12 August 2003 1 METHOD AND APPARATUS FOR GUI DI NG A DRI VERLESS VEH CLE
TECHNI CAL FIELD This invention relates to apparatus and S51ppuged 2bos
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 vehicle for ensing an el ectromagnetic field
direction vector 10 independent of 'spacial and el ectromagnetic field
magni t udes which information is used to neasure |ateral displacenment of
the vehicle relative to the guide cable to steer the vehicle so as to
track the guide cable. 15 BACKGROUND ART Perpendi cul arly di sposed coils
have been nounted on a driverless vehicle and used to detect the

el ectromagnetic field surrounding a guide cable for automatically guiding
the driverless vehicle 20 along the cable. In known apparatus, one coil is
di sposed vertically andMERBODt AP B3BPRRATUE BPdsed horizontally. Voltages

induced in the coils ghenriaMRapRevaRdzysedukacget erm ne the | ateral

| ocation of the coils relative to the guide cable. This 25 | ocation
information is processed and used to steer the vehicle. 12 August 2003

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 mwore
particularly to the use of two detecting coils
placed in an X configuration on the wvehicle for
rsensing an electromagnetic field direction vector

10 independent of spacial and electromagnetic field
magnitudes which information is 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 gquiding 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 wvehicle.



2 The out put voltage associated with these

coils varies proportionately

with current frequency in the guide cable, guide cable cu nt i tude,
radi al distance fromthe guide cable, coil core 5 size, nuﬁ%gpg%gsgﬁﬁ

turns and the angle found between the nmajor axis of the coil
line fromthe cable to the center of the coil,
As each coi

generating

i.e. pointi
of the coil

| wire
relative to a

referred to as angle beta.
is rotated in a' plane 10 perpendicular to the cable

the el ectromagnetic field, it's output will becone - naxi nrum when
the coil core is parallel to the <circular lines of flux- Its output wll
become m ni mum (zero) when the coil core is perpendicular 15 to the flux,

ng to, Orﬁméaﬁéftrpgﬁ]-v%g?agw ggsogggggéyiﬁlﬁlégéyg ef fecti veness
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Changes in

any ofs t hesg factQradiavg aoRiofopad@meldertheoanyhe dovpdit signal .

y, depending on angl.e beta, sone.of either t adi al and/or
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Addi ti onal
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di scar ded,
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Tiasdll £kB@ the cable to the centexr of the coil,

referred to as angle beta.

As each coil is rotated in a plane

perpendicular to the cable generating the

electromagnetic field, it's output will becone

15

20

25

30

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
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
of the radial to circular field sensed at each coil
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
effects on the output signal. Additionally,
depending on angle beta, some of either the radial
and/or circular field information associlated with
conventional apparatus must be discarded, resulting
in a less than ideal signal to noise ratios.
Another disadvantage with conventional coil

arrangements is that the information provided



in aless than ideal signal to noise ratios. 30 Another disadvantage with
conventional coil arrangenents is that the information prqglded August
2003 3 by the coils only indicates the approxi mate | ateral d“@Hﬁ Qftent
fromthe guide cable and not the neasure or distance of the |ateral

di spl acement. Therefore, vehicle steering correction can only be 5 made in
the direction opposite the displaceément and not wth precision. DI SCLOSURE
OF | NVENTI ON An obj ect 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 neasures the Iateral devi ation of the vehicle fromthe guide
cabl e 15 Anot heL Qi £61, L RN ple %ﬁﬁ%bi@ﬁnaté 1 daravi de an
apparatus r QU|%ong a rlve ess € along a guide cabl e disposed in
a road surfispdalcawendy aﬁr®mcﬁ€§%eﬂu¢ﬁ?el%PQﬁe\nagﬁ BPCtt Hd*® cabl e over

Convent'On%@a@%%ywﬁfwdléwgﬁa@roemuwa Iﬁtéﬂ&i{ﬂiﬁﬁﬂﬁcéﬁ@ﬁﬁﬂlon is to
provi de an apparatus includin erpendlcu%ar y d coils for

ose

provi di ng dierefereer VEPLFLSe HEﬁF REaSHF ERERt 1 nfd rnd%lon‘?or guiding a
driverd ess weh ehecpa &heebaisds apfpcasinsedhel i ephhceinspt svehrent from a

gui de cabl e dl%g%%? i

1 N
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 conventiocnal apparatus.

Another object of the present ilnvention

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 1is
independent of all electromagnetic field magnitude

components.



a road surface wherein the sensed |ateral 25 displacenent is determ ned
solely froman electromagnetic field direction vector and |s i ndependent
of all electromagnetic field nmagnitude conponents. 12 Augdgfnﬂﬁﬁﬁdﬁ3

Anot her object of the present invention is to provide a nethod for sensing
an el ectromagnetic field direction vector at a single spacial point for
providing an error signal that defines a nmeasurenent for guiding a
driverless vehicle over a guide cable disposed in a road surface. In
accordance with a first aspect of the invention, there is provided an
apparatus for guiding a driverless vehicle along a path defined by a

gui de cabl e di sposed i Anatheadosuefacef shedpgesdet dabketdanriies a current
t her eby geneEatin an elect%g ggetic field in thﬁ space surroqundi ng the
gui de cabl e, “8aPd “Xg0Sr at uLe %%ri??nd*ﬂg%ﬁg%raﬂe§ SCLORagERfg t he
direction andighgnitudetobnt hectekegtr anegngliec shaelidl paiidcseasor neans
including first and second detecting coils nounted in an X- coi

confi gur ati oR*8Kidand @éh?§F@riﬁlgﬁégeﬁhaFoﬁ@ﬁﬂﬂéﬁnélm&ﬁﬁ@ﬁﬁ@ﬁptsuch t hat
sal d maj or axgs Bi_d-iﬁg_d Y '%ze'ﬂte%fsse&%hiaélea &féptacgﬂga@' Y9k the coils
as viewed in a |ongitudinal direction of ~travel of sdi vehicle, and said
maj or axes adésposedniepdagesedatlyfated5 degrees relative to said

In acceordance with a first aspect of the
invention, there 1is ©provided an apparatus for
guiding a driverless vehicle along a path defined by

a guide cable dispcsed in a road surface, said guide

cable carries 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; said sensor means including
first and second detecting coils mounted in an X-
coil configuration on said vehicle in spaced
longitudinal alignment such that said major axes of
said colls intersect at a point centrally of the
coils as viewed 1in a longitudinal direction of
travel of said vehicle, and said major axes are
oriented generally at =+45 degrees relative to said
road surface; each detecting coil sensing both the
radial and circular field vectors of said magnetic
field; and comparing means in communication with
said first and second detecting coils for comparing
the magnitude of the radial wvector with the
magnitude of the circular wvector whereby the lateral

position of said sensor means relative to



road surface; each detecting coil sensing both the radial and circular
field vectors of said magnetic field; and conparing neans .in conmuni cation
with said first and second detecting coils for conparing @H&@Hﬁ&ﬁqgude of
the radial vector with the nagnitude of the circular vector whereby the
| ateral position of said sensor neang,relative to 12 August 2003 4a said
guide cable is determned. In accordance with a second aspect of the
invention, there is provided a nethod for guiding the driverless vehicle
along a path defined by a guide cable 12 August 2003 5 disposed in a
hori zontal road surface, said guide cable carrying a current, thereby
generating af2i@| eeifenayntei tSfieterninede space surrounding the guide
cable, said method Con?ﬁ'§b88r&§§cétf9§h0£1s@@&ﬁ&'£ @C{|5§t Qi |, having a
maj or coil axis, at + degrees relative to the orizont on sald
vehi cl e; nDumnVﬂgtaosecbhdreOL$ phaVL@gdaamn$DMOdcﬁmt @uléxn@I - 45 degrees
i orizontal on ehicle s e axes of said

rglatlve to %ge dh ¥ #ﬁh tP . .
first and set8Rd“tdIFE ?ﬁ?eY%%%? %eﬂ PRY1Y BRI AR T sPhsP viewed in a
| ongi t udi nal gdi.aecth®ne sensing both the radial and circular




field vectors of the electromagnetic field with each coil; and conparing
the magni tude of the radial vector with the magnitude of the C|rcular
vector for each coil whereby the lateral position of the T2 Augr

poi nt of the axes of said coils is determned relative to the guide cable
to indicate the |ateral displacenent _of said vehicle relative to said
path. The above objects and other objécts, features, and advantages of the
present invention are readily apparent fromthe follow ng detail ed
description of the best node for carrying out the invention when taken in
connection wth the acconpanying draw ngs. 12 August 2003 6 BRI EF

DESCRI PTI ON @EspblEcBDRAW NGShEF Gt 411 Scadsdheimide, dsagdapuabiet he front
or rear of a driverless vehicle being guided over a guide cable; 5 FI GURE
21is a dlagrﬁﬁ?ﬂﬁlu%%F%N%mﬁyfﬁ r§Frr§HBrse%%%H@%%lI%@ﬂﬁﬁﬂﬁ%ﬂﬂ'géﬁerally at

.+/- 45 deg har. o] e present
|nvent|on f%gggtggﬁgéhan VO ?Eggéqjiég?%?ép?ﬁgt QQQ g%?&%ﬁaéﬁgtlc field

due to the gﬁlgaldebéableaﬁﬁlmhthadrcempaisengathagstapseof, FIGURE 3 is a
bl ock diagran1iIIustraﬁBQgtihge gaqﬁg%% vgggﬁgeshggfyérgpgmgqoghe detecting
coll 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
horizontal on said vehicle such that the axes of
said first and second coils intersect centrally of
the coils as viewed in a longitudinal direction:;

sensing both the radial and circular
field vectors of the electromagnetic field with
each coil; and

comparing the magnitude of the radial
vector with the magnitude of the c¢ircular vector
for each coil whereby the lateral position of the
intersection point of the axes of said coils 1is
determined relative to the guide cable to indicate
the lateral displacement of said wvehicle relative
to said path.

The above objects and other objects,
features, and advantages of the present invention
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.




‘coils and their conversion to an output off center distance neasurenent
.signal; and 15 FIGURE 4 is a schematic bl ock di agram of q enbodi nent of
the invention. BEST MODE FOR CARRYI NG OQUT THE | NVENTI ON Wtﬁpr'-@luétr%)ﬁ) Be to
FIGURE 1, a driverless vehicle 10 is seen fromthe front or rear for 20
follow ng a guide cable 12 disposed in a horizontal road surface 14-
Mounted on the vehicle 10 is a sersor 16 defined by two detecting coils
18,20. One coil 18 is nmounted 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 the road surface 14 12 August 2003 hori zontal . The axes of
the coils 16,18 i ngk ESGRIRBLON o C nt flow. The guide
cable 12 carries an alter nating current which, when undi sturbed, generates

an.5 el ectronmagnetic field havi ng cir fiel dydines which

generate in the coil SH¥Rind" 265 ol g‘&é“gkrﬁa%% e dused for measuring

the | ateralergfd crenteer posid idmiwdrldss vehicle Peipgl @¢i¥®dto the guide

cable 12 and subsechue(ﬂt Ic\é f%r steering 10 the vehicle to follow the cable
r

The manner GYFwl I'VErl ess vehicle 10 is guided over the cable 12
w |l now be

5 FIGURE 2 is a diagram illustrating first

and ‘second coils mounted generally at .+/- 45
degrees relative to the horizontal accordance with
the present invention, field lines and voltage
vectors in the electromagnetic f£ield due to the

10 guide cable which carries alternating current;

FIGURE 3 is a block diagram illustrating
the various voltages occurring 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 inventiomn.

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

oxr its core relative to the road surface 14



‘di scussed with reference to FIGURES 2-4. The dashed lines in FIG 2 are
intended to represent 15 the circular vectors of the magneti.c fiel
surroundi ng the guide cable 12. These field lines are intéh&g@ upt 2003
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 ffeld |ines. The el evational |ocation or
hei ght h of the detector coils 18,20 remains constant. Due to-the nounting
geonetry 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 sumof hoth the,_ horizontal.-a verti. r{,ons of the

gui de ~cabl@®F s NOX %3ﬂ99ﬂﬁ|caJTEFeC?¥%nagnetF%m?lgPéﬁgv%eﬁ TL{Bhe'sensor 16 is
centered ovattéheecabie ehehdamebti@nAQGUgwxmﬁn;thQWZO Thes equal

hori zont al and gen%iggi ﬁbgn f?gnkhyd%gtéﬂﬂggﬁﬁ, therahgns of each
signal are opp05| as eac 20 sees the Source on different

si des of t fiéhrChrgj or wkeB. Vﬁéﬁi%%%usbgénsor 98"FE2kBFed | dferally to the

left bt ecOfoddBnditi de Gahle lcl%dmhl@;e Qli&@ulla(if aaghee.@cl 18, 20

changes as a function of the sumof it!: orlent? gg tES hori zont al
pl ane . (f/-f¥sld gbypeesyRirRy ??E?Eﬁ?%rlﬁnBP% TRard naPﬂe vertical 10
pl ane. voltages 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 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 PFIG. 2 are intended to represent

15 the circular vectors of the wmagnetic 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 wvertical portions of the guide
cable's 12 cylindrical electromagnetic field. When

the sensor 16 is centered over the cable each coil



‘Either coil's signal or voltage is maximumwhen it's major axis is
perpendicular to the guide cable 12 and alternatively is nininunlcﬁfero)
when it's major axis.is pointing toward the 15 gui de cabl e.124Yguat 20035 e

coils 18, 20 nove in a plane parallel to the cable 12, while cutting it's

cylindrical electromagnetic field, the formof their output signals are
proportional to the SIN of (Beta Gil 1 or 2). 20 Accordingly, the true
position of the sensor 16 or error position information for a- feedback
| oop as hereinafter described, is found by dividing the radial vector

difference by the circular vector sumsensed by the coils 18,20. The 25

actual i gng, |l X LhAld i S bhe, SHR P! abe Jadiala; veekaag that i
di vi ded by e di Fefence of the circular vectors, but To preserve a
har dwar e pheaeniewigmr attwepar. attingn sfiensnehi E8Fbingi9gaideérsafe’, the

polarity of ,thes £l | S3d8e3@ni Lhosed, seichebBate 20 yhercd hensensor 16 is
centered over the cable 12, the output of the coils_are 180 degrees out

August 2003 BEERTHMasEL0FRUST WHRAIF h&IEFs ¥ 4T | s B eFBE  over the
cabl e 42, vesiess being eowed bautepdilppposthe béfn, otheighdi al vectors

cancel in th nuner%%%r il.e the circul ar ve S 5 double, in
t he denoniﬁ%foﬁheﬁ%P% I8 §h9%h U bl of°eLehscady 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

10 plane.

Either coilt's signal or voltage 1is
maximum when it's majoxr axis is perpendicular to
the guide cable 12 and alternatively is minimum

) (zero) when it's major axis is pointing toward the
15 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).

20 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

25 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

30 when the sensor 16 is centered over the cable 12,

the output of the coils are 180 degrees out

12



‘renmains positive, i.e. the sensor 16 stays above the cable 12, the
denom nator will never reach zero and cause an invalid di 8 Q%IOH.
Wth reference to FIGURE 2, the follomjng 10 equati ons api?g g%ﬁgh Coi

1 =KL * SIN (Beta Coil 1) Signal Coil 2 = K1 * SIN (Beta Coi l

Therefore: 15 Distance (+/- Err)-- Height * Signal of Coil 2 + Slgnal of
' 1 e 2.0 Signal of Coil 2 _ Signal of Coil
1 The following is a mathemati cal proof for the above |inear neasurenent
equation. Where by definition: 20 Cock Wse (CW Angles, fromvertical

are positive. Radius r is defined as the line/distance between the center
of the c0|I an e ﬁgﬂge f ahklce ent is deflned
as the eleé%rﬁé%?g%urr§E%E in e %?%eSégggguggcyé%scééﬁ§ﬁ%% as the
frequency efvethetheurgapie M ghtePtoLs t RELVEr 188! dP¥tarRe fromthe 30
cable to thghyizonsadnpl @B irhaiichvébeod? August 2003cH coils 18, 20
can nove.

numerator, while the circular wvectors 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 zexo

and cause an invalid divide operation.

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

Signal Coil 1 Ki * SIN {Beta Coil 1}

Signal Coil 2 Ki * SIN (Beta Coil 2)

Therefore:

Signal of Coil 2 + Signal of Ceoil 1

15 Distance (+/- Err) = Height * e it )
Signal of Coil 2 - $Signal of Ceil 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 1line/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



‘Distance d (+/_) is the horizontal distance fromthe cable to the center
of the coils. Alpha Coil 1 is the off-vertical angle of co 5) 10
Al pha Coil 2 is the off-vertical angle of coil 2 (-45) Thl%Aug‘ésjttzﬁ élerror
angl e between the radius and the height and K1 is proportional to current,
frequency and inductance and inversely proportional to radius 15 Signal
Coil 1 =KL * SIN (Beta Coil 1) (ed0 1) Signal Coil 2 = K * SIN (Beta
Coil 2) (eq. 2) As seen in FIGURE 2: and 20 Beta Coil 1 = Theta - Al pha
Coil 1 Beta Coil 2 = Theta - Alpha Coil 2 since when Theta = Al pha Coil 1,
Beta Coil 1 goes to zero and when Theta = Alpha Coil 2, Beta Coil 2 goes
to zero. Therefore; é;nal Coi | = KL * SIN (Theta - Al pha Coil 1)
(eq. 3) Signal R LB SR "ﬁw‘?a - Alpha Coil 2) (eq . 4 ) Fromthe

SI N( A- B) SIN LA ZCOB(BY - (A) % ﬁ@lzéﬁﬂ‘gpnag@Eéheel dentity,
equations 3 and rorﬁ‘%ﬁ’?{@ gggﬁ @% of the coils. |

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

Alpha Coil 2 1s the off- vertlcal 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 invexsely proportional to
radius
15 Sigmal Coil 1 = KL * 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 Ceoil 1
and
20 Beta Coil 2 = Theta - Alpha 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 zexo.
‘Therefore:
25 Signal Coil 1 = K1 * SIN (Theta - Alpha Coil 1) (€g. 3)
Signal Coil 2 = K1 * 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 (Thet:a) *SIN(Alpha Coil 1}) (eq. 5)

Signal Coil 2 = X1 * (SIN{Theta}=*COS(Alpha Coil 2} -
COS (Theta) *SIN{Alpha Coil 2}) (eg. 6)



30 Signal Coil 1 = K1 * (SIN(Theta)*COS(Al pha Coil 1) COS (Theta)

"*SIN(Al pha Coil 1)) (eq. 5 Signal Coil 2 = K * (SINThe

Coil 2) - COS(Theta)*SIN(Al pha Coil 2)) (eq. 6) 12 August %éggc%%@éf
definition: 11 Alpha Coil 1 = + 45 degrees and Al pha Coi l = - 45 degrees
we see: SIN(Al pha Coil. 1) = COS(Al pha coil 1) -SIN (Al pha Coil 2) =
COS( Al pha Coil 2) 5 with all nmagnitiddes being equal to (Square Root of
2)/2 which is approximtely equal to 0.707... Further referring to the
geonetry illustrat ed in FIGURE 2, it can al so be seen: 10 and SI N(Theta)
D stance / Radius - r COS(Thet a) - Height / Radius = h / r Equations 5
and 6 can % be % rra f g %/1 substitution: 15 Signal Coil 1 = KL * (d/r
* 0,707 - RAPCE ¥ 1§% AgF Coil 2 = KI * (d/r * 0.707 - hir * -_707) or
Signal Coil 1 Aﬁha il 4 5 R} gePb@NARL AGRL leoi? 7- K as¥acddect h) when: K _ (KL *
0.707) /r To solve for the desired error Distance (+/-d) in 20 terns of

t he sensor’ s hei_ ght (ﬂrpmpi;tahceﬁf\llxp coil

sees 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
C0S (Theta} = Height / Radiue = h / r

Equations 5 and 6 can now be simplified by
substitution:

Signal Coil 1 = K1 * {dfr * 0.707 - h/r * 0.707)

i5 Signal Coil 2 = K1 * (dfr = 0.707 - hfr * -.707)
or when:
" Signal Coil 1 = K* * (d - h) K' = (K1 * 0.707)} /r

Signal Coil 2 = K" * (d + 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 + Sigmal Ceil 1 K « {{d + h) + (d - h}}
Sigmal Coil 2 - Signal Coil 1 K* = {{d + h) - (d - h}}
25 K' * (d+h+d-h) 2d d Distance
K' * (d+h-4+h 2h h Height
Therefore:

30 Distance (+/- Err) = Height * oo immuummnnue oo
Signal Coil 2 - Signal Coil 1




‘outputs are conbined as follows: Signal Coil 2 + Signal Coil 1 K * {(d +

h) + (d - h) ) Signal Coil 2 - Signal Coil 1 K * d + h),;.(d - 25 K
*(d+h+d-h) 2ddDistance K * (d +h - d + (h§ 2h h)ﬂ%ﬁgﬂvst?ﬁé%efore:
30 Signal Coil 2 + Signal Coil 1 Distance (+/- Err) = Height *
----------------------------- Signal Coil 2 - Signal Coil 1 12 August 20
12 5 Use of this solution. In conbt-Aation with Enomn devi ces forga o
driverless vehicle steering, can be inplenented as illustrated in the

bl ock diagramof FIGURE 3. Wth reference to FIGURE 3, it can be seen that
the single add, subtract, divide and multiply are all that is required for

i mpl ement ati on of tmﬁﬁ?“%??kﬂgs and ganbe handl gdnpbyaeidher anal og or

digital electronics. Addi t'ional sitgnal conditioning, i.e. filtering, AC
denodul at i oty Grwnverdtoimescant e easi PHiVeEteddl ig‘ﬁléﬂ‘?lﬁf n order to use

sensor 16, & OtHPULa9f pet BRpteksts8, 28 hasuberheedyimhrionously
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 gensor 16, the ocutput of
the coils 18,20 has to be synchronously
15 demodulated, in 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—boil' configuration was
designed for vehicle 10 steering for a working
height of 3 inches 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

hereinafter below described may be employed so that




"15 denodul

ated, in order to preserve the sign information.

FI GURE 4

‘illustrates in block diagram form one nethod of inplenent C0| |
sensor 16 into the steering systemof a driverless vehicl 25%2@9%@0

reference to FIGURE 4, an exanple of the herinabove described ' X—-CO|I
configuration was desi gned for vehhcle 10 steering for a working height
of 3 inches above a 100 m|lianpere 25 guidepath cable,

"gui de-safe' width of +/- 3 inches. However, for those cases 'where the
sensor height h has to be either higher or lower, and the software

'gui de-safe' feature hereinafter bel ow described may be enpl oyed so that
12 AUQUSt 4003 é@r;éc%chﬁensmlléa\yillw gasidy Covel tle 6l imcl6 i nch  hei ght
range- 0 a i e n It@[z,;gl e a cable -
current lr}beelgg’ft F610§ - 486tg P%I a?’r%eggg % fr1’%ﬁgfr ange of° 1 to 6 inches

and a hor| zontlalgedicspl dwerds aalﬁg@%fcwre@ ré}rrﬁﬁhé%f 4%i%y high Qfilters

and synchr
frequency
however, i

yi el di ng a hardware

aq’bng%%lﬂQ_%g}ér@sor% r?é' gXtemal o gnals, enpzﬁcrsé@chronous in

ase

sartdwasal?ﬁeflwl?‘éa e QAFPLASERRTSs YREHE a OF of

path. A retjydhut will distort the el ectromagnetic

10

15

20

25

30

Using high @ filters and synchronous
demodulators, all external signals, not synchronous
in frequency and phase, are rejected. One signal
that will not be rejected, however, 1is 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
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
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 the resulting circular vector, the
division, goes to zero. Linearity also falls off
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.

Accordingly the field of view seen by

sensor 16 is greatly increased, without losing port

re rejected.” One signal 10 that 24 {]ot be rejected,
rn

in the



field, thereby shifting the null as seen by the sensor- This distortion
W Il cause a null shift 15 that is a direct proportion of es of
the sensor to each of the cables, i.e. if the height is y?gu@ﬁegag%d t he
return cut is 24 inches, the null wll shift 3/24 tinmes the unity output
position (3 inches at a 3 inch height), or 3/24 * 3 = 3/8 of an 20 i nch,
with the direction of the shift deﬂgnding on the phase of the "return
cut'. At one half the distance between the two cables, everything fails
as the resulting 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 re cu ackage.peak ggrt he sensor's
out put S|gﬁ3T %Faﬁ Oaﬁ I raﬁﬁgjg% +?%§%|ncﬁe§ og ﬁorlzontal
di spl acenentirdondwooral ngtacarternd @receivyicew $d6R BytRsBRSor 16 is

greatly 'n%gﬁé M@}Q@é’& i?ﬁé&g%@g?rtaﬁa Augysht 2p@3vidisnd starboard
(I

di rections oves the "off-"wre rraneuve:hre ﬁﬁ_athﬁg pr ocedure.
Also with ther \ﬁ%ﬁ%lf}y iofpr bYed YeREEEEE y, SEMPT Ul %p firsions for entry
of thesvehigh@susenpetohei ghtunBtdrd out pot sfbegomes ainshkermratio of +/ -

8 inches, thereby rov1 wre teerlng S .of +/- 4
i nches, to %%W ‘f qu Qrgffcd"tlsre GFor "% aagléllr%'t% {éﬂrgﬁ% 9
+/- 4 1nches, to account for 'return cuts' and/or

to center on loads.

Both the wider 'field of view' and the

10 linearity, provide variable programmed ‘guide-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 intermal hardware

15 phase comparators provide a primary +/- 'guide
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
sensor 16 centered 3 inches above the wire, the
'quide-safe' window will be +/- 3 inches and will

vary +/- 1/2 inch if the wire depth changes +/-1/2

inch. Under contrcl of a vehicle microprocessor,

25 the digital steering software controls which one,

or both, of the 'quide-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 wvarious alternative designs



‘programmed 'guide-safe' limts. This feature has proven ve sef LN
nonitoring 'off-wire maneuvers', as the ANSI specificati oi%“ﬁw%?v?o% +/- 6
i nch gui de-safe w ndow for such operations. The internal hardware 15 phase
conparators provide a primary +/- 'guide safe' output. This w ndow,
however, is not set to +/- 3 inchés for all sensor heights. Wth the
"x-coil' configuration the +/- 'guide safe' w ndow becones equal to the

hei ght h 20 of the coils 18, 20 above the wire, i.e. for a sensor 16
centered 3 inches above the wire, the 'guide-safe’ windowwll be +/- 3

| nehes and wij | kgkYndhe o1/ Nothddidiiey Ve depiheshanass +/-1/2 inch
Under cont rol° of "a vehrcre mocr )processor, 25 the digital steering software
control s wilehing by dhehdicH lasfingh€1egiSde- saf e’ 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 w ||

recogni ze various alternative designs 12 August 2003 15 and enbodi nents for
practicing the invention as defined by the followng clains. 12 August
2003 16 CLAI Ms:



1. An apparatus for guiding a driverless vehicle along a path defined by a
gui de cable disposed in a horizontal road surface, said %fide ?28¢f
carrying a current thereby generating an el ectronagnetic aYgps e
space surrounding the guide cable, said apparatus conprising: sensor neans
for sensing the direction and nagn?@ude of the electromagnetic field; said
sensor neamgammg.uding first and second detecting coils nmounted in an
X-coil confrguration on said vehicle in spaced |ongitudinal alignnent
such that said major axes of said coils intersect at a point centrally of

the coils as viewed ijn a 59pgit%%$§§$tgérec%59n of%Pf&fﬂ(l o% said vehicle,

and said nmmj or axes are ofient general ly at 45 degrees refative to said
road surf ackiveadksdetvedtiiaqig cdidngenspangh ba¢hihde byadi gliidad circul ar
field vector aid nmagnetic _field; .and conparing nmeans i.n conmuni cation

of
with sai d B LEEONY 08t EAGFPEG SF9YF SBBRPSFi n§2fRe nmagni t ude of

the radi al gaefeorcahid chheymRgniat uderint henstesyl denkeatehgwher eby the
| ateral position of said sensor neans relative to said guidé cable is

det er m ned 2. elgpareragneisic nfepdiimin Vi efpaceasyrirergdiaad second coils
have a cor%hge@%H@ea@gblggr%aqhag%%%&a%%g %%%b?ﬁ@i %kd t he | ongi t udi nal
sensor means for sensing the direction
and magnitude of the electromagnetic field;

said sensor means including first and
second detecting coils mounted 1in an X-coil
configuration on said vehicle in spaced
longitudinal alignment such that said major axes
of saild coils intersect at a point centrally of
the coils as viewed in a longitudinal direction of
travel of said vehicle, and said major axes are
oriented generally at 45 degrees relative to said
read surface;

each detecting coil sensing both the
radial and circular field vectors of said magnetic
field; and

comparing means 1in communication with
said first and second detecting coils for
comparing the magnitude of the radial wvector with
the magnitude of the circular vector whereby the
lateral position of said sensor means relative to
said guide cable is determined.

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

3. Apparatus as 1in claim 1 further




.spaci ng between said coils is at |east equal to one core length. 3.

Apparatus as in claiml1 further 12 August 2003 17 includin LNg
board having first and second sides for nounting said firg%iﬁgﬁggp?%g Coi

at +45 degrees on the first side of said nmounting board and said second
detecting coil at -45 degrees on said second side and wherein said
nmounting board is fixed to said vehicle. 4. Apparatus as in claim?2
wherein said conparing neans divides the sensed el ectromagnetic fields
radi al vector by the circular vector whereby this ratio is proportional to
the horizontal displacenent of said sensor divided by the height of said
sensor above said cable. 5. Apparatus as in claim4 further_including
nmeans for viahileldsinst eemongtiing boardnhedt tont Wweth 3E FGHhri ng neans for

steering sal g vehi gl Robflc L85 O £10 QUBRYE cLeaE ¥861 4f omssai d conparing
nmeans. 6. paratus as Iin claim5 wherein said steeri neans is a digital
steering sydg@mes7-ompphe af UsShsStASCPEi 7% Uéitr}rhgairlgoa%‘feeri ng means is
an anal og s{;geris syséoma 8ecédepbhdodoldr agui-disnglesymrdsver ess  vehicl e

SL?P gcg pg%h%idcggegzggdbgigeggég ewl%ealpéien s%%p%ﬁﬂdﬁgabgﬁﬁ zont al road

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
Ehis ratio is proportional to the horizontal
displacement of said sensor divided by the height

of said sensor above said cable.

5. Apparatus as in claim 4 further
including means for vehicle steering in
communication with said comparing wmeans for

steering said vehicle in response to output received

from said comparing means.

6. Apparatus as in claim 5 wherein said

steering means is a digital steering system.

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

mounting a first coil, having a major




cable carrying a current, thereby generating an electromagnetic field in
t he space surrounding the guide cable, said nethod COW”?R%MEQS& eps

of: mounting a first coil, having a nmajor 12 August 2003 1 axis, at +
45 degrees relative to the horizontal on said vehicle; nounting a second
coil, having a major coil axis, at -45 degrees relative to the horizontal

on said vehicle such that said axesgof said first and second coils
intersect centrally of the coils as viewed in a |ongitudinal direction;
sensing both the radial and circular field vectors of the el ectromagnetic
field wwth each coil; and conparing the nmagnitude of the radial vector
with the nmagnitude of the circular vector for each coil v@ereby t he

| at eral posidiilon asfist.he ati ntrer $&ct BEFHEEENt T6LAEMES axES of*Said coils is

det er m ned [ glatdMeit &t e iGliEhicad e to indicate the lateral
di spl acenent of said vehicle relative, to sj;ai qlaQ&tng. 29 ma {5y et hod of claim
fd <t es

8 wherein said mountfHY o™ %aiPdSSEED “incru spacihg said coils
at | east oneigoi laxdse | evgt h4dpardegreesai deelladnigiet udichal tlerecti on. 10-

rgfeggthd ﬁgrfgéﬂégfagﬁnégfﬁ voREL UL DG hen st eps 0f gepaupE cating said
said first and second coils intersect centrally of

the coils as viewed in a longitudinal direction;

sensing both the radial and circular
field vectors of the electromagnetic field with
each coil; and

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 1s
determined relative to the guide cable to indicate
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 apart in said

longitudinal direction.

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

vehicle steering.

11. The wmethod of claim 8 wherein the
lateral position of the intersection point of the

axes of said coils is defined by:

Signal of Coil 2 s+ Signal of Ceil 1
Distance {(+/- Err) = Height ® ---nuouuwmmomma i am o mmmn

Signal of Coil 2 - Signal of Coil 1



"di spl acement information to a controller for vehicle steering. 11. The
‘method of claim8 wherein the |ateral position of the int i oi nt
of the axes of said{coils is defined by: Signal{ of Coil Z?gﬁgg%%gpogf Coi |
| Distance (+/- Err) = Height ---_..---------- R ye e Si gnal
of Coil 2 - Signal of Coil 1 12 August 2003 19 wherein: Distance {+/-) =
hori zontal distance fromthe cablelfo the center of the coils Height =
vertical distance fromthe cable to the horizontal plane in which the
coils can nove. METHOD AND APPARATUS FOR GUI DI NG A DRI VERLESS VEH CLE
ABSTRACT A nethod and apparatus for guiding a driverless vehicle along a
path defined by a guide cable carrying a current in a horizontal road
surface i n¥P&d&4punting a first coil, having a major coil axis, at +45
degrees rel ati veikgahbe (hgri}zenbatiponsal distinde, Lamuriteng a second
coi |, having a naj or cebile axi sheaten#srdefrehe ¢eihfive to the horizontal

on said vehicle such that the :
Height = vertical distance from the cable to

5 the horizontal plane in which the coils
' can move.




‘axes of said first and second coils intersect, sensing both the radial and

circular field vectors of the electromagnetic field with i
conparing the magnitude of the radial vector with the nagﬁ?gﬂﬁgggbo?he
circular vector for each coil whereby the lateral position of the
intersection point of the axes of the coils is determined relative to the
guide cable to indicate the |ateral 28i spl acenent of the vehicle relative to

said path, and using thggicsPa@exerhrnrtigr raki on in the vehicle steering
system FIGURE 1 GUIDING A DRIVERLESS VEHICLE

ABSTRACT

A method and apparatus for guiding a

5 driverless vehicle along a path defined by a guide
cable carrying a current in a horizontal road
surface includes mounting a first coil, having a

major coil axis, at +45 degrees relative to the
horizontal on said vehicle, mounting a second coil,

10 having a major coil axis, at -45 degrees relative
to the horizontal on said wvehicle such that the

axes of said first and second coils intersect,
sensing both the radial and circular field vectors

of the electromagnetic =~ field with each coil,

15 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 the coils is determined
relative to the guide cable to indicate the lateral

20 displacement of the vehicle relative to said path,
and using the displacement information in the

vehicle steering system.

FIGURE 1



