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FOREWORD

The rapidly growing number of automobiles in the United States
today has encouraged the development of an Automatically Controlled High-
way Vehicle (ACHV). The following paper describes the investigation and
development of such a system in a senior engineering project course at
The University of Michigan.

In an attempt to give the student a unique experience in design
education, the course description read as follows:

"A student team of ten senior and graduate engineering students
will be responsible for the design of an automatic highway vehicle guidance
and control system, including:

(1) Development of detailed system requirements taking account

of economic constraints.

(2) Specification and/or design of sensors for vehicle position,

velocity, and spacing.

(3) Development of a method for processing data and generating

normal command signals.

(4) Specification and/or design of vehicle control actuators.

(5) Development of entry and exit control methods.

(6) Development of emergency override operation and other safety

features."
Realizing that an exhaustive study and development of the total system
would be impossible in the fourteen weeks allotted for the course, it was
decided to reduce the system requirements as will be described below.
However, care was taken to ensure that the over-all activities of the group
included a broad range of the original problem, giving each individual

an opportunity to work in a specific area, rather than concentrating a
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total effort on one particular concept or sub-system.

The initial student assignments were as follows:

Project Engineer........ eee... James W, Albers
Vehicle Parameters............ Richard S. Morrison
Speed Control. e eeeeeennnnenn.. Charles L. Martin

William. E. Schroeder
Spacing Control...... eeeeees.. LOk-Seng Oei
Robert B. Roberts

Alfred R, Webster

Steering Control............. James W. Albers
Servo-Mechanisms.......coov... Joseph A. Van Zale
Actuators.eeeeeeeneneeeennnn, Gerald L. Walker

Over-ride...........vevv.u... Charles L. Martin
Economics, Marketing,

and Future Proposal.......... Harold W. Reick
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I.

BACKGROUND

A.

Traffic Safety

Recently there has been a great deal of discussion con-
cerning traffic safety, and much is being done in an attempt
to curtail the ever increasing death and injury toll through-
out the nation. Driver education, vehicle safety checks,
traffic law enforcement and many other programs are being
increased, but the fatality rate is still climbing, Table I
shows the traffic deaths in the past few years as well as the
deaths per 100 million vehicle miles. What it does not show,
however, is the number of persons injured to the extent of
disability beyond the day of the accident. In 1964, this
figure was 1.6 million which is greater than the population
of Milwaukee, Wisconsin, and yet this figure is only approxi-
mately one half of the total injuries. Again looking at
Table I, we see that the death rate per 100 million vehicle
miles has been reduced greatly in the past 20 years. But
since 1961, it has remained relatively constant, and for the
first half of this year, it is exactly the same as last year.
Thus with people traveling more and more miles each year, and
with the ever increasing number of drivers, highway deaths
and injuries soar upward. At the present time it can be said
that:

1. Motor vehicle accidents are the third leading cause

of death in the U,S.
2. More American lives have been lost in motor vehicle

-1-
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accidents than in all the wars in which the U.S.
has been engaged.

3. More children die as a result of motor vehicle ac-
cidents than from any other cause.

b, Half of the victims of motor vehicle deaths are in
the prime of life between the ages of 15 and Lk
years old.

The question remains as to the cause of these deaths and what
can be done to lower the accident rate.

There are many reasons accidents occur. Mechanical
failure of the vehicle is one, but it is responsible for a
very minor portion of the total number of accidents. The
greatest cause of accidents is due to human negligence in the
form of speeding, drunk driving, daydreaming, falling asleep,
etc. It has long been known that the driver is the weakest
link in the vehicle transportation system. The majority of
safety programs being initiated or accelerated are directed
toward educating or alerting the driver. However, these pro-
grams have proved ineffective as the statistics reveal, Be-
fore trying to find a program that would reduce the fatality
rate, let us look at another serious problem associated with
vehicle transporation.

Traffic Congestion

Control of traffic flow constitutes a major problem for
today's traffic engineers. Rush hour traffic in urban areas
as well as the profuse holiday and weekend traffic along

interstate and major highways lead to congestion and loss of
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time, tempers and lives. Ideally, if all the vehicles were
traveling at a uniform speed and spacing, more people would
travel further in less time and with fewer accidents. To ef-
fect this ideal condition with each driver in full control

of his vehicle is statistically impossible. 1In a limitedly
successful attempt to obtain control of traffic flow, Detroit
has recently installed a television surveilance and signalling
system through which controlled can watch and attempt to change
the traffic flow along one of the city's major freeways.
Drivers are prodded along, guided by lighted overhead speed
signs which indicate the speed at which they "should" be
traveling as decided by a computer in the control center.

If an accident blocks off a lane, a controller will switch

on a red X above the blocked lane for a distance preceding
the accident in hope of diverting traffic from the blocked
lane, thus preventing further collisions and reducing the
inevitable bottleneck caused by the accident. The system has
reduced travel time by lO% Oor more, but unfortunately it can-
not force the driver to obey the speed signs or switch lanes
as directed. As a result, many vehicles travel the express-
way with little or no consideration for the overhead signs,
slowing down only when forced to do so by the leading vehicle.
Drivers frequently cut in and out of lanes at their own will,
reducing their speed and thus creating a wave of congested

traffic which can be witnessed on the television monitors in
the control room. Nevertheless, this system is a step in the

right direction in that it at least makes a serious attempt
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to control traffic flow. The only reason it fails to do a
'‘berfect' job is that it again deals with the human element,
Thus far the two major vehicle transportation problems have
been discussed; the increasing death and injury rate, and
traffic congestion. It has been shown that the driver is the
major cause of these problems, and we now consider possible
solutions to these problems.

Electronic Highways

An obvious solution would be to reduce the number of
vehicles using the traffic lanes. The validity of this method
was manifested during World War II when gasoline rationing
reduced the travel mileage while the death toll dropped by
approximately 37%. But the present trend is for more and
more highway travel while at the same time automobile sales
are at an all time high. This solution, although efficacious,
would undoubtedly be unacceptable to the public, to say nothing
of the automotive industry which constitutes a major portion
of our economy. Therefore, a more feasible solution must be
sought.

Another approach to the problem is the use of electronic
warning devices to alert the driver of necessary speed changes,
accidents ahead, or other useful information. But such systems
must assume the drivers will strictly obey all signals re-
ceived visually by signs, or audibly through the car radio,
for a completely successful Operation. As was shown in the

Detroit installation, this does not really happen. Although
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these systems help to a significant degree, they are not the
ultimate solution to the traffic problems. What then is the
best solution?

As we have seen, the human element is the greatest cause
of traffic difficulties. It would seem logical that a system
of vehicle transportation which does not depend upon the driver,
but on something more reliable which would receive and execute
control signals without misjudging, mistaking, or ignoring
them would be the best possible solution. To design and build
a system whereby a passenger could step into his vehicle, push
a button, and let the vehicle take him to his destination is
perhaps the ultimate system. However, this system is an eng-
ineering impossibility at this time. But a system can be de
signed and constructed for a limited access highway whereby
the driver, once on the highway, could push a button and let
the vehicle drive itself. When the driver wanted to leave the
system, he could release the automatic control and manually
leave the highway along one of the normal exiting ramps.
Eventually this system could be modified to include automatic
exiting at a predetermined destination. Let us look at the
reasons supporting the installation of such a system.

Were not the interstate type highways designed and built
to lower traffic fatalities and reduce congestion? Why would
an automatic system be useful on such a road where it would
seem least needed? Again consider the statistics, In 1963,

over 31% of the traffic deaths resulted from single car
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accidents, most of these involving cars running off the road
and most frequently, occurring on good level roadways. It is
known that expressway driving tends to lull a driver into a
hypnotic-like state, possibly putting him to sleep. Also,
after a person has been driving on an expressway, he has a
tendency to maintain his speed after leaving the system and
while driving on a secondary road. The Bureau of Public Roads
recently found that the fatality rate had quadrupled on older
highways near the interstate systems, which substantiates this
viewpoint. If an automatic system were in use, the "driver"
would emerge from the system relaxed and alert, not mesmerized,
and thus would be a better driver upon exiting the system.
Also, an automatic system on a freeway would keep the traffic
moving at a uniform rate and would reduce congestion during
dense traffic conditions where normally people would be ac-
celerating and decelerating in waves of congestion. In addi-
tion, an automatic system would reduce travel time and increase
the volume of traffic a given highway could handle. The pas
sengers would enjoy a smoother, faster ride with none of the
many normal driving tensions. But most important, the fatal-
ity rate due to human negligence could be reduced.

Consumer Acceptability & Economic Feasibility

Before such an electronic system could be mass produced
and highways converted, a study must be made to determine con-
sumer acceptability and economic feasibility of a proposed

system. Consumer cost is of prime importance and is the
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limiting factor in designing an acceptable system. Also,
there are psychological factors which must be examined. Some
drivers might resent the loss of control of their vehicle or
might object to having antennas or other electronic apparatus
mounted on their automobiles. Therefore, the appearance of
such installations must harmonize with that of the vehicle.
There are many other questions concerning consumer accept-
ability that remain unanswered or unknown.

To determine how much a consumer would be willing to pay
for a system, what he would expect for his money, and what his
general reaction to an automatic vehicle guidance system would
be, a thorough marketing study must be conducted. The impor-
tance of such a study is affirmed by the fact that the auto-
mobile manufacturers conduct such a study before making any
major modifications. For example, public opinion prohibits
car manufacturers from replacing the steering wheel with safer
steering handles or knobs. However, the method of obtaining
useful information from the public is not as simple as it may
seem. In the early 1950's, if a car manufacturer would have
asked a person if he would be willing to pay an extra $150.00
for a car that automatically shifted, the majority of answers
would have been "No;" and, yet, today most cars have automatic
transmissions.

One of the leading automobile manufacturers conducts
their marketing research by asking the people to describe

their needs. This approach is more informative than asking
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for their opinions. They follow this with a study on how
present products fulfill the needs of the consumer and then
try to come up with a product that will give greater satis-
faction. Any method of marketing requires '"sampling'" from
which a decision to produce or not to produce is based. 1In
this particular project the need for the automatic highway is
understood, but a study must eventually be made to find if the
consumer's need for the system exists, and if so, to what ex-
tent.

There exists one remaining problem to resolve--financing
the modification of existing roadways. Appropriations must
come from State and Federal Funds. This again means looking
for the most economical solution. The proposed system should
not require destruction of present highways or addition of new
lanes. One could, however, consider drilling holes and/or
making diamond saw cuts in the highway, so long as the strength
and reliability was not disturbed.

A Bureau of Public Roads official indicated that funds
could be made available for installation of the system pro-
vided it was deemed a necessary improvement. Eventually the
U.5. Congress would have to pass new legislation to cover in-
stallation costs on a nationwide basis. The approach that
must be used, however, is to first build a closed test track
to thoroughly test the system as well as publically demonstrate
it. The next step would be to modify an extensive stretch of

highway and to test many experimental vehicles under all
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conditions of traffic and weather. The success of these tests
would then serve as a basis for further expansion of roadway

and the actual marketing of the automatic vehicle.

TABIE T
YEAR No. of Deaths Death Rate/100 million miles
1955 31,363 15.6
1941 39,969 12.0
1953 57,955 7.0
1961 38,091 5.2
1962 Lo, 8ok 5.3
1963 43,600 5.5
1964 47,700 5.2
1965 21,920 5.2
(First
6 Mo.)

All Statistics from Journal of Civil Engineering
October 1964 pages 38-L0

or

Traffic Safety Magazine
September 1965



IT.

VEHICLE DYNAMICS

A.

Introduction

Before a control system can be developed, it is important
that the vehicle and its parameters be investigated. Once this
has been completed, certain assumptions can usually be made to
simplify the fundamental problem - that of controlling the
vehicle. The following discussion will introduce the assump-
tions that will be made, and justify their validity by con-
sidering the range and magnitude of error that can be expected.

Assumptions and Definitions

It is known that the wheels of a vehicle, both front and
rear, do not roll in the same plane as they are fixed while
negotiating a curve. The angle(s) between these planes is a
function of numerous vehicle parameters. Also, the vehicle's
longitudinal axis becomes inclined with respect to the tan-
gential velocity vector of the vehicle. With these facts in
mind, it is convenient to assume for small lateral accelera-
tions or large radius turns (i.e. turnpikes and expressways )
that the aforementioned angles involved are small. Also, the
response time and output signal of the control system is assumed
not to vary appreciably if these angles are neglected. There-
fore, the assumptions to be substantiated read: a) the wheels
roll in the same plane they are fixed relative to the vehicle.
b) the longitudinal inclination with respect to the tangential

velocity vector can be neglected.

-10-
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From geometry considerations, lines drawn perpendicular
to the plane of the front wheels intersect on a line drawn
through the rear axle. The intersection point is called the
steering center, this system being known as the Ackermann
principal of steering. It can be noted that the front wheels
are never parallel when the vehicle is turning. Refer to
Figure 1. Also, as mentioned previously, the rolling plane
of the wheels is not the same as the plane of the wheels when
the vehicle is turning. Therefore, the perpendiculars to the
wheels do not meet at the theoretical steering center. It is
desired to determine the magnitude of deviation in the steering
center, from that of being on the rear axle center line when
the rolling plane is assumed the same as the wheel plane.

It is assumed that the frequency of the control system
is not of the same order as the natural frequency of the veh-
icle. If the frequencies are of the same order of magnitude,
reinforcement will occur and the vehicle may become unstable.
Calculations must be made to determine the relative ratio of
frequencies to insure stability.

Aerodynamic forces are neglected. It is difficult to
estimate the magnitude, direction, and rate of application
of these forces. Also, without extensive testing, the center
of pressure (the point where these forces act - not the same
as the center of gravity of the vehicle) is difficult to

determine.



FOREWORD

The rapidly growing number of automobiles in the United States

today has encouraged the development of an Automatically Controlled High-

way Vehicle (ACHV)., The following paper describes the investigation and

development of such a system in a senior engineering project course at

The University of Michigan.

In an attempt to give the student a unique experience in design

education, the course description read as follows:

"A student team of ten senior and graduate engineering students

will be responsible for the design of an automatic highway vehicle guidance

and control system, including:

(1)

(2)

(3)

()

(5)
(6)

Development of detailed system requirements taking account
of economic constraints.

Specification and/or design of sensors for vehicle position,
velocity, and spacing.

Development of a method for processing data and generating
normal command signals.

Specification and/or design of vehicle control actuators.
Development of entry and exit control methods.

Development of emergency override operation and other safety

features."

Realizing that an exhaustive study and development of the total system

would be impossible in the fourteen weeks allotted for the course, it was

decided to reduce the system requirements as will be described below.

However, care was taken to ensure that the over-all activities of the group

included a broad range of the original problem, giving each individual

an opportunity to work in a specific area, rather than concentrating a

ii
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DEFINITIONS:

Tn cornering, a tire (front or rear) is subjected to
side forces and will deflect like any other elastic body.
If the tire is rolled along a flat surface in this deflected
condition, it will diverge from the path that would have
been in line with the wheel plane. The angle between the
plane of the wheel and the divergent path is defined as the
slip angle, « .(5) See Figure 2, and "Nomenclature" Figure 3.

If the slip angles of the front and rear tires of a vehicle
are equal, the vehicle's path is a straight line. However,
if the front and rear tires are deflected by different a-
mounts, the vehicle's path will be curved. Any change in
curvature of the vehicle's path will result in a change in
centrifugal force (i.e. a change in the forces acting on the
tires). This, in turn, changes the deflection of the tires
(i.e. the slip angle) which again changes the curvature of
the vehicles path. This process continues until the vehicle
completes the turn.(5)

"Slip angles can cause a (vehicle) to be 'steered' or
deviated from its path by factors other than a change in
the angle of the steering wheels.”(B) Several of these
factors may be listed:

a) Changes in centrifugal force or lateral acceleration

effect the slip angles as can be seen in Figures 4,
5, and 6 for a typical vehicle.
b) Slip angles are also determined by changes in the

plane of the wheels, due to suspension deflection



NOMENCLATURE

AT Self-aligning torque, ft. - 1bf.

a Listance of vehicle c.g. to front wheel, ft.

b Distance of vehicle c.g. to rear wheel, ft.

L, Moment. of inertia of total mass about z-axis, slug - ftg.
L Roll moment about x-axis, ft. - 1bTf,

1 Wheelbase, ft.

M Total mass of vehicle, slugs.

M, Sprung mass, slugs.

A Yaw moment, ft. - 1bf.

P Roll velocity about the x-axis, radians per sec.
r Yaw velocity about the z-axis, radians per sec.
v Forward velocity, ft. per sec.

v Lateral velocity, ft. per sec.

Y Force along y-axis, 1bf,

Z or F,, Vertical load on tire, 1bf.

a Tire slip angle, radians.

p Side slip angle, radians.

o Camber angle, radians.

) Front wheel steer angle, radians.
€ koll steer, radian per radian.

o) koll angle, radian

i Circular natural frequency, radians per sec.

Figure 3. Nomenclature

P
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or to 'camber'. The front wheels of some vehicles are
inclined with respect to the vertical. This angle is

(3)

referred to as camber. See Figure 7 and O.

Due to lateral weight transfer, the vertical forces
acting on the tires change, thus effecting the slip
angles, Vertical forces acting on the wheels (tires)
are affected by roll steer. "Roll steer effects are
self-steering effects, caused by the roll of the body
due to centrifugal force. Roll steer doesn't change
the slip angles, but moves the wheels compensate for
them.”(S) The two forms of roll steer are: Toe change,
i.e. a change in the wheel's direction of travel, and
camber change, i.e. the change in the angle between the
wheel and the road surface.

Changes in the vertical force due to acceleration or
deceleration effect the slip angles. The vertical
forces also vary for each wheel due to the weight bias
of weight distribution of the vehicle. See Figure L.
Variations in the plane of the road surface and aero-
dynamic forces alter the vehicle's suspension geometry,
in turn changing the slip angles of the tires.<5) These
forces are highly unpredictable and irregular.

Returning to the discussion of slip angle and the path

the vehicle travels, two additional effects, namely,understeer

and over steer, can be defined. If the change (rate) in the

slip angles of the front wheels is greater than the change
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Figure 6. Angle Between Paths of Front and Rear Wheels
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(From J. Hall - Reference 3)
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Figure 7. Schematic of Wheel Camber

(From J. Hall - Reference 5)
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Points of intersection

Figure 8. Camber Angle and Kingpin Inclination

(From I. Frazee and E. L. Bedell - Reference 6)
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in slip angles of the rear wheels, the radius of curvature

of the vehicle's path becomes larger. The centrifugal force
is reduced and the vehicle eventually is brought back to a
state of equilibrium. Such an understeering vehicle "will
seek that radius which results in a balance of forces inde-
pendent of the driver's reactions”(B). On the other hand,

if the change in slip angles of the rear wheels is greater
than the change in slip angles of the front wheels the vehicle
will steer into a path of decreasing radius of curvature and
increasing centrifugal force which further reduces the cur-
vature. If the rate of change of these slip angles in this
oversteering vehicle are sufficiently rapid, the vehicle
could become uncontrolable. If the rate of change of the
front and rear slip angles is equal. the condition is called
neutral Steer.(5) An additional definition of oversteer and
understeer, which is more precise but more difficult to vis-
ualize, will be given. A vehicle will "understeer if the
change in steer angle, & , per unit change in lateral ac-
celeration is greater than the change in steer angle per

unit change in lateral acceleration for a neutral steer vehicle.
If the change in steer angle per unit change in lateral ac-
celerationtion is less than for a neutral steer vehicle, the
vehicle will oversteer.”(7) Understeer and oversteer are
demonstrated by the steady state properties shown in Figure
9. It is known that an oversteering vehicle becomes unstable

at a speed which the steer angle due to rollsteer and slip
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Constant Speed Test

Stable —®o1<— unstable
understeer o oversteer
Reference ///, ///
Steer /
Angle 7
7
/
/
/’/neutral
_ steer
/
7
/
//
7
//’
v
/

Iateral Acceleration

Figure 9. Effect of Understeer and Oversteer

(From D. L. Nordeen - Reference 7)
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angle effects equals the steer angle due to the geometry of

(7)

the turn. To avoid the complexities of an oversteering
vehicle, a understeering vehicle, such as a great percentage
of American sedans, will be chosen.

Side slip angle, B , is the term used to describe a
vehicle's inclination to its velocity vector (i.e. the angle
between the body and the tangent to the path). Its value is
the ratio of the vehicle's lateral velocity, v , to its for-

ward velocity, V .(8>

Mathematical Assumptions, Equations, and Calculations

A "linear (mathematical) model is valid for predicting
the effects of changes in any of the chassis and tire para-
meters for maneuvers which have lateral accelerations of less
than 8 ft/sec2 ”.(7) It is known that the approximate mini-
mum expressway radius is 3,000 feet which corresponds to ap-
proximately .llg lateral acceleration at 70 mph.(5) There-
fore, the lateral accelerations in this problem are well below
the 8 ft/sec2 limit and linear equations will be applicable.

The vehicle may be assumed to have constant forward
velocity, V . '"The constant speed test is really more
meaningful because we drive more nearly at constant speed...
We find very few driving maneuvers for which we control

lateral acceleration by controling forward speed.”(7)

The co-ordinate system used will be fixed on the vehicle
and moving with it. '"The x axis is parallel to the ground

through the point where the (vehicle's) actual rolling axis
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intersects the z-axis, which, in turn, is perpendicular to
the ground through the center of gravity of the whole (vehi-

)n'(9>

cle See Figure 10.

It is desired to find the relative magnitude of the slip
angle, « , and the steering angle, & . Refer to Figure 2.
The slip angle and steering angles are related by the fol-

(L)

lowing equations:
O =B+ -8+ epff
ag = B - 5 + egf

where subscripts F and R refer to the front wheels and
rear wheels respectively.

Because of the Ackermann steering principal, each wheel
will have a slightly different steering angle. TFor calcula-
tion purposes these angles will be assumed equal.

The front roll steer term, €F¢ , is usually equal to
zero because the roll steer of both front wheels i1s opposite
and cancels when stabilizing bars or tie bars are used. The
quantities, b , a , and € are known for a given vehicle.
The velocity, V , 1s assumed to be the maximum legal speed
of 70 mph. (103 ft/sec).

To calculate the slip angles and the steering angle,
additional equations are required. The equations of motion
or inertial reactions can be written for the vehicle about

its center of gravity and then transposed to the co-ordinate
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ROLL AXIS

gt

Figure 10. Co-ordinate System

(From F. N. Beauvais, C. Garelis,
and D. H. Iacovoni - Reference k)
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system fixed on the vehicle. These equations are:(g)
XY = M(V + Vr) + Mshp
2N = Izr + IXZp
YL = I,p + Mgh(¥ + Vr) + It
(10)

If steady state is assumed the equations become:

XY = MVr
2N = 0
2L = M, (hvr)

These inertial reactions can be equated to the summation

of the external forces (reactions between the road and the

(9)

tires). The equations when expanded can be expressed as:

_ oY oY oY oY
XY = % Brsor o 3 o)

A, L A, M, W, o
N = 5 B + ~ T % & + > 3 + P

il

If steady-state and large radius turns are assumed, the roll
steer effects will be small and can be neglected.(lo) Letting,
= = ... etc,

the equations under these conditions are:

MVr = YB p=Y.1r+ Y8 o)
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0 = NB B+ N.r+ Ny b

The steady state non-rolling equations can be solved simul-

1
taneously for the steering angle, B .( 0)

5 -y Ng(Yp - MV) - YgNp

Ygly - Ng¥s

The external reaction terms YB’ Yy, Yy, NB, N,., and Ng
can be expressed as functions of the assumed linear tire and

suspension characteristics.(9)

Yg = Cy + Cp = C

a b
Yr‘ClV‘CE_
s = -0

XE  oaR  ox
N, =C a® c b2 AT a MTD e (ZFCla ZRCob
rTAV Y T p Vo sg VI TV T
OAT  Ox
Ne = - aCq - — - = C
5 1 % oz FL
"AT" is the self aligning torque. The lateral force

generated between the tire and the road for small slip angles

is approximately triangular.

See Figure 11.

The result force

distribution is offset to the rear of the central wheel plane,

therefore accounting for the aligning torque.

The offset

distance is approximately 1 1/2 inch.(z) "Although the align-

ing torque is a function of slip angle,

camber angle, and
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(43,

P

Resultant Force

Figure 11. Distribution of Lateral Force of a Rolling Tire

(From J. R. Ellix - Reference 10)
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vertical load, its effect on the overall vehicle behavior

is relatively small”(l). The quantity %%E can be found
from the slope of the curve of AF vs. « under the condi-
tions of operation. (Such curves may be found on Page 5 of
SAE 295-C, 1961 report.) For this discussion, the self align-
ing torque will be ignored.

ox

The terms, = are the result of rolling resistance
arising from unsymmetrical loading. If the loading is sym-
metrical these terms are zero.

Substituting the external reaction terms into the steer-

ing angle equation, the following equation results:(g)

v a+b 65 c1

5 - (atb)r . Mvr < a _ b >

similarily for side slip angle:

8(aCy) - g (C1ae+Cob?)
Cia - Cob

Using these two equations and those developed previously
relating the slip angle, steering angle, and side slip angle,

(neglecting roll) namely,

O(F =B+av—r—6
b
O(R‘—‘B-vr

the magnitude of these parameters can be calculated.
"From small vehicle side slip angles, B , the velocity,
V ,along the x axis is equal to the resultant velocity.”(9)

(i.e. Vp~V  for calculation purposes) See Figure 2.
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A typical vehicle may be chosen having the following

\
properties.(u)

a = 4,81 FT.

b = 5.02 FT.

M = 1k4.9 SLUGS = L4660 LEF
1, = 3372 SLUG - FT°

V = 70 MPH = 103 FT/SEC

R = 3,000 FT.

The weight distribution is:

5.02
L.81 + 5.02

x 100 = 51% on front

L.81
TET T 50 x 100

49% on rear

The normal force on each front wheel is:

4660 IBF x .51 x % = 1190 LEF
on each real wheel:

4660 IBF x .49 x % - 1140 IEF

It is desired to calculate the cornering coefficients
€1 and Cp, . From Figure 12, a plot of lateral force on
each tire versus the slip angle for particular normal loads
can be made. See Figure 13. Taking the slope of each curve

the cornering coefficients can be found:

oY
Cq = Fy = 1190 LEF
1 3 Ty N ?
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Curve A: F = 1190 Lbf.

Curve B: F, = 1140 Lbf.

100
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80 / -

N My
) /4

500 /

Lo

Iateral Force - ILbf.

30

20

10

0 2° Lo 6° 8° 10° 12°

Slip Angle - Deg.

Figure 13. Lateral Force vs. Slip Angle and Normal Force
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LEF  57.2 DEG LBF
Cp = 187.5 ggg * “map = 10>700 gip
oY \
- 2L = 11k
%= Sy ¥y = 1140 LEF
_ LEF DEG LEF
C =180 Soo x 57.2 == = 10,500 S

If the vehicle's path is circular, then the relation

V = rR 1is true. Rewriting the equation for steering angle,
5 1is:
_etb 1 a Db ME
" R atb Cp (1 R
5 - (4.82 + 5.02)
3000
1 4,82 5,02 (144.9)(10%)°
(L.82 + 5.02) 10,700 10,300 3000
& = .003105 RAD
Solving for the side slip, the equation now reads
(C a2 + Cob2)
aC;0 - 1 R e
5:
aCl - bC2
(4.82)(10,700)5 - (1o,7oo)§u.8%g +(10,%00)(5.02)"
= Q0
B (7. 82)(10,700) = (5.02)(10,300)
B = .00272 RAD
Since B and ©® are now known, the front slip angle,
oF , can be found from:
oF =B + ar _ , and l.r
v R Vv
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Op 00272 + %8%% - .003103

.00122 RAD

oF

Similarly, using the equation:

br L r
o =P - ,and ==g
= - 2:02
"R = 00272 - Z55s

i = .00105 RAD

Conclusion

It can be seen that under the conditions presented in
this problem, the front slip angle, « , is much smaller than
the steering angle, &, (i.e. 8 > a). Thus, it is safe to
assume that the front wheel is rolling in the same plane as
it is fixed.

The rear slip angle is found very small and essentially
equal to zero. Going back to the Ackermann principal of
steering, it is found from these calculations and assumptions
that the slip angles may be neglected; and, therefore, the
perpendiculars to the wheels will meet at a common point if
they are extended far enough.

It is interesting to determine from these calculations
if a given vehicle is directionally stable. From the work
of Segal, a vehicle will always be directionally stable (i.e.

will understeer) if Cqb > Cpa . (10)
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From the data used to calculate the slip angles, side slip,

and steering angle, it is found that:

c,b - Cja = (10,500)(5.02) - (10,700)(k.82)

1l

0 LBF - FT

+ 25 )

02b > Cla

and the vehicle is shown to be directionally stable. Finally,
it will be necessary to compare the oscillatory natural fre-

quency, @, , of the vehicle to that of the control system.

Y
w, of the vehicle = §E - rl's + TENr rRef. (9)
I, WMWI, MI,;
RAD
(L)n = 1.598 -E:;E-E

At this time, an accurate description of w, for the over-
all control system has not been determined, other than that
for the steering system. However, once the complete system
has been specified, including actuators, servo machanisms etc.,
the natural frequency must be found either numerically or

experimentally and compared to , outlines above., If nec-

n

essary, compensation techniques should be used to insure that

reinforcement does not occur.



III. SYSTEM DESIGN

A, Specifications

The following is a brief description of the sub-system as-

signments:

=)

Steering Control - The system must direct the
vehicle along a specified path to a pre-determined
destination without introducing any discomfort to

the passengers because of large lateral accelerations
or undue oscillations. The analysis should also in-
clude an analysis of the steady state and transiént
response of the system, as well as a complete
stability check.

Speed Control - The vehicle must be capable of main-
taining relatively constant speeds, in accordance
with the requirements of the spacing control, weather
conditions, central control, etc..

Spacing Control - It is necessary that the system
maintain a safe distance between vehicles, being

able to detect both moving and stationary obstructions
in the highway.

Mechanics - Given an error signal from the sensing
systems, and understanding the effect of such
vehicle parameters as slip, roll, etc. upon the
operation of the vehicle, it is necessary to actu-
ate and control the individuval mechanisms of steer-

ing, braking, and accelerating.

-34-
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In that economic feasibility is perhaps the most important

factor that must be considered before any actual design or
development can take place, it is necessary to consider a
system which is capable of gradually merging with the pre-
sent highway systems. In other words, it is desireable that
the controlled vehicle operate satisfactorily in the presence
of both controlled and noncontrolled vehicles while intro-
ducing no additional hazards to the existing system.

It was furthermore decided that the primary considera-
tion of the study would be the flow of traffic along an inter-
city expressway, independent of entrance-exit congestion
problems. The expressway is assumed to be a conventional
divided highway, two lanes in each direction, carrying
traffic at approximately seventy miles per hour.

The following system analysis includes both a statement
of the proposed system and a brief analysis of many systems
considered. Although several proposed methods of detection
and control are desireable from a technical standpoint,
prohibitive costs and/or present highway and vehicle con-
struction may render such systems ineffective. However, un-
foreseen changes or technical advance in the near future may
increase the acceptability of such systems, making their
mention worthwhile,

With these specifications in mind, the specific sub-

system designs can now be considered.
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Steering
1. Introduction

Development of an automatic steering device reduces

to the following:

a) Determining a suitable reference for guidance

b) Developing sensing devices to relate vehicle

position the reference

c) Developing actuation devices to reduce the error

between the actual and desirable vehicle position

d) Specifying power supplies

Also, it i1s desirable to know vehicle velocity, making
it possible to adjust the steering for different speeds.
In addition, the approximate transfer characteristics of
vehicle performance should be known, and care should be
taken to insure a comfortable ride.

Finally, a complete stability and overall performance
analysis must be made, analogs and experimental vehicles
should be developed, and the necessary refinements incor-
porated until suitable performance is achieved.

2. Design

The reference to be used for determining the path of

the vehicle is a buried cable in the center of the lane,

11)

similar to that used by General Motors Research( and
12
RCA Laboratories( ). This cable is to be electrically ex-

cited and detectors (tuned antennas) can be used to determine

the vehicle's position relative to the cable. The excitation
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frequency of the cable will be low enough so that transmis-
sion of a detectable signal will not be a problem, i.e., the
cable will be "electrically short" so that standing waves,
reflection, etc., will not become a major problem.

Although a buried cable at first seems undesirable
from economical viewpoint, it has been reported that such
an installation might cost little more than the continual
painting of the white lines over a period of years(lB). In
fact, interest has been expressed by the highway engineers
in developing such an instrument, specifically to aid in
guidance of a high speed truck for painting the lane markings.

Having a suitable reference, there are several possible
methods that can be used to actually "locate'" the vehicle.
One operating system developed by General Motors(lB’lu)
consists of two tuned coils mounted on either side of the
vehicle's centerline, in a plane parallel to the buried
cable and the centerline. (See Figure 14). The signals from
the two coils are then compared, and a difference activates
a steering servo so as to continually position the vehicle
over the centerline, and consequently keep the error signal
at zero.

While such a system is apparently functional, recent

(15)

investigations suggest that the stability of the system
could be greatly improved by adding an additional input sig-
nal and/or additional feed-back. Additional input signals

could be proportional to the radius of curvature of the
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centerline, proportional to the angle between the chassis
and the centerline, or proportional to the angle between

the front wheels and the centerline. Of these possibilities,
the most promising seems to be a system utilizing an input
proportional to the displacement of the automobile from the
centerline, as mentioned above, and an input proportional to
the angle between the front wheels and the centerline. (See
Figure 14).

A brief investigation of the suggested improvements is
carried out by D. Barrick in "Automatic Steering Techniques."
(Reference 15). The analysis for the improved system can be
developed as follows:

Consider the vehicle positioned in an xy coordinate
system as shown in Figure 15.

We shall define « as the angle between the front
wheels and the vehicle frame, and © as the effective angle
of the frame relative to the x axis. As described pre-
viously, this effective angle is not the same as the actual
wheel angle. Since the control sensors will record the
actual angles, a linear approximation will be used to con-
vert such signals to effective values. For convenience, the
following development will consider the effective wheel angle
equal to the actual wheel angle. Again, it is understood
that compensation will be necessary to improve this approx-

imation.
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We now wish to determine the position of the moving
vehicle relative to the coordinate system as a function of
a . To do this, it will be assumed that the vehicle pivots
as shown in Figure 15 and as discussed before. The velocity

of the vehicle in the x direction will be

X
Vy =V cos (6 + a) =

t for small (a + 0)

and Vy =V sin (6 + a) =V(e + a) for small (o + ©)

1]

Y%

speed of vehicle.

From Figure 15, it is seen that the component causing
© to increase is Vg (the velocity in the 6 direction).
Also, as assumed previously, the change in © with respect

to time can be approximated by

ae _ Ve

it 1

where Db equals the wheel spacing and Vg equalsVsino ¥ a

Therefore:
Vo _ de
b at
Vo
0 = =
BS

furthermore, Y = [Y,dt T Jv(e + o) dt where Y equals the
distance travelled in the y direction over a given period

of time. Finally, our relationship between Y and o be-
Y Vi

v
comes o S (1 + 55)
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In other words, given a wheel angle with respect to a
vehicle b units long, we can determine the lateral position
of the car. Therefore, the lateral error of the automobile

from the center of the lane can be denoted as d and given

by:

d = Ypeference = ¥

where Y reference is the position of the center of the lane
with respect to our xy coordinate system.

This distance d will be proportional to the error sig-
nal received from the tuned coils positioned on the vehicle
chassis, equidistant from the vehicle's centerline.

The second reference measurement we wish to investigate
is an input proportional to the angle between the vehicle's
front wheels and the centerline. This measurement can be
obtained by placing a 3rd coil in a plane perpendicular to
the cable, supported so as to pivot with the front wheels;
i.e., when the front wheels are turned 5 degrees to the left,
the coil also rotates 5 degrees. Note that compensation for
slippage can be electrical incorporated at this time if de-
sired. Again referring to Figure 14, it is noted that the
voltage induced in this coil will be zero so long as the
coil is aligned with the cable. However, rotation of the wheels
with respect to the cable produces a voltage which varies
approximately linearly for small rotations. Actually, this

signal voltage will vary slightly for any given rotation
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as the vehicle moves away from the centerline. IHowever, it

is possible to minimize this error by proper choice of para-

meters. (Refer to Reference 15 for a more detailed analysis).
Referring to Figure 16, it is seen that the angle of the

wheels, relative to the centerline, is equal to the angle

between the centerline and the x axis, minus the angle of

the wheels relative to the x axis. Or,
y=0-06-aqa See Figure 16

where 7y = angle between wheels and centerline

¢ = angle between centerline and x axis
© = angle between vehicle and centerline
a = angle between vehicle and the wheels.

The block diagram for this system can now be developed as
follows:

Beginning with the steering servo (to be defined later).
a signal proportional to the desired angle of the wheels is
used to initiate a servo system which rotates the wheels to

an angle o .

a = @ desired —gfgg;iﬁg a = angle of front
servo wheels

We now would like an expression for y = ¢ -6 -«

Remembering that © = %%
a+6=Ly a = a(lL + 1)

BS BS
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Therefore

a o+ e
— L

Now Y , the actual lateral position of the vehicle,

[a¥]

can be found using Y = fYy at = [ v(e + a) dt

i

%(GHX)

e+a—F V/s |—= Y

In order to describe vy = ¢ - 6 -a , it is necessary that
we have an expression for ¢ . This expression is obtained
as follows:

¢ = angle between the centerline and the x coordinate
for small angles

dy,.
dx

TANQ):igg ¥ ¢

also, x = vt

< |+
o
ct

Wr o >0
at

<|H

From here, it follows that

y=0-0-qa
+

or 0 ~———-cﬂ§Z)-——-~e;» Y

= (6 + «
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Finally, we need only find an expression for oy to
complete our loop. To do so, we begin with 4 = Yp-Y s
where d will be proportional to the error voltage obtained
from the pair of tuned coils positioned over the centerline.
Given this error voltage, we desire to displace the front
wheels by an angle Gy . However, we also wish to make use
of our input signal, giving the present angle of the front
wheels with respect to the centerline. We therefore make
the desired ad a function of both lateral displacement and

present wheel angle, with respect to the buried cable.

— +
a 04
= 3 K ‘ Kd & K7 are

signal amplifiers

&

L,

As of yet, no mention has been made of the steering

servo motor. As might be expected, it is both desirable and
practical to make use of present, commercially available
power steering equipment. For the sake of convenience it
will be assumed that the transfer function for the servo

system can be described by a linear, second order system.

2
a °)

Ay 82 + 2f w8 + w2

[V

where the undamped natural frequency of the servo equals

20 radians/sec and the damping factor ¢ = .5 (See Ref. 15).



b=

It will be seen later that this is not a completely
valid assumption, in that our steering servo will be electro-
hydraulic in nature, and described by a much more complicated
transfer function.

In addition, no attempt has been made to determine the
dynamic characteristics of each component in this system
(i.e., suspension, weight distribution, etc.). However, such
a feedback control system tends to wash out the effect of
small changes in the vehicle's parameters, leaving the steer-
ing performance of such a vehicle fairly consistent.(lB)

Stability Analysis

Keeping these limitations in mind, the flow chart for
our system is shown in Figure 17. The transfer function for

this system is:

w2V (Kg + K, S/V)(V + bS)

ol

2, 2 2 2 2 2 2 2
' obs (s 4 26w S + oy ) + K, bs + o V(K7 + Kg4b)S + Kqw v

© 4

The root locus for the above transfer function, plotted

as a function (Ky) for Ky = 0.1, is shown in Figure

18(15).

This locus was plotted for the following values:

V = velocity = 100'/sec X 70 m.p.h.
v = distance between axles = 20 ft.
£ =.5

wo= 20 radians/ft.
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It is noted that this system will never go unstable
for positive K7 . This is a great improvement over many
present systems, which are found to be very sensitive to
variations in K . The block diagram for an experimental,
operational vehicle developed by General Motors is shown
in Figure 19. This system uses a reference system identical
to the one described earlier (i.e.—-a buried cable), and
uses for positioning a single pair of tuned coils which
produce an error signal proportional to the vehicle's dis-
placement from the reference.

The transfer function for this simplified system is

v Kgwo V(bs + V)
Ve bs2(s? + 2twes + ©o2) + K wo2(V)(bs + V)

and the root locus for this system is shown in Figure 20.
Notice that this system can go unstable for positive Ky >
thus mzking a much less desirable system, from this stand-
point, than the system described above, however, we must con-
sider that the reduced cost of such a simplified system might
be sufficiently large to justify its use in a somewhat modi-
fied form.

System Error Analysis

It is interesting to investigate the steady state res-
ponse of such a wvehicle as it enters a long continuous curve

of radius r This is, of course, one of the critical de-

C

sign criteria of the system. For such a path, the angle of
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Figure 20. Root Locus for Experimental System Described in Figure (From
D. Barrick - Reference 15)
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the front wheels relative to the centerline must settle to
zero in a steady state condition. Consequently, o will

equal « . Looking at the block diagram (Figure 17), it is

found that oy = Kzd + K77 R
and a3 = Kgd + 0
For a curve of known radius r. s where r, >>D (approx.

length of vehicle), sin o = o = b/r . Therefore,

Kqd + K,0 = ag = bfr
For example, considering a curve of r, = 150 ft. and a veh-
icle with b =20 ft., we find that Kyd = 20/150 . For

Kqg = .1, d = 1-1/3 ft. outside of the cable. By adjusting

as desired.

Now, consider a sinusoidal highway. Here it is possible
to adjust for peak accelerations, limiting the oscillations
and resultant lateral displacements to any desired value,
such as G/5 at 70 m.p.h. as suggested previously. It is
noticed that increasing K7 greatly reduces lateral accel-
erations without impairing stability and it can be shown that
(13)

K? = 1 1is the most desirable

fect upon either increasing or reducing the actual displace-

K7 actually has no ef-

ment; instead, K7 effects only the rate at which steady
state is attained.

Component Description and Design

The main detection devices are the three detection coils
tuned to the frequency of the buried cable., As it is desir-

able to obtain as high an output voltage as possible, a
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high-Q (Q equals the energy stored/energy dissipated per
cycle) ferrite material should be used as a core for the
coil. The detection coils can be represented as follows:

(See Reference 13)

R coil L coil
ON.V..-.,.‘ /\/\/\/\/\ e 1 . ; —C
]
—C R E
k induced { % ©
O__..t.__-_._,_‘_.,,, e e e e e e e e : . - . O

The transfer function for the detector is:

Bo _ 1/LC
El g2 (RRC + LY R+ R, R + R,
+ S+ —
R+ L RLC RLC
1

RR.C + L
1cs® + (f'£%$""j> S 41

- 1/1C
RR.C + L 1
82+ C_+_
RLC IC

Therefore, 5 , the natural frequency of the detector

RR.C + L
equals L, and 2w, = <,
LC RLC

¢ RR. + L
SO = —

or J1c

also T:EI’L)

RR.C + L

and the bandwidth = &2 for (% << 1.0
It is now possible to choose the parameters desired by

substituting in values for R, L, C, etc.. (Reference 13)
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Figure 21 shows the output voltage as a function of
coil position for a coil such as that described above, and
Figure 22 shows the error voltage for two coils spaced one

foot apart as their position over the cable is varied.

Steering Servo

The detailed analysis of the actuation and power of
the steering system will be discussed in detail later in
the paper. In short, it is desired to convert the ampiified
detection signals into mechanical outputs as efficiently as
possible.

Figure 23 schematically describes the system including
input to the actuators.
Conclusion

Fundamentally, we have discussed the possibility of
automatically steering a highway vehicle through the influence
of an electrically excited, buried cable. With this reference,
we are combining a signal proportional to the vehicle's dis-
tance from the centerline and a signal proportional to the
angle of the front wheels, with respect to the cable. Having
proposed a suitable system, the block diagram was reviewed
and the transfer function of the vehicle's lateral displace-
ment, with respect to the cable was derived.

By assuming reasonable values for the many system para-
meters, a root-locus plot was investigated to determine the

stability of the network. Having found the system stable for
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211 values of positive gain at 100 ft/sec, it is noted that
velocity appears only on the right side of the transfer
equation, and consequently. the system will be stable for
all lower velocities.

Similarly, the lateral accelerations is limited to 1/5
G at 70 m.p.h. For a comfortable ride, a peak lateral ac-
celeration of 1/5 G is permissible. Actual tests have shown
that a driver may experience lateral accelerations up to 1iG

for a short period of time, but that the lateral acceleration

should not exceed G/2 if skidding is to be avoided(ii).
; i 2 -
Since lateral acceleration varies as a = J_ , it will never
Te

exceed 1/3 G at speeds less than 100 ft/sec.

From a preliminary design viewpoint, this system shows
promising potential. However, to obtain a optimum description
of performance, a complete analysis of the system's time res-
ponse, including Bode diagrams, Nyquist plots, etc., can be
used to determine the complete operational parameters of such
a feedback unit. If necessary, compensation techniques can
be used to improve these parameters. Should this automatic
steering still seem satisfactory, an analog system can be
developed and the system's response and performance reviewed
as a function of various inputs. Finally, either a scaled
model or a complete prototype can be developed and further
examined. This discussion begins the fundamental investiga-
tion that provides the initial foundation for further develop-

ment.
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Speed Control

1. Introduction

The automatic speed control system discussed below will
be responsible for maintaining the controlled vehicle at a
constant speed, independent of upgrades or downgrades, curves
in the highway, or weather conditions, i.e. headwind or tail-
wind. A system to be discussed later, the spacing system,
will detect obstacles on the highway and will initiate any
necessary corrective action, overriding the automatic speed
control system as described shortly.

Each controlled vehicle on an automatic highway must
have knowledge of two parameters in order to maintain its
velocity. These two parameters are:

1) a velocity command signal, received from the highway,
which indicates the speed at which the vehicle should
be traveling:

2) a signal indicating the vehicle's actual speed. The
command signal allows external speed alteration of
all controlled vehicles, as may be necessitated by
adverse road conditions (water or snow) or traffic
congestion.

It should be noted that the second parameter, the vel-
ocity of the system vehicle, must be known very precisely
so as to keep all traffic moving uniformly, and thereby
reduce the possibility of oscillations in the spacing con-

trol system.
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Finally, since easy conversion of existing highways
is desireable, the system selected for velocity control
must be capable of installation with minimum difficulty--
in other words, it must not require more than a narrow
slot in the highway, or perhaps a series of small, reason-
ably space holes.

Proposed Systems

Presently, there is a commercially available automatic
speed control manufactured by A. C. Spark Division of General
Motors.(go) With this system, called Electro-Cruise, the de-
sired speed is set manually by the driver, the actual speed
is measured by the speedometer (flexible cable, magnetic drag
cup type) and the error signal operates a pneumatic actuator
which in turn regulates the throttle setting. In this system.
the only braking utilized is the braking power of the engine,
as the mechanical brakes are not automatically controlled.
Although this system functions well in its intended use,
its application to a completely automatic system is limited
in that the control speed must be manually adjusted and be-
cause the actual speed measurement obtained from the speed-
ometer does not give the desired accuracy due to such un-
controllable variables as tire pressure, load, and slippage.

Other speed indicator systems considered include the

following:
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a) Tachometer: A system utilizing a commercially tacho-
meter to measure accurate shaft speeds was found econ-
omically feasible. However, as mentioned above, the
correlation between shaft speed and the vehicle's
translational speed is too inaccurate for our purposes.

b) Ultrasonics: A system involving ultrasonic generators
in an application of the Doppler Effect was discarded
due to variations in temperature, air pressure, etc.

c) Visible light, utilizing photocells: This system was
found desireably inexpensive and dependable under
perfect highway conditions. However, numerous road and
weather conditions render such a system highly undepend-
able.

d) Discontinuous shielded cable: This system, designed to
give an effective pulse signal as a vehicle passed over-
head, involved critical attenuation problems, installation
difficulties, etc.

e) Crisscrossed wire: A system similar to General Motor's
Auto—Control,(IB) involving a crisscross wire producing
a field with a series of nulls along the highway, was
rejected because it required a relatively wide slot
(much wider than that cut by a diamond saw) in the high-
way and thus a very expensive and difficult installation.

Design Proposal

A system consisting of permanent magnets placed along

the highway was proposed for the speed control signal. As
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the vehicle passes over the magnet it senses the pre-
sence of the "marker" by receiving a pulse in a pick-
up coil. The time interval between successive pulses
corresponds to the time interval between successive
markers and hence is a measure of the average veloc-
ity of the vehicle over the road section between the
two markers. Measurement of actual speed in this
manner eliminates errors caused by wheel slippage
or variations in effective wheel radius.

For the reasons mentioned above, it is desir-
able to have the command speed signal originate from
the highway. One solution was proposed by General
Motors(lB). It involves burying a cable in the
ground alongside the highway, carrying a radio fre-
quency voltage modulated by a low frequency corre-
sponding to a speed command. The cable can be divided
into sections several hundred yards long each, thus
permitting different speed commands at different points
of the highway. A minor departure from the G.M. system
(made for the sake of convenience as will be later appa-
rent) is to make the modulating signal a width modula-
ted pulse train rather than a sinusoid.

Analysis of Permanent Magnet Signaling System

Before discussing the device which compares the
command speed and the actual speed, let us consider
a detailed description of the markers and the pickup

coil.
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The permanent magnet system was selected for use
because of its relative simplicity and economic feasi-
bility. The markers in the highway will be placed in
pairs spaced two feet apart in the direction of travel
with a distance of twenty feet between pairs, as indi-
cated in Figure 24. (The reason for this spacing will
become apparent when the detection system is discussed.)

From Faraday's Law, the electromotive force in-
duced in each turn of the pickup coil the time-changing

magnetic field is given by:

oty

T at ax A X

where E 1is the electromotive force, ¢B is the magnetic
flux through the coil, and V 1is the velocity of the car.

Dropping the minus sign and solving for A¢B :

But,
Afp = BAB

since Ae is constant.

Then:

EAx
AB = ===
AV
The variable A, appearing here is the effective not
the actual area of the coil. Steady-state analysis

of the vehicles lateral displacement from the
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center of the highway on a curve indicates that the
vehicle will drift approximately one foot from the
control strip (see steering analysis). Therefore,
it is necessary to make the coil about three feet
in width (see Figure 25). However, in the above
calculations it is assumed that B is constant
over the area of the coil, which is not the case
for such a larg<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>