of a fixed steering wheel using a 

cross-wind generator. The calculated results from the simulation show good 

agreement with measurements . Using the simulation model he demonstrated that 

roll steer and compliance steer have a significant effect on cross-wind stability. 

Yawing moment is also an important factor in the stabifity of a vehicle in a 

cross-wind. Kobayashi and Yamada (1988) studied the stability of a box type 

vehicle in a cross-wind. Their experimental results using a 1/10-scale model in a 

wind tunnel and simulation results with eighteen degrees of freedom are in 

reasonable agreement. Also, they investigated the effects of body shape on 

stability. They noted that yawing moment reaches a peak when the vehicle is 1.3 

times its own length into the cross-wind region, and this yaw rate peak may be 

reduced by changing the vehicle shape. Muyshondt (1988) investigated the 

response of a vehicle to aerodynamic loads. Using a commercial dynamic 

simulation package, ADAMS, (Automatic Dynamic Analysis of Mechanical 

S.ystems), he analyzed the vehicle's responses to square and sinusoidal gust 

disturbances. 

To investigate the influence of chassis and aerodynamic properties of vehicles 

on cross-wind sensitivity and on driver preference, Mac Adam et al. (1990) tested 

several different full-scale vehicle conflgurations using wind generators. The 
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vehicles were tested in situations of open-loop (fixed steering wheel) and 

closed-loop (driver controlled). Using subjective ratings from seven drivers who 

were tested on a cross-wind gauntlet course, they found a high degree of 

correlation between the driver's subjective rating and the measured yaw rate 

responses. Also, there were correlations between driver's subjective ratings and 

both steering wheel displacements and lateral accelerations. 

Tran (1990 and 1991) has developed a new technique for determining the wind 

forces and moments acting on vehicles based on pressure measurements. He also 

derived a new calculation method to obtain transient wind force and moments 

using a plate model. 

Baker performed several studies of the effects of high cross-wind on a vehicle as 

reported, in a three-part paper. In the first part of the paper, mean aerodynamic 

force and moment coefficients are considered. They are given for different 

turbulence levels, different turbulent lengths and different scale models by Baker 

(1991 a). Baker (1991 b) also described unsteady forces and moments for ground 

vehicles in high cross-wind. The nature of the fluctuating aerodynamic forces and 

moments are given based on the analysis of Cooper (1984) for the frequency 

domain, and are extended into the ampfitude and time domain. The interaction 

of the aerodynamic forces and moments with the vehicle system is also discussed 

for different cross-wind induced problems by Baker (1991 c). These problems 



12 

involve the frequency domain, vehicle suspension excitation effects, ampfitude 

domain extreme wind effects, and time domain effects. 

2.4 Vehicle Dynamics 

When the cross-wind sensivity of a vehicle is considered, the vehicle dynamic 

behavior is as important as the aerodynamic shape. Vehicle dynamic analysis 

methods were developed first in the aircraft industry. Later, they were used for 

ground and sea vehicles. Many studies related to vehicle dynamics have been 

done for different purposes in different complexities. The fiterature which is 

specifically related to cross-wind stability and handfing is reviewed, because 

vertical motion is neglected in this research. 

Many textbooks on ground vehicle dynamics have been pubfished, such as Elfis 

(1969 and 1988), Steeds (1960) and Bastow (1980). The first important 

theoretical and experimental study of the response of an automobile to steering 

control was done by Segel (1956). He adopted many of the analytical techniques 

which had previously been applied to aircraft dynamics. The forward velocity of 

the vehicle was assumed constant. The total mass of the vehicle is divided in two 

par ts , roUing (sprung) mass and non-roUing (unsprung) mass. He formulated a 

three degrees of freedom model involving side sfip, yaw and roUing motion for the 

sprung mass. Assuming finearity, he modeled the tire forces with cornering 

stiffness, tire sfip angle, camber thrust and camber angle. Suspension 

characteristics were given as a function of roU angle and roUing velocity with the 
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above assumption. He also considered the lateral load transfer at the front and 

rear axles. 

Bundorf et al. (1963) simulated vehicle dynamics in a simUar way to Segel's 

(1956) study. But the equations of motion were extended to include the 

aerodynamic terms, front roll steer, and an incfined roU axis. Comparing 

experimentally obtained transient responses of a vehicle to disturbance inputs 

with analytical results, they concluded that the finear equations were adequate for 

investigation of the handfing characteristics of a vehicle. Weir et al. (1968) 

investigated the dynamic stabilities of several vehicles, using finearized equations 

of motion in four degrees of freedom model. They gave detailed information 

about the vehicle aerodynamic characteristics and about the derivation of the 

equations of motion. 

Lincke et al. (1973) used a dynamic simulator to study the driver handfing 

performance of different vehicles. The dynamic simulator was equipped fike a real 

vehicle. By actuating the control elements, the driver generated electrical 

currents that were used as input da ta to an analog computer which had been 

programmed for the particular test vehicle. The analog computer continuously 

calculated the dynamics of the vehicle and controlled an electronic system which 

produced the perspective image of a road and provided the corresponding driving 

noise (engine, tire and air noise). The computer also provided four degrees of 

freedom for the driver cabin. They examined the transient yaw and side sfip angle 
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response of different vehicles and determined appropriate gain factors of these 

vehicles for different situations. 

To simpfify the vehicle system, lumped parameters can be used. Bundorf and 

Letfort (1976) proposed that front and rear cornering compfiance parameters , 

which effectively combine most of the detailed vehicle design parameters , can be 

used for definition of vehicle directional control properties. Lippmann and 

Oblizajek (1976) investigated the effects of the dynamic adjustments of the tires 

on the steering angle. They developed a differential equation of cornering force 

adjustment for tires. They neglected camber effects and load transfer for 

simulations of a vehicle. The vehicle was considered to travel at a constant speed. 

Using the mathematical model, the studies of rapid steering to a fixed angle, rapid 

lane change maneuvers and collision avoidance maneuvers at different vehicle 

speeds were tested. They calculated that the dynamic adjustments of tires to 

steering have a negfigible influence on path foUowing and heading. 

Allen et al. (1987) compared simple linear and nonfinear dynamic models for 

vehicle handfing. The finear dynamic model included three degrees of freedom: 

side sfip, yawing and rolfing. The tire forces were considered a finear function of 

the sfip angles. They also used a five degrees of freedom system for a nonfinear 

dynamic model. The five degrees of freedom system included forward velocity, 

pitching, side sfip, yawing and roUing. The tire model was nonfinear. They found 

tha t the vehicle lateral variables (yaw rate , yaw angle, lateral velocity, and lateral 
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acceleration) obtained from the finear and nonfinear models were comparable for 

step responses. 

Antoun et al. (1986) used the ADAMS computer simulation to simulate vehicle 

dynamic handling. They modeled steering and suspension with a high level of 

detail. Tire forces and moments were calculated as a function of camber, sfip 

angle, and vertical force utifizing regression fit coefficients to data obtained from 

experiments. Compared with the measured time responses of test vehicles to 

J - turns , their simulation results showed good correlation. 

In his dissertation, Heydinger (1990) compared the IDSFC (Improved Digital 

Simulation, FuUy Comprehensive) and VDANL (Vehicle Dynamics Analysis Non

linear) with experimental results for different maneuvers. For computer 

simulations, he obtained simulation parameters from testing four different cars. 

He considered six degrees of freedom for the sprung mass. He noted that the 

IDSFC simulation model prediction of dynamic vehicle response was significantly 

worse than the VDANL simulation prediction because the IDSFC simulation 

models have no tire dynamics. By using a second-order model for the tire and 

modifying the steering system, he improved the IDSFC simulation. 

The tire model is very important in simulating the driver-vehicle system. The 

tire modefing can be done experimentally or analytically, and many studies have 

been performed. Notable new experimental studies about tire modeling are given 

by Sitchin (1983), Bakker (1987), Loeb et al. (1990), van Zanten et al. (1990), 
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and Yap (1991). The tire is analyticaUy modeled by Captain et al. (1979), Sakai 

(1981a, 1981b, 1981c and 1982), Szostak et al. (1988), Gim (1988), Dunn and 

Olatunbosun (1989), and Gim and Nikravesh (1990, 1991a and 1991b). 

2.5 Driver Simulation 

As a complete system, the driver plays the most important role in vehicle 

handfing characteristics. The driver has been simulated in many different models. 

The most frequently used are the quasi-finear models. 

A quasi-linear model with a time delay, time constant and operator gain 

constant was proposed for human operator by McRuer and Krendel (1957). 

McRuer and Krendel (1974) developed their model for use in car and aircraft 

control studies. Using a driving simulator. Weir and McRuer (1973) measured 

driver response properties under random cross-wind gust disturbances. 

Drivers receive inputs from the road and environment which provide sensory 

cues necessary for the control of the vehicle. The visual cues are unquestionably 

the most important . The look-ahead distance is an important parameter in 

determining the driver's ability to adequately control the car. McLean and 

Hoffman (1973) investigated the effects of look-ahead distance on driver steering 

control and performance using a driving simulator and found a typical look-ahead 

distance of 70 ft. Using cross-correlation analysis between steering wheel angle 

and directional handfing properties, they noted that heading angle was the 

variable which was most dominantly controUed by the driver. 



McRuer et al. (1977) presented a new driver model which contains 

compensatory, anticipatory and precognitive submodels, and investigated different 

maneuvers using this model. Donges (1978) developed a two-level driver steering 

model that combined anticipatory and compensatory submodels. Using a driving 

simulator, he determined the gain parameters for this model. Vehicle control 

during curve driving was investigated by Godthelp (1986) using a two-level driver 

model. Reid et al. (1982) compared open-loop and closed-loop control models in 

lane change and obstacle avoidance maneuvers. 

The effects of look-ahead distance on driver-vehicle system model have been 

investigated by many researchers. Legouis et al. (1986) showed that the 

look-ahead distance increases with increasing vehicle speeds and driver time 

delays. Allen et al. (1987) analyzed different maneuvering conditions using a 

closed-loop model for the driver-vehicle system. They noted that with lower 

values for the look-ahead distance, the system responds more rapidly and at some 

point the system's closed-loop response becomes unstable. Tousi et al. (1988) 

analyzed the stabifity of a vehicle with a modification of the driver model 

presented by Legous et al. (1986). They found that the modified gain parameter 

is proportional to the vehicle speed, and it is inversely related to the look-ahead 

distance of the driver. Fukui et al. (1988) also used a look-ahead distance in their 

driver model. They added a threshold in the driver's predicted error in the 
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quasi-finear driver model and compared the results of two-wheel and four-wheel 

steering vehicle responses to sudden external forces. 

The driver-vehicle model has been investigated under cross-wind conditions by 

many researchers. Horiuchi et al. (1989) analyzed driver dynamics in a multiloop 

system for a pa th following task under external disturbances from a simulated 

gusty cross-wind. However, they considered the external disturbance as a 

zero-mean random noise. Nagai (1989) compared the simulation of the 

driver-vehicle system for two-wheel and four-wheel steering situations under a 

cross-wind. He considered a short t ime, one second, constant cross-wind. Using 

the pursuit driver model given by McRuer et al. (1977), Yamamuto et al. (1989) 

compared simulation results with experimental results from a real car under a step 

gust situation. 

Most of the researchers given above have assumed short time period cross-wind 

conditions to investigate their driver models and did not investigate their driver 

models under long time periods of wind conditions. Mitschke (1990) analyzed a 

driver-vehicle model under a long period cross-wind condition adding a 

anticipatory control to compensatory control in the driver-vehicle model. 



C H A P T E R III 

WIND SIMULATION 

3.1 Introduction 

Atmospheric wind which is created by variable heating of the atmosphere, 

produces pressure gradients tha t are modified by the rotation of the earth. The 

atmospheric boundary layer is formed over the earth 's surface as a result of the 

flowing of air over the earth 's surface. In the atmospheric boundary layer, the 

wind speed increases from zero at the earth's surface to the free-stream velocity at 

altitudes of 700 to 1500 feet. This reduction in velocity is due to both frictional 

drag of the surface and the drag of all bodies protruding into the air flow (such as 

trees, mountains and buildings). These retarding forces are t ransmit ted through 

the layer by shear forces (Reynolds stresses) and by the exchange of momentum 

due to vertical movement of air. The process of momentum exchange between 

layers is the mechanism leading to the generation of atmospheric turbulence. 

Because of atmospheric turbulence, fluctuations in wind speed along aU three 

orthogonal axes vary in both time and space as shown in Figure 3.1. The wind is 

moving with a mean velocity V along the a;-axis and u{t),v{t) and w{t) are the 

instantaneous longitudinal, lateral and vertical fluctuating velocity components 

with zero means. At any point, the magnitude of the wind vector is given as 

r 2 11/2 

Vw{t)= {Vi-u{t)) ^v'{t) + w\t) . (3.1) 

19 
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These fluctuating velocities are given in terms of statistical parameters because 

they change randomly in both time and space. Atmospheric turbulence can be 

modeled as a stat ionary and ergodic process when applying random process theory 

to the fluctuations. Also, in many appfications it is reasonable to assume tha t 

atmospheric turbulence is a Gaussian process with a probabihty density function 

and tha t the strong winds near the ground behave as isotropic turbulence. 

In this chapter, a simulation of the atmospheric wind at two points on a 

moving coordinate system is presented. The simulation of the atmospheric wind 

is necessary to investigate the response of vehicles to wind excitation in reafistic 

wind conditions. Because the atmospheric wind velocity fluctuations u{t).v{t) and 

w{t) in the longitudinal, lateral and vertical directions, respectively, vary in both 

t ime and space as shown in Figure 3.1, the simulation of wind time histories at 

two points wiU give different results from a one-point simulation. The vertical 

fluctuating component w{t) has negligible effects on ground vehicles. Therefore, 

in this research, only the longitudinal and lateral fluctuating components u[t) and 

v{t) are considered. These fluctuating velocities are defined in terms of statistical 

parameters . 
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3.2 General Statistical Properties 

3.2.1 Turbulence Intensity 

The simplest descriptor of atmospheric turbulence in the time domain is the 

turbulence intensity. It is a measure of the magnitude of the fluctuating velocity 

component compared to the mean wind speed. It is expressed as 

I. = ^ ^ ^ (3.2) 

where i is the fluctuating velocity component, u,v or w. The root mean square 

value of the fluctuating velocity component, (i{ty) , is defined as rms (root 

mean square) turbulence intensity, a^. Turbulence intensity 7 is a function of the 

mean wind speed V\ alti tude z and surface roughness length ZQ. 

3.2.2 Correlation Functions 

Two kinds of correlations can be defined. In the first, measurements of the 

velocity components are made at a single point (one-point measurements) and can 

be related and compared to their temporal relation. In the second kind, 

measurements are made at two different locations (two-point measurements) and 

can be related on the basis of temporal and spatial position. 

The degree of similarity or relatedness between two velocity histories measured 

at the same location but shifted by a time interval r , i.e., ^(7^, ^) and u[f,t + r ) is 
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expressed by the autocorrelation function PUU(T) for the u component, and is given 

as 

/y u{f, t)u{f. t -f T)dt 
Puu{r) = fim ^" V ^ - ^ r . ' (3-3) 

or 

p„„(,) = "(-'')"(;'' + -) (3.4) 

where T is a suitably long integration period and cr̂ , is the rms turbulence 

intensity of the wind velocity fluctuations. For small r values, the autocorrelation 

function puui"^) is close to unity, but as the interval r is increased the value of 

Puu{'^) decreases. 

The probability of relatedness between velocity histories measured at two 

points separated in space by Ar = r' — r* and time by r , i.e., Ui{f.t) and 

U2[T -\- Af*, ^ + r ) , is defined by the cross-correlation function Puu{'^i^•,'!') for the u 

component, and is expressed as 

Puu{r,r , r ) = lini j (-,\2^, (3.5) 

or 

(Tu(^u 
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where a^ and cr'^ are the rms turbulence intensities at the two points. Although 

autocorrelations are symmetrical functions of r , cross-correlations are generaUy 

non-symmetrical functions of r . 

3.2.3 Length Scales of Turbulence 

The length scales of turbulence are useful quantities because they provide a 

comparative measure of the average size of a gust in appropriate directions. 

These scales are obtained by integrating the appropriate spatial covariance or 

autocorrelation functions over the complete range of the spatial variable. These 

are nine length scales defined by 

A 3C 

''L,= I p,i[x'- x)d[x - x) 
Jo 

yu= r Pu{y'- y)d{y'- y) (3.7) 

/•OO 

'L,= p„{z'- z)d{z'- z) 
Jo 

where subscript i indicates fluctuating components u.,v and w. 

3.2.4 Spectral Density Functions 

It is often more convenient to work in the frequency domain rather than the 

t ime domain. Spectral density functions of atmospheric turbulence are 

appropriate because they provide information on the frequency distribution of the 

kinetic energy components. Fourier analysis enables the ampfitudes of a 

time-varying process to be determined as a function of frequency. The Fourier 
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transform of the autocorrelation function is the power spectral density function. 

S^n) = 2u] r /9,,(r)e(-^2'^"^)rfr (3.8) 
•Z — DC 

where n is frequency and i refers to u,v and w fluctuating velocity components. 

The power spectral density functions provide information on the energy input 

from different frequency ranges at a single point. This information is useful in the 

calculation of wind loading, or the response of structures that are smaU compared 

with the scale of turbulence. 

If objects are large enough, appreciable variations of the gust properties may 

take place across the subjects in both the vertical and cross-wind directions. In 

this case, a knowledge of the cross-spectral density functions 5'„(f. f .n ) is 

necessary. The cross-spectral density function is the Fourier transform of the 

cross-correlation functions 

5,,(f,r-^,n) = 2cT,c7, H A , ( f , r " , n ) e - ( ^ ^ - " ^ ) c i r (3.9) 
«/ —oc 

where n is the frequency and i and j indicate u,v and w fluctuating velocity 

components. This function gives information about the spatial variation of gust 

energies at individual frequencies. 

The ratio of the cross-spectral density function to the power spectral density 

function is defined as the coherence function 7,^(^,^,71): 
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This function gives an indication of the spatial extent of the correlation resulting 

from a particular frequency component or eddy scale in the turbulent field. 

3.3 Atmospheric Turbulence Near to the Ground 

3.3.1 Turbulence Intensity 

The rms turbulence intensity, a, is a measure of the wind fluctuating 

magnitude, and is a function of the mean wind speed F , height above ground z 

and the surface roughness height z^. For a neutrally stable atmosphere, an 

expression for the rms turbulence intensity given by Frost et al. (1978) is 

C,V 

where C, is a constant equal to 1.00 and 0.64 for u{t) and v{t) velocity 

components, respectively. 

3.3.2 Correlation Functions 

In a fixed coordinate system, autocorrelation functions of atmospheric 

turbulence are approximated using Bessel function of the second kind K^^^r) as 

defined by ESDU (1975) referring to the von Karman (1948) expressions. For 

isotropic turbulence, von Karman (1948) gives longitudinal correlation functions 

for the longitudinal and lateral velocity components iUustrated in Figure 3.2 as 

Ui{xuyi)u2{xi-\-Ax.yi) 
f{Ax) = = 

ui 
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and 

y / A N ^ ^1(3^1,2/1)^2(^1,2/1 -r Ay) 

The lateral correlation functions are expressed as 

g(^y) = ^^(^i^^O'^^j^i^yi + ^y) 

u\ 

and 

g(Ax) = ^i(^i^^O^^(gi - A2;,yi) 

where Ax and AT/ are the separations between two correlated points; and uj and 

vj are the rms turbulence intensities for the u and v components at point (2^1,2/1), 

respectively. ESDU (1975) gives the autocorrelation function at a single point for 

the longitudinal velocity component as 

PUU{T) = f{K) (3.12) 

and for the lateral velocity component it is given by 

Prrir) = g(h) (3.13) 

where 

K = 0 . 7 4 7 ^ (3.14) 

and 

r . = 0 . 7 4 7 ^ ^ . (3.15) 

The functions f{f) and g{r) are given as 

/ ( f ) = 0.5925f'/'i^i/3(f) (3.16) 



27 

and 

gir) = 0.5925 ['F'/^K,/s(r) - 0.5f-^/'A'2/3(f)] • (3.17) 

In equations (3.14) and (3.15) the turbulence length scales ""L^ and ""L,. can be 

calculated from equation (3.7) and empirical expressions are given for the 

turbulence length scales in ESDU (1986). 

The cross-correlation functions for the turbulence components at points 

P{x,y) and P'{x\y') with position vectors f and f in a stationary x — y plane as 

shown in Figure 3.3 can be approximately expressed by using the above 

autocorrelation functions and Taylor's frozen turbulence hypothesis. Taylor's 

hypothesis impfies that the mean wind speed V is much greater than the 

longitudinal component u[t) so that the turbulence field can be considered to be 

frozen in space and time, and convected past a fixed point with velocity W Thus, 

the variation of u{t) with time when the turbulence is viewed from a stationary 

point is the same as the variation observed from a point moving across the "frozen 

field" with velocity V in the negative cc-direction. Using Taylor's hypothesis, a 

position vector of an equivalent point PJ in the frozen field can be written as 

r-l' = r-VTl (3.18) 

Then, the general cross-correlation function can be written in a form of the zero 

time delay cross-correlation function as 

P^^{f,r,T) = pu{T,r-:\0). (3.19) 
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For the two-dimensional turbulence field iUustrated in Figure 3.3, the 

cross-correlation function is obtained from the equivalent separation Ar^ in the 

frozen field. The equivalent separation vector Af̂  is 

Af̂  = rl — f. (3.20) 

Cooper (1984) gives the cross-correlation function as 

p^,{AT,,T) = cJ{T,)^{l-c,)g{r,) (3.21) 

where c, is a spatial weighting factor between the longitudinal and lateral 

directions, and f, is given as 

Ar 
r, = 0.747—^ 

Are = {AXI + Ayl) 
1/2 

Axp = x' - X - \ ' r 

Aye = y' -y 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

and, ioT i = u 

Ax, 

Ar, 

7 , = \{^L,AxJAT,f + (2^7,A7/e/Are)^ 
1/2 

(3.26) 

(3.27) 

and, for 1 = f 

Cv = 
Aye 
Ar, 

7 , = [(2^i:.Aa:e/Are)' + {'L^.AyJAnf 
1/2 

(3.28) 

(3.29) 
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3.3.3 Spectral Density Functions 

The basic input to any method of turbulence simulation is the wind speed 

power spectral density function. For a fixed coordinate system, several models of 

the turbulence power spectral density function have been proposed starting with 

von Karman (1948). Kaimal et al. (1972) gives the longitudinal power spectral 

density function as 

105ulz/T 

33 [nz/\ 
Suu{n) = ^ : ' _ . , , „ (3-30) 

and the lateral power density function as 

SUn) = r _ . , 5 / 3 - (3-31) 
Uulz/V 

'l - 9.5 {nz/vj 

Frost et al. (1978) suggested the equations below for the longitudinal and lateral 

power density functions 

a'z 12.3 
Suu{n) = - = — 

^ 1^ 192 [nz/V) 
—\ 5/3 

and 

(3.32) 

9 

crr.z Sr^M = ^ ;—-nr^ (3-33) 
'̂ 1 +70 [nz/v) 

where: 

n is frequency, 

z is height above ground, 

V is mean wind speed at a height z. 

a^ is rms turbulence intensity for u component. 
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ii^ is the shear velocity, given as 

- u 
^ * - [ 2 . 5 1 n ( . / z o ) ] ' ^^-^^^ 

Strickland (1987) used coefficients as 12.79 and 4.16 in equations (3.32) and (3.33) 

instead of 12.3 and 4 to get following identity 

/•oc 

^u^ = / 5uu(7i)6Zn . (3.35) 
Jo 

FoUowing von Karman (1948), the power spectral density function for the 

longitudinal component has been obtained integrating the autocorrelation function 

by ESDU (1974). Using equation (3.8), the power spectral density function for 

the longitudinal component is obtained as 

/•oc 

SuuM = ^<^u^ /9uu(r) cos(27r7ir)(ir (3.36) 
Jo 

since /9ui,(-r) = /^^^(r). Using equation (3.16) for / ( f ) instead oi puuiT) in 

equation (3.36), the following is obtained, 

SuuM = ia,' r 0.5925fy'7ri/3(fu) cos(27r7ir)rfr. (3.37) 

Jo 

Using equation (3.14) and its derivative results in 

^ , , AaJ^Lu /-^ 0.5925.1/3 _. , . . 27r7i-'7«f, 

From standard integrals of Bessel functions of the second order, the foUowing 

equation can be obtained 

S..{n) = ~ ^ - , \ , , i 5 / c - (3-39) 
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An equation for the lateral power spectral density function can be found in the 

same way starting from equation (3.17), 

Arr ^^T 1 +755.2 ( ^ ) 

\ 
1-283.2 ( ^ j 

(3.40) 

The cross-spectral density function may be calculated using equation (3.21) for 

isotropic turbulence. In the fiterature. coherence functions are generaUy given 

instead of the cross-spectral density function. The coherence function is a 

frequency dependent measure of the level of correlation between the wind speeds 

at two points in space. The square-root coherence function is generaUy 

approximated by a simple exponential expression of the form 

/ a,,nAr\ 
7„(Ar,7z) = e x p ( ^ - ^ y - j (3.41) 

where i indicates fluctuating components, u and v, and Ar is the separation 

between two points in the lateral or vertical directions. The decay coefficient a^ 

determined empiricaUy according to component and direction of separation. 

Values for a„ are given by ESDU (1990), Kristensen et al. (1981) and Veers (1988). 

The von Karman equations for coherence, appficable to isotropic turbulence 

are as foUows. For the 7/-component and v-component with separations Ar = Ay, 

the square-root coherence functions are given by 
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7 . . (Ar ,7 i ) = 0.994 W"K„e{r^) - \T^"^ {rj'^'K,/e{v)) (3.42) 

and 

7,.,.(Ar,7i) = 
0.59' 

2.8697/^ [{Ar/iy - 1] [ ( A r / 7 ) 

4.781 
-rfl^K„^{n) - v''^'Kn/eiv) (3.43) 

where KI^[TJ) is the modified Bessel function of second kind and T) is 

non-dimensional separation parameter as 

V 
'0.747Ar /27r7iAr n i / 2 

(3.44) 

and 7 is the longitudinal length scale. Reasonable approximations to equations 

(3.42) and (3.43) are given by ESDU (1986) as 

7u^(Ar,7i) = exp -l.brj .1.5 (3.45) 

and 

7,.,.(Ar,7i) = exp —0.657/ ,1.3 (3.46) 

Kristensen and Jensen (1979) gave the foUowing equations for the lateral 

square-root coherence functions in a situation of isotropic turbulence and natural 

wind. They assumed that the separation Ar is much smaUer than the scale of the 

turbulence 7 . The lateral square-root-coherence functions of the longitudinal and 

lateral components are 

7,„(Ar,7i) = 0.785 ( A r / ^ / 2 ) ' / ' [2K,fe{ArK) - 7Ci/6(Ar/t)J (3.47) 
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and 

7 , , (Ar ,7 i ) = 0 .785(ArK/2) ' /^ 2K,/e{ArK) + -K,/e{ArK) 3.48) 

In addition, they gave an equation for the lateral square-root coherence 

function between longitudinal and lateral turbulence components as 

7 , , ( A r ) = 0.589 ( A r / c / 2 ) ' ' / ' \2K,/eiArn) (3.49) 

In the above equations, K, is the wave number given as 

27r7i 

V 
(3.50) 

and Ki^{Arfi) is the modified Bessel function of second kind. These lateral 

root-coherence functions are presented in Figure 3.4. 

3.4 Atmospheric Turbulence With Respect to a Moving 
Coordinate System 

In the previous sections, statistical characteristics of the atmospheric 

turbulence are given with respect to a fixed coordinate system. If the coordinate 

system is flxed to a vehicle moving in the wind, the statistical characteristics of 

the atmospheric turbulence wiU change based on the vehicle speed and direction. 

To generate wind speed histories as seen from the vehicle, appropriate 

autocorrelation and cross-correlation functions of turbulent components with 

respect to the moving coordinate system must be determined. The corresponding 

spectral density functions can be obtained from these correlation functions. 
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Consider a vehicle moving at a constant speed U through a turbulent wind 

field in the x — y plane. The vehicle moves along a straight fine perpendicular to 

the mean wind speed \\ as shown in Figure 3.5. Define two points P and P' with 

coordinates {x,y) and {x',y') separated by a distance I = y' - y. From the vehicle 

speed and mean wind speed, the mean relative wind speed VR is calculated as 

{r+u'y'\ (3.51) 

Applying Taylor's hypothesis, an equivalent point P^ in the frozen turbulence 

field (frozen at time t) can be defined at a distance Vr in the negative x-direction 

from P'. 

3.4.1 Longitudinal Correlation and Spectral Density 
Functions 

To obtain the correlation and spectral density function at a point fixed in a 

moving vehicle, equations (3.21) and (3.22) can be used by defining new 

equivalent separation distances with x' = x and y' — y = I. The new equivalent 

separations, Ax^ and Aye, along the x and y axes are 

Axe = -VT (3.52) 

Aye = l - Ur (3.53) 

and 
1/2 

Are = {AX'^ + Ay'^) . (3.54) 
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The expressions for the cross-correlation functions are deflned in almost the 

same manner as for the flxed coordinate system with the appropriate equivalent 

separation distances as 

Puu{Are,T) = Cufivu) + (1 - Cu)g{r^) 

where, from ESDU (1975) 

Tu = 0.747 
Aa:;, 

LI,, 

Lu — {^L,AxJAr,y -f (2^7„Aye/Are)" 
11/2 

and 

Cy 
Ax, 

Ar , 

The autocorrelation and power spectral density functions at a point fixed in a 

moving vehicle can be calculated from equations from (3.21) to (3.27) assuming 

the points P and P' coincide as 

Puu{r) = Cuf{ru) + (1 - Cj,)g{r^). 

Assuming y' = y and using equation (3.51) 

fy = 0.747-
rT R 

7u 

7 , = " 7 y Cy + ( 2 ^ 7 , / : c 7 y ) ' ( l - c , ) 
11/2 

and 

Cu 
V> R 
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For the longitudinal fluctuating component, u, the power spectral density 

function at a moving point can be obtained from a Fourier transform of the 

autocorrelation function as given in equation (3.21). Using equations (3.39) 

and (3.40), the power spectral density function is found as 

^uu\^) — 
^<^lLu 

T7i(l + 70.8n2) 2 N 5 / 6 
Cy + ( 1 - Cy) 

0.5 + 94.4n-

1 - 70.8n-' 
(3.55) 

where 7y is given by equation (3.27)and h is nondimensional frequency deflned as 

n = 
nL^ 

\'R 
(3.56) 

The longitudinal length scales can be obtained from equation (3.7). The 

turbulent length scale in the cc—direction relating to u component of wind close to 

ground is given by ESDU (1986) as 

^ T — 
^u — _ _ , 3 / 2 

A"\aju.fz 
2.57fr (1 - zlhy{l + 5.7oz/h) 

(3.57) 

with 

4̂ = 0.115 1 + 0.315(1 - z/hy 
2/3 

(3.58) 

K, = 0.19 - (0.19 - ii:o)exp -B{z/hy (3.59) 

_ 0.39 
^ 0 - -SoJT 

B = 2AK 0.155 
0 

N = 1.2AR'Q 
0.008 



an( 

Ro = 
fzo 

where 

/ is coriolis parameter , 

z is alt i tude, 

ZQ is surface roughness height, 

h is boundary layer height, 

7x̂  is shear velocity. 

The coriofis parameter / is given approximately as 0.0001 rad/s by ESDU 

(1986). The friction velocity u^ is given by equation (3.34) and the boundary 

height h can be given as 

h = ^ . (3.60) 

The other length scale ^L^ is given by ESDU (1990) as 

2^i:y 

xL 
= 1 . 0 - 0 . 4 6 e x p -35{z/hy-' . (3.61) 

u 

Cooper (1974) gives the longitudinal length scale ^7y as 30 meters and the lateral 

length scale ^7y = 0.42''7y for an average car length and rural terrain in which ZQ 

varies from 0.01 and to 0.1 meter. 
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3.4.2 Lateral Correlation and Spectral Density Functions 

The correlation and spectral density functions for the lateral turbulence 

component are calculated in a manner similar to the longitudinal component. 

Using equations (3.21) and (3.9), the cross-correlation function is 

/9,.,.(Ar,r) = c,./(f,.) + (1 - Cy)g{rr) 

where 

f , = 0.747 
Aye 

L = {2^L,AxJATef + (^7,A7/e/Ar,) ' 
1/2 

and 

c^ 
Aye 

A r . 

The autocorrelation becomes 

PrAr) = cj{r,.) ^ {1 - c,.)g{f) 

where 

f , = 0.747-
TV, R 

L. 

L,. =' L,. :, + (2^7,/^7,)'(l-c..)] 
1/2 

an( 
U 

Cv -
/?. 
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The power spectral density function for the lateral component at a moving 

point is obtained in the same manner as the longitudinal component as 

^vv[TT') — 
VR (1-^ 70.Sn^y^^ 

c . ^ ( l - c , ) 
0.5 + 94.4n^ 

1 + 70.8n-
(3.62) 

where n is nondimensional frequency defined similar to (3.56) 

7l7,. 
n = 

R 

In the equations given above, a^ is rms turbulence intensity for the lateral 

component and ^7,. and ""7 .̂ are longitudinal and lateral length scales for the 

lateral component. They are given by ESDU as 

C^r = CTy 1 - 0 . 2 2 c o s ^ 
TT Z 

.2h. (3.63) 

2^7,. = xL„ I —- (3.64) 

and 

'x.,=2^x„(g (3.65) 

3.4.3 Time Series Simulation of Wind 

One of the essential objectives of this research was to generate a wind time 

series at two points on a moving vehicle using the statistical characteristics of 

atmospheric turbulence. These simulated wind time series should exhibit the 

statistical parameters which are used as input to the simulation. 
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Simulation of a stationary Gaussian random phenomena, y{t), with zero mean 

and a mean square spectral density function is given by Shinozuka (1971) 

2/W = ^(f) 'E^^'i^jt-^j) (3-66) 

where 

/

oc 

Su{n)dn (3.67) 
-oc 

a is the standard deviation of the phenomena (for velocity component, it is rms 

turbulence intensity), nj{j = 1,2,..,7V) are independent random variables 

identicaUy distributed with the density function and ^^ are independent random 

variables identically distributed with the uniform density ;^ between 0 and 2~. In 

addition, he gives a simulation of a multidimensional phenomena with zero mean 

as 
, 2 \ i / 2 -V 

y{t, x) = 0- i—j Y^ ^°s i'^J^ -^ ^J^ ^ ^j)- (3-68) 

In the above equation, Q,j is a random variable jointly distributed with the joint 

density function. Later Shinozuka and Jan (1972) extended their simulation for a 

general case. They simulated a homogeneous process with mean zero in the 

foUowing form 

v 
y{t) = \ /2^[5 'u(7i j )A7i] cos (7i^i+ (/)_,). (3.69) 

7 = 1 

Homicz (1989) used a method similar to Veers' (1984) which was based on 

Shinozuka and Jan (1972) to simulate the atmospheric turbulent velocity 

components in a stationary coordinate system. Assuming that the turbulent 
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velocity components can be approximated as a Gaussian signal, he gave the 

velocity history for the 7z-component in a form of the Fourier time series as 

^ ( 0 = 'YJ i^J ^os (27r7i^0 -t- Bj sin (27r7iji)] (3.70) 
7 = 1 

For a multidimensional phenomena the velocity time histories at two points, 

for 7/ = 0 and 7/ = 7/, for the Ti-component is expressed by Semrad (1989) referring 

to equation (3.68) 

u[t,y) - | . ^ [Aj cos (27r7i^i + ^t^y) -f Bj sin (2x71^^ + 17^7/)] . (3.71) 
j = i 

The equations (3.70) and (3.71) sum the energy contributions to the total energy 

from 7Vp/2 discrete frequency intervals A7i centered about frequency n at time i. 

The coefficients Aj and Bj are the energy contribution from a bandwidth ATI 

centered about TLJ. The length y is the distance, along the lateral axis between 

the two points. The random variable Qj is conditional upon Uj through the 

conditional density function ^(fi |7i). 

The coefficients Aj and Bj are given in terms of the power density function 

'S'uy(7i), the frequency interval ATI, and phase angle ^j (which is a random variable 

uniformly distributed between 0 and 27r) as 

Aj = \J2Suui^j) An cos 4)j (3-72) 

and 

BJ = J2Suu{nj)Ansm(f>j. (3.73) 
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Assuming u and v components are uncorrelated, a time series for the lateral 

component is generated in a manner similar to the longitudinal component. It 

can be seen in Figure 3.4 that the square root-coherence function between 

longitudinal and lateral components is negfigible, therefore this assumption is 

reasonable. Then 

Ap/2 

v{t,y) ='iJ2 [^J cos(27r7iji + ftjy) + Bj sm{2Tnjt + Q^T/)] (3.74) 

where 

Aj = y2S win j) An cos </)j (3.75) 

and 

Bj = J2Si.r{nj)An sin (f)j. (3.76) 

The coefficients Aj and Bj can be easily calculated because the power spectral 

density functions for u and v components with respect to the moving coordinate 

system are given in equations (3.55) and (3.62). However, appfication of 

equations (3.71) and (3.74) for the generation of the time series requires the 

formulation of the conditional probabifity density functions. 

3.4.4 Conditional Probabifity Density Functions 

The probability density function for two given random variables is defined as a 

ratio of the joint density function of the random variables to the second marginal 

probabifity density function. Assuming that the quadrature spectral density is 
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negfigible for atmospheric wind velocity fluctuations. Shinozuka (1971) deflnes the 

conditional probability density function as 

1 t°^ 
•^[Vtn) = - 7yy (Ar ,7 i ) cos (QAr)4Ar ) 

77 Jo 
(3.77) 

where 7yu(Ar,7i) is the square-root coherence function given in the flxed 

coordinate system. However, this expression must be modified for use in the 

moving coordinate system. 

For the situation of a moving coordinate system, the square-root coherence 

function for the 7t-component is approximated by Cooper (1984) as 

7yy(Ar,7i) = e x p - < ai 
Ar 

- < ^ ) 

1/2^ Pi 

(3.78) 

where ai, b^ and pi are parameters approximated from curve-fits of his numerical 

results. In terms of the ratio of the car speed U to the mean wind speed T' values 

of these parameters are given in Table 3.1. 

The conditional probability density function for pi = i can be easily obtained 

by substituting equation (3.78) into equation (3.77) and integrating as 

-ifi+&K^)T'' 
^{Q\n) = -

•K a,(l + i ? ( ^ ) 1 
1/2' T 2 

(3.79) 

Q2 

The integration of the equation (3.77) is difficult if pi is different from one. This 

integration must be evaluated using numerical techniques. The random variable 

Q, is generated using the rejection method given by Kobayashi (1981). 
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The conditional probabifity density function for the lateral component is also 

needed, but no expression for the lateral coherence function in the moving 

coordinate system is available in the fiterature. Assuming the same ratio between 

longitudinal and lateral coherence functions for both fixed and moving coordinate 

systems, the square-root coherence function for the 7;-component can be 

ccdculated. From equations (3.47) and (3.48) this relationship is found to be 

'^^'[^''•''l = exp[-3.805 -f 6.397n + 21.273n2] (3 gg) 

7 y y ( A r , 7 i ) 

where n is the dimensionless frequency given as 

7iAr 
n V 

(3.81) 
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Table 3.1: Constants used in square-root coherence function. 

v = = 
r 

0.5 
1.0 
2.0 
4.0 

>4.0 

di 

0.7 
0.47 
0.28 

0.155 
0.62^^ 

bi 

4.6 
4.6 
4.6 
4.6 
4.6 

Pi 

1.0 
1.2 
1.4 
1.6 
1.6 
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(x'.y\z') u(x,y^,t) 
= u(r,t) 

y(r\t) 

u(x\y\z\t) 
=u(r\t) 

u(x\t) 

Figure 3.1: Atmospheric turbulence. 
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y/k 
v(x,y+Ay) 

A 

-> u(x,y+Ay) 
(x,y+Ay) 

v(x,y) 
A 

v(x+Ax,y) 
A 

(x,y) 
• > u(x,y) 

(x+Ax,y) 
^ u(x+Ax,y) 

^ 

Figure 3.2: Longitudinal and lateral correlations. 
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p'(x\y) 
at time t+x 

P(x,y) 

at time t 

Figure 3.3: Physical and equivalent points in a fixed coordinate system. 
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Figure 3.4: Lateral square-root coherence functions. 
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k 
V 

k 

vehicle position at 
time t+x 

Pe 
equivalent point •p 

• > 

vehicle position at 
time t 

Figure 3.5: Physical and equivalent points in a moving coordinate system. 



C H A P T E R IV 

VEHICLE MODEL 

4.1 Introduction 

Vehicle dynamic simulations are useful to vehicle and tire designers for 

investigating a vehicle's handfing stabifity. cross-wind stabifity, and crash 

avoidance and safety. Computer simulations of vehicle dynamics can provide 

vehicle designers with the capabifity to experiment with the vehicle's modifications 

inexpensively, in a short t ime, and without accident risk. In this study, the 

response of a vehicle to cross-wind disturbances is investigated using a vehicle 

dynamics computer simulation. 

4.2 Equations of Motion 

The dynamic model of a vehicle in the form of nonfinear time domain vehicle 

equations of motion which as given by Allen et al. (1987) is used in this research. 

This model includes a two-mass rigid body system with a sprung mass and 

unsprung mass. The sprung mass rUg can rotate about the roU axis, and the roU 

axis is assumed horizontal for a smaU roU axis angle. The unsprung mass TTiy is 

the difference between the total vehicle mass and the sprung mass. Although a 

rigid body has six degrees of freedom, a four-degree of freedom model for the 

vehicle body is considered. The degrees of freedom are the longitudinal 

translation, lateral translation, yawing moment and roUing moment for the sprung 

51 
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mass. Because of an assumed constant forward speed the longitudinal translation 

equation is eliminated in this study. 

The equations of motion for the vehicle body are written for an orthogonal 

coordinate system centered at the vehicle mass center of gravity as shown in 

Figure 4.1. The equations of motion can be given in a matrix form as 

m 0 771,e 

0 7- 7... 

m.e '•'•xz, - ' x x . 

< 

' N 

V 

r 

V 

( 

> = < 

\ 

TiY — mUr 

Y.N 

YJL. — m.eUr 

(4.1) 

where m is total mass of vehicle, nis is sprung mass and e is the distance from the 

sprung mass roll axis to the sprung mass center of gravity. The inertial properties 

Izzi Ixxs ^^^ ^xzs ^re the moments of inertia of the total mass about the yaw axis, 

the moment of inertia of the sprung mass about the roU axis and the product of 

inertia of the sprung mass about the roll/yaw axes, respectively. V is the lateral 

velocity, r is the yaw rate and p is the roll rate. The derivatives of these variables 

with respect to t ime are F , f and p. The total external forces in the 7/-direction is 

S y , the total moment about yaw axis because of external forces is UN and the 

total moment about the roll axis because of external forces for the sprung mass is 

E 7 . 
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The external forces and moments include tire and aerodynamic forces. Tire 

and aerodynamic force components contribute to the total side force and yawing 

moment as 

S r = Fjr^y -f FR.y ^ Fs (4.2) 

and 

i:N = aFF.,y-bFR,y^My (4.3) 

where a and b are the distances between the mass center and front and rear axles, 

respectively. The aerodynamic side force and yawing moment are defined as Fs 

and M y , respectively. The front and rear tires forces T'f-.y a-nd FR^y in 7/-direction 

are given by 

Fr.y = {FLF.y + FRF,y) cos SwF + {FLF.X + FRF:,) sin 6wF (4.4) 

and 

FR.y = [FiR.y + FRR_y) COS 8wR -f [FLR,-, + i^i?i?.x) sin 8WR. (4.5) 

In the above equations, FiF.y and FRF.X represent left-front tire forces in the x and 

7/ directions with respect to a coordinate system fixed on the tire. The subscripts 

7 F , RF., LR and RR indicate left-front, right-front, left-rear and right-rear tires, 

respectively. Wheel steer angles SWF and 8WR are given as a function of the 

steering inputs and the roU and compliance steer: 

8sw I 1 T^ r^ 
8WF = — h eF0 + I'ptpJ^SCp-t'F.y (4.6) 

^SR 
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and 

8WR = eR(/) + Iptf^Ksc^pR^y (4.7) 

where KSR is the vehicle's overaU steering ratio, and 8311) is the steering wheel 

angle; e, Ipt and Ksc are the roU steer coefficient, lateral tire force pneumatic trails 

and steering compfiance for the front and rear wheels with subscripts F and R. 

respectively. These parameters are experimentaUy determined and are unique for 

a particular vehicle. 

The total sprung mass rolfing moment S7s is produced by spring, shock 

absorber, and aerodynamic effects and is given by 

E 7 , = (77i,^e + KRs)<f) + CsDP + LA (4.8) 

where g is the acceleration due to gravity, (f) is the sprung mass roU angle and p is 

the roU rate . The total roll axis torsional stiffness and total roU axis damping are 

represented by KRS and CSD-, respectively. The aerodynamic roUing moment is 

given by LA- The aerodynamic forces and moments are explained in the next 

section. 

4.3 Aerodynamic Forces and Moments 

When a vehicle moves in a cross-wind, aerodynamic forces and moments are 

produced in aU directions and about aU axes as shown in Figure 4.2. However, 



0 0 

drag force, fift force, and pitching moment are neglected in this study. The side 

force FS, yawing moment My, and roUing moment LA are given as 

Fs = ^pV^CsA 

^y = \pyRCyAl (4.9) 

LA = ^PV^CRAI 

where p is the density of air, VR is relative velocity as given in Figure 4.2, .4 is the 

frontal area of the vehicle and / is the wheelbase. The side force coefficient Cs, 

yaw moment coefficient Cy and rolling moment coefficient CR depend on one or 

more of the dimensionless parameters associated with the flow fleld, e.g., the 

Reynolds number, the turbulence intensity, or the angle of attack. These 

nondimensional coefficients may be obtained from wind tunnel measurements on 

models or full-scale cars. For the present study, these coefficients are considered 

functions of angle of attack /? only. Typical wind tunnel data for a mid-sized 

sedan iUustrating the effect of the angle of attack on side force and yawing 

moment are given in Figure 4.3. These plots are the results from a test of a 1974 

Monte Carlo performed by Hogue (1980). Note that the data may be 

approximated by a finear relationship for smaU angles of attack. This is a 

characteristic of the side force and yawing moment coefficients for most 

automotive vehicles. These side force and yawing moment coefficients are resolved 

with respect to the mass center of gravity of the vehicle and can be used for 

file:///pyRCyAl
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steady-state situations. For transient conditions, e.g., passing a vehicle moving in 

a real cross wind, the new unsteady side force and yawing moment coefficients wiU 

be defined considering two points on the vehicle. 

4.3.1 Unsteady Forces 

The side force and yawing moment are calculated from the relative wind 

velocity vector which changes with time and space. The general strategy is to take 

advantage of the finear variation of the side force and yawing moment with respect 

to angle of at tack so that an equivalent flat plate area and center of pressure for 

side force can be defined. The total flat plate area is divided into front and rear 

components so that the effects of wind shear can be predicted in nonuniform cross 

wind conditions while still allowing the reproduction of conventional wind tunnel 

results for side force and yawing moment in a uniform cross-wind. 

Figure 4.4 shows the basic geometry of the aerodynamic forces acting on a 

vehicle moving in a cross-wind. The side force Fs as a function of the relative 

wind velocity VR is given as 

Fs = \pV^CsA (4.10) 

where p is the air density, Cs is the side force coefficient, and A is the frontal area 

of the vehicle. It can be seen from Figure 4.4 that the side force coefficient Cs is 

directly proportional to the angle of at tack /3 for angles between approximately 
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±40 deg. Defining an equivalent flat plate area Af, the side force can be 

expressed as 

Fs = ^pVf,l3Aj. (4.11) 

Equating the equations (4.10) and (4.11), and solving for the side force coefficient 

yields 

Cs = /3^. (4.12) 

From equation (4.12), it may be noted that Af/A is simply the slope of the Cs 

versus /3 data. In equation (4.11), ^V^/3, is interpreted as a lateral component of 

the relative dynamic pressure, and Af is the area over which it acts to produce the 

total side force Fs-

The yawing moment can be given in terms of the relative wind velocity as 

My = \pVlCyAl (4.13) 

where Cy is the yawing moment coefficient and / is the wheelbase. Noting that 

My is directly proportional to (3, define an effective center of pressure location Icp 

for the flat plate area such that an equivalent moment is generated. That is 

My = Fslcp 

= ^-pV^f3Afhp. (4.14) 

From equations (4.13) and (4.14), the foUowing expression for the yaw moment 

coefficient can be obtain as 

Cr=0^f^ (4.15) 

file:///pVlCyAl
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where the product {lcp/l){Af/A) is equivalent to the slope of the C] versus 3 

data. This da ta may be utifized to evaluate [Icp/l)-

In order to represent the moment generated as a consequence of a velocity 

gradient along the length of the vehicle, the total flat plate area divided into 

forward and rear components, Afj and Af2. as shown in Figure 4.4. It is assumed 

that the center of pressures for Afi and Af2 are at the front and rear axles, 

respectively, and that the areas are themselves not necessarily equal. Non-equal 

areas wiU, in fact, lead to non-zero moments. Referring to Figure 4.4 

/ I 
My = Fsi - — Fs2 -

= ~P [viA^n - y^^l^^A),). (4.16) 

Equating equations (4.14) and (4.16) and considering the particular case of 

VR = VRI = VR2, and /3 = ^i = (So yields 

Aflcp = ^^{Afi - Af2) (4.17) 

or 

/ 2[Af 

With the additional requirement that 

Afi , Af2 

(4.18) 

Af Af 

the front and rear flat plate areas are found to be 

+ ^ = 1 (4.19) 

^ = ̂  T (-̂ °) 
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and 

An 1 /, cp (4.21) 
Af 2 I' 

Summarizing, the two-point side force coefiicient associated with any 

combination of front and rear velocity vectors is found from 

r - ^f l^R^o Af\ Vp^^ Af2\ , . 

Similarly, the two-point yawing moment coefficient is given by 

4.4 Load Transfer 

The tire forces significantly change with the vertical load. During a maneuver. 

the vertical loads on the four tires change and transfer from one to another 

depending on the motion. Two kinds of load transfer, lateral and longitudinal, 

can be considered. For constant forward speed, the longitudinal load transfer is 

efiminated. 

The lateral load transfer at each wheel is derived from the roU angle deflection 

and lateral acceleration of sprung mass and unsprung mass, and is a function of 

vehicle geometry and tire roU stiffness. AUen et al. (1991) gives the front and rear 
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load transfer for a vehicle with same track width T T for front and rear axle shown 

in Figure 4.5 as 

F LF.z — rRF,z 1 

5v KRSP^SUSP + 'rrigO'y-jhRAjr + mu.F(^yR (4.24) 

an( 

LR.z - J^RR.i 

Tn 
a 

KRSf^4>si'SP + 'msdy-hRAfi + rUu.RayRu; (4.25) 

where KRSJT and KRSJ^ are the roll stiffnesses at the front and rear axles, 

respectively. The unsprung mass Triy is divided into two parts as front and rear 

unsprung masses m^.F and m^^R. The other parameters are related to the 

vehicle's geometry given in Figure 4.5. Assuming smaU roU angle for sprung mass, 

(i.e., s i n ^ = (f)), the suspension angle (()susp between the sprung mass roU angle (/) 

and the unsprung mass roll angle ^y is given as 

(f>SUSP = ( t > - (t>u 

m,;a„e rusgecj) 

KRSP — KRSji 
(4.26) 

The front and rear unsprung masses are considered equal as 

my F = rnuR = 77iy/2. Because of horizontal roU axis the front and rear roU axes 

heights are assumed the same so HRAF = ^RAR = hRA • 

4.5 Tire Model 

The pneumatic tire is the most important component of the vehicle system. It 

represents the interaction between a wheel and the road surface. A tire has to 
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perform several functions required for land vehicles. These are to support the 

weight of a vehicle, to cushion a vehicle over road surface irregularities, to provide 

a sufficient force for breaking and driving, and to provide adequate steering 

control and directional stabifity (Gwanghun, 1988). 

In this research, a nonfinear pneumatic tire model given by Szostak et al. 

(1988) is used to obtain tire forces and moments. This model provides a useful 

force producing element for driver-vehicle simulation model. The lateral tire force 

Fy, longitudinal tire force F^, and aligning torque M^ are given as a function of 

tire normal load 7 \ , lateral sfip angle a , longitudinal sfip ratio S, and camber 

angle 7 , as illustrated in Figure 4.6. 

The tire model depends significantly on the force saturation function, /(cr). 

The force saturation function is given as a function of the composite slip function 

a and depends on tire type with 

cio-^ + C2cr̂  + (4/7r)o-

cia^ + C30-2 4- dcr + 1 /(-) = r ' s T . T - T ; " (4-27) 

where the Ci, C2, C3 and C4 coefficients depend on tire type, and they are given as 

1.0, 0.34, 0.57, and 0.32 for a radial tire, respectively. The composite sfip function 

is defined as 
2 / 'r O T2 

irn I I .S 1 
(4.28) 

0- = ^ ^ W i ^ 2 ^ a 7 i 2 a + ii:2 
1 - 5 ^lioFz 

where p^ is the peak tire-road coefficient of friction, ttp is tire contact patch length, 

a is lateral sfip angle, S is longitudinal sfip ratio and, Ks and Kc are lateral and 
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longitudinal stiffness coefficients, respectively. These parameters, with the 

exception of the lateral sfip angle and longitudinal sfip ratio, change with tire 

characteristics and lateral load and are given by 

K. = 4 - (A, -r A,F, - ^FA (4.29) 

Kc = -^F.CZ (4.30) 
«pO 

and 

w here 

MO = (Bif. + B3 - B,f?) 1 ^ (4.31) 

ap = apo(l-Kaj-\ (4.32) 

0.0768 
apo = j-TTfT-zTS^ F^FzT (4.33) 

where CZ, AQ, AI, AO, Bi, B3 and B4 are Calpsan coefficients that depend on the 

specific tire; and Ka is an empirical coefficient, FZT is the tire design load at 

operating pressure in lbs, Tf̂ . is tread width in inches and Tp is tire pressure in psi. 

The test skid number SNj is 85 and the skid number of the surface to be 

simulated SNQ is given as 

SNo = 100/zo. (4.34) 

The longitudinal sfip ratio 5" is defined as a function of forward speed U and 

tire tangential speed Ru; and depends on acceleration or breaking. For breaking 

situation it is defined as 

n U-Ru; , ^ 
S = —JJ— (4.35) 
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and for acceleration situation it is 

S = ^ (4.36) 

where a; is wheel angular velocity and R is wheel radius. 

When a tire develops a sidesfip velocity T' normal to the direction of travel of 

the axle, a side force wiU develop opposing the velocity as indicated in Figure 4.6. 

The lateral force is usuaUy expressed as a function of lateral sfip angle a. 

The lateral side angle a is defined the ratio of sidesfip velocity 1' to forward 

speed of the axle U iUustrated in Figure 4.6 as 

_i V 
a = tan —. 

From Figure 4.7 respect to vehicle coordinate system, the front and rear axle tire 

lateral sfip angels a/r and aR are given as a function of body velocities and wheel 

deflection by 

• \ 

-j - 8u-^ (4.37) 
_, fV ^ ar' 

aF = tan 
U 

and 

V -br 
aR = tan"^ I — ^ 1 - 8^v^ (4.38) 

where ^n> and 8\Vj^ are the wheel deflections for front and rear axles which are 

given equations (4.6) and (4.7). Then the normafized lateral and longitudinal tire 

forces given as 

Fy /(a-)iir, tan a 
- - i - 7 (4.39) 

P'F^ ^K';tan'-a + K'^^S^ 
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and 

F. -fW)K's 

where K'^ is the modified longitudinal stiffness coefficient and p is tire-surface 

coefficient of friction which shows slip to sfide transition given by 

(4.40) 

K = ^c + {K, - Kc)\/sm'a^S^cos^a (4.41) 

and 

p = Po 1 — iif^ysin" a + 5^ cos^ a 

The camber thrust stiffness K, and tire camber angle 7 are given as 

(4.42) 

A 3 r^2 Y, = A,F, - -^F 
AA 

(4.43) 

and 

l = K.(j). (4.44) 

In equation (4.42) the parameter K^ is obtained from a tire test. It is 

suggested that Tf̂  = 0.225 for 30 mph and K^ = 0.225 for 60 mph speed. The 

tire afigning moment 717̂  is expressed with Km afigning moment coefficient as 

Kmoii^ii OL •m~p 
M = 

K. 
G2KC ( ^ ) (2 + a') (4.45) 

and 

Km = KiF;^ (4.46) 
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where Ki is Calpsan coefficient for afigning moment, and G] and G2 are the 

adjustment coefficients. The coefficient and parameters in this section for a certain 

tire type are given in Table 6.6. 
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Figure 4.1: Coordinate system for vehicle dynamics model. 
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Figure 4.2: Aerodynamic forces and moments. 
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C H A P T E R V 

DRIVER SIMULATION 

5.1 Introduction 

The overaU performance of most vehicles depends on a combination of human 

and machine factors. As engineers strive to place the design of such systems on a 

more rational basis, it becomes necessary to obtain mathematical models of 

certain aspects of human response and behavior. While the human mind and 

body is of course not subject to extensive '"redesign," if we understand and can 

reasonably model the human factors in a man-machine system, hopefuUy we can 

design the machine to optimize the overall system behavior within the constraints 

of what is "humanly" possible (Deobefin, 1980). 

When the simulation of a man-machine system is desired, the human operator 

can be modeled as a linear, nonfinear, or high-order behavior control element. 

The human operator performing a tracking task, such as a driver, can be modeled 

as a finear control element. 

5.2 Compensatory Driver Model 

In a constant forward speed regulation task, the dynamics of the driver-vehicle 

system given in a Figure 5.1 can be considered as a quasi-linear system. The 

driver performs a compensatory tracking task in this system. Sutton (1990) gives 
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the transfer function of a quasi-finear model for the driver [referring to McRuer 

and Krendel (1957)] as 

Gc{s)^-Kc _^^ w. ̂  ' ^ (^-1) 
(1 -f 7.v5)(l + Tis) 

where s is the Laplace operator, Ky is the operator gain constant, r^ is the time 

delay, TF is the operator lead time constant, T^ is the neuromuscular lag time 

constant and T/ is the operator lag time constant. Absorbing T]\ in the effective 

time delay r aUows equation (5.1) to be written as 

Gc{s) = -Kc^-'-^^^^^y (5.2) 
(1 + lis) 

In the situation of fine tracking the compensatory transfer function GcX&) can 

be defined as 

where 8swc is steering wheel angle for compensatory control and 7/e is the 

deviation from the desired path. The lateral error or deviation from desired path 

7/e is obtained as 

ye{s) = yds) -ya{s) (5.4) 

where t/c is the lateral position desired by the driver and ya{s) is the actual lateral 

position of the e.g. of the vehicle. For directional control, the driver's steering 

wheel output is primarily a function of the lateral position of the e.g. of the 

vehicle, y, and the vehicle heading angle ip, as shown in Figure 5.2. Considering a 
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look-ahead distance L simUar to model of Katsuhiko et al. (1988) the actual 

lateral position as perceived by the driver can be written as 

2/0(5) = 7/(5)-f 7 sin ^ ( 5 ) . (5.5) 

Using equation (5.3), equation (5.2) which is given in Laplace notation can be 

transformed to time domain with the zero initial conditions as 

8swc{t) = -—{8swcit) + Kc [ye{t - r ) + TLye{t - ry] . (5.6) 
Ji 

For the straight path foUowing situation, T/C = 0, equation (5.6) becomes 

1 
8swc{t) = -— {8swc(t) + Kc [y{t - r)-h L sin V̂ (̂  - r ) + 

J-i 

TL [y{t -T)^L sin i;{t - r ) ) ] } (5.7) 

where 8swc, y and i/j indicate the derivatives of these variables respect to the time 

t. This differential equation for the driver must be solved simultaneously with the 

equations of motion for the vehicle. 

5.3 Modified Driver Model 

From Figure 5.3, it can be seen that the compensatory driver described in the 

previous section works well when the cross-wind effects the vehicle for a short time 

period. If there is a long period of cross-wind disturbances, the model allows a 

steady state error. FoUowing Mitschke (1990), an anticipatory control model in 

addition to the compensatory model is considered for solving this problem. 

Mithschke (1990) reafized that the driver has to keep the steering wheel turned to 
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counteract the cross-wind. According to Donges (1978), the compensatory and 

the anticipatory models operate in a paraUel way as iUustrated in Figure 5.4. 

Therefore, the total steering wheel angle can be written as the combination of the 

steering wheel angles 8swc{s) and 8SWA{S) for the compensatory and anticipatory 

models, respectively, or 

8sw{s) = 8swc{s) + 8SWA{S). (5-8) 

The transfer function for the anticipatory model is defined in a manner similar 

to the compensatory model given by equation (5.3). The mean wind speed T' is 

defined as an input for anticipatory control transfer function GA{S) as 

G,is) = ^ (5.9) 

and the transfer function can be written similar to equation (5.2) 

V ( l + T/5) ^ ^ 

where K\y is the operator gain constant for anticipatory control and 1 is the 

mean wind speed. The other parameters, TL and T/, are the same as in 

equation (5.2). With this in mind, equation (5.8) can be written as 

8sw{s) = Gcis)yc{s) + GA{S)V{S). (5.11) 

Using equations (5.2) and (5.10), equation (5.11) can be posed in the t ime domain 

as 

8sw{t) = - ^ {8sw{t) + Kc [ye{t - r ) + Tiydt - r )] + K,yV{t - r)] . (5.12) 
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When tracking a straight pa th equation (5.12) can be formulated as 

1 
8sw(t) = ~—{8sw{t)^Kclyit-r)^Lsmi;{t-T)^ 

J-i 

TL {y{t -T) + L sin iPit - r))] + Ku-V{t - r ) } . (5.13) 

Using the modified driver model, the driver's response to cross-wind 

disturbances is shown in Figure 5.5. The driver time delay K\y for cross-wind is 

determined to give a steady state error of zero for the lateral deviation. Although 

the same wind conditions as in Figure 5.5 are used, the modified model is seen to 

give reasonable results for the same look-ahead distance and same driver time 

delay. 
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Figure 5.2: Look-ahead distance and lateral deviation. 
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C H A P T E R VI 

RESULTS AND DISCUSSIONS 

6.1 Introduction 

In this chapter, the results which are obtained from simulation of the wind and 

driver-vehicle system are discussed. After demonstrating the vafidity of the wind 

simulation, calculations of a vehicle's response to wind excitations are presented 

for fixed steering and with driver control. 

6.2 Wind Simulation 

Before examining the driver-vehicle system response, the reafism of the wind 

time histories generated at two points on a moving vehicle is evaluated. As was 

described in the previous chapter, the wind simulation requires input of a 

statistical specification of the desired atmospheric turbulence with respect to a 

fixed observation point. Further input consisting of the geometric dimensions and 

speed of the vehicle aUows transformation of the statistical description of the 

atmospheric turbulence to the vehicle fixed reference. The desired time histories 

can then be synthesized. The reafity of the time histories is evaluated by 

calculating and comparing results with the statistical properties which were 

initiaUy provided as input . 

Aside from the turbulence properties, the principle control parameters for the 

wind simulation are the maximum range of frequencies nmax used in the power 

spectra and the number of frequency intervals into which that range is divided. 
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The accuracy or reafism of the simulation is expected to improve with increasing 

values of these parameters . However, the computational requirements increase as 

weU, thereby requiring a trade-off of accuracy for speed which must be resolved 

a convergence study. 

The t ime histories of the fluctuating velocity components are given in Fourier 

t ime series with equations (3.71) and (3.74). The Fourier time series for the 

longitudinal component is 

Ap/2 

^(^5 y)= J2 [Aj cos {27rnjt + Q^T/) + Bj sin {27rnjt + Q^T/)] 

where 

Aj = J2Suui'^j) An cos (j)j 

and 

Bj = J2Suu{P'j)Ansm(j)j. 

The corresponding frequency interval is calculated from 

A n = ? ^ . (6.1) 

The number of summations Np and the frequency interval A71 deflne the 

maximum frequency nmax- Also, the frequency interval A7i determines the energy 

contribution from the power spectral density function for the frequency bandwidth 

centered about nj. Therefore, the summation number Np must be taken large 

enough to yield an adequate nmax-, and the frequency interval must be taken smaU 
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enough to obtain an acceptable resolution of the energy contributions. From plots 

of the power spectral density function versus the frequency given by Cooper 

(1984), it is apparent that the power contributions are negfigible for frequencies 

larger than 10 Hz. Therefore, the maximum frequency used for the simulations is 

12.5 Hz. 

The effects of the number of summations Np in the time series for the 

turbulence intensities, mean velocities and correlation functions are determined for 

a mean wind speed V equal to 10 m / s , and a vehicle speed U equal to 25 m / s , 

giving V'*= 2.5, where 

V- = = . (6.2) 

V 

Following Cooper (1984), the turbulent length scale ''7y is 30 m, the reference 

altitude 2; is 1 m and the surface roughness height ZQ is 0.05 m. 

Figure 6.1 shows the effects of the number of summations Np on the rms 

(root-mean-square) turbulent intensities a^ and a,.. The target values as 

obtained from equation (3.11) are shown with sofid and dash fines. The rms 

turbulent intensities for the simulated longitudinal and lateral components 

converge rapidly with increasing Np, for Np smaUer than 1000 only smaU 

improvements occur for larger values. 

Figures 6.2 and 6.3 iUustrate the effects of summation number on the 

autocorrelation and cross-correlation functions, pyy(r) and /3yy(Ar,r) , 

respectively, for the longitudinal velocity fluctuation component. In the figures, 
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the target autocorrelation and cross-correlation functions are computed from 

equation (3.21) and are shown by sofid fines. As expected, the autocorrelation 

function is equal to unity at zero time lag and decrease rapidly with increasing 

t ime lag. The agreement between the simulation and target autocorrelations 

improves with increasing Np. The cross-correlation produces a maximum less 

than one at a finite time lag. The simulation cross-correlation peaks at a 

somewhat higher value and lower time lag than the target but reflects the essential 

features for Np greater than 1000. The lateral component autocorrelation and 

cross-correlation functions PVV{T) and /9^.i.(Ar, r ) are given in Figures 6.4 and 6.5. 

They are similar to the correlation functions for the longitudinal components, but 

decrease more rapidly with increasing time lag. 

It is obvious that the reafism of the simulation depends on Np. As noted 

before, increasing Np gives bet ter results, but takes more computer t ime. From 

Figures 6.1-6.5, it was determined that an Np equal to 1000 is required for 

reasonable results. 

6.2.1 One-Dimensional Wind Simulation 

In this section, sample calculations for one-dimensional atmospheric turbulence 

and one-point and two-point transient side force and yaw moment coefficients are 

represented. Results from a two-dimensional simulation are presented in the next 

section. The vehicle chosen is a typical of mid-size sedans with a wheelbase 
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/=2.643 meters . Representative aerodynamic force and moment coefficients lead to 

Af/A=0.0275 and ( /cp/ / )(^/ / .4)=0.0089. Results are given for several different 

vehicle and wind speeds. The vehicle speeds chosen, 25 and 30 m / s , are 

representative of highway speed. The mean wind speeds considered are 10 and 20 

m / s giving the ratio of vehicle speed to mean wind speed as T'*=1.5 and U ' = 2.5 

respectively. Also, the turbulent length '^7y is set to 30 meters, and the vehicle 

height z and surface roughness height ZQ are taken as 1 meter and 0.05 meters, 

respectively. 

Figures 6.6 and 6.7 show relative wind speed and the angle of attack time 

histories at the front and rear points on the moving vehicle for U*=2.5 and 

V'* = 1.5. The means for the relative wind speeds and angles of attack time 

histories are almost the same at the front and rear points, and summarized in 

Table 6.1. Close inspection of the time histories reveals that the velocities and 

angles of at tack at the front and rear calculation points are very similar but not 

exactly identical. This was indicated earlier with a maximum cross-correlation 

function approximately equal to 0.9. The high degree of correlation of the two 

velocity histories indicates that the separation distance between the front and rear 

points is much smaUer than the dominant scales of the turbulence. EssentiaUy, 

both points are influenced by the low frequency gusts in the same approximate 

manner . 
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Figures 6.8 and 6.9 iUustrate the corresponding one-point and two-point side 

force and yawing moment coefficients time histories. The means and variances of 

one-point and two-point side force coefficients and yawing moment coefficients are 

presented in Table 6.1. If there were a significant aerodynamic effect associated 

with velocity gradients along the length of the vehicle, the intuitive expectation 

would be that the yawing moment would be the most strongly influenced. 

Inspection of Figure 6.8 reveals tha t , as expected, the one-point and two-point 

side force histories are almost identical in detail and in average statistical 

character. The same can also be said of the yawing moment. These observations 

re-enforce the earfier conclusion that the vehicle is so much smaUer than the 

turbulence scales that the velocity gradients are negfigible. 

The question arises as to whether the above conclusions would be true for 

significantly smaUer but stiU reasonable turbulent length scales. To examine this 

question, the previous calculation were repeated with the results summarized in 

Table 6.2 for the velocity, side force, and yawing moment histories shown in 

Figures 6.12 and 6.13. The previous observations appear to be vafid for this case 

as weU. 

6.2.2 Two-Dimensional Wind Simulation 

To see the effects of the lateral component of atmospheric turbulence on the 

response of a vehicle to side-wind excitations, both the longitudinal and the lateral 
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fluctuating components are calculated. Figures 6.14, 6.15, 6.16. and 6.17 are the 

wind velocities, the angles of attack and the side force and yawing moment 

coefficients t ime histories in two-dimensional turbulence for T'"=2.5 and T'" = 1.5. 

The two-dimensional results for ^7y=30 m and ''7y =15 m are given at Table 6.3 

and Table 6.4. 

Comparing the results of two-dimensional wind simulation with 

one-dimensional wind simulation it may be noted that the means are almost the 

same, although variances are higher than one-dimensional simulation. If the side 

force and yawing moment coefficients are compared, it is found that they are also 

close to each other for both cases. T'*=2.5 and U* = 1.5. This similarity between 

one-dimensional and two-dimensional wind simulation is also seen for the different 

turbulent length scale, '̂ 7y = 15 meters. 

6.3 Vehicle Response to Wind Excitations 

In the following section prediction of the response of a vehicle to side-wind 

excitations are presented for fixed-steering and driver control cases. The four 

differential equations consisting of three for the equations of motion given by 

equation (4.1), and one for the driver simulation given by equation (5.13) are 

solved simultaneously using a fourth-order Runga Ku t t a method. 

The test calculations are for a typical mid-size vehicle. 1987 Ford Thunderbird, 

and compact vehicle, 1987 Hyundai Excel. The dynamics parameters of vehicles 

and the tire parameters were obtained from Heydinger (1990) and are given in 
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Table 6.5 and Table 6.6. In addition, smaU variations of the dynamic parameters 

of the vehicles are appfied to see their effects on vehicle stabifity. Two different 

vehicle velocities and two different mean wind velocities are utifized. The vehicle 

speeds chosen are 25 m / s and 30 m / s which are representative of highway speeds. 

The mean wind speeds chosen are 10 m / s and 20 m / s . 

6.3.1 Vehicle Response to Wind Excitations with Fixed 
Steering Wheel 

The vehicle response with fixed steering angle is tested by imposing a side 

wind during a time period of two seconds. A two-second gust duration is utifized 

because the general character of the fixed-steering response is estabfished shortly 

after the onset of the gust and the initial response is of the most interest. The 

results from one-dimensional and two-dimensional wind simulations are compared 

with the response to a constant cross-wind. Also the differences in the response to 

one-point and two-point models of the unsteady side force and yawing moment 

coefficients are investigated. 

Figures 6.18 through 6.21 show the lateral response variables of the vehicle for 

a vehicle speed of 30 m / s , and the mean wind speed of 20 m / s . giving T^*=1.5. In 

these figures and the foUowing ones VRI and VR2 are wind velocities at the front 

and rear points. Cs, Cy and CR are the side force, yawing moment and roUing 

moment coefficients, respectively. S F is the total side force. In the second 
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column of the figures, 8s\v is steering wheel angle, y is lateral deviation, ay is 

lateral acceleration, r is yaw rate , -0 is the heading angle, and (j) is the roU angle. 

Figure 6.18 illustrates the response of the Hyundai Excel to the 

one-dimensional wind simulation using one point model for side force and yawing 

moment coefficients. Figure 6.19 illustrates the response using the two-point side 

force and yawing moment coefficients model. In these figures, the dotted fine 

indicates a constant cross-wind. 

The total side force TiY, lateral acceleration ay, yaw rate r , and roU angle <f> 

show large fluctuations due to large fluctuations of the side force, yawing moment 

and rolling moment coefficients. As was indicated in the previous sections the 

one-point and two-point models for the aerodynamic coefficients produce almost 

identical results, although the maximum lateral deviation, the maximum yaw 

angle and the maximum lateral acceleration are are sfightly higher with the 

two-point model. Again, the explanation for the similarity between the one-point 

and two-point force and moment models is that the vehicles is smaU compared to 

the turbulent eddy scales. 

Without driver input the heading angle </> increases continuously during the 

duration of the gust. Consequently, the lateral deviation rate increases 

throughout the gust as weU. It is interesting to note that the inertial damping 

provided by the mass of the vehicle minimizes the fluctuations in heading angle 

and lateral deviation caused by the turbulence. 
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Figures 6.20 contains the results for a two-point aerodynamic coefficients 

model with a two-dimensional wind simulation. Again, it is noted tha t the lateral 

variables and aerodynamic coefficients are simUar to the results obtained with the 

one-dimensional wind simulation. 

Figure 6.21 illustrates the effects of reducing the turbulent length scale ^7y 

from 30 m to 15 m. In general, the results are very close to those obtained with 

"^7^=30 meters . However, the fluctuations in the side force become sfightly 

smaUer, and the fluctuations in the yawing moment coefficients are somewhat 

larger with the reduced turbulent integral length scale. 

6.3.2 Vehicle Response to Wind Excitations with Driver 
Control 

To examine the influence of a driver on a vehicle's response to a cross-wind, the 

Ford and Hyunda vehicles are exposed to a 19 second gust. The modified model 

given in previous chapter is used in the simulation. The driver parameters , except 

for the gain parameter for a side wind K\v, are held constant for all cases tested. 

They are Kc = lO deg /m, TL=0.2 S, T / = 0 . 1 S, r=0 .32 s as recommended by Fukui 

et al. (1988). The driver gain parameter for a side wind K\v is determined based 

on vehicle type and wind speed. Because one-point and two-point aerodynamic 

coefficients, and one-dimensional and two-dimensional wind simulations give 

similar results, the results are only given for two-dimensional wind simulations and 

two-point aerodynamic coefficients in this section. 
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As a point of reference. Figure 6.22 shows the response of the driver-vehicle 

system to a constant side-wind condition for T''^=2.5 and 1̂ ^ = 1.5. for which K\v is 

0.049 and 0.062 deg.s/m at mean wind speeds of 10 m / s and 20 m / s , respectively. 

It is obvious tha t the lateral deviation, steering wheel angle and other lateral 

variables become higher with increasing wind and vehicle speeds. It may also 

noted, that after some osciUations, the driver model is successful in estabUshing 

equifibrium on the desired path. 

Figures 6.23 and 6.24 show the response of the Hyundai Excel and Ford 

Thunderbird resulting from the two-point aerodynamic coefficients model with a 

two-dimensional turbulent wind simulation at V*—2.b. In contrast to the 

response to a steady wind, a steady equifibrium is never estabfished for a 

turbulent cross-wind. However, the driver model is successful in remaining 

approximately centered on the desired path with continuous variations in the 

steering angle. As was noted for the fixed steering response, the mass of the 

vehicles tend to filter out much of the high frequency content of the turbulence 

generated forces so that they are not reflected in the heading angle and path 

deviations. Due to its higher mass, the response fluctuations of the Thunderbird 

are somewhat smaUer than the Excel. 
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6.3.3 Driver Parameters 

The driver-vehicle system simulation aUows evaluation of the effects of the 

driver parameters , gain factor Kc. driver time delay r , and look-head distance L, 

on the vehicle response to cross wind excitations. Considering the Ford 

Thunderbird, the driver time delay r is varied with the results presented in Figure 

6.25, for a constant wind and T'' = 1.5. Figure 6.26 shows the driver-vehicle 

response to wind gust for the same driver time delays. It is somewhat surprising 

to see tha t a variation of only a tenth of second in the driver time delay parameter 

can cause approximately 20% higher path deviations with correspondingly more 

vigorous steering inputs required. This observation is relevant when assessing the 

driving difficulty that elderly drivers or drivers with reduced alertness caused by 

fatigue, drugs, or alcohol would experience during turbulence wind situations. 

The effects of look-ahead distance on the driver-response to side-wind 

excitations are iUustrated in Figure 6.27 and Figure 6.28 for constant wind and 

turbulent wind gust. From the figures, it is apparent that as the look-ahead 

distance decreases, the stabifity of the system is reduced. The tendency to fixate 

on a point a short distance ahead of the vehicle is a common characteristic of 

inexperienced and unskiUed drivers. Consequently, these drivers would be 

expected to have greater difficulty in cross-wind situation where their tendency 

would be to over-control possibly leading to a loss of control of the vehicle. 
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The effects of the driver gain factor on vehicle response to side-wind excitation 

is shown in Figure 6.29. For this calculation, the driver gain factor Kc is set to 8, 

10, and 20 deg/m. Comparing the results reveals that increasing the driver gain 

factor increases the steering wheel angle and decreases the lateral deviation. An 

increased driver gain factor would be characteristic of a more skiUful driver 

capable of reacting accurately and vigorously to vehicle perturbations. 

6.3.4 Effects of Vehicle Parameters on Vehicle Stabifity 

The stabifity of the driver-vehicle system depends on both the side disturbance 

and the vehicle and driver dynamic and aerodynamic parameters. In addition to 

the stability of the system, the passenger comfort is also of concern. This 

characteristic can be quantified in terms of the magnitudes of the response 

fluctuations. A passenger would be sensitive to the lateral accelerations while the 

driver exertion would be determined by required steering inputs, path deviations, 

and heading angle fluctuations. The driver-vehicle simulation allows an 

examination of the influence of the vehicle parameters on these driver and 

passenger comfort criteria. Taking the Ford Thunderbird parameters in Tables 

6.5 and 6.6 as reference values, the percent change of the rms level of the response 

fluctuations per percent change of the indicated vehicle parameter is shown in 

Table 6.7. The rms values are calculated from the response fluctuations during a 

t ime period from 10 to 40 seconds. From the results shown in Table 6.7. it is 
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apparent that the slope of the yawing moment coefficient curve is the most critical 

parameter in influencing the driver and passenger perception of ride quafity. An 

increase in the slopes of the side force and yawing moment coefficient curves 

results in higher forces and moments for a given relative wind angle. 

Consequently, the vehicle response to the increased forces can be expected to be 

higher as weU. Decreasing the lateral tire stiffness causes the vehicle to be less 

responsive to driver input required larger steering angles. The driver would 

perceive a higher level of effort required to control the vehicle. However. 

decreasing the tire stiffness also reduces the rms value of the lateral accelerations 

which translates into improved passenger comfort. 



Table 6.1: Statistical parameters for one-dimensional wind simulation 
for ^7y = 30 m. 

I V^ \ 'ariables 

1 i 

VRI (m/s) 
T}?2 (m/s) 

2.5 

1 

/?i (deg) 
/52 (deg) 

Cs (1-point) 
Cs (2-point) 
C)- (1-point) 
Cy (2-point) 

VRI (m/s) 
VR2 (m/s) 

i 3, (deg) 

1.5 02 (deg) 
Cs (1-point) 
Cs (2-point) 
Cy (1-point) 
Cy (2-point) 

Means 

27.373 
27.374 
23.075 
23.073 
0.6718 
0.6718 
0.2163 
0.2163 
36.890 
36.889 
33.859 
33.851 
1.0316 
1.0316 
0.3322 
0.3322 

RMS Values 

27.400 
27.403 
23.827 
23.826 
0.7100 
0.7092 
0.2286 
0.2292 

37.069 
37.069 
34.934 
34.932 
1.1255 
1.1236 
0.3624 
0.3639 

Variances 

1.4678 
1.4683 
35.320 
35.000 
0.0528 
0.0518 
0.0055 
0.0058 
13.257 
13.307 
74.024 
74.367 
0.2028 
0.1985 
0.0210 
0.0221 
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Table 6.2: Statistical parameters for one-dimensional wind simulation 
for ^7y = 15 m. 

V-

2.5 

1.5 

Variables 

VRI (m/s) 
VR2 (m/s) 
A (deg) 
/52 (deg) 

Cs (1-point) 
Cs (2-point) 
Cy (1-point) 
Cy (2-point) 

VR, (m/s) 
VR2 (m/s) 
/5i (deg) 
/?2 (deg) 

Cs (1-point) 
Cs (2-point) 
Cy (1-point) 
Cy (2-point) 

Means 

27.373 
27.374 
23.075 
23.077 
0.6718 
0.6718 
0.2163 
0.2163 
36.890 
36.886 
33.859 
33.839 
1.0316 
1.0316 
0.3322 
0.3322 

RMS Values 

27.400 
27.402 
23.827 
23.827 
0.7100 
0.7089 
0.2286 
0.2295 
37.069 
37.068 
34.934 
34.921 
1.1255 
1.1228 
0.3624 
0.3646 

Variances 

1.4678 
1.4834 
35.320 
35.229 
0.0528 
0.0513 
0.0055 
0.0059 
13.257 
13.415 
74.024 
74.442 
0.2028 
0.1967 
0.0210 
0.0226 
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Table 6.3: Statistical parameters for two-dimensional wind simulation, 
^7y = 30 m. 

V^ Variables 

VRI (m/s) 
VR2 (m/s) 

2.5 

1.5 

A (deg) 
/32 (deg) 

Cs (1-point) 
Cs (2-point) 
Cy (1-point) 
Cy (2-point) 

VRI (m/s) 
VR2 (m/s) 
A (deg) 
/52 (deg) 

Cs (1-point) 
Cs (2-point) 
Cy (1-point) 
Cy (2-point) 

Means 

27.479 
27.479 
23.118 
23.073 
0.6736 
0.6734 
0.2169 
0.2169 
36.794 
36.799 
34.386 
34.380 
1.0299 
1.0299 
0.3316 
0.3317 

RMS Values 

27.561 
27.560 
23.938 
23.826 
0.7124 
0.7115 
0.2294 
0.2301 
37.102 
37.105 
35.659 
35.669 
1.1252 
1.1221 
0.3623 
0.3647 

^'ariances 

4.4930 
4.4340 
38.603 
38.936 
0.0538 
0.0526 
0.0056 
0.0059 
22.820 
22.591 
89.277 
90.345 
0.2055 
0.1986 
0.0213 
0.0230 
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Table 6.4: Statistical parameters for two-dimensional wind simulation. 

T'* \ Variables 
1 j 

\'RI (m/s) 
1R2 (m/s) 
3i (deg) 

2.5 ; 62 (deg) 
C5 (1-point) 
Cs (2-point) 
Cy (1-point) 
Cy (2-point) 

\'RI (m/s) 
VR2 (m/s) 
3i (deg) 

1.5 02 (deg) 
Cs (1-point) 
Cs (2-point) 
Cy (1-point) 
Cy (2-point) 

Means 

27.479 
27.485 
23.118 
23.937 
0.6736 
0.6736 
0.2169 
0.2169 
36.794 
36.809 
34.386 
34.386 
1.0299 
1.0299 
0.3316 
0.3317 

RMS Values 

27.561 
27.565 
23.938 
23.947 
0.7124 
0.7111 
0.2294 
0.2304 
37.102 
37.105 
35.659 
35.673 
1.1252 
1.1230 
0.3623 
0.3640 

1 1 

\'ariances 

4.4930 
4.4560 
38.603 
38.938 
0.0538 
0.0520 
0.0056 
0.0061 
22.820 
21.950 
89.277 
91.807 
0.2055 
0.2006 
0.0213 
0.0225 
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Table 6.5: Vehicles' 

Parameters 

771 

rris 

a 

b 

I 

^XXs 

hz 
^XZs 

CF 

CR 

Kscp 
KSCR 

KSR 

R 

K^jr 

K,n 
e 

TT 

KRSF 

KRSJI 

CSDF 

CSDR 

hs 

Units 

kg 

kg 
m 

m 
m 

kg.m^ 
kg.m-
kg.m^ 

rad/rad 
rad/rad 
rad/rad 

rad/(N.m) 
rad/rad 

m 
rad/rad 
rad/rad 

m 
m 

N.m/rad 
N.m/rad 

N.m/(rad/sec) 

N.m/(rad/sec) 

m 

dynamics parameters. 

1987 Ford T. 

1,765.9 
1,532.4 

1.116 
1.527 
2.643 
524.0 
3348.8 

0 

-0.0277 
-0.0226 

0.0000155 
0.0000207 

17.01 

0.323 
0.605 
-0.006 
0.382 

1.481 

-51,991.1 
-14,074.2 
-2591.2 

-2294.4 

0.588 

1987 Hyunda E. 

1,298.1 
891.4 

1.015 

1.366 
2.381 
351.7 

2072.2 

0 

0.0718 
0.0394 

0.0001 
0.000017 

18.88 

0.278 
0.7816 
0.9390 
0.427 
1.362 

-22,009.4 

-28,153.0 
-3108.2 

-3108.2 

0.457 
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Table 6.6: Tire parameters for vehicles. 

Parameters 

Tire Type 

T^v (in) 
AO 

Al 

A2 

A3 
A4 

Ka 

r,(lb/in^) 
Bl 
B2 
B3 

CSFZ 

pnom 

FZT (lb) 
K, 

1987 Ford Thunderbird 

Goodyear/Radial 
215/70R14 
EAGLE ST 

1987 Hyunda Excel 

Goodyear/Radial 
P175/70R13 
CORSA GT 

7.0 

733.2 

19.48 

2903.88 

1.372 

4422.15 

0.05 

0.40 

30.0 

-0.0002497 

1.198 

0.000000032 

19.12 

0.85 

1550.0 

-0.0001988 

6.5 

-1.69 

18.70 

2442.09 

0.795 

7911.05 

0.05 

0.40 

33.0 

-0.00032 

1.144 

0.000000067 

15.20 

0.85 

1036.0 

-0.0001974 
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Table 6.7: A'ehicle response sensitivity. (% change in rms lateral pa
rameters/'"TC change in vehicle parameters). 

\'ehicle Parameter 

izlO% change of slope of side 

force coefficient 

IT 10% change of slope of 

yawing moment coefficient 

— 5% change of tire lateral 

stiffness 

Response Sensitivity 

8s\v 

0.396 

0.670 

-0.502 

ay 

0.360 

0.651 

0.432 

y 

0.905 

1.155 

-1.064 

r 

0.358 

0.672 

-0.590 

V; 

0.414 

0.939 

-0.560 
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Figure 6.9: Yawing moment coefiicient time histories, (a) one-point, (b) two-point. 
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Figure 6.18: Response of 1987 Hyundai Excel with fixed steering wheel to 
one-dimensional simulated wind with one-point coefficients V*=l.b. 
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Figure 6.19: Response of 1987 Hyundai Excel with fixed steering wheel to 
one-dimensional simulated wind with two-point coefficients l'* = 1.5. 
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Figure 6.20: Response of 1987 Hyundai Excel with fixed steering wheel to 
two-dimensional simulated wind with two-point coefficients T'* = 1.5. 
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Figure 6.21: Response of 1987 Hyundai Excel with fixed steering wheel to 
two-dimensional simulated wind with two-point coefficients T'̂  = 1.5, "^Lu = lb m. 
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Figure 6.24: Response of 1987 Ford Thunderbird with driver control to 
two-dimensional simulated wind with two-point coefficients y*=2.5. 
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Figure 6.26: The effects of driver time delay on vehicle response to wind gust. 
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Figure 6.27: The effects of the look-ahead distance on vehicle response to constant 
wind. 
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Figure 6.28: The effects of the look-ahead distance on vehicle response to wind gust. 
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Figure 6.29: The effects of driver gain parameter for 1987 Ford Thunderbird with 

V*=l.5. 



C H A P T E R Vll 

CONCLUSIONS AND RECOMMENDATIONS 

In the presented study, a two-dimensional atmospheric wind is simulated. 

Using the wind simulation results to generate a cross-wind, the response of a 

driver-vehicle system to wind excitations is investigated. Based on the results of 

this study, the following conclusions are made. 

1. Two-dimensional atmospheric turbulence can be simulated at two points on a 

moving vehicle with acceptable accuracy. 

2. One-point and two-point models for the side force and yawing moment 

coefficients give similar results because of the small distance between two 

points on a vehicle compared with the turbulent length scale. 

3. The lateral velocity component of atmospheric turbulence has a negligible 

influence on a ground vehicle. 

4. The response variables of the driver-vehicle system for turbulent wind 

excitations are higher (e.g., lateral deviation, lateral acceleration, yaw rate , 

and yaw) compared with constant wind. 

5. The yawing moment coefficient has the greatest effect on the vehicle stability, 

driver effort and passenger comfort. 
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6. An increase in tire lateral stiffness increases vehicle responsiveness but also 

increases the lateral acceleration. 

The foUowing recommendations are made for future studies: 

1. To include the vertical motion in the equations of motion for the vehicle, 

because the tire forces depend significantly on vertical load; 

2. To determine gain parameters for the driver model from a vehicle simulator: 

3. To have actual data for the response of a vehicle to cross-wind excitations to 

compare with the simulation results; and 

4. To test larger vehicles fike trucks so the two-point model is important . 
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