METHOD AND APPARATUS:FOR GUI DI NG A DRI VERLESS VEH CLE TECHNI CAL FI ELD Thi s
invention relates to apparatus and 5 nmet hod for guiding a driverless
vehicle along a guide cable buried in a road surface and nore particularly
to the use of two detecting coils placed in an X configuration on the

vehi cke for sensing an el ectromagnetic field direction vector 10

i ndependent of spacial andel.ectromagnetic field magni:fudes whi ch
information is used to neasure |ateral displacenent of the vehicle relative
to the guide cable to steer the vehicle sp as to track the guide cable. 15
BACKGROUND ART Per pendi cul arly di sposed coils have been nmounted on a
driverless vehicle and used to detect the el ectromagnetic field surrounding
a guide cable for automatically guiding the driverless vehicle 20 al ong
the cable. 1In known apparatus, one coil is disposed vertically and the
other coil is disposed horizontally. Vol tages induced in the coils are
conpared and used to determne the lateral |ocation of the coils relative
to the guide cable. This 25 | ocation information is processed and used
to steer ‘the vehicle. 2 ThaMBEIRQIUAND IMPRIEATTSOEPRt ed Wi th t hese

GUIDING A DRIVERLESS VEHICLE
TECHNICAL FIELD

This invention relates to apparatus and

5 method for guiding a driverless vehicle along a
guide cable buried in a road surface and wmore
particularly to the use of two detecting coils
placed in an X configuration on the vehicle for
sensing an electromagnetic field direction vector

10 independent of spacial and electromagnetic field
magnitudes which information 1is used to measure
lateral displacement of the vehicle relative to the

guide cable to steer the vehicle so as to track the

guide cable.

15 BACKGROUND ART

Perpendicularly disposed coils have been
mounted on a driverless vehicle and used to detect
the electromagnetic field surrounding a guide cable
for automatically guiding the driverless vehicle

20 along the cable. In known apparatus, one coil is
disposed vertically and the other coil is disposed
horizontally. Voltages induced in the coils are
compared and used to determine the lateral location
of the coils relative to the guide cable. This

25 location information is processed and used to steer

the wvehicke.



coils varies proportionately with current frequency in the guide cable,
gui de cabl e current magnitude, radial distance fromthe guide cable, coi

core 5 size, nunber of coil wire turns and the angle found between the
major axis of the coil relative to aline fromthe cable to the center of
the coil, referred to as angle beta. As each coil -is rotated in a plane 10
per pendi cul ar to t he cabl e generati ng the el@ctromagnetic field,
it's output will become maxi mum.when the coil core is parallel to the
circular lines of flux. Its output will _becone mninmum (zero) when the
coil core is perpendicular 15 to the ffux, i.e. poi nting to, or away

from the wire. Thus the relative effectiveness of the coil varies as the
'sin' of the angle beta. The sin (beta) term reflects the ratio of the
radial to circular field sensed at each coil 20 - location and affects the

sensor output. Therefore, ﬁéﬁféﬂéﬁéﬁfvﬁﬁﬁédé'Q%Egcﬁ%@%ds@@Eﬁdtﬁégéee” t he

two coils is based on the r us term e respective di stances between
each coil and thediast ¥agiaseREOPCKEA§RILRAY Ayt Bicurend fregBeB8Chave a

profound 25 efficalife fidd b1 RHideSicitale currfddi nhgAatliye, dependi ng
on angl e beta, sone of elLther the Ea lal. and/or, circylar field information

associ ated with Gt i 8haF2a66a &t 9B&9gi &ed,“FEsufFPrfig in a
| ess than i deal Higre| runben ©F ratilogsirdOturnd\rmidiaehe adgdadfanhdge wth

conventional  cqid. AULANGRIERLSor bRiEN Y Wik dIWOT PR O e PEQVLded
line from the cable to the center of the coil,
referred to as angle beta. .
As each coil is rotated in a plane
10 perpendicular to the cable generating the
electromagnetic field, it's output will become
maximum when the coil core is parallel to the
circular lines of flux. Its output will become
minimum (zero) when the coil core is perpendicular
15 to the flux, i.e. pointing to, or away from, the
wire. Thus the relative effectiveness of the coil
varies as the 'sin' of the angle beta.

The sin (beta) term, reflects the ratio

df the radial to circular field sensed at each coil

20 location and affects the sensor output. Therefore,
the difference in'magnitude sensed between the two

coils is based on the radius term, the respective
distances. between each coil and the cable current.
Changes in any of these factors have a profound

25 effects on the output signal. Additionally,
depending on angle beta, some of either the radial
and/or circular field information associated with
conventionél apparatus must be discarded, resulting

in a less than ideal signal to noise ratios.

30 Another diéadvantage with conventional coil

arrangements is that the information provided



3 by the coils only indicates the approximte |lateral displacenment fromthe
gui de cabl e and not the neasure or distance of the |l ateral displacenent.
Therefore, vehicle steering correction can only be 5 made in the )
directioh opposite the displacenent and not with precision. D SCLOSURE OF
| N\VENTI ON An obj ect of the present invention is to provide an apparatus
for guiding a driverless 10 :+ vehicle along a guide dﬁhle di sposed in a
road surface that nmeasures the | ateral deviation of the vehicle fromthe
gui de cabl e. Anot her object of the presenj i nvention is to provide an
apparatus for guiding a driverless 15 vehi cl e al ong a gui de cable
di sposed in a road surface having an increased 'field of view of the cable
over conventional apparatus. Another object of the present invention is
to pr-ovi de an appar at us i ncl udi ng 20 per pendi cul arly di sposed
coils for provi dbggtRéfcoLedt@iliisid anamnteeapprorenatenforewdi on for
guiding a driverl.,ess vehicl% op t he hasis qf., sense Iagﬁ{al I spl acenment
froma gui de cabf&SBEEFERERT nFEO% d WS hher &1F PR fsed
| ateral 25 di spbacerenir distames eofi ek kieatal disphacement.
el ectromagnetic ?h%%%fQEEEPBEQEcYSCEEEe§§ﬁg'éokPQSEfBHeéénC%nf9'be
el ectromagnetic fie magni t ude conponent’s:

5 made in the direction opposite the displacement and

not with precision.

DISCLOSURE OF INVENTION

An object of the present invention is to

provide an apparatus for guiding a driverless

10 vehicle along a guide cable disposed in a road

surface that measures the lateral deviation of the
vehicle from the guide cable.

Another object of the'present invention

is to provide an apparatus for guiding a driverless

15 vehicle along a guide cable disposed in a road
surface having an increased 'field of view' of the

cable over conventional apparatus.

Another object of the present invention

is to. provide an apparatus including

20 perpendicularly disposed coils for providing off-
center displacement measurement information. for
guiding a driverless vehicle on the basis of sensed
lateral displacement from‘a guide cable disposed in

a road surface wherein the sensed -lateral

25 displacement is determined solely from an
electromagnetic field direction vector and is
independent of ‘all electromagnetic field magnitude

components.



4 Anot her object of the present invention is to provide -~ a nethod

for sensing an electromagnetic field direction vector at a single
spacial point for providing an error signal that 5 defi nes a neasurenent
for guiding a.driverless vehicle over a guide cable disposed in a road
surface. In carrying out the above objects and other objects the _
apparatus for guiding a 10 driverless vehicle akong a path defined by
a guide cable disposed in a road surface, wherein the gui de cable carries
a current generati ng an el ectromaggetic field in the space
surroundi ng the guide cable, includes a sensor for sensing the 15

direction and magnitude of the electromagnetic field surrounding the
cable. The sensor is, defined by first and second spaced detecting coils
havi ng maj or axes being mounted in an X-coil configuration on said vehicle.
such that the nmjor axes ahmoliler obpjeetseft itig ipreseatdiimamsmtaenof current

and are oriented;genetall é)xg}wﬁfe 45 Jdegreedole! afbye t@eégﬁ}%oagnsurface.
ot I e

Each detecting coll sense th the radral and circul ar | vectors of
the magnetic fiepdeatremagnenlpof HlAMLEEPFHRRRALIN &5 a SIAGRuNI cat i on.
with the first ag aéf&pngo%tecfblrng;ﬁwil&ir@nmregrbbes&gaaut ¥ of the

radi al vector wth_the magni tude of the gircular,vector(¥here y
5 defines a measurement or guiding a riverless

vehicle over a guide cable disposed in a road

surface.

In carrying out the above objects and

other objects the apparatus for guiding a

10 driverless véhicle along a path defined by a'guide
cable disposed in a road surface, wherein the guide

cable carries a current generating an
electromagnetic field in the space surrounding the

guide cable, includes a sensor for sensing the

15 direction and wmagnitude of the electromagnetic
field surrounding the cable. The sensor is defined

by first and second spaced'detecting coils having
major axes being mounted in an X-coil configuration

on said vehicle such that the major axes are

20 intersecting in the direction of current and are
oriented generally at +/-45 degrees relative to the

road surface. Each detecting coil senses both the
radial and circular field vectors of the magnetic

- field at a giveﬁ point and a processor in

25 communication with the first and second detecting
coils  compares the magnitude of the radial vector

with the magnitude of the circular vector whereby

the measuremént of the lateral position of the
sensor relative to said guide cable is determined.

30 A method for guiding the driverless
vehicle along a path defined by a guide cable



the neasurenent of the lateral position of the sensor relative to said
guide cable is determned. 30 A nmethod for guiding the
driverless vehicle along a path defined by a guide cable 5 disposed in a
hori zont'al road surface, wherein the guide cable carries a current
generating an el ectromagnetic field in the space surrounding the guide
cable, includes the steps of;. 5 nounti ng first coil, having
a major coil axis, at + 45 degrees relative to “the hori zontal on
said vehicle; nounting a second coil, having a nmgjor coil axis, at - 45
degrees relative to the®l0 horlzont%l on said vehicle such that the
axes of the first and second coils intersect in the direction of current;
sensing both the radial and circular field vectors of the el ectromagnetic
field with 15 each coil; conparing the magnitude of the radial vector

W th the magnitugg éélf ﬁ-]frc?ﬂo%z‘é%‘&% ' h&de% Bhigh &HSrE%eiéﬁJe posi ti on

of the |ntersect|on p0| t he axes © e c0| relative to e path 20
of f-center di spl ekt ¢¢ﬁlﬁrnﬁaﬁﬁﬂe%ndacoﬁﬂﬁﬁﬁﬁét|§gne¥%¢sn9|n@@rnatlon

to a steering asSKItYsordyrid3R ik a/ahl ehe. spieeaBayeoehaeagstaad ot her
obj ects, gulde cable, includes the steps of;

5 | mounting a first'coil, having a major
cbil axis, at + 45 degrees relative to the
horizontal on said vehicle;

mounting a second coil, having a major
‘coil . axis, at - 45 degrees relative to the
10 horizontal on said vehicle such that the axes of
the first and second coils intersect in the
direction of current; _
sensing both the radial and circular
field vectors of the electromagnetic field with
15 each coil;
comparing the magnitude of the radial
vector with the magnitude of the circular vector to
establish the lateral position of the intersection
point of the axes of the coils relative to the path
20 off-center displacement infdrmation; and
communicating this information Eo a
steering assembly to steer the vehicle.

The above objects and other objects,

features, and advantages of the present invention

25 are readily apparent from the following detailed
description of the best mode for carrying out the
invention when taken in connection with the

accompanying drawings.



features, and advantages of the present invention 25 are readily
apparent fromthe follow ng detail ed description of the best node for
carryi-ng out the invention when taken in connection with the acconpanyi ng
drawi ngs’ 6 BRI EF DESCRI PTI ON OF THE DRAWNGS FIGURE 1 is a schenatic

di agram of the front or rear of a driverless vehicle being guided over a
gui de cable; 5 FIGURE 2 is a diagramillustrating first and
second coils nounted generally at +/- 45 degrees relati've to the horizontal
accordance with the present invention, fleld |l i nes-and voltage vectors in

the el ectromagnetic field due to the 10 QU|de cable which carries
alternating current; FIGURE 3 is a block diagramil.d ustrating the various
vol tages occurring in the detecting coils and their conversion to an. out put
of f center distance nmeasurenent signal; and 15 FIGURE 4 is a
schemati c bl ock dlagran1okR9gp BﬁggﬁkﬁﬁﬂbNOBFt?ﬁE ﬂﬁgﬂ&h@g BEST MODE FOR
CARRYI NG QUT THE | NVENTI erence riverless vehicle
10 is seen fromthe front or rear for 20 follomnng a QUIde cable 12
di sposed in a horizontal .roggige ffcesld s@ﬁgmg@$boalg@gamebfckgelo is a
sensor 16 defined QX t Wo detectlng gglls

nt or rear of a 1verless vehlcle being guided

over a guide cable;

5 FIGURE 2 is a diagram illustrating first
and second coils wmounted generally at +/- 45
- degrees relative to the horizontal accordance with
the present invention, field 1lines and voltage
vectors in the electromagnetic £field due to the

10 guide cable which carries alternating current;-

FIGURE 3 is a block diagram illustrating
the various voltages occufring in the detecting
coils and their conversion to an output off center

distance measurement signal; and

15 FIGURE 4 is a schematic block diagram of

one embodiment of the invention.
BEST MODE FOR CARRYING OUT THE INVENTION

With reference to FIGURE 1, a driverless

vehicle 10 is seen from the front or rear for

20 following a guide cable 12 disposed in a horizontal
road surface 14. Mounted on the vehicle 10 is a
sensor 16 defined by two detecting coils 18,20.

One coil 18 is mounted at +45 degrees relative to

the road surface 14, and the other coil 20 is

25 mounted at -45 degrees. The terms +45 and -45
degrees refer to the angle of the axis of the coil

or its core relative to the road surface .14



One coil 18 is nounted at +45 degrees relative to the road surface 14, and
the other coil 20 is 25 nounted at -45 degrees. The terns +45 and -45
degrees refer to the angle of the axis of the coil or its core relative to
t he road surface 14 7 or horizontal. The axes of the coils

16,18 intersect in the direction of current flow. The guide cable 12
carries an alternating current which, when undi st ur bed,

gener at es an 5 el ectromagnetic field having circular nmagnetic
field lines which generate in the coils 18 and 20 vol tages that may be used
for measuring the lateral off center position of the vehicle 10 relative to
the guide cable 12 and subsequently for steering 10 the vehicle to
foll ow the cable. The manner in which the driverless vehicle 10 is guided
over the cable 12 will now be discussed with reference to FIGURES  2-4.

The dashed I|.ines 'n L I nt dt epiesent, 1 th rcul ar
vectors of = the® mgngﬁzgne%?el d g@?%ouaﬁ%g I%fﬁe%glu dgoéé efiZ éThese
field |lines are intemsegtt éﬁT%s@med;hEOm:agé wne'rr@mthefl\nmi niThyeof the

cable 12 is freeqgfqker caBRENeis C AELS and QHEEEnSHEBG”t f@féﬁ@rs whi ch

woul d 20 distort the circular cross section of the field nes. The
el evational |ocatféffor he¥f h oMHHEFEREG or cHTRCIBEDD e ns
constant. s electromagnetic field having circular magnetic

field lines which generate in the coils 18 and 20

voltages that may be used for measuring the lateral

off center position of the vehicle 10 relative to

the guidé cable 12 and subsequently for steering
10 the vehicle to follow the cable.

The manner in which the driverless
vehicle 10 is guided over the cable 12 will now be

discussed with reference to FIGURES 2-4. The
dashed lines in FIG. 2 are intended to represent
15 the circular vectors of the magnetic field

surrounding the guide cable 12. These field lines
are intended to represent the case where the
vicinity of the cable 12 is free of . ferromagnetic
objects and other current carriers which would

20 distort the circular cross section of the field
lines. The elevational location or height h of the
detector coils 18,20 remains constant.

Due to the mounting geometry of the coils

18,20 wherein each major axis is positioned at +/-

25 45 degrees to the horizontal, each coil produces an
output voltage which is the vector sum of both the
horizontal and vertical portions of the guide
cable's 12 cylindrical electromagnetic field. When

.the sensor 16 is centered over the cable each coil



Due to the nounting geometry of the coils 18,20 wherein each mgjor axis is
positioned at +/- 25 45 degrees to the horizontal,
out put voltage which is the vector sumof both the hori zontal and verti cal
portions of the guide cable's 12 cylindrical electromagnetic field. Wen

the sensor 16 is centered over the cable each coi

each coil produces an

8 18, 20 sees equal

horizontal and vertical signal nagnitudes. However, t e signs of each
signal are opposite, as each coil 18,20 sees the source on different sides
of their major axis. When the 5 senspr 16 is noved laterally to the
left or right of the guide cable 12, the output of each coil 18, 20 changes

as a function of the sumof it's orientation to

t he

(+/- 45 degrees) and the error angle Theta, in the vertical 10
Either coil's signal or voltage is nmaxi mumwhen it's major axis is
per pendi cul ar t o 1gheogusekes cehheal lhandaitadr nandyeleyrtiisad nsiamaX zer o)

when it's major axis.i i nt he. ' -
gl BB nblE 0t ot UER R

coils 18, 20 mov 843t

arie par al e cutti

hori zontal plane

pl ane.

nce these

ng it's

cylindrical el ectopposdiet,i ;s i epah chélf kw2t $eRSr LhAt FRIGYRP s are
proportional to Eﬂ%ﬁ%&%ﬁy éfﬁ%@ QQHtHEfﬁ %ﬁjogoaxis. When HASE

the true position o

5
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30

sensor 16 is moved laterally to the left or right
of the guide cable 12, the output of each coil 18,
20 changes as a function of the sum of it's
orientation ' to the horizontal plane (+/- 45

‘degrees) and the error angle Theta, in the vertical

plane.

Either coil's signal or voltage is
maximum when it's major axis is perpendicular to
the guide cable 12 and alternatively is minimum
(zero) when it's major axis is pointing toward the
guide cable. Since these coils 18, 20 move in a
plane parallel to the cable 12, while cutting it's
cylindrical electromagnetic field, the form of
their output signals are proportional to the SIN of
(Beta Coil 1 or 2}.

. Accordingly, the true position of the
sensor 16 or error position information for a
feedback loop as hereinafter described, is found by
dividing the radial vector difference by the
circular vector sum sensed by the coils 18,20. The
actual signs imply that it is the sum of the radial
vectors that is divided by the difference of the
circular vectors, but to preserve a hardware phase
comparator operation for monitoring 'guide-safe’,
the polarity of the coils 18,20 is chosen such that
when the sensor 16 is centered over the cable 12,

the output of the coils are 180 degrees out

ordingly,



sensor 16 or error position information for a feedback | oop as hereinafter
described, is found by dividing the radial vector difference by the
circul.ar vector sum sensed by the coils 18,20. The 25 actual signs inmply
that it is the sumof the radial vectors that is divided by the difference
of the circular vectors, but to preserve a hardware phase conparator
operation for nonitoring 'guide-safe', the polarity offthe coils 18,20 is
chosen such that 30 when the sensor 16 is centered over the cable 12,
the . output of the coils are 180 degrges out 9 of phase. Thus,
when the sensor 16 is centered over the cable 12, vectors being equal but
of opposite sign, the radial vectors cancel in the nunerator, while the
circular vectors add to 5 double, in the denom nator. As the height h
remai ns positive, i.e. the sensor 16 stays above the cable 12, the

denom nator w || ofvghhaseach Thersy arttbrcauke aenspvallied s vceptepedat i on.

Goil 1 KL+ s Nt B0l TH10° sianal TEarTEe DR 4giE BB oF) 927
Theref ore: Si gnalopgfosddid 9ignsi ghgl wAdi@) | vacusrs ppecgace +Ebeprr) =
Hei ght Signal of f{Ridrator,S Mal1edf & | circular vectors add to
5 double, in the denominator. As the height h
remains positive, i.e. the sensor 16 stays above
the cable 12, the denominator will never reach zero

and cause an invalid divide operation.

With reference to FIGURE 2, the following
10 equations apply:

Sigmal Coil 1 = K1 * SIN (Beta Coil 1)

Signal Coil 2 = K1 * SIN (Beta Coil 2)

Therefore:

Signal of Coil 2 + Signal of Coil 21

15 Distance (+/- Err] = Height *  =-ecscemceccecca-—eocmccceocmmo '
: Signal of Coil 2 - Signal of Coil 1

The following is a mathematical proof for the above
linear measurement equation.

Where by definition:

20 Clock Wise (CW) Angles, from vertical, are
positive. '

Radius r is defined as the line/distance
between the center of the coils 18, 20 and the
center of the cable 12.

25 Current is defined as the electrical current
in the wire.

Frequency is defined as the frequency of the
Current. ' '

Height h is the vertical distance from the
30 cable to the horizontal plane in which the



The following is a mathematical proof for the above |inear nmeasurenent
equation. Wiere by definition: 20 Clock Wse (CW Angles, from
vertical, are positive. Radius r is defined as the |ine/distance between’
the center of the coils 18, 20 and the center of the cable 12. 25

Current is defined as the electrical current in the wire. Frequency is
defined as the frequency of the Current. Height h is tﬁe_vertical di st ance

fromthe 30 " cable to the horizontal plane in which the 10
coils 18,20 can nove. Distance d (+/-) igshe horizontal distance fromthe
cable to the center of the coils. Alpha Coil 1 is the off-vertical angle of
coil 5 1 (+45) Al pha Coil 2 is the off-vertical angle of coil 2

(-45) Theta is the error angle between the radius and the height 10 and Kl
is proportional to current, frequency and inductance and inversely
proportional to coils 18,20 can move.

Distance d (+/-) is the horizontal distance
from the cable to the center of the coils.

Alpha Coil 1'is the off-vertical angle of coil
5 1 (+45)

Alpha Coil 2 is the off-vertical angle of coil
2 (-45)

Theta is the error angle between the radius
and the height

10
and
K1 is proportional to current, frequency and
inductance and inversely proportional to
radius
15 Signal Coil 1 = K1 * SIN (Beta Coil 1) (eg. 1)
Signal Coil 2 = K1 * SIN (Beta Coil 2) (eq. 2)
As seen in FIGURE 2:
Beta Coil 1 = Theta - Alpha Coil 1
and _
20 . Beta Coil 2 = Theta - A}pha Coil 2 .
since when Theta = Alpha Coil 1, Beta Coil 1 goes
to zero and when Theta = Alpha Coil 2, Beta Coil 2
goes to zero.
Therefore:
25 Signal Coil 1 = K1 * SIN (Theta - Alpha Coil 1) {(€q. 3)
Signal Coil 2 = K} * SIN (Theta - Alpha coil 2) (eq. 4)
From the ‘'SIN(A-B) = SIN (A)*COS(B) - COS(A)*SIN
(B)' trigonometric identity, equations 3 and 4
above can be expanded as:
30 Signal Coil 1 = K1 * (SIN(Theta)*COS{Alpha Coil 1} -

COS (Theta) *SIN{Alpha Coil 1}) (eqg. 5)

Signal Coil 2 = K1 * (SIN{Theta)*COS(Alpha Coil 2) -
COS (Theta) *SIN(Alpha Coil 2}) (eg. 6)



radi us 15 Signal Coil 1 - K1 SIN (Beta Coil 1) (eq. 1) Signal Coil 2 =
K1 * SIN (Beta Coil 2) (eqg. 2) As seen in FIGURE 2: Beta Coil 1 = Theta -

Al pha Coil 1 and 20 Beta Coil 2 = Theta - Al pha Coil 2 since when
Theta ="Alpha Coil 1, Beta Coil 1 goes to zero and when Theta = Al pha Coil
2, Beta Coil 2 goes to zer Therefore: 25 Signal Coil 1 =K1 * SIN

(Theta - Al pha Coil 1) (eqf*S) Signal Coil 2 = KL * SEN (Theta - Al pha: Coi

2) (eq. 4) Fromthe 'SIN(A-B) = SIN (A)*COS(B) - COS(A)*SIN (B)
trigononetric identity, equations 3 and above can be expanded as: 30
Signal Coil 1 = K1 * (SIN(Theta)*COS(Al pha Coil 1) - COS(Theta)*SIN(Al pha
Coil 1)) (eq. 5) Signal Coil 2 K1 * (SIN(Theta)*COS(Al pha Coil 2) -

COS( Thet a) *SI N( Al pha Coil 2)) (eq. 6) Since, by definition: Al pha Coi
1 = + 45 degrees and Alpha Coil 2 - - 45 degrees we see: SI N( Al pha
Coil 1) = COs(A $ LBefind{a Al pha Coil 2) = COS(Al pha Coil 2) 5
with all nmagnitudes elng equal to (Square Root of 2)/2 which is

approxi mat el y equal txpH. 071 =.+ Fusdshee aniehlghas fay) 2t-0- Bhidesggeonet ry
illustrated in FIGURE 2, it can al so be seen:

we see: SIN(Alpha Coil 1) = COS{Alpha Coil 1) =
-SIN (Alpha Coil 2) = COS(Alpha Coil 2)

5 with all magnitudes .being equal to (Square Root of
2) /2 which is approximately equal to 0.707.

Further referring to the geometry illustrated in
FIGURE 2, it can also be seen:
) SIN(Theta) = Distance / Radius = d / r
10 and
COS (Theta) = Height / Radius = h / x

Equations 5 and 6 can now be simplified by
substitution:

Signal Coil 1 = K1 * (d/r * 0.707 - h/r * 0.707)

15 Signal Coil 2 = K1 * (d/r * 0.707 - h/r * -.707)
or when:
Signal Coil 1 = K*' * (d_ - h) K' = (K1 * 0.707) /x

Signal Coil 2 = K* * (4 + h)

To solve for the desired error Distance (+/-d) in
20 terms of the sensor's height (h), the two coil
outputs are combined as follows:

Signal Coil 2 + Signal Coil 1 K* * ((d + h) + {d - h))
Signal Coil 2 - Signal Coil 1 K' * {((@ + h) - (d - h))
25 K* * (d+h+d-h) 2d 4 Distance
K* *{d+h-d+h 2h h Height
Therefore:

30 Distance (+/- Exr) = Height * ---c-c---cceroccmvmmmmoononoon
Signal Coil 2 - Signal Ceil 1



SIN(Theta) = Distance / Radius =d / r 10 and COS(Theta) = Height /
Radius = h / r Equations 5 and 6 can now be sinplified by substitution:
Signal. Coil 1 =K1 * (d/r * 0.707 - h/r * 0.707) 15 Si gnal
Coil 2 =K1 * (d/r * 0.707 - h/r * -.707) or .

when:. Signal Coil 1 =K * (d - h) ‘ K = (KL* 0.707)
/r Signal Coil 2 = K* (d +{h) To solve for the desired error Distance
(+/-d) in 20 ternms of the sensor's height (h), the tw coil outputs
are conbined as follows: Signal Coil 2 +]§%gnal Coil 1 K*((d
+ h) + (d- h)) Signal Coil 2 - Signal Coil 1 K * (d+ h) -
(d - h)) 25 K *(d+h+d- h) 2d d

D stance K (d + h-d+ h) 2h h Hei ght Therefore: Signal
Coil 2 * Signal Coil 1 30 D stance (+/- Err) - Height

-------------- Signal Coil @se SEgnAidCosbliitionl2 Use @fonbiinaitiemnution.
I n conbination with_known devi&es.for a.driverl ess veE%fle St erigg, can be

i npl ement ed as i | VUG oFBQYH ﬁ%l%?%ckfafag?anlngEF RE 3.V icl
Wth reference toste&tRikg3,can mninpd evemtadhas tild usitmtedaday thebt r act ,

di vide and block diagram of FIGURE 3.

5 With reference to FIGURE 3, it can be
seen that -the single add, subtract, divide and
multiply are all = that is required for
implementation of this solution, and can be handled
by either analog or digital electronics.

10 Additional signal conditioning, i.e. filtering, AC
demodulation, A/C conversions can be easily

accomplished.

_ In order to use sensor 16, the output of
the coils 18,20 has to be synchronously
15 demodulated, 1in order to preserve the sign

information.

FIGURE 4 illustrates in block diagram
form one method of implementing the 'X-Coil' sensor
16 into the steering system of a driverless vehicle
20 10.

With reference to FIGURE 4, an example of
the herinabove described 'X-'Coil' configuration was
designed for vehicle 10 steering for a working
height of 3 1inches above a 100 wmilliampere

25 guidepath cable, yielding a hardware 'guide-safe'
width of +/- 3 inches. However, for those cases
where the sensor height h has to be either higher
or lower, and -the software ‘'guide-safe' feature

hereinaftei‘ below described may be employed so that



mul tiply are all t hat IS required for inplenentation of this
sol ution, .and can be handl ed by ei-t her anal og or digital

el ectronjcs. 10 Addi tional signal conditioning, i.e. filtering, AC
denodu] ati on, A/ C conversions can be easily acconplished. In order to use
sensor 16, the output of the coils 18,20 has to be

synchronously 15 denodul ‘at ed, in order to preserve the sign
information. FIGURE 4 illustrates in block diagramform one nethod of

i mpl ementing the ' X-Coil' sensor 16 into fhe steering systemof a
driverless vehicle 20 10. Wth reference to FIGURE 4, an exanple of the
heri nabove described ' X-Coil' configuration was designed for vehicle 10
steering for a working height of 3 inches above a 100 mllianpere 25

gui depath cable, yielding a hardware 'guide-safe’ width of +/ - 3 inches.
However, for thostheasessahedé twidlseerdilyiecgierh tihgs ¥ otdebeilmiedr hi gher

or lower, and thehégéltn\_/vafgn'gyi derstfifse fGatadE, tberd;iiqlq,_fatlerstlé@rqwgdescri bed
may be enpl oyed so that %3 the sensor_ 16 will easily cover the™l to 6
i nch hei ght rangePagkage yGan orangke 3 gpBLearvsresti AgNEScRige%c&R handl e a

cabl e current rangeoOhi 20idwpdBés m & | hasgre egangehek gt toasganehes t0 6
| nches 5 ° and a horizontal displacement range of +/- 12

inches.

Using high Q filters and synchronous
demodulators, all external signals, not synchronous
in frequency and phase, are rejected. One signal

10 that will not be rejected, however, is the same
wire nearby, such as with a 'return cut' in the
path. A return cut will distort the electromagnetic
field, thereby shifting the null as seen by the
sensor. <This distortion will cause a null shift

15 that is a direct proportion of the distances of the
sensor to each of the cables, i.e. if the height is
3 inches and the return cut is 24 inches, the null
will shift 3/24 times the unity output position (3
inches at a 3 inch height), or 3/24 * 3 = 3/8 of an

20 inch, with the direction of the shift depending on
the phase of the 'return cut'. At one half the
distance between the two cables, everything fails
as Ehe regulting circular vector, the
division, goes to zero. Linearity also falls off

25 at the 10 to 12 inch range due to return cuts' as
close as 20 feet. For these reasons, the current
package scales the sensor's output signal to +/-
full range at +/-8 inches of horizontal.

displacement.

30 Accordingly the field of view seen by
sensor 16 is greatly increased, without losing port



5 and a horizontal displacement range of +/- 12 inches. Using high Q
filters and synchronous denodul ators, all external signals, not synchronous

in frequency and phase, are rejected. One signal 10 that will not be
rejected, however, is the same wire nearby, such as with a 'return cut' in
the path. Areturn cut will distort the electromagnetic field, thereby
shifting the null as seen by the sensor. This distortifon will cause a nul
shift 15 that is a direct proportion of the distances of the sensor to
each of the cables, i.e. if the height is 3 inches and the return cut is 24
i nches, the null will shift 3/24 tines tr%ﬁunity out put position (3 inches
at a 3 inch height), or 3/24 * 3 = 3/8 of an 20 inch, with the direction
of the shift depending on the phase of the 'return cut'. At one half the

di stance between the two cables, everything fails as t he resul ting
circular  vector g5y s 10 BE D i thedliggelal | s of f
25 at the 10 t%P%ZS%%Eﬂ ran %f%%iggggé?eturn cdﬂgJ assclogé as_ 20 feet.
For these reasonsWi¥@enRpeReex pﬁ%%%@@%%eﬂ’é%cﬁqﬁ’éesen%@%wéﬁppﬁpemgnal to

+/- full  range vagtly ﬂnpgoveﬁniliﬁéarlﬁir ahar caentak @h:%ml@@@m%nt 30
Accordingly the field of view seen K sensor 16 is rea&ny |ni&eased
wi t hout | osing pot®r entry of e vehicles sénsor heig

5 outputs become a uniform ratio of +/- 8 inches,
thereby providing off-wire steering adjustments of
+/- 4 inches, to account for 'return cuts' and/or

to center on loads.:

Both the wider 'field of view' and the
10 linearity, provide variable programmed 'quide-safe'
limits. This feature has proven very useful in
monitoring 'off-wire maneuvers', as the ANSI
specifications allows a +/- 6 inch guide-safe
window for such operations. The internal hardware
15 phase comparators provide a primary +/- 'gﬁide
safe' output. This window, however, is not set to

+/- 3 inches for all sensor heights.

) With the 'x-coil' configuration the +/-
'guide safe' window becomes equal to the height h
20 of the coils 18, 20 above the wire, i.e. for a
sensoxr 16 centered 3 inches above the wire, the
tguide-safe' window will be +/- 3 inches and will
vary +/- 1/2 inch if the wire depth changes +/-1/2
inch. Under control of a vehicle microprocessor,
25 the digital steering software controls which one,
or both, of the ‘'‘guide-safe' signals are active.

While the best mode for carrying out the
invention as been described in detail, those
familiar with the art to which this invention

30 relates will recognize various alternative designs



and starboard directions. This inproves the 'off- w re maneuver' recapture
procedure. Also with the vastly inproved linearity, and current provisions
for entry of the vehicles sensor height, all 5 out puts becone a uniform
ratio of +/- 8 inches, thereby providing off-wire steering adjustnents of
+/- 4" inches, to account faor '"return cuts' and/or to center on | oads. Both
the wider 'field of view and the 10 linearity, provide variable progranmed
"gui de-safe' limts. This feature has proven very useful in nonitoring
"of f-wire maneuvers', as the ANSI specif#ﬁations allows a +/- 6 inch

gui de-safe w ndow for such operations. e internal hardware 15 phase
conparators provide a primary +/- 'guide safe' output. This w ndow,
however, is not set to +/- 3 inches for all sensor heights. Wth the
"x-coil' configuration the +/- 'guide safe' w ndow beconmes equal to the

hei ght h 20 ofy nid Ceifbd $mdSt s 2@ cabpreadticciwig ethe i ievehtioa sshsor 16
centered 3 inches above ui fe' wndowwl!ll be +#/- 3

i nches and wi || Hﬁﬂéﬁ%h%ﬁl&PwPﬁ%'ﬁﬁgéa épth changes +/-1/2 inch.
Under control of a vehlcle m cr oprocessor, 25 the digital steering

sof tware controls which one, or both, of the 'guide-safe' signals are
active. Wile the best node for carrying out the invention as been
described in detail, those famliar with the art to which this invention
30 relates will recognize various alternative designs



15 and enbodi nents for practicing the invention as defined*by’fﬁE”Farr5~’~—
cl ai ns. 16 WHAT IS CLAIMED I S: 1. An appar at us “‘g“\‘mmf
driverless vehicle along a path defined by a guide cable a EN“
horlzon;al road surface, said 5 gui de cable carrying a curr%nﬂ'thereby
generating an el ectromagnetic field in the space surrounding the guide
cabl e, said apparatus conprising: sensor neans for sen{]ng the direction
and magni tude of the el ectromagnetic field; 10 sai d sensor
nmeans including first and second spaced q%tectlng coi |l s havi ng maj or axes
being mounted in an X-coil configuration on said vehicle such that said
maj or axes intersect and are oriented generally at +/-45 degrees relative
to 15 said road surface; each detecting coil sensing both the radial and
circular field vectors of said magnetic field; and . means in conmmuni cation

with said first 3gaT rane¢raseemds.detecting coils for conparing the
magni tude of the radial vector with the magnitude of the circular vector

whereby the lateral position

1. An apparatus . for Quiding a
driverless vehicle along a path defined by a guide
cable disposed in a horizontal road surface, said

5 guide cable carrying a current thereby generating
an electromagnetic field in the space surrounding
the guide cable, said apparatus comprising:

sensor means for sensing the direction
and magnitude of the electromagnetic field;

10 said sensor means including first and
second spaced detecting coils having major axes
being mounted in an X-coil configuration on said
vehicle such that said major axes intersect and are
oriented generally at +/-45 degrees relative to

15 said road surface;

each detecting coil sensing both the

radial and circular field vectors of said magnetic

field; and
. means in communication with said first
20 and second detecting coils for comparing the

magnitude of the radial vector with the magnitude
of the circular vector whereby the lateral position
of said sensor means relative to said guide cable

is determined.

25 ' 2. Apparatus as in claim 1 wherein said
first and second coils have a core length and core
diameter and wherein said spacing between said
coils is at least equal to one core length.

3. Apparatus as in claim 1 further



of said sensor neans relative to said guide cable is determ

2. Apparatus as in claim1l wherein said first and second c0|
core length and core dianeter and wherein said spacing betwee ’ ﬁ”ﬂ"ﬂw
is at |east equal to one core length. 3. Apparatus as in cla ,”

17 including a nmounting board having first and second sides for nDuntlng §

said first detecting coil df ,+45 degrees on the first §ide of said nounting
board and said second detecting coil at -45 degrees on*5’ sai d second

si de and wherein said nounting board is ed to said vehicle. 4.

Apparatus as in claim?2 wherein said conﬂarlng means di vi des the sensed

el ectromagnetic fields radial vector by the circular vector whereby 10

this ratio is proportional to the horizontal displacenment of said
sensor divided by the height of said sensor above said cable. 5.

Apparatus as in jGlaAudihd & H&%mrﬂ@l %@'a'iﬁl halBags flrfserandveatsﬂl@
steering in 15 conmuni cati o said  conparin ans
steering said vetiides Fﬁrr@QBBHéﬁgt%abﬁtE&ES?egﬁ %P&geatcb arlng

nmeans. 6. Apparcigiee3s o chei Mibswheridien cfai shixl essumgi mpabsatrd a
digital steering Si'yftsald 2Qecond dete_ctinZ;' coi’ﬁ‘przﬁr atys cf‘égfé‘eg ghm 5

wherein said
5 said second side and wherein said mounting board is

fixed to said vehicle.

4. Apparatus as in claim 2 wherein said
comparing means divides the sensed electromagnetic
fields radial vector by the circular vector whereby

10 this ratio is proportional to the horizontal
displacement of said sensor divided by the height
of said sensor above said cable.

5. Apparatﬁs as in claim 4 further

including means for vehicle steering in

15 communication with said 'comparing means - for
steering said vehicle in response to output revised

from said comparing means.

6. Apparatus as in claim 5 wherein said
steering means is a digital steEring system.

20 7. Apparatus as in claim 5 wherein said

steering means is an analog steering system.

8. A method for guiding a driverless
vehicle along a- path defined by a guide cable
disposed in a horizontal road surface, said guide

25 cable. arrying a current thereby generating an
electromagnetic field in the space surrounding the
guide céble, said method comprising the steps of:

mounting a first coil, having a major



steering nmeans is an anal og steering system 8. A net hod g@hﬂ@ uidin

driverless vehicle along a path defined by a guide cable di ,m&wu“"’
L

hori zqontal road surface, said guide 25  cable arrying a

generatlng an el ectronmagnetic field in the space surrounding the gU|de *
cable, said nethod conprising the steps of: nmounting a first coil, having a
maj or 18 coil axis, at 45 degrees relative to thefhorizontal on said
vehi cl e; nmounting a second coil, having a major coil axis, at -45 degrees
relative to the 5 hori zontal on said vehicle such that said axes of said
first and second coils intersect; sensing®bhoth the radial and circul ar -
field vectors of the electromagnetic field wth each coil; 10

conparing the nagnitude of the radial vector with the nagnitude of the
circular vector for each coil whereby the lateral position of the

i ntersection poi n(lf;jcl)cat ! xets?]@f Saigk CQing;re'Ie% dq_tqulgll?gsal §I hge to the

gui de cable to in | at eral acenent o Icle
relative to said QﬁﬁlﬂoﬂﬁalT%@ $ﬁ§¢mﬁ?¥ﬁch¢aJn18 wherei n said nounting of

said second coil includes spaghtithgaixdseebhd atolEaHa By @O ha§ere | ength. |
coil axis, at -45 degrees relative to the
5 horizontal on said vehicle such that said axes of
said first and second coils intersect;
sensing both the radial and circular
field vectors of the electromagnetic field with
each coil; '

10 . ' comparing the magnitude of the radial
vector with the magnitude of the circular vector
for each coil whereby the lateral position of the
intersection point of the axes of said coils is
determined relative to the guide cable to indicate

15 the lateral displacement of said vehicle relative

to said path.

9. The method of claim 8 wherein said
mounting of said second coil includes spacing said
coils at least one coil core length.

20 10. The. method of <claim 9 further
including the step of communicating said lateral
displacement information to a controller for

vehicle steering.

11. The method of claim 8 wherein the
25 lateral position of the intersection point of the
axes of said coils is defined by:

Signal of Coil 2 + Signal of Coil 1

Distance (+/- Exrxr) = Height * ---c-o-ccmcmmmommcm e mccceee -
Signal of Coil 2 - Signal of Coil 1



S T

20 10. The nethod of claim 9 further incl u&il"ﬂlum
of communi cating said |lateral displacenment information to I"ﬁﬁm””'“
for vehicle steering. 11. The method of claim8 wherein the 25 ‘ atertl s =
position of the intersection point of the axes of said coils is defined by:
Signal of Coil 2 + Signal of. Coil 1 Distance (+/- Err) = Height *
-------------------------- (Signal of Coil 2 - Signal of Coil 1 19

wherein: Distance (+/-) = horizontal distance fromthe ‘cable to the center

of the coils Height = vertical distance fromthe cable to 5

the horizontal plane in which the coils déh nove.

wherein:

Distance (+/-) = horizontal distance from the
cable to the center of the coils

Height = vertical distance from the cable to
5 the horizontal plane in which the coils
can move.



