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EXECUTIVE SUMMARY 

The SAFETRUC:K program is a research project oriented towards preventing accidents on rural 

highways, especially those associated with run-off-the-road incidents and driver fatigue, by giving 

the vehicle the ability to steer to the side of the road and come to a safe stop if the driver falls 

asleep or is otherwise incapacitated. The University of Minnesota, in cooperation with the 

Minnesota Department of Transportation, is equipping a Navistar 9400 series class 8 truck tractor 

with the sensors and control computers necessary to perform this task. In order to design the 

controller that will steer the truck, a mathematical model of the lateral response of the truck to 

steering inputs is required. Using a Kalman filter, this model will also be used to determine a best 

estimate of the truck's state variables given noise in the sensors and the possibility of sensor drop 

out (e.g., loss of Global Positioning System signals.) 

We developed a lbasic lateral dynamic model by adding one more axle (the rear tandem axle) to a 

standard automobile model [I], and then enhanced that basic model by incorporating second order 

dynamics into the steering axle tires. Probably the most important and most dficult part of 

modeling a highvvay vehicle is finding an accurate model of tires and their interaction with the 

road. Pneumatic tires in general are not mathematically tractable if extreme cornering forces are 

imposed, but since our present mission involves gently driving the truck over to the side of the 

road we felt that it was sufficient to use a simple linear tire model where the lateral force of the 

tire on the truck is directly proportional to the slip angle of the tire. The slip angle is the difference 

between the direction in which the tire is pointed and the direction in which it is actually moving. 

The constant of :proportionality between the slip angle and the lateral force generated is called the 

cornering stfiess. In the enhanced model we modifjl the response of the fiont tires to include a 

slight delay (a second order lag) between the time at which the wheels are steered and when the 

resulting side force is generated. 

The cornering stifkess of the tires, and various parameters of the second order enhanced model 

have widely vaqring values that depend on, among other things, the road surface and the load that 

the truck is carrying. This makes it unlikely that a handbook value for any of these parameters 





would correspond to the actual situation of our test vehicle. We experimentally determined values 

for these parameters by running a series of random steering tests [2] over a range of different 

forward speeds. This test consists of weaving the truck back and forth at a gradually increasing 

frequency while recording the steering wheel position and the resulting yaw rate. The time domain 

data recorded in the steer test is converted to the frequency domain using a Fast Fourier 

Transform (FFT). The ratio of the FFT of the yaw rate to the FFT of the steering angle results in 

an experimental transfer function. The parameters for both the basic and the enhanced models 

were varied until their transfer functions matched the experimental transfer function as closely as 

possible. 

Simulation of the resulting models indicated dynamic behavior that was close to the experimental 

data for speeds bletween 15 and 30 mph. The MnROAD track configuration did not allow for 

experiments at higher speeds. The enhanced model was slightly more accurate at higher 

frequencies (when cycling the steering back and forth faster than once per second). Both models 

resulted in experimentally determined values for steering axle cornering stifiesses that were 

considerably smaller than published values for the Goodyear GI59 tires on the truck. This is due 

to the fact that the tires in the model had to account for the suspension and steering gear 

compliance that were not otherwise incorporated into the model. 



CHAPTER 1 

INTRODUCTION 

This chapter describes the mathematical model of the Navistar 9400 truck tractor (see Figure 1.1) 

and Fruehauf semi-trailer that are being developed for use in the SAFETRUCK program. The 

purpose of this program is to develop a control system for a truck that will assist a driver if he or 

she has become incapacitated for any reason. By detecting the erratic behavior of a vehicle 

typically associatt:d with drowsy drivers, various strategies can be implemented including 

assistance with laine keeping. Since driver alarms and warnings are typically unable to sufficiently 

arouse the driver, we focused on an aggressive intervention strategy, i.e., systems that can 

automatically steer the vehicle to the side of the road and bring it to a safe stop. This approach 

can be used not o'nly if the driver falls asleep, but also when he or she is driving under the 

influence of alcohol, drugs or medication. 

A mathematical model is needed for at least four reasons. First, the model and its precursors were 

used to design the control system that steers the truck. Second, the truck's Inertial Measurement 

Unit (MU) incorporate a number of sensors that are integrated through the use of a Kalrnan 

filter. The Kalman filter requires a computerized model of the vehicle to help filter the noise out of 

the sensor array imd arrive at a best estimate of the current position, orientation and velocity of 

the truck. Thirdly the model is used in the laboratory to simulate the moving truck in order to 

examine concepts such as the virtual bumper and allows us to experiment with diierent radar 

mounting locations on the truck. Furthermore the ability to run the model on the real-time 

computers on the truck while the truck is being steered, provides us with a means for comparing 

predicted with actual behavior and thus facilitates fault detection in the sensors and control 

systems - an additional safety mechanism. Since our current research primarily involves steering 

the truck to mairitain its proper position in a traffic lane, the model we present here is for lateral 

control only. Future work will include a longitudinal model for braking and acceleration. 



The Navistar 9400 used for this study. 



CHAPTER 2 

A MA'THEMATICAL MODEL OF THE SAFETRUCK 

TRACTOR-TRAILER COMBINATION 

SURVEY OF HlEAVY VEHICLE MODEL LITERATURE 

Our evaluation of'the literature indicated that although there have been attempts at modeling the 

lateral dynamics of heavy vehicles, few if any of these models have been evaluated using an actual 

truck. When we attempted to verifjr these models on our truck, we found that they did not match 

up with the truck's actual dynamics. In this report we will document a model that we developed 

and tested that does provide adequate fidelity with the vehicle's true dynamic behavior. The 

tractor-trailer model we are using is similar to the standard automobile lateral model described in 

Wong [l]  with extra axles and a "fifth wheel" hitch added to transform the two axle car model 

into a five axle truck tractor-semitrailer model. El-Gindy [3] presented a similar model along with 

a method for reducing the number of states required, by replacing the trailer with a mass located 

at the fifth wheel hitch. We found a number of errors in the El-Gindy article that we corrected 

before proceeding (El-Gindy confirmed these in response to our inquiry), but essentially this 

model was the basis upon which we added a number of additional features. 

TIRES 

In most lateral vehicle models including those in Wong [l] and El-Gindy [3], the vehicle is 

modeled as a rigid body acted on by forces generated by the interaction of its tires with the road 

surface. Pneumatic tires are quite diicult to model accurately. There have been a number of 

complex tire models developed over the years. Some of the most comprehensive work done 

recently includes the analytical models developed at the University of Arizona [4] and the "Magic 

Tire formula77 [5] which uses experimentally determined parameters. Since we are going to use the 

model in real time and therefore require solutions that can be computed quickly we will initially 

use the same sinlplification that Wong and El-Gindy use and assume that the Cde force generated 

from a tire is directly proportional to its slip angle. We will call this our "basic" model. It is valid 

for small slip an,gles. The slip angle is the difference between the direction in which the tire is 



pointed and the direction in which it is actually moving. We will also make one enhancement to 

our basic model by modifying the fiont steering tire equation with a second order differential 

equation that will account for the fact that the side force is not generated instantaneously as the 

tire is turned to a new heading. This approach is reported by Heydinger, Garrot and Christos in 

[6 ] .  We will call this our "enhanced" model. 

The constant of proportionality between the slip angle and the lateral force generated is called the 

cornering stiffness. Any time a vehicle on pneumatic tires resists a side force, for instance due to 

the centrihgal force generated when cornering, a slip angle is generated by that force. The 

cornering stiffness of a tire is dependent on a variety of factors such as the type and condition of 

the road surface, the vertical load on the tire, the internal construction of the tire, and its intlation 

pressure. In the next chapter, we will describe the experimental procedure we used to find values 

for the cornering s t f iess  for each of the axles on the SAFETRUCK vehicle. 



MODEL EQUA'I'IONS 

A schematic of the tractor-trailer is shown in Figure 2.1 and the various equations of motion and 

of the geometricah relationships follow. 

Figure 2.1 Schemixtic of the SAFETRUCK model showing forces and dimensions used in the model 

equations. 



Parameters to be determined experimentally: 

Cn Sum of cornering stiffness for all tires on axle n, newtons/radian 

w Natural path frequency of front axle tires, radiansfmeter 

5 Damping ratio of front axle tires 

List of known con~stants (measurements fiom the actual vehicle): 

Mass of the Navistar 9400 tractor - 9053 kg 

Yaw moment of inertia of the tractor - 52161 kg m2 

Miss of the trailer in the 80,000 lb. configuration - 27361 kg 

Ya~w moment of inertia of loaded trailer - 767667 kg m2 

Distance from tractor CG to steering axle - 2.59 meters 

Distance fiom tractor CG to front tandem axle - 2.70 meters 

Distance from tractor CG to rear tandem axle - 4.02 meters 

Distance fiom trailer CG to rear trailer axle - 4.17 meters 

Distance from trailer CG to rear trailer axle - 5.41 meters 

Distance from tractor CG to 5th wheel hitch - 3.36 meters 

Distance from trailer CG to 5th wheel hitch - 6.32 meters 

Masses were measured at MnDOT's Lakeville truck scale. Moments of inertia were calculated 
from UMTRZ measurements of a similar truck augmented by information from Navistar. 

Other variables in the equations: 

Forward velocity of the tractor, meterlsec 
Lixteral velocity of the tractor, meterlsec 
Lateral acceleration of the tractor, meter/sec2 
Forward velocity of the trailer, meterlsec 
Lateral velocity of the trailer, meterlsec 

Lateral acceleration of the trailer, meter/sec2 

Sllip angle for tires on axle n, radians 

First derivative of front tire slip angle, radianslsec 

Second derivative of fiont tire slip angle, radians/sec2 

Lateral force at axle n, newtons 

Yaw rate of the tractor, radianslsec 



3, Yaw acceleration of the tractor, radians/sec2 

4,  Yaw rate of the trailer, radianslsec 

Yaw acceleration of the trailer, radians/sec2 

6 Steering angle of front tires, radians 
A Articulation angle between tractor and trailer, radians 

Note that since the system is nonholonomic it may not be considered strictly correct to use the dot 
notation which implies the ability to integrate the dotted quantities.. 

The equations of motion for the tractor are: 

Summing forces in the lateral direction: 

m , ~ ,  +m, i ,$ ,  = F,, + + F,, - F,, 

Summing moments around the center of mass: 

13, =l,F_, -12Fa2 -13F,, +16F,, 

The equations of motion for the trailer are: 

Summing forces in the lateral direction: 

m2ji, + m2 f a2 = F,, + F,, + F,, 

Summing moments around the center of mass: 

The hitch coupling equations are (assuming that the angle between the tractor and the trailer is 
small - i.e., a maximum of about 7 degrees when negotiating the 275 ft (84 meter) radius loops at 
the ends of the MnROAD track): 

The tire slip angles for the fiont (discussed here for both the basic and the enhanced models) and 
for the rear axles of the tractor and for the trailer axles are: 



Tractor front axle - basic model: 

Tractor front axle - enhanced model: 

Where On is a spacial frequency term in units of radianslmeter [6] .  

Tractor rear axles: 

Trailer axles: 

The lateral forces applied by the road to each axle are: 

Tractor: 
Fal = C,a=, 

Trailer: 
7 

Fa4 = (/,aa, 



Rearranging the equations of motion for the basic model into matrix form results in: 

Where: 

By premultiplying both sides of the first equation by the inverse of the left 4x4 matrix M, one can 
form the final state space representation of the system. We used MATLABTM to do this 
numerically. Note that the state vector x does not contain the forward velocity X, since that 
would make the system nonlinear. 






































