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 2

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.



The out put vol tage associated wwth these coils varies proportionately with

current frequency in the guide cable, guide cable current ni
radi al distance fromthe guide cable, coil core 5 size, }gﬁﬁ 'ﬂﬁtl'igg?l wre

turns and the angle found between the najor axis of the coil relative to a
line fromthe 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 becone - maxi num when
the coil core is parallel to the <circular lines of flux- Its output wll
becone m nimum (zero) when the coil core is perpendicular 15 to the fl ux,

i.e. pointing to, or away fro t W el atl ef fectiveness
of the coil varies a@let Ff’élt'péjiryn'vogfe'ag e%gﬁaggggg‘?ylﬁlﬁe%%%g(bet a) term -
reflects theilat varieks phepradiahatelyiwidul §lc1rf-’l°-élidf§‘é@$@_élclét each coil 20
| ocation and, qhfechs e 30050, 9uEPkbo1 ENEnBEBke. naghecdad | erence in

§ FetiEen The t wo

magni t ude Sehse i coils is based on the radius term the
respect i ve raflistlandestpree&FosacH e o idfd CBReCcafi¥ cuFPERt . Changes in

any ofs t hesg factQradiavg aoRiofopad@meldertheoanyhe dovpdit signal .
Addi tionally, depending on angl.e beta, s%rgelofreeli tthﬁ[et@g radial and/or
circul ar fiR8TSST of MRt PBACRs E6¢PaEd W& IO onvent ional ~appar at us must be

di scarded, riasdl £kBg the ackebs tharclideabnseéynal tdimortselrati os. 30
Anot her di sadvant age wi Lo gopvenidanal col

As each coil is rotated in a plane

10 perpendicular to the cable generating the
electromagnetic field, it's output will becone
rmaximunl when the coil corxe 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

of 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 associlated with
conventional apparatus must be discarded, resulting

in a less than ideal signal to noise ratios.

30 Another disadvantage with conventional coil

arrangements is that the information provided



arrangenments is that the information provided 12 August 2003 3 by the coils
only indicates the approximate |ateral displacenent fron1t?3“%u%g& abl e
and not the nmeasure or distance of the |ateral displaceneﬂ 9 ore,
vehicl e steering correction can only be 5 made in the direction opposite

t he di splacenent and not with 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
measures the lateral deviation of the vehicle fromthe guide cable 15

Anot her object of the present invention is to provide an apparatus for
guiding a driverless I i L Spasadiiin a road
surface hag)néggnc?ﬁ%?eas d]§¥ﬂé%§g§?tgge§§p§€£%ﬁ%gécable gVer conventi onal
appar at us. dsplacenebjtecfron tthe pouddat F3vERt 2o PStt F ovi de an

appar at us '#&Q%%%@%P@:E&%@I g8l &Hey mta‘a&%ﬂeddi:@@iécérwntpr oviding of f -
center displacenent nmeasurenent information q)drlverless
vehi cl e on TieEehasies JEPIEASc8CePLEBPaFlFSD é% ngﬁ? ?r¥§, ma guide cable

di sposed | fade kaaghsud{ase: Wheragipodihe sersdélilspheeenenxmdi spl acenent i s

det erm ned solel¥.fron1an electronagnetlc field direction vector and is
with precisio

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.



i ndependent of all electromagnetic field nmagnitude conponents. 12 August
2003 4 Anot her object of the present invention is to provide a nethod for
sensing an el ectromagnetic field direction vector at a siﬂéﬁ@@gﬂégp%

point for providing an error signal that defines a neasurenent for
guiding a driverless vehicle over a gujde cable disposed in a road
surface. In accordance with a first aspect of the invention, there is
provi ded an apparatus for guiding a driverless vehicle along a path
defined by a guide cable disposed in a road surface, said guide cable
carries a current thereby generating an electromagnetic field in the space
surroundi ng the gui deAgabher saidchppér ahespecespnisiingensépsonsneans for
sensi ng the girection and nagﬂiau e of the. electrqna%netic field; said
sensor means P nETIHAS T i FSEPARd L9&c ot Wt B ot nG G FSTRENRTEE i n an X-
coi |l configuratianderesaignvebiebe b8 spacadlel epactudi pakinal icgrment such
that said major axes of said coils intersect at a point centrally of the
coils as vi eRBAViALiRI| BAgPFUEENELJBREeERPENdEf inERademegEusar@niehi cl e, and
said mgjor a -Qri ent ral | it ees ti o said

r oad surface?ggaﬁﬁggéggc?iﬁgqg%%pggg%g%ﬁgigéfﬁgﬁ%% gr B?Q gﬁgl%ircular
field vectordisposaddinagnevad stir€hde. and conparing neans in communi cation
with said first and second detecting coils for conparing

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



t he magni tude of the radial vector with the nagnitude of the circular
vector whereby the lateral position of said sensor neans relative to 12
August 2003 4a said guide cable is determ ned. In accor dandé AUt 2008econd
aspect of the invention, there is provided a nethod for guiding the
driverless vehicle along a path defingd by a guide cable 12 August 2003 5
di sposed in a horizontal road surface, said guide cable carrying a
current, thereby generating an electromagnetic field in the space
surroundi ng the guide cable, said nmethod conprising the steps of; nounting
a first coil, having a major coil axis, at + 45 degrees relative to the
hori zontal ofi2&di duydni eplle nbendehgrainedond coil, having a major coi
axis, at - 45 degrees | at.i . hor i i icle such that
t he axes of said firs%ﬁa%%égg%%ﬁ%égg%?g %n%%?é%%tgg%%?#g??sy% the coils
as viewed i niaveonhgohudihate dis egtdoingded ensnaighddt fiot hguiddi@l and circul ar
field vectors, of ;the electromagnetic.field with each il; and conparing
the magni t udBPSf AFREST LGP al TORBCr orabPRs, 1 HE HAGHTE teR dFY e ci rcul ar

vector for gaghecehbilwhereby the |ateral -position of the




intersection point of the axes of said coils is determned relative to the
guide cable to indicate the |ateral displacenent of said vgq\cle relatlve
to said path. The above objects and ot her objects, feat urd

advant ages of the present invention are readily apparent fromthe
follow ng detailed description of thg best node for carrying out the

i nvention when taken in connection with the acconpanying draw ngs. 12
August 2003 6 BRI EF DESCRI PTI ON OF THE DRAWNGS FIGURE 1 is a schematic
diagramof the front or rear of a driverless vehicle being guided over a
guide cable; 5 FIGURE 2 is a diagramillustrating first and second coils

nmount ed genedakbysall it -a 4hordegnees rekat isierfacd heshogi zoatal accordance
with the present invention, field |ines and voltage vectors in the
el ect r onagnefPELE| eFRLENENS 0 & hEUTTONGui deNREPPY WHRNGTF MY ednal t er nati ng

current; FlI QRE-B bRadnhtoek sl arQ@'ﬂ¢]Séﬁ@éé”QurEBﬁnM@ﬁ oyg Vol tages

occurring in the detecting coi s and ei r- conversion to an output off
center distgntdeneablieeneatdsimghhbd andptbskFh@REe4stepa sthemati c bl ock

di agram of one enbodi gy t enti BE E RRYI NG QUT THE
| NVENTI ON Wt h referenceﬂbtgﬁgegﬁEf?; g d??%éflggg & g%og
+

coll axis, 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 pecint of the axes of said coils is
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.




‘vehicle 10 is seen fromthe front or rear for 20 following a guide cable 12
.disposed in a horizontal road surface 14- Muunted on the vehjcle 10 is a
sensor 16 defined by two detecting coils 18,20. One coil 1 4%9“Wﬁﬁwped at
+45 degrees relative to the road surface 14, and the other coil 20 is 25
nmounted 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 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 sturbed, generates an 5 el ectromagnetic field
having circular magnetic field |lines which £ inthe coils 18 and 20
vol tages that may d@iﬁﬁédﬁﬁﬂﬂiﬁﬁ§§ﬁﬁﬁﬁbﬂg@élggﬁﬁﬁgi- off center position of
the vehicle 10 relative to the guide cable 12 and subsequently for

steering 10 the vehicle to follow the cabl ) £ 1 Ppahi ch the
driverless vehicle FFG%EEyui dbd 8vEr Fﬁggégbﬁg%%g_mﬁﬁf now be discussed
with refer enemt @FkGHIRESSR-a difiher ldsshadhiicaes PRANE| §1319€%r e intended to

represent 15 the cirﬁqugkﬁgﬁtors of the magnetic field surrounding the
gui de cabl & THEEET 80 9ines are intended to represent the case where
the vicinity of the cable 12 is free of ferromagnetic objects and other

current carriers whi Gfrate & 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



20 distort the circular cross section of the field lines. The el evational
|1 ocation or height h of the detector coils 18,20 renains staqt gue to
the nmounting geonetry of the coils 18,20 wherein each najggqﬁﬁ 00
positioned at +/ 25 45 degrees to the horizontal, each coil produces an
out put voltage which is the vector sumof both the horizontal and vertical
portions of the guide cable's 12 c¥lindrical electromagnetic field. Wen
the sensor 16 is centered over the cable each coil 12 August 2003 8 18, 20
sees equal horizontal and vertical signal magnitudes. However, the signs
of each signal are opposite, as each coil 18,20 sees the source on

different sides of. their, major. axis. en-t 5 nsaqr noved
laterally t9F t ROYHAPE righ%heof ¥R dﬂngﬁg%bl§ i% %Eé %utput of each

coil 18, 2hwochadges #s ahbuddricniof oife aummesft i f1ay . orTeatation to the
hori zont al 'aee e 49, degrpesd anl Uiecsienmnoba-ibata in the

verti cal ane |ther col s signal or voltagé is nmaxi numwhen it's
maj or axis W@l@brpendwﬁgmar tendifeuipfde cabPened25R8 al tBFnatively is

m i mugn (ZéiéBtf%ﬁ%?ﬂétf%'“ﬁiﬁld”“ﬁaﬁrhgpobﬂ&bﬂgakom@agnéhec15 gui de cabl e.
Since these coils 1 20 ppve in a | ane arallf %g ble 12, while
cutting it' 5iekg| I Haes cArlSh SEPSRR Nt ¢t ?eFal Ph f%? their out put

signal s arev&&&ﬁgﬁilﬂnﬁﬂ wag bheuStdl Odr 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



(Beta Coil 1 or 2). 20 Accordingly, the true position of the sensor 16 or

error position information for a

f eedback | oop as hereinafter described,

is found by dividing the radial vector difference by the 1iNeYpER003ect or
sum sensed by the coils 18,20. The 25 actual signs inply that
of the radial vectors that is divided by the difference of the

vectors, but to preserve a hardware® phase
nonitoring 'guide-safe'

it

is the sum
circul ar

conpar at or operation for
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
when t he

!faf’fﬂlgégg <l 105, £25h €212 an¥e QI QS DAl ng;ggyal  but of

the coils
sensor 16

opposi te sign,

are 180 degrees out 12 August 2003 9 of phase. Thus,

radi

vectors cancel 1n the nunmerator, while the

circul ar veva@RECedRE t o WOl e thien siEsdeAoRPABL BIINAS 8F@ height h
remai ns posibiye;cd . east BEchenson 16ssi@yseahode tdsucabl enl2, the

denonmi nator will never .reach zero .and cause an inval.id di

vi de operati on.

Wth refer el e GBRESS, AhetRBEF oMPAGT 1 Ejjuat iU apPFfy: Signal Coil

1 = Kls* SINA{Beta€ois divéi gnatefDily 2ce Kle* 18N (Betraghoi |
Ther ef or e:

10

15

20

25

30

&P §E§t§H¥’e(éQ£1eEﬁr,'Eh@eh%@%ui 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 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
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 1s centered over the cable 12,

the output of the coils are 180 degrees out

2)



‘Signal of Coil 2 + Signal of Coil 1
Signal of Coil 2 _ Signal of Coil 1 The followng is a nat i r
for the above |inear nmeasurenment equation. Where by defi n??@éus(%%bog

Wse (CW Angles, fromvertical, are positive. Radius r is defined as the
between the center of the coils 18, 20 and the
the cable 12. 25 Current is defined as the electrical current
Frequency is defined as the frequency of the Current. Height h is the

di stance fromthe 30 cable to the horizontal plane in which the
12 August 2003 10 coils 18,20 can nove. Distance d (+/_) is the horizontal
fr cab ot e,¢oi4 s Lol |
fo%ﬁ‘{]ge g o gt}ger% ng()g SQBSBP (ff(éCollsl'S %éjlls thcgooff verti cal
angl e of caiver 2t(16451)ah13k%t a2iss Y%t%tfsr oPeéﬁgl HR B HE r adi us

| i ne/ di stance

verti cal

di st ance
of f-vertical

e of coi

hei ght and opposite sign, the radial vectors cancel in the

10

15

20

25

30

numerator, while the circular wvectors add to
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
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

Distance (/- Err) = Height * 0 —mmeecmmmmmmmee—mmmeoooumoemoo- )
Signal of Coil 2 - $Signal of Ceil 1

The following is a mathematical proof for the above

.linear measurement equation.

Where by definition:

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.

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
cable to the horizontal plane in which the

center of
in the wre.

1is the

and t he



'Kl is proportional to current, frequency and inductance and inversely
proportional to radius 15 Signal Coil 1 = K1 * SIN (Beta

Signal Coil 2 = Ki * SIN (Beta Coil 2) (eq. 2) As seen in %&ﬂ@gésgnd 20
Beta Coil 1 = Theta - Alpha Coil 1 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 zero. YPherefore: 25 Signal Coil 1 = KL * SIN
(Theta - Alpha Coil 1) (eq. 3) Signal Coil 2 = KL SIN (Theta -- Al pha Coi |
2) (eq . 4) Fromthe "SIN(A-B) = SIN (A *COS(B) - COS(A)*SIN (B)'
trigononetric identity, equations 3 and 4 above can be expanded as: 30

Si gnal Caoi l = él\gcgheta)*COS(Al pha Coil 1) COS (Theta) *SIN(Al pha
Coi | 1)) (eq 5)0013}@ T2 %G+ (SIN(Theta) *COS( Al pha Coil 2) -

COS( Thet SI' N | q2 b 3 by definit
11 /(A\Ipﬁaa)COII g_pﬂ):P %Cgé )() (-3;(% )ﬁgg n@QP d§bgﬁﬁce y definition:

dm the degrees we see:
SI N(Al pha Coi | . T)— paco -SIN(AIpha C0|I 2) = COS( Al pha
Coil 2) 5 with azkipﬂggfuﬂuqe%sth@go@QU@érﬁ&a(lsqu@u@ Beotogl
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)



"2)/2 which is approxi mately equal to 0.707... Further referring to the

'geonetry illustrated in FIGJRE 2, it can also be seen: 1$Rd Ig§§$eta)
Distance / Radius - d / r COS(Theta) - Height / Radius = h

ifons 5

and 6 can now be sinplified by substitution: 15 Signal C0|I 1 =KL * (d/r

* 0.707 - h/r * 0.707) Signal Coil 2 =K * (d/r * 0.707 - h/r * -_707) or
Signal Coil 1 - K * (d - h) Signdl Coil 2 = K * (d + h) when: K _ (K1 *
0.707) /r To solve for the desired error Distance (+/-d) in 20 terns of
the sensor's height (h), the two coil outputs are conbined as foll ows:
Signal Coil 2 + Signal Coil 1 K * {(d+h) + (d- h) ) Signal Coil 2 -
Si gnal COI% 1CK' * 8 £ nh)c.-n(d - h)) 25K * (d+h+d- h) 2d d
Di stance KSR Ed Rypdetgng ﬁ? 2h h Hei ght Therefore: 30 Signal Coil 2 +
Signal Coil 1 Rigsfanes {+hs oEhlds ama Inleahgmn 2 2 MSdegrasem ~ - --------------
Signal Coil 2 - Signal Coil 1
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
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 Sigmal Coil 2 = KT *» {(dfr * 0.707 - h/r * -.707)
or wher:
" Sigmal Coil 1 = K* * (d - h) XK' = (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) 24 a Distance
K'* (d +h-4d+ h) 2h h Height
Therefore:
Signal Coil 2 + Signal Coil 1
30 Distance (+/- Err) = Height * oo immuummnnue oo

Signal Coil 2 - Signal Coil 1




"12 August 2003 12 5 Use of this solution. In conbination wth known
devices for a driverless vehicle steering, can be inplenen%gp as
illustrated in the block diagramof FIGURE 3. Wth referehtUSEPRRe 3,
it can be seen that the single add, subtract, divide and multiply are al
that is required for inplenmentation of this solution, and can be handl ed
by either analog or digital el ectrdfi cs. 10 Additi onal signal conditioning,
i.e. filtering, AC denodul ation, 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 ated, in order to preserve the sign ?
information. FIGURE 4. J]|ustegtes écgupé% di agf afymbohat s net hod of
i npl enenting the 'X- 9 sensor 16 into_the steering systemof a ;
driver| ess wighi cllenowap Keviwash rid%er ehcedFbVETERKE 4,e’%ﬂicje‘?<arrpl e of the

heri nabove descriRed carnXpeCohblefenteauaat ionusasatrd@signes: for vehicle 10
steering for a working hei%pt of. 3 i nches above a 100 m | ianpere 25

gui depat h BRI dEAIEhE T HE ®are ' gui de-safe' width of +/- 3 inches.
However, for those cases where the sensor height h has to be either higher

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



or lower, and the software 'guide-safe' feature hereinafter below
'descrlbed may be enpl oyed so that 12 August 2003 13 the s q

easily cover the 1 to 6 inch height range- Wth use of A géﬁéﬁ@gl
steering package can handle a cable current range of 20 to 400
mllianmperes, a height range of 1 {@ 6 inches and a horizontal

di spl acenent range of +/- 12 inches. Using high Qfilters and synchronous
denodul ators, all external signal's, not synchronous in frequency and
phase, are rejected. One signal 10 that will not be rejected, however, is
the sane wre nearby, such as with a 'return cut' in the path. Areturn
cut will diggeordend®r el ecividmgnetily dowdd, thdetelbp $hiinding the null as

seen by th sor- This d| torti 15 that is a-
di rect progﬁ?ﬁﬁgh 5P9%he &its an§%s8gfﬂ?ké &2%% %?b¥tgéséiyﬁﬁ t he cabl es,

i.e. if thedwiaget dag Bridiches caldle Hupe@iir raide ief 220 iehes, the null

will shift ¢°d t"E%%n et N AUt pa tdon (& énﬁxﬁl&fﬁesﬁt a 3 inch
1 r
hei ght), é;%E' /8 'of an inch,” with the ctlo of the shift

dependi ng Gcmd t Be lmﬂé%@réﬁa]t h&1spdagemegtt * Tange o di st ance

bet ween t hegdwecables, everything fails as the resultlng circul ar 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 Using high @ filters and synchronous
demodulators, all external signals, not synchronous

in frequency and phase, are rejected. One signal

10 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

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 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 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



‘package scal es the sensor's output signal to +/-- full range at +/-8 inches

‘of horizontal displacenent. 30 Accordingly the field of v
sensor 16 is greatly increased, w thout |osing port 12 Augt%#uglg%go% and

starboard directions. This inproves the "off- w re maneuver' recapture
procedure. Also with the wvastly inproved |inearity, and current provisions
for entry of the vehicles sensor héi®ght, all 5 outputs become a uniform
ratio of +/- 8 inches, thereby providing off-wire steering adjustnents of
+/- 4 inches, to account for 'return cuts' and/or to center on |oads. Both
the wider 'field of view and the 10 linearity, provide variable

programed Igﬂqﬁragéardldlrgec%m‘gy fI%QLEN%ﬁpQBWQ?e@rQﬁ@n'MEfy useful in

nonitoring e nmaneuvers as the ecifications allows a +/- 6
i nch gui de-wafe manewsy f arecRE IS @TACEONTe - Tha1ERt B-REI th&r dware 15 phase

ConparatorSVQEQY'dfm?r@&é@HiYnéérltﬂu'Qﬁd éﬁf@en@ub@dblsIbhs wi ndow,
however, is not set +/ - inches_for all sen 51? ghgi% Wth the
q

'x-coi | cOFRF guaHiion Ofhethe- Vet ke ar® A nd ual to the

hei ghtsh 2%196%&@@ 6ekbee18, R0 mhaverkbeowore, /- e8 fiochas,sensor 16
centered 3 in es above he w t he ui.d wwll be +/- 3
i nches and W*Fllfe X R 1”157 é)flrfﬁc“f%ﬁef Stth%rm eggé%lstwe favo e‘gI + -1/ 2

+/~- 4 inches, to account for 'return cuts' and

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



'software controls which one, or both, of the 'guide-safe' fi nalé gse
active. Wile the best node for carrying out the inventioﬁ & gsg R
described in detail, those famliar with the art to which this invention
30 relates will recognize various alternative designs 12 August 2003 15 and
enbodi nents for practicing the i nvéAtion as defined by the foll ow ng
claims. 12 August 2003 16 CLAIMS: 1. An apparatus 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
el ectromagngld Cofh8hinbAENEIPAELSULGUNIRE skheiigie sgble, sald
apparatus conprisrng: sensof neans for sensing the direction and nmagnitude
of the el eclefimemhéry clig dicd:lozding §4A48© -neans including first and second
detecting coils mounted in an X-coil configuration on said vehicle in
spaced |ongitudinal alignnent such that said najor axes of said coils
intersect at a point centrally of the coils as viewed in a | ongitudinal
direction of travel of said vehicle, and said najor 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 conparing neans1én co | cation
with said first and second detecting coils for conparing f W%gﬁ

t he radi al

have a core Tength and
spaci ng between said coils is at |east equal to one core |ength.

vector with

ude of

t he magni tude of the circular vector whereby the
|l ateral position of said sensor nmeah% relative to
det erm nedcrarMdpparatus as in claim1l wherein

said guide cable is
said first and second coils
core dianeter and wherein said the |ongitudina

3.

Apparatus as in claim1l fg&;heraﬁéa st 2QQ3 17 é@@ L&Qﬂg g rmounting
es i ard

board having first and second s

or mounti ng

rst-detecting coi

at +45 degirdeerdrstsherdhircslte sildegfa spaith ndefit had bpasdguand sai d second -
detecting cg&; at . -45 degrees on said s%pond i de gnd wherein said
GaPds &

mounting b
wher ei n sai

§ i3 t o s&i PSR £ °H,ppara

i RO RAsl AdcHRansngi W dasridie: Sensednel geheormgngtic

As®asSPAdcl ai m 2

fields

radi al vector by the circular vector whereby this ratio is proportional to

the hori zodtal e LefEppragirinic of ishfld igerids ~ dpaFdesusyounding ght

sensor aboye Sahd £8.81e, 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 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

road 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

of said




5. Apparatus as in claim4 further including nmeans for vehicle steering in
communi cation with said conparing neans for steering said | }

response to output received from said conparing neans. 6.1%59@%%?8§§as in
claim5 wherein said steering nmeans is a digital steering system 7-

Apparatus as in claim5 wherein said steering nmeans is an anal og steering
system 8. A nmethod for guiding a dviverless 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 nethod conprising the steps of: :
mounting a first coil, having a major 12 August 2003 18 coi] axis, at + 45 ;
degrees relatduelingy hewuhsingohpakrdohasing LERFE| ¥d itfftichg a second :

coi |, having a JmaiQr moﬁﬁ'tkngxééid at; ~cAD adegreengr 8bali ye 445 the horizontal
on said vehicle such that said axes of _ sai.d first and second coils

i ntersect cigaresd yonithe heleek| §14¢ Pfeiddd MO (RRATAI direction
sensi ng botihd hes @diatoandast ecuing cbiiel drveasordgfedsheorel ect r omagneti c

e el et sl SoanALNg L 18, PaBL Y dRgOhokig fadial  vector

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



for each coil whereby the | ateral position of the intersection point of
the axes of said coils is determned relative to the gui df'z @3?26@3
indicate the |lateral displacenent of said vehicle relative sard path
9. The nethod of claim8 wherein said nounting of said second coil

i ncl udes spacing said coils at |east one coil core length apart in said
| ongi tudinal direction. 10- The netlgod of claim9 further including the
step of communicating said |ateral displacenent information to a
controller for vehicle steering. 11. The nmethod of claim8 wherein the

| ateral position of the intersection point of the axes of said coils is
defined by: Signal of Coil 2 + Signal of Coil D st ance +/- Err) =

Hei ght ---cqil --axis, -at .+ .45 degrees I é?@h'é? of° ot 2 - Signal of -

Coil 1 12 SIordQ03 ok el aldhic1@ St ance {+/ ) = horizontal distance
fromthe cable to the center of the c |Is J-fal grtrhga:ﬂé di stance from
alflll

the cable to the hofi¥BH IS plaaﬁgcf’ﬁ Wrﬁ% 1 A& eGP ove. NVETHOD
AND APPARATYS IFORixis, at =-45 degrees relative to the

horizontal on said vehicle such that said 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 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 * -cceuiuuwmmmm oo im e e o
Signal of Coil 2 - Signal of Coil 1



"GUI DI NG A DRI VERLESS VEHI CLE ABSTRACT A net hod and apparatus for guiding a

driverless vehicle along a path defined by a QUIde cabl e c??Athgzsogurrent
in a horizontal road{ surface includes nDuntlng{ first coi avin

maj or coil axis, at +45 degrees relative to the " horizontal on said

vehi cl e, nDunting a second coil, having a major coil axis, at -45 degrees
relative to the horizontal on sai#®vehicle 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, comparing the
magni tude of the radial vector with the magnitude of the circular vector
for each c0|I whereby the |ateral position of the intersection point of

the axes oFPEREXEGiIs is determined relative to the guide cable to
i ndi cate the | apasakndiespkdeenenbonizoneal ebistancelfadwdheo said path,
and using the displ acebdnt tontbemaenoeri aft hbe ¢gehlél e steering system

FI GURE 1
Height = vertical distance from the cable to

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






