TOWBARLESS AIRPLANE TUG FIELD OF THE INVENTION The present invention relates
generally to systems for airplane ground movement, and more particularly to control methods of
ground vehicles of such systems. BACKGROUND, OF THE INVENTION Airplane tugs are often
provided for towing airplanes between ground locations at an airport, thus obviating the need for the
airplane to move itself under its own power, saving jet fuel. The tugs may be provided with a towbar,
which connects a landing gear with the tug, or towbarless, in which a towbar is not provided, in which,
typically, the Iaqding gear sits dirgc%%QQgL%s‘%iﬁpﬁ%Qg % SUMMARY OF THE INVENTION
According to a first aspect, there is provided a towbarless airplane tug configured for receiving a
Sanding gear of an airplane and towing it thereby, said tug comprising: a chassis configured for
receiving thereon at least a portion of said landing gear; a propulsion arrangement configured to move
the tug in a direction along a trajectory; at least one force sensor configured to measure, directly or
indirectly, a f%rce exerted b¥ said chassis on said landing gear in at least said direction due to a speed

differential Detweeh sald {ﬁg ANA SAd airplane; characterized in that the propulsion arrangement

comprises a variahleppngleiswash phates hyaranli copyemeoupiedia:- arnvanitble angle swash: plate
hydraulic motor and tocogﬁ%?rrrll%rtgcl%blp bypass, path valye ge%figured such that a hydraulic fluid
circulates @etweerﬁﬁe pump an th& motor so as to activate said propulsion arrangement to increase
at least one of the speed and the traction - | a- force of the tug when the bypass path is in a closed
state, and SAEESIRAAEY RO HdPEHY TN circulates across the motor via the bypass path valve so
as to reduce at Iegstionguof a ro}gtional e%%erdm%nd traclgz?eg Eg{‘ge of th Jug vggrgsnattgne bypass path is in

. e
i <] S arg 13 Pprovi 1 . . .
a opened state; and the tc%w%raﬁesspalrp ane tug furthér COmprises a controller in communication with

said force &PbiahabHelg Gerfriufsdicimtsonaor ie¥aplrdmetarrotrievesieitdf e tug such
that the foregsexgrtegdrbydsaidiahassisonsaiddakeing geas ismaintaned below.adiadetgemined value
by regulating at least the er available tq t ropulsion arrangement, the pu nd motor
swash-plataegéo,wéﬁrcfst g%ﬁé%é)e\g’f?h% C%io fagla"t gﬁ/%%%g&%aég}aid%ﬁ%g émsglgggﬁ%s%]é%t, fiere is provided
a method for towing an airplane, the method comprising providing a towbarless airplane tug
comprising: SY¥REABIE Obfigh sdd 10X Fé0&iving thereon at least a portion of a sanding gear of said
airplane; and a propulsion arrangement configured to move the tug in a direction along, a trajectory
and comprising. 2 4a/idRle:RANAR SWASH RIBIS VAR RUIR;GAMRIGH L%rﬁ;gﬂg@ll%h%@c@%gsyvash plate
hydraulic motor and to a controllable bypass path valve, configured such that a hydraulic fluid
circulates betweén tae pUmprahdethel motar saashioactivatesaddipropulsion arrangement to increase
at least one of the speed and the traction force of the tug when the bypass path is in a closed state,
and at least most of thsshyaraenediaidehtiuiiisrardesithecriotof wd dingsass path valve so as to
reduce at (east oneof a rotational speed and traction force of the tug when the bypass path is in a

opened state:; tHe ASIHSE AT ATEPEBIRPASING CHUSIRG 6408 MR 18 ?&Wé%(ﬁ_l%figpﬁgﬁg\%ﬁiie altering one or
more parameters of mayement of g WasHeh ihata for 8&9&‘?&%&9&&?9 f&tlgé%%e%qasa'% landing

gear is maintained below a predetermined value by regulating at least the power avai Able to the
propulsion arrangerngeis sheapuBApIaNetNRtarissasia-glaies: anddhestatantdhaibypasspath valve.

-lb- :
tug and said airplane;

characterized in that the propulsion arrangement comprises a variable angle swash plate hydraulic pump

coupled to a variable angle swash plate hydraulic motor and to a controllable bypass path valve,

configured such that a hydraulic fluid circulates between the pump and the motor so as to activate said

propulsion arrangement to increase at least one of the speed and the traction



Disclosed herein is a towbarless airplane tug configured for receiving a landing gear of an airplane and
towing it thereby, the tug comprising: a chassis configured for receiving thereon at least a portion of
the landing gear; 15a propulsion arrangement configured to move the tug in a direction along a
trajectory and comprising a variable angle swash plate hydraulic pump coupled to a variable angle
swash plate hydraulic motor and to a controllable bypass path valve, configured such that a hydraulic
fluid circulates between the pump and the motor so as to activate the propulsion arrangement to

increase atfE&sPofie e (RS SsetRtRHR frabhoHorstad st tie 20fat WAkt Bypaeé iR is in a
closed state, apg.at eastmast.o( e ygraulicfluid clicylates,across ihe motor via the bypass path
valve so as to reduce at least one o%a rotational speeg and traction force of the tug W%epn the bypass

path is in anpenadsaie; of hahioarhanexpeepensar configusad te.measwneisestwerindirectly, a
force exerted by the chassis on the landing gear in at least the direction due to a speed differential
between 25HiGgraRidthe Qiritercn aneeveseieo|eitinatbmwrasication! thetbrefiorod sersor and being
configured to alter one or more??arameters 0 mov/%%lient of tr#e tug such that the force exerted by the

chassis on The “WRS S BTHE T84S “BE 9L 5008/06% i Paraify g i i ais s example,
during movepagRtef-the thek el e aqy%qgg%mga%yaly%@gamul%'&a%tg&@étavaﬁaﬁgweavai'ab'e to
a

the propulsion arrangement, the pump and motor swash-plates, and the state of the bypass path
valve. It wilploguspprecisdeckihalidhertend Howbardssitasasad hateinithespepificatien and 5claims
relates to a class of airplane tugs without a towbar (i.e., a bar or other connecting device which

couples betwesnithachassisobaiig 8od theanaing gearsf the @iplang).ilpistowbatigssairplane
tug, the landing gear typically sits directly on the chassis, or its weight is directed to an area within the
chassis. comprigilg furtidinhetapprésiaialavdrgirentensnicontroller” as used herein the specification
10and claims is to be understood in its broadest terms, including, but not being limited to, two or more

controllers, for exampig.gach-apadaerPrningA sReCIc.fUDEIANorton'. at@xmgeg%éraé%pég@e tug may
further comprise a hydraulic motor cross valve to allow a free flow of hydraulic fluid across the motor,

for free tug movememtiagehed the bypass path is closed. 15The bypass path may be associated with a
brake period following opening of the bypass . o )
¢ a propulsion arrangement configured to move the tug in a direction along, a trajectory and
comprising a variable angle swash plate hydraulic pump coupled to a variable angle swash
plate hydraulic motor and to a controllable bypass path valve, configured such that a
hydraulic fluid circulates between the pump and the motor so as to activate said propulsion
arrangement to increase at ieast one of the speed and the traction force of the tug when the
bypass path is in a closed state, and at least most of the hydraulic fluid circulates across the
motor via the bypass path valve so as to reduce at (east oneof a rotational speed and traction
force of the tug when the bypass path is in a opened state;
the method further comprising causing said tug to tow said airplane while aitering one or more
parameters of movement of the tug such that a force exerted by said chassis on said landing gear is

maintained below a predetermined value by regulating at least the power available to the propulsion

arrangement, the pump and motor swash-plates, and the state of the bypass path valve.



path wherein hydraulic fluid is diverted from the swash plate pump, the controller being further
configured to control the state of the bypass path, the valve being characterized by a response period
that is much smaller than the brake period. The_:lg_ropulsion driving module may further comprise
a valve which controls the state of 20the bypass path, the valve being characterized by a response
period that is muthsgeallesihan aibesenanaspheriod: ebiieuswiaibh jplateswod thelydraulidc pump and
motor. Thealcolntgoa!ill%rtrpv%}/ thgrc‘gg}ﬁg}ger%qg 19 Hrlg%}%;e displacement of the hydraulic motor. The
controller mapyalge con‘%igu ed to regulate’ a controlangle of the swash plate pump. In this way, it may
control the speed efatiis torfiawedtioe ropearg pistieth arlsiepMitifg gealeut®seP5airplane thereby.

The cagtroller.may he:crrfigHEas iR InEER fRILChANGES i the epite] angle ofjteeswash plate pump.
This allows it to prevent a force ﬁgplield ont ellatm%irégaéqear of the a]irglt%naevgr!prﬁeegg(igg‘gg%a force
threshold. TRENESHE SIIET ay be conmgared to inauck Stow changes If the cofitrol angle of the 30
swash plate pumpzfbrexsinplaotid mayobeolisefuberdnad vabcowbiresseiriaiebidtbca desired
speed.  The captrellenmayhe.confighigsdte willize:d tead-fomaid pogesadbe aradaumef control in

which upsets in inputs to th? system _can be us totractlf'us the ﬂhstem devices in anticipation of or
simultaneously WiHHEESAVE oY LB SpEdd T 85tiRte e L dHirol angle of the swash plate 35

pump2B  Thetgwhartesbyaiplautieitirgariaseduttire prsatripriseehelt)yy asordbdisidrranged to absorb

energy between the landing gear ang e £DBRRIS pam vERE RUEHINZAEINSIOREQL SpTeRRRaMeters of
movement may have an effect so as to and/or be directed tg cause the tug to reduce its speed and/or

traction force. ThEPEHZLLIEHHEY sty SUSp Ot BERsHRER TBIHHRGPEYToFthe receiving of the
portion of the langingsgaarfandshengdamunied ardhe: chirssisoswdhedha itfisonoveabbe thereon at least
in the direction. 1) SUclLa 6888 g (0168 SRRI0LIRYRE AR WIBW g hia MaRRNIR forpe exerted by

y ) h

the support assembly on the chassis in at least the direction. The parameters of movement may be

selectéd from a dghsiie ot iR sp®Ed, direction, acceleration, and deceleration.  The controller
may be configureg.taralsulaia(predisiesh resalianilaremexeitg cobytheiehassisnonrthe landing gear
at least based on one or more external fac}ors. The )&e”ﬁal factors li)e shelected from a group

s e ore parameters of movement of the sucﬁ at the force exerte the ¢ ass1f' o tPe
comprising:  dalta refating to Slopes at various focations along an airplane travel surface to be

traversed by the tug;



data relating to wind forces affecting the airplane and tug; data relating to rolling friction forces of the
airplane and or tug at various locations along the airplane travel surface; and data relating to
obstacles. Tt*g ta relating to slopes may be provided by an inclination sensing functionality. The
data relating o"i%%’é)sf‘ %Eéty be predetennined and stéred as slope date in %C' é]tLgIt?ggsg?ltHg controller
being further CO’HQ&H{&@ %&eEEF@H}(?t&Hx%@Q%&O@&&E&%}%&H ”@O%Hléﬁe JveL Stﬁfé?%l_%uﬂ fo relate
the slope data to the pos e gn

the position. ata relating to rolling friction forces mag be predétermined and

stored as frictionredetenmintdtarsdiue treregHatime rdbelerpiuhh cPesemiguatarls detdhinimsmesigssition of
the tug on the ai@elaﬂ%%ﬂgw A6E Anrkieke! fHsfiondaiasiadhg msig@ssyaalwvmay be

configured to detect obstacles a‘ong the airplane path. The controller magp@e configured to

communicate wirsIREUNPSvtPPEEFAEE LIEL fn e cémvdieTierse asmisfd VISrein SIScERSAIESREM Bag.
The towbaigss ablplane Wolsayfuiflercamprisnan eieoimanic dighthag condfiotoaddamoirivenicate

wirelessly with a similar device withjn the girplane. isclosed herejn is a,method for towing an
airplane, tht 1?Ei‘e‘l‘fﬂ&?e o!?ﬁtﬁﬁgﬁé)‘/%Féwﬁiﬁaé}la#%ﬁgﬁ&%%}pl%%eﬁw %%Lr%ﬁlﬁg%ﬁré‘?s‘anc 5%‘§|%smé%%figured
for receiviagphescop, ditddasdiaggrtionyoé il jasidinigrepelyr of fhechrpianer andvedgha srdpedsidio an
arrangem%rnetaco%lﬁ %edc move the tug in a direction along a trajectory and comprising a variable
angle swash p‘%te ydraulic pump coupled to a variable angle swash plate hydraulic motor and to a

controllable bypdssvphifurihgydecnptiepinted shashtbn demnh emaemiderling cired | hessn o apasifiratingmp and
the metor 50135.imaEIYR 1R thRieRISIORAEFBRERMERh {0 HFAARE RiIeashong Akitisaershapd the

traction force of the tug when the bypass path is in a closed state, and at least most of the hydraulic
fluid circu@s sRpEelse i STHIRE frshopRBe amitaR et i nstiefice at least one of a rotational

speed and traCti%éQﬁ%@ﬂéE‘ﬁaﬁﬁﬂdﬂ@ﬁggU?ﬁ)bf@ﬁ}l%i &?f@ﬂﬁé@@ﬁﬁ@zﬂﬁdxﬁé@é@bﬁb% mﬂ?czd dngwer f
Comanlng aUSIng t tug t ,tO t e alr ne while alte Ing one or more p rameters of movement o
g b A kR e e Ry e R s

predetennihedd/alue by regulating at least the power available to the propulsion arrangement, the

pump and motor.swash-plates. and {he state of the bypass path T% u royided as
descriﬁed abovefEﬁ}éigégsésop %ﬁérg}??ié%atsos\?v Hgﬁgsv\sﬂglllrxp arhﬁéataangonfé’llgﬁg% %c%’r}%é%h?\//?zghg% Ing gear

of an airplpath ahdredwiygrauhe fahy shdivertpddrmpridingwatchlats puothiibe reatrotice beivmhButhsreon at
least a pogiaR Afthedandingl 9625 RIORE IS5 & g amenh coBighy el lamevedig Weipadirection

along a trajectory; and a controller configured to compare between an actual speed of a towbarless

airplane tR§tHtRebicaedymmber dee e igkeadiedeof, and to direct the propulsion arrangement to
maintain the actualsspeadisbih@tanbanask aiplanategdimrras al spagchisdanss thasuheodesired

speeczjd' a

ng]e bypass path, the valve being characterized by a response period that is much smaller than a
resonance period of the swash plates of the hydraulic pump and motor.
The controller may be configured to regulate displacement of the hydraulic metor.
The controller may be configured to regulate a control angle of the swash plate pump. In
this way, it may control the speed of the tug and the force applied on the landing gear of the
25 airplane thereby.

The controller may be configured to induce fast changes in the control angle of the swash
plate pump. This allows it to prevent a force applied on the landing gear of the airplane from
exceeding a force threshold.

. The controller may be configured to induce slow changes in the control angle of the

30 swash plate pump. For example, this may be useful to bring the towbarless airplane tug to a
desired speed.

The controller may be configured to utilize a feed-forward process (i.e., a form of control

in which upsets in inputs to the system can be used to adjust the system devices in anticipation of

or simultancously with the arrival of those upsets) to regulate the control angle of the swash plate

35 pump.



the actual speed was maintained within a predefined speed range during a predefmed period that
preceded the comparing.  The controller may be further configured to detect airplane pilot-controlled
braking and deceleration of the airplane, and is further configured to direct the propulsion arrangement
to maintain the actual speed if: the actual speed is higher than the desired speed; and at least one of
an airplane pilot-Ebntroieders akitgedneirtedeibratonsbetacampiane i deteeted bsorvisecsntroller may
be further gonfigyrediqidirectthe propwsion arrangement to change the actual speed of the
towbarless airpla%l}(;:- '[Lﬂ{% fo mﬂBCh the desired arsfﬁa{eegsdo- an e%ilgjltargae Q%té%% erc(%lsl,ggl l%gaki(ggr {)sé detected.

5  The towbarldss Sirpiane 106 May be TUrther contigured to apply a positive traction force at all
times durintretowireues tratairptedves itsThredenbatiedtoaigifene tug may be further configured to
protect in real timg thg.landing oephd e praeeding fisAnaxiaause & auedfatioleaads The controller
may be further configured to calculate thg de irgglas eed The cont(g, Ilglr may tbie for.thgg configured

to calculat8'd"GSEIPLE #XEABH TBPELTCBIES r%ffff:iingstcl)'sﬂs']u((e)hdt(}al%tlrﬂé1 Speed.” " *fhé'contro

roller may be
further configuatied o saltulatectie desirechsperd dt leadizhaded moohira focktioncafitiietuge  The

controller may be.further sonfiguced tp.crlcuiataithedesired speed at least based upon a location of
the tug and a location of at least one other tug, The controller may be,furthereﬁogﬂgu,red to

calculate the desHSdreBEEE S WAV BREE RSN letaliSRB AR RS AR 8B RS Ahd S speed of at
least one ctlkektugthatiskhedestarleast one path therewith. The controller may be further

configured to calgylats, thadesief.sRerg.Alleashased ek Alpcalismetihe Waandaesired time

of arrival thereof at an end of towing location. The controlleg may be furthegogonfjgureg to calculate
the desired&5ueen LRSS A58 UFSHPATS C4RER BIIAE ity 5h B ARSFHIFE ! JraprivaFo¥another tug
at an end atltowdrfegppaintpgnaiapdeisired time of arrival of the tug at the end of towing location. The

towbarless airplags g, may fuiher,compriss AUANTISY Snlowed Qa0 infarmagen relating
to speed and location o the tug. This information may be transmitted, e.g., to an airplane cockpit, to at
least one otf§étZug, or a remote command center. The towbarless airplane tug may further

comprise a receiven caRfiguradiio feeeiveinie atninalatagitegpeed and location of at least one other

tug from a remotgact:on]mand cepter, . . Ttlge tog¥be rless airpl ne tugalt)rggy quther comprise a detector

. . g t b
configured to detett éffﬁré%fﬁ’ and'a iiroca lon of at [easdt one other tu uﬁﬁ%ﬁ(éazlf aésénso%; the controller

being configureddarbalcuatesthbcdesided speed at least based upon the speed and location of the
other tug. .Th&g%g%@e{g mayhe further configured to calculate the desired speed based upon a
desired time of arrival at an end of towing location and an estimated time of arrival of the other tug at

an end of towing Pyt RBE B AR GRS E YR ESHEFSIM Y B IsWBSi e Kirplane tug, the
method comprisimy;: @biadning infanpation belpitigdmspeeciandetbsation ditaileastdng.other tug that

Is eXpeCteq:c}r%rgﬁg’rge%tglgl?‘%Ela CBI%{g%qug 36{9%1@9 tHQHE)QM&Q I)I?%ngufgg legle airplane travel surface
and to relate the slope data to the position.

The data relating to rolling friction forces may be predetermined and stored as friction date in a
database, the controller being further configured to determine the position of the tug on the airplane
travel surface and to relate the friction data to the position.

The tug may be configured to detect obstacles along the airplane path.

The controller may be configured 1o communicate wirelessly with a remote command
center, for example via an electronic flight bag.

The towbarless airplane tug may further comprise an electronic flight bag configured to
communicate wirelessly with a similar device within the airplane.

Disclosed herein is a method for towing an airplane, the method comprising providing a
towbarless airplane tug comprising:

a chassis configured for receiving thereon at least a portion of a landing gear of the

airplane; and



6 calculating the desired speed of the tug at least based upon the speed and location thereof and the
information. The method may further comprise calculating the desired speed based upon desired
time of arrival of the tug at an end of towing location. The method may further comprise calculating the
desired speed of the towbarless airplane tug based upon an estimated time of arrival of the one other
tug at an ehd of towiRglPUirErangeTye saeiEged ity aurthereoipridectimstonafgiiireiiativh relating to
speed and locatigR@fdhe fughtothe: athex w@a fglamnemq, mﬁwéurmwmm@éi@etmmm@g
information reha(tlrnglto S(Peed é;md Iocathg e tu emot thf(rﬁraang rﬁc%lvmg there

A8 .B. Ve S
from information re atln O speed an OC&%OHPII’] rma 1on O ﬁﬁer %U g may obtain the

information raaﬁﬁgqﬁ)@@é@d ékr?dplmatmﬁ tbrﬁav%ﬁaooﬁset@twmﬂemWzmglsepgeﬂa@egﬁmem Msclosed

herein is a towﬂe%d%& @éaalaﬂéaamec@;a&gmdma@@@im'ﬁg & lapding.geanotanaippipnesand towing it

thereby, the tu%S rlsm a chassis configur d or.rece vmg there}?n at least 2 ortion %f the landing
r:l at least most.of r}}y?raa 1C ﬁ,}cmfu ates acrqss the.motor via the P/gasq
gear; a propulsio rrangemen contiguread to move In a direction along a jectory, and a

controller configured to Dpedate ssqelr trechbovatiBRl EFEC@EIS‘GR@)TH@N@FE IRHEDRAVHNGS

The present ipyentignvillpepadersipod and appreciated more fully from the following detailed
description, taken in conjunction with the drawings in which: Fig. |A is a pictorial illustration of a
towbarlessiairplang thgher cﬂ@ﬁiﬁd&mﬁ@s&@e@wwwim efshedaubardrsmaimplane sugsillustrated in
Fig. 1A, taken aI ng the lines | F is a top view of towbarless al lane. tu |IIustrated in
Fig. 1 A; par %lggs Pé mfFlroug% Sﬁlcg:trlsﬁhoaetctl\%c\c/lgwgcgpg %r?foug g%ggoenshgf%rg- %ﬁ back and
pushback w@aﬂ%éemﬁ@t@mawe%vaippmh@&%t%stﬁa%tdhﬁ Oer BAgilable mighe BmAHFgh 3E

illustrate vasgussiagas ahgrileicantoliadiiaxing.epemiionaitbetawbatessairplane tug illustrated in
Fig. | A;
The tug may be provided as described above.

Disclosed herein is a towbarless airplane tug configured for receiving a landing gear of an

airplane and towing it thereby, the tug comprising:

¢ a chassis configured for receiving thereon at least a portion of the landing gear;

s g propulsion arrangement configured to move the tug in a direction along a trajectory;
and _

e acontrolier configured to compare between an actual speed of a towbarless airplane tug
and a predetermined desired speed thereof, and to direct the propulsion arrangement to
maintain the actual speed of the towbarless airplane tug if:

o the actual speed is lower than the desired speed; and
o the actual speed was maintained within a predefined speed range during a
predefined period that preceded the comparing.

The controller may be further configured to detect afrplane pilot-controlled braking and
deceleration of the airplane, and is further configured to direct the propulsion arrangement to
maintain the actual speed if:

»  the actual speed is higher than the desired speed; and
» af least one of an airplane pilot-controtled braking and deceleration of the airplane is
detected.

The controller may be further configured to direct the propulsion arrangement to change the
actual speed of the towbarless airplane tug to maich the desired speed if an airplane pilot-
controlied braking is detected.



Figs. 4A through 4E illustrate various stages of autonomous taxiing operation of the towbarless
airplane tug illustrated in Fig. | A; WO 2010/061384-7PCTJLL2009/001 110 Figs. 5A through 5E
illustrate various stages of the autonomous returnsoperation of the towbarless airplane tug illustrated in
Fig. 1A; Figs. 6A through 6C diagrammatically illustrate steering functionality of the towbarless
airplane tug illustigeedvihaFigs 2 BFiys rRA thfodgh Priziledtaterdnianetyy edssorgtion gydtem that

reacts to pilptzcantielladhrakingofiths.airplane in order to control the load on the landing gear; Fig.
8A is a block diagram of inputs and outputs of a force control loop and speed control loop which are
J ! B B L

part of a contrGieFOFITe fig sty | e configpnes’ (g PRSI RSCR R ANT ST 8F &R it nput/Multi
Output (MIrM®}doece cerrohicdprad dspadd:déontrol loop which are part of the controller; Fig. 9

illustrates a dynamic padglohihs.tannatlass g andithe:aiRlanganptarces applied on the plane and
on the towbarless airplane tug illustrated in Fig. 1A; I;]}f%llo illustrates various control loops; Fig. 11

illustrates a methbf fOP TSGR SiPpIShE IR 12 Saftiatr 4 V5t RETISR FeR, ARSI BINE cockpit
Electronic BlightiBdgpéEdB) units according; Fig. 13 illustrates towbarless airplane tugs having two

cameras; Fig. 14 {{SalER. I MIOVEREN o SRYPIAL IO AR R HAS 00 AURQILFTO. 16 lustates a

method for towing an airplane; 20Fig. 16 are plots of speed, pilot brake, traction force, and motor
RPM, each"BERREHIR 0fBfie and related to desired and actual speed of towbarless airplane tugs:
and Fig. 17 illustréite soatmwigtheg, terfeaintrodifiguacdovwhar ksstiaikelanre fugd BEIAH:ED DESCRIPTION

upon a location of the tug and a location of at least one other tug,

The controller may be further configured to calculate the desired speed at least based
upon a location of the tug and a location and a speed of at least one other tug that shares at least
one path therewith.

The controller may be further configured to caleulate the desired speed at least based
upon a location of the tug and a desired time of arrival thereof at an end of towing location,

The controller may be further configured to calculate the desired speed at least based
upon a location of the tug, an estimated time of arrival of another tug at an end of towing point,
and a desired time of arrival of the tug at the end of towing location.

The towbarless airplane tug may further comprise a transmitter configured to transmit
information relating to speed and location of the tug. This information may be transmitted, e.g., to an
airplane cockpit, to at least one other tug, or a remote command center.

The towbarless airplane tug may further comprise & receiver configured to receive information
relating to speed and location of at least one other tug from a remote command center.

The towbarless airplane tug may further comprise a detector configured to detect a speed and
a location of at least one other tug by utilizing a sensor; the controller being configured to calculate
the desired speed at least based upon the speed and location of the other tug.

The controller may be further configured to calculate the desired speed based upon a desired
time of arrival at an end of towing location and an estimated time of arrival of the other tug at an end
of fowing point.

Disclosed herein is a method for controlling a towbarless airplane tug, the method comprising;

o obtaining information relating to speed and location of at least one other tug that s

expected to share at least a portion of a towing path with the tug; and



A control system for a robotic or a semi-robotic tug for taxiing airplanes from an airport 25 gate to a
take-off runway is provided. The tug is designed for taxiing the airplane without using the airplane’s jet
engines, in order to save fuel consumption and minimize pollution. The controller thus has a dual
function, namely controlling in real time and at all&times the tug towing speed (thus replacing the
airplane engine). a0l 9ulalng ihs,Lug raction farss il pipieclng e Atliangisdanding gear, e,
the nose landing gear, or NLG, by not exceeding its static and 30 fatigue load limits, and thus not
impacting its life ¥yl AEEB RAgly, a multi input, multi output (MIMO) control concept, where some
controlling and conériediasiablesatenpiierconnatiedahecde pradentdsipradded imorder to direct
operation %Eth%a opt %I%%.atanemgfqoe%%ri%i [ provided herein relates to robotic or semi-robotic tugs
for taxiing airplanes from a gate to a take-o runway without using the aircraft jet engines. The tugs
may WO 2010/05E3848B Ty frigoorontpcudipe ihtdgrrehsaspianbepsbabtrolled taxi mode,
wherein thggisplanespilatupiaars-anskhiakes Asithefaklanemwverg maying smeeniisawn power, and
the tug speed is controlled by its controller. Upon .completion.of taxiing, the t ay return
autonomously to(fa? Tolrpeef%%gslﬁ%agﬁtﬁg%{ﬁ?gﬁlgztgfﬁg%ﬁgg, gloorﬁ?g ’I(érar%dglg fglis egéi%éqrﬁ%g(ﬁld and control
system. A ehgeifedt Heahst perform the pushback operation, after which he leaves the tug and the
airplane pilot contiRls.dhedHgyduring daxhrikhe-tug imayifbeiaien RAnRWepaNRIdSIARade of operation
during airpl?rtlt({-:- taxi, The tertm "auton motus" IS used. thggglgi}out in Omgg%)ad sapsetto inc‘ljud% operation
under the Sontfol Bf af Igﬁlﬁgr Eonimhand, control and communication s;}g em. which® e%yaﬂe subject to
airplane pilotatve midenzoRefdbenteistaow made to Figs. 1A, 1B, and IC, which illustrate a towbarless
airplane tug 100.fipternationakpublicationdWQ. 2008/ 34 ddish is assigned-tathe,assignee of the
present application, teaches many principles which are applicable to the present disclosure, and the
full content'tN&¥E5t 5P hereby incorporated by reference herein where appropriate for appropriate
teachings of additierededrhatter natvevdethils aiwdtr s andlendchnicatibacky rodnd. 28 Asiseen in
Figs. IA, | %ﬁg{i&%ﬁ@ﬁﬁ_pﬂ@%@ﬁ%@i@@%myo comprises a chassis 102 supported on six

wheels, including forward steerable wheels 104 and 106, rearward steerable wheels 108 and 110 and
intermediate rion2ShEEYABIBTRHESIE T35 he e idahpPoEiatet tAfRHEs 112 and 114 may
alternatively be sigenaldpasreimifie céntets ohiotatienglisiekrabile viheeal 54841064 108, and 110,
respectively iQdicaaét&%%E%L%{g%%%%%%%%%i%&%@a 48, 117. and 20 118, may define vertices of a
rectangle, whose length A Is defined by the Separation between the centers of rotation of respective
forward and rearward wheels on the same side of the tug 100, and whose width B is defined by the
separation B RYAR IZPEHEYOdf T ¥t A WEBYERd 116 of respective forward wheels 104 and 106 and

between the,enlers, /ORI 7.ARS b6 Sl REREGING FeaRIicki BRSlR 0, And 110. 25Bach of
wheels 104, 106, 108, 110, 112, and 114 may be controllably driven by a corresponding hydraulic

motor {FdtSHgH Ry BRI e d R e ra B REEEIRSEmp (not shown) driven by a vehicle diesel
motor (not showmignmresparnserio spaedand iesgbelcsntrghsignals from a controller 119. Each of the
steerable wheels 04,106, 108, and 110.may be Aigeralle.py 006.0rgie S5eHnd pistang (not
shown) in responseé to steering control signals from 30controller 119. The wheels, hydraulic pump, and
diesel motaieessttiePdions of a propulsion arrangement which is configured to move the tug in a
direction along arrgjeCtRryiop viek ariiercaniiak nisHaceassamblyn Whichamay include a steering
wheel 120, brak rgr(sn t,shown),.and optionally other controls as necessary, may interface with
controller 119 toelé:'sit a't%g El C ﬁ%_qirz?'gaéeo éé?ﬁe?ﬁeeqvﬁeeﬁt?oﬁag? the towbarless g.]ill’s ane tl?élsloa@ prior to and
duringeptisttrack izsarieitiplensventisfEtreméigdiey or a tug control system malfunction. The

towbarless airplapgs WO 2QL01068 384IRE T 0040 3ot controlled taxiing operation of the

towbarless airplane tug iHustrated in Fig. 1A;
Figs. 4A through 4E illustrate various stages of autonomous taxiing operation of the

towbarless airplane tug illustrated in Fig. T A;



- - tug 100 may operate in a "airplane pilot-in-control" (PIC) mode, via controller 119 to taxi to or near a
take-off point. Near the take-off point, the controller 119 automatically or manually (by the safety
driver) disen%sge%tr}'? tug 100 from the airplane, in response to a command received from an airport
Command and Cohtigl ténter or from a tug location’sensor 121, such as HEPSBY Qs or any
other suitable tug.locatipn senso the tug 1 rat nder control of controller..119..tg return
autonomously o% Fﬁg'ﬁigl?lfgﬁ%ﬁér%@qgu%%?é%%}ﬁ%rggg% éitlfxgk%{{gﬁof)%?ﬁfg {6 & det |F§a lglrlqu%s% back
location. TlaybBRwmaiyrhise the ysiapetingtig-altvind sensor 122, one or more obstacle detection
sensors 123, SUGHAS (RARFABA/GE ARG IARRARIPHIRXAMP 6 AR SR MAREIE famedRHAE by
Velodyne(r), which output to controller 119, and onie or more 10 driving cameras 124, which enable
remote drivfinépnt fug loaraedin 448y A remote command and control center. Driving cameras 124

may be rotatablepigdhaxeiselegiapainananddilepasteogiakieakAnamienie ey yatipusiraations
on or near the tug 100., A rotatable airplane landing gear wheel support assembly 125 is pivotably
and rotatatEf@}‘fﬂ%Bﬁfgﬁaﬁﬁlﬁrﬁdﬁ?&’ﬁﬁ%‘é@&r%gﬁ}%@/‘?2 OB &R state center of rotation of the
support 15 asseifigly8AZs adisigridechbyofdfgnanaadninparabl 2 Torragoheditog gebspeldicahrenter of
the rectangle defined by the centers gf rotation 115, 116,.117..and 118 of respective steerable wheels
104, 106, %88,‘%6%%?1%%32 “HoriZon g\f %%éeatg elm% ya%%rlls 1c%rsllcrjl’lected to the chassis 102 in a

manner which alig/8B hsrite daatodiagoinfreéddvinbi mpwévhdht Qupaof vl Eftactheoshrakiopand is
engaged %@gbg& ggﬁggyi%‘gwﬁgﬁ gtseslgmmyty)v@&gtmﬂ%;comprise a plurality of energy absorbing

pistons 128, each of which is pivotably coupled to the chassis 102 and to horizontal base assembly

126. Force sensdig- 12 dlugiies Ay pemisaamedas ofnly fvhatissratiugl snthbadirpieanandy Brssbing
pistons 128wk tplintoaa@ialekkishriad Aradieedotharakyn iaaniojlnng vehicle acceleration

and deceleration, 25Horizontal base assembly 126 mat comprise a circumferential base element 130,
which is pivotabibigdl AHEFGIRS @reusicePF9l9Bsing suspended from a transversely extending
support rod 131 pix.al paduskieatdihad gorgosuppantaidpddheand suspended on a pair of rearward
handijng supports,132.which are pivotably mounted. onto chassi 2. Hangin 32 are
engatsen by el m U e B BB (ORI oror R AR LrE) e
element 3&d@0ingito hanging supports 132 may be by means of pivotable axles 133, which may or

may not be integﬁgl &ﬁiﬂﬁ%ﬂ%&%ﬁ%@%@e&%%ﬂw@% %%%&Jr@? support assembly 125 may be

pivotably and rotatably mounted onto base by a pair of pivot rods 134 extending outwardly
therefrom into edd&gdribistiaith yMoy R A cyeral frubaTips s t9gs WHIBIIPN, engage a 360

circumferential bpgtingilaceA30.[RIIRM R DBSENnE2H. SPERAIS arrangement provides both relatively low
friction rotatability and tiltability of the support WO 2010/061384- 10 -PCT/1L2009/00111Q assembly

125 flative to thEh S RINE R TBEC e INb RS ATASHER sk Aty ese, Rhblusactriadensdenol  an
upstandingdfigmel 1<16kdd fixeekiyesdand iethanipetie s utan assamlale 1db. fandligning the airplane
landing gear whegl on,the support assembly. An airplane landing gear wheel stop 5 bar 142 may be
selectably posti i H SRR BoLIh sl TR B LAY 58, foming piston 144
anchored on the support assembly 125, for adapting the support assembly to different sizes of airplane

landing g whgsks Drsscatatqnaerientation of the support assembly 125 may be sensed by a:
rotation sensor 145, such as a potentiometer, which provides a support assembly rotational orientation

input to controllef EeOrRGEHRIAIPOASABRIG PO SsaNtD Bl BIE Axsianibig aizplanes fiurgeaimped by a
suppgt agaembly salEMY 4Rovided TRICRIZRMROSIIANEPIE SRR A S YvididuiaY-Re

mounted on the support assembly 125 and connected to upstanding frame 140. The clamp assembly

147 is opéRatitHERE SetetaBRERSM Paftisleh &7t §fle SPRTHERICB B HE SIS PAYSEMOIY 25 such
that the cepiffontreatiansaf dhg aidiane IRntinG-aaasMcalscietnip safbatas] ppsa ige exasiinat the
center of . . . . . .
speed (thus replacing the airplane engine), and regulating the tug traction force (thus protecting
the airplane’s landing gear, ¢.g., the nose landing gear, or NLG, by not exceeding its static and
30 fatigue load limits, and thus not impacting its life cycle. Accordingly, a multi input, multi output
(MIMO) control concept, where some controlling and controlled variables are interconnected
and dependent, is provided in order to direct operation of the controller.
The description provided herein relates to robotic or semi-robotic tugs for taxiing

airplanes from a gate to a take-off runway without using the aircraft jet engines. The tugs may



15 rotation 127 of the support assembly, which, as noted above, lies at the geometrical center of the
rectangle defined by the centers of rotation of steerable wheels 104, 106, 108, and 110. Force
sensors 148, such as load cells, are mounted onto a forward facing surface of the clamp assembly 147
and onto a resnwary (f%]&t#g surface of stop bar 142, e as to engage the ali)fagﬁéﬂpé)ﬁ)ambﬂgear wheels

to sense forces in the hor'zontai lan ich are applied to.airplane ,20 landing gear wheels and thus
to the airp?gﬁlgtl%ﬁﬁﬁ?gaﬁgg skl ?E"ﬁ%n%ré\g]% i érrléjﬁg’e‘giﬁr%@ct % ARG {(i:%zlgg%%%%figr? dI67 speed of
the tug 100 thtatinpltmaoceele mitoimgd endderittionyvarnuioes peet the amgisptadeib aioniraiivd chthaéteby .

An inclineg alipiAne NG gaRtNSPLISME 180 Mavhy MouslennBase serpldiipar o

airplane Iécr?alng gear'whe gaging piston-assem 52 may be provided for 25 pushing and
lifting the kigptimmeatatigimgigesaniiotqdoattionirgneré enrpiogis |andienigelapXmeae| o dHECE IOt
assengbly J2bym thd BEdNES SpBsRch 14&MaNibeRnesRtvm L e Rse dRraasiaRpliaddecthrlanding gear

in at least one generally horizontal direction along a trajectory of movement of the tug This force may

be the resii# SRENBIAKE BHSLHHAPEIRRE B MR FHRBOMME R0 dR I9E ARSFARR d%Rg S@ AR Eeation, or
of tug acceiey ation <hesanseters Lk9dsigpasative al leasiadastially 16 ieapenspieatonoutger tiea force

indicating, inter alia, airpl ilot-controlled braking, resulting in decelerati f the airpl t
orovide SBEBERLA TR BTNt ther i, GPALTTRBHIT, WATER Dl i B hicug 100

The contraeindsisghlasderaditice and limit the force applied to the landing gear of the airplane, to a

maxifgum allowsg ofee viich R S90S VR 21006 0y LRGI/112005/00 Liflhe anding

gear of the airplane as a result of airplane pilot-contro raking resulting in tug decelera

acceleratitwe, 100. Thiererticier! sublientionsWiay8/dpe44bywhichep sesiengtdote dbehessigpsorl 488embly
125 relatiyg.Q-hagpiassemibiciel niuhichrakprdusariby-aiiplreHnlel siegnaeMaihsardingioear 5

of the airplane, and the controller 119 is operative to control steering of steerable wheels 104, 106,

108, and 10 BllseontintHBEERb o hoERN o SReHrta A rBft TS in g o ndte ARPRCRTESilfTsteering
lcorgmand@propl:ﬂ'f@ fé&&ﬁrﬁ@wwllaﬁxar& Lﬂ&ﬂ&l i ﬁyéoae@m@raaml' mniﬂ f@éﬁh ﬁﬁ:ﬂﬂﬁi;ﬁ@r&mﬂhe

anding gear in at |east one generally harizontal djrection resulting s that the controller.119.js 10
operkive 45 SffrdP 1e$§ioﬁ§aﬁﬁddl(éelg‘reaﬁ%?{%ﬁﬁ§é ﬁﬁiﬁ?eeﬁﬂ%%y §UPRESE? Sn&R5¥e Wb dback
loop utilizkugpuited i tsdf ahkedstiacedimr dosansbsteealsin gvpddt-dddtrolte dis;aldagyandsatteblst one of

the following i . an ipgdicatipn of forgce, induc S I . ion an
airplane t%@%ﬁqgll} F%c%“r%rm/{]fgr*’é‘é‘g%ﬁﬁ‘é‘f‘& (56 f(ﬁ%‘ . ‘%ﬁéé% %’g&%}% %ceiﬁ% ?ﬁéﬁ%ﬂﬁé@t I(%c? F%ttr@o Ig}gf)y
15locatiorvberisiddZundtibratitgy Aisieatizaliobecteemblécieeshpbiie demjarsechirplainn Hisnerabilen

regarding e Rg40iegS RRING S ¥REIIRAJQ theisantielRl o R RInRY ARdealpiRI1qYBad wind

sensors; and an indication of known tug and airplane rolling friction forces at various locations along

the &Ppladdrava defnscectisse Aiareamsauyhase kngthdhs Aefingd deriresny tHambryseb g by
location seggig Sinetigalidy respeding geRtkRiamilRanayrdusnelshem ape Klive sacontl the Mpeed of

the tug 100 by employi t. least one speed feedback loop based on knawn speed limit ng a
el petPSLOEREBIY .4 B (ISP SR SN a1
embeddeecipdiniveaviredat #hclaridtnaliis: aid bugpiaoatiencsersorfindisating Ifeapdsli8robf the
tug 100 22alond e HAVERARL! 168 {9 A3 and the airplane.

25 Each of wheels 1064, 106, 108, 110, 112, and 114 may be controllably driven by a
corresponding hydraulic motor (not shown) powered by a corresponding hydraulic pump (not
shown) driven by a vehicle diesel motor (not shown) in response to speed and torque control
signals from a controller 119. Each of the steerable wheels 104, 106, 108, and 110 may be
steerable by one or more steering pistons (not shown) in response to steering control signals from

30 controller 119. The wheels, hydraulic pump, and diesel motor constitute portions of a propulsion
arrangement which is configured to move the tug in a direction along a trajectory.

A driver control interface assembly, which may include a steering wheel 120, brakes (not
shown), and optionally other controls as necessary, may interface with controller 119 to enable a
driver to govern the operation of the towbarless airplane tug 180 prior to and during pushback,

35 and/or in the event of an emergency or a tug control system malfunction. The towbarless airplane



A single or pair of laser range finders 154 may be mounted on the chassis 102 of the tug 100 for
ascertaining the angular relationship between the longitudinal axis of the airplane and the longitudinal
axis of the tua%< 100. The angular relationship between the longitudinal axis of the air}olane and the

longitudinal 3281"{%1?3@ 100 may be employed in9an autonomous taxiin%cgﬂ'lf%%}aémdf 1c?peration such

as that described herein belqw in, Figs. 4A.through 4E. . seen in Fig. th 00 is moved,
under the'¥®h %P&ya"ﬁ?daé‘?i%ﬁ iﬂ“ﬁ%ﬂ%%}gﬁlflﬁ?ﬂ?géﬁgld Bli}éi’&?rc‘?w"é’b g’%&%‘%‘?ﬁ?ﬁ?‘&#ﬁ%ﬁ”ﬁoz
f'lilwaiting ;nlumdh?aﬂke-Efg paaﬂl:Nsmatbf;stﬂke_-bfﬁ@higtgéagr)?mm@bﬂv@l@umqtt@nllﬁmnl@@ﬂﬂigu(ﬁc y
illustrates Jan ar elen aangE) ngagementwithdanding
gear whee B #ﬁgfﬁ gﬁﬁ]?%eré %?%55 Ifting't 9eﬂa{‘i}rﬁpﬁ{rjlﬁlﬂe I%?ﬁ)d%r?gg ’gﬁ)g);%%?r%%go%igoning the airplane
landing g&amvinespenGahmapdcurDTonoel Seaten or-fro/a rem boasvrIensst dpbrevdsentblyPP2s. Fig.

2D illystrates suifable nasitioning.f aiipsilandinggeandvhrehsionbaipbfaithdesResk s of
upstanding frame 140 by a stop bar positioning piston 144 to accommodate, the specific ajrplape
landing géartipHEREII0M GEiNE SpEnmRUrD M rasalydrren hE -t AHY §ot (BAdiE984 being
pushed opiniits sURRRKE aespmRlibdRIedafig. Zhdludtiaestbe Rikyappdanding ool yehae!$2204
pushed by piston assembl(iges 152 against suilggly oﬁitione sto ba[ 142 suchstlggl; éhgmaﬁiés of
rotation oP FHELMSENEOSIAHMEHELP D HEERS mg§§ @SNty Oﬁo§§%|§eg§<(§ct|y ACHEBENRr of
rotation 1Ydofitbier shp panticaBEEEIE b5/ akkighe@swittddoalyowes kestailbr dib¥eatd tre geomstrical
center of the rectangle defined by the.centers of, rotation of r 6, 0% apd 110,
JOFilé)s. Fana %If% ﬁ%f%{:é v&“s%ﬁ%%ﬁ%%r%?%?ra%ﬁgﬁ 8? %gls\fns(? U z%p %ﬁsgt%l}srziéséé%)b ijgg 152 ou%rgf
engagementtwitivexitplabe vang rrgngearivheedy bosqindin dadenresrleftablivianand diHpw oBtke clamp

assembly.je i BURAP R INAINAARRTMBRSHS 808 RealamAalpNe landing gear wheels onto (he

support assembly 125 such that the center of rotation of the airplane landing gear wheels lies insofar

as possible exacdyetahlecimisnsfipdinpreanwhselRRRpBhavtcrRBR 14 P&/l igpd Pifbhates
pushback.gf the atRlane2Rx kY tug Lo upReInnN abibe crvecafdhefugalig. afdikistigias the tug
driver leaving the tug 100 tollowfi{: completion ofgug&? ck. Thg driv&r ma retrrrlnai ontggeng 100
during allaéﬁ‘?ﬂ’hbflz&iﬁfﬁ}% &} BFArpa Rt ga&%%eﬁt Ut e SO thESAIFDI&he following
engine stastidpgikide B dibistinteatatatibrnfitnel af platelithding déarfndspetsi ROstdeyatiie whgsfane pilot
20 usingﬁiﬁ iﬁgvf&ioa%%lﬁi lane steering tiller 206 or pedals (not shown), producing corresponding
rotation of the support assembly 125 relative to base element 130. Rotation of the support assembly
125 is immediatélyrsemtad e rstatibiyS@tsocons:oitdde frovidesi et inpummedvoraraloyyasulting
in immed n%‘ar%%hf?{ stegtahle ipesls Hd: 10G-dOR1a0k 14 Al ek 00ans idesgrbartesginbelow

in greater detail with reference to Figs. 6A through 6B. 25 Controller 119 may perform steering of tug

100 # acEBrERINBRs AR 2 TeeeilE KidhmaY IspPRFfchiisrliveelsmsrp Arerhirs TSt a5

indicating gn.analef ebmeen dheRideetinr ehibasvizelnd@d nidhedanding garmasysiaerathiy the
airplane pilot, and thus of the support a%i mb%/ 25, with tth [o) gitugéine?l axis of the t%] 10&f here
designate¥Byrelert i umBrAe208 FHE DRt SR LIt ML RRTAR SRR RERTERSUES, 108,
and 110 afgsprictiveudint angtes-iilel 329,14hd andudedahetebgribedneibinbetbiviwvitvebfetemcerdo Figs.
6A through 6C, and drives tug 100 such that angle a goes to zero. Fig. 3B illustrates an

intermedi F@es?éaééoaUring movement of the tug 100 during which is it oriented such that the airplane
202 i pulled theeinizimtth daticassionbiyoi26edt tsprineisrp Rirrapieentatbrse tlgaael Abgidigibstween

the suppor t itudi : : alt of
e ST S STk 04 i

-PC1111,reotdd@ma paisegiemael hanging suspets A 1309 anwerdebpransik Af saswrthieatiBtane 202

being towgd,Hagkepys bafeiasi graesipynirfatansaadtingia 1020 HeHgiAg tuppnigsaithertugnddiRdelative
to the airplane 202. ' X ) . . .
by pivotably mounted energy absorbing pistons 128. Mounting of circumferential base element

30 130 onto hanging supports 132 may be by means of pivotable axles 133, which may or may not
be integrally formed with circumferential base element 130

The support assembly 125 may be pivotably and rotatably mounted onto base 126 by a

pair of pivot rods 134 extending outwardly therefrom into engagement with high load capacity

bearings 135, which in turn, engage a 360° circumferential bearing race 136 formed in base 126.

35 This afrangement provides both relatively low friction rotatability and tiltability of the support



Fig. 3C illustrates the tug 100 oriented with respect to the wheels 204 of the landing gear 5 of the
airplane 202 such that a is zero. It is noted that the angles flu, )82, ,83 and fl 4 of the tug steerable
wheels 104, 106, 108, and 110, respectively, are typically not zero. At this stage the angle y between
the Iongitudiﬁ‘éﬁ)g%g/ 1bt the tug 100 and the lordfiudinal axis 220 of thgcéﬂﬁléwgl%égﬂ)eing towed
by tug 100 is | in Fig. 3B, inasmuch plane 202 has be n. g, 3D,
illustrates *’6?3@2’3 gﬁ?{éi aé.{lgﬁpﬁag?le 6’5?%?}%%‘8“5?%%%%%?28 Petgg%aeoar? Ssléqﬁa?s%é;%é&%%agﬁhe
airplane 20®is performed by brakes on the main landing gear (not shown) of the airplane 202, causing

the airplane to d%%?%%?aﬁ‘?d%&?ﬁ?%@ yediataly apisig dieanplication aledeica sersedipyide force

sensors 148 on c s 147, the output of which is received by controller 119, which immediately

deceleratdbetpisnigeouding sramyiedhen g ceRotharees byt S\ ranlgH Badih sk rtRR
airplage 202 3a4 ceijespaRriinguieGRisiaien fithadusdOR inrassdaie applicd40 sanva) anergy

absorbing pistons 128 which are immediately sensed by force sensors 129. Rearward ener
et‘g%ﬁe tug

absorbingPtisHEg Pistancivh areherest gy rotHRESY B HTRkNLEOf tc AR EIS GOMRIE R

100. At this siFge-fRreeseotaisplal anmageabadietlp. toHoresarnadrerbABiLdAFg. (BE sipptiates
controlled accelergtion of the tug 100 governed by contrpller 119 in response, inter.alia, to. inputs
received ﬁ%ﬁ‘?ﬁegi)&iggerﬁ% sefﬁgsg%ogyl ,%?ompnﬁ?/}l{ %ranligr{é)ighué BPEISE ?%ﬁ%ﬁ‘%uv{\:n fr?w e ‘
predeternsiggis peecdiyitsositpned ets etz |0t cnscatsriglem Hifp Botatiensd | pathiativg tofhsure that

forceg, applied t é[srlg xﬂ%'fgg% r%%%rr%??ggérﬁ%ﬁ??gw%%éq@&%w Mt aking g4y account one or more

SURPo L .
of the follomﬁﬁg actors: es at various locations along an airplane travel

surface traverseé bsiepiatilygpesitionsblipekamomastsanbly iddh ot maswish ws| ke FUoPBY ReemBlY sensing
functionalifys SHah gk {Hfﬁ%%ﬁlﬁg,t’%ﬁg P40 VitiRd by tidemanniad iNgdasaionsansiigl; wind

forces applied to the airplane 202, information regarding the wind forces being 30 supplied to the
controller @%ﬂré@%‘ﬂﬁdﬁt"éi’%gﬁﬂb&h@ﬂsvﬂﬂf?s%ﬁs%@%aﬁsﬁ@'ﬂ% ISurreER it e 5e8¥0 5%, and
optionally ralsfiovia Ao @meNRAdi A9 G Nk nasionmlisfiraadpiug bleOeandigiep| dre2Rrolfing
friction forces at c\j/@r?o%s locations alon ‘he ir%ane tr ?\flfl surf e tl’?. ersed b th%tu th%the
locations At t SHRROS R EIEr 1 16 R 3 AT GE 48 451 A P B IBTHE D 6Ty the
location sexsingléuiettied jtyhpresrideddiydiatdoodisearsblesehebll 1 (hd WptidBatindaldB. via airport
command and C?Q%EQ'SE%S}EOP@%u%lr Q{iﬁb%&‘ggﬁs?'k% i‘rﬂo%ﬂ&%yo?b':%oa%&?&h%af?cﬁf NG% 19%he

responsive not only to airplane pilot ng of the airplane 202, but also to detection of an obstacle

sensed bylamplssteniel s Eehgod T2® TheanpdeBsiatatisines §b\iseRdnby Lot difelo19@ 8% é8ponse,
inter alia, fQ- NI LRGRIVRE: (NI SREIOFS 4 ABROHLZEn(A BRRY r@@&%&tﬂ(’ﬁﬂa@d dasgirktion
N

ratio between the airplane and the tug, thereby to limit the forces applied to lan ear of the

airpldfe 20045%vaRA BraRRlterRtinti¥ ot dufAiEP IS raBTIRE JBS g BHSh lﬁ‘ét'\%‘%ﬁ%%l‘ Fi&etbh forces

on the langlipggaamaaddareasoh) appliedpaydhs pilothsaldoordhad woniratieslddfomnaydakadtita,account
one or moreg?f the f ciors des&%r‘ibrgd. above, which are indicated by data from the various sensors,
such as sBAYSFSRESE 01 51 aypng RIS L0%Sq B8 ¥as 124.  Controller 119 may be operative to

govern acceleratoniatithelbeiiglemticiaralitg @ d:00xdea simpnHifitaiayabdesiveuttd gsiecbabbylensploying a
speed conttal feedback Joep. The gontroll oyi ' j n
em bedderétgrga}g i h‘)e?%%%%ﬁ n%tllé%%ér: Q%T\ér\l}ger?[ %{%{gg‘éeg #rrﬁl it%l’ %e%%bg{e?uige%{%{gn%%&ﬁ?%ﬁfﬁaveI

path 2T hispepliod Hinditlififos theieirpiase dadihagegrovignhRosbianens e carmepm edinmeeniswbedsion of
the tug 100, WhIC.Ma: Aepidiifeskby tug location sensor 121. The controller 119 may further include

a navigation system which indicates the instantaneous speed of the tug 100. The fe_edback,looP
operates to Caus@m@rggtﬁ@sgﬁ%é@tauay be operative to sense forces applied to the landing gear in a

Jeast one generally horizontal direction along a trajectory of movement of the tug. This force
may be the result of airplane pilot-controlied braking of the airplane, which produces tug
30 deceleration, or of tug acceleration. The controller 119 is operative at least partially in response
to an output of a force sensor indicating, infer alia, airplane pilot-controlled braking, resulting in
deceleration of the airplane to provide speed and torque control signals to the hydraulic motors
which drive the wheels of the tug 100. The control is such as to reduce and limit the force

applied to the landing gear of the airplane, to a maximum allowed force which will not damage



20 be as close as possible to and not to exceed the speed limit for the instantaneous location of the
tug 100. Controller 119 may also be operative to govern acceleration and deceleration of tug 100
so as to limit the horizontal forces applied to the landing gear of the airplane 202 to an acceptable limit,
for example X88 SHHE Bblane gross weight, for example by employing a FSrEE24¥UBHIY feedback
loop. Contyoller 119 receives inputs from forcewse sQrs, 148 and 129, which indicate the sym of the

forces ap PR e AEATRA GPG FATR S0 HTANE Y0P RIBSS MG ot aled: IR BB B, Hsiling
friction, anid@bteelRiatiafi@dedelgtiation of the airplane 202 and/or the tug 100. The force feedback

loop is operativ accelerate or Otlﬁ lerate the tug 100 such as to maintain the forces sgn by
force sensors 12@%15%%% Befow {eéeé%%'etg?a?ﬁeer #r‘{ ﬁqu’ egsbetif)or% ?/qggz/%gsg%oargaﬁ%s%r L}Jr?g(%ected
acceleratimiative tiebetermiondlyf Bithevhick @ipptahedddsy ainflentigilkdGicerinRetetbadanidinpgeanade to

Figs. 4A, 4B 4G 4R, and 45, JILSHRIRY R84S SlagasdtAURnoMess R irgonasrtion aidhea,

towbarless airplane tug 100. The autonomous taxiing operation may be’initiated by a driver of the tug

100 or aui®hatthignsh s peresean hieSHIPHARE Dt HeRSeREoR kIS rend AR BRETSe e GLekme
following eamRietign:RbRisshRAck. WO 2010/061384- 15PCT/1L.2009/001110 - In autonomous
taxiing operation, a tunction of the support assembly 125 is to reduce the forces which are applied to

a L
the landing gear iRCtHRFFof SRR AR AR JI8RRAN RETARY F02 SFBSIPFRET BRI D AIHBIR of the
landing geasihegisieid dndhgepasiliprmizonelt diestidynthesaitplanagilehatypicalbhparziel 18 tse

longitudinal axis 220 of the. airplane,.As a result the .5 landing gear remains. in that position.while the
100 100 CRRTGRES (BRI S O AU BAIEETATE AT G TULOP 2 JTAE Al M Bunvers
of the tugftédbthle kwppaitiasgembiytyill beaiulrast dneafdice citorooprosite tpildtatontniedurdatg

Autonomayis 5&*9@&?'?15{%?1% gﬁwg{%ﬁﬂ?}g&jmmediately by the airplane pilot by operating the airplane

brakes on the main landing gear, which Is immediately sensed by force 10sensors 148 and 129.
Autonomous taximdndieatiempfofprsmhadecad @4 koommsonss Gbraghue drpationicaltioasramePBoMputers)

functionality of ap,aifpQri-coramand. 2y sanihEBNIES Whieh LoRHipaesARE RPIDERR IR,y travel

path and speed of all of the taxiing airplane in"the airport, for example utilizing some or all of the
following inputs: & EsEBHEHRREHRBABHIanes taxiing in the airport; Calculation of all airplane taxi

clearances apd faxifraveiReiinGR: BcbAidisldimstens alpgisl, cRRdians ARG iriaheraxnd travel
conditions. This enhanced C4 functionality may provide some or all of the following functions:

avoidance of rufasFiRtassiyRRliohte e Aamie lsp o amsr gulente rruish e mtseessidtisure
minimal starts agg SigipsidudriTkidxiDgig and airplane rolling friction forces at various locations along

the airplane travel surface traversed by the tug, the locations being identified to the
20 controller by location sensing functionality.

The controller 119 may further be operative to control the speed of the tug 100 by
employing at least one speed feedback loop based on known speed limits along a travel path
traversed by the tug and the airplane, for example by utilizing a suitable airport map embedded
in the controller 119, and an output of a tug location sensor, indicating the position of the tug 100

25 along the travel path of the tug 100 and the airplane.

A single or pair of laser range finders 154 may be mounted on the chassis 102 of the tug
100 for ascertaining the angular relationship between the longitudinal axis of the airplane and the
longitudinal axis of the tug 100. The angular relationship between the longitudinal axis of the
airplane and the longitudinal axis of the tug 100 may be employed in an autonomous. taxiing

30 mode of operation such as that described herein below in Figs. 4A through 4E.

As seen in Fig. 2A, the tug 100 is moved, under the control of a tug driver, in a direction
indicated by an arrow 200, towards an airplane 202 awaiting pushback. Fig. 2B illustrates the
landing gear wheels 204 located on ramp 150. Fig. 2C illustrates landing gear wheel engaging
piston assemblies 152 positioned in engagement with landing gear wheels 204 for pushing and

35 lifting the airplane landing gear and positioning the airplane landing gear wheels onto the



minimizing traffic jams on the taxiways; and enabling immediate pilot control in the event of a
malfunction or emergency. Fig. 4A illustrates an initial orientation of the tug 100 and the airplane 202
at the 25 be innin%%%(?)f autonomous taxiing operation. The airplane landing gear wheels 204 lie parallel
to the longitutRal 4¥18'3%0 of the tug 100 and to thedengitudinal axis 220 I tHE2AHHIAHE? The
steerable wheels 104, 106 1(2ﬁgan 0 of the tug,100 also lie parallel to axes 210 an 2@0. Fig.
35 st AEHATHRAEY HiE 0 T06CHerey LaHE GRor CORECATIEn ALt i FESSORERe to
traffic conteel mtrudtipnssieceive dufistandingaiffpore chtdntgnd amsbcbairgoSGosystepis250 békad on a
C4 system. As seen in Fig. 4B..the ajrplane pilot does,n conyentional airplane ing-tiler 206
or pedals a(?l%ofné?%g%vgﬁ ,ﬂéei(% %‘tﬁ&r%@é’%?ﬁ%‘?’%ﬁ?ﬁf IB%%:.%% g?quﬁr? G %ﬁeﬁ 1 g %@g%?g'gzu%ed in
response iidusuitab leridisg getionhéebn2 @bbeint praied pytedtestrapsfrbaseyably #feels 104, 106, 108, and

110 of tug 100. 'ﬁi@@ﬁﬁﬁgs@\é‘{’ég MApRiGAiRNAlfapLe Qe Paging 9RANRS Ie.aitRlenRiIE 4 dhe

support assembly 125 is rotated 35 by a suglport assembly rotation motor 146 by an angle -a, which is

equal is neagRLhY Pesitopgd slop baskil sugctimf| tbe ags of 1t BRIbRe R HERHE angle

a between.the)lopgituginaliesissdP of thadue arddne donpiiudingt afsRALRT 1he airplanappatation of
the support assembly 125 is sensed by rotatjon sensaor 145 which é)rovi.de a feed?g%;k ou%gg
$561%¢58, and

controller 1&mblg dednamiche 429 sththtrfe 15§ 308 BIPde it Sempitifel sl

110 5 andiegtaiiigythe ctpaehssannblyf lbrhylcuhpels Hesaod) yofitatidhitotor 146 in accordance
with two feedback conirol | ..0One feedback loop ensures that the heading of the tug .10 lows a
pred'e(%ermined traval %Egtﬁngﬁfgﬁ%% %yatﬁ%l%ﬁ?ﬁgr?fg%er?ﬁ%%ﬁ %gc%%l(% é’;?sst({)’é’n? %‘6{.%%821 sg%lcond
feedback ¢mbpfemgipymdaseitasige fiedendib§ £¢ar evisgie 2Rdtarbdagriien) e af wHisedvslGampes aligned

parallel ooy d gl dinh 810 47 Ak N BHR ARG RRAPRRLLANSIRA D LRl 3 ﬁgggﬁ%@ége angle

a between the longitudinal akis 210 of the tug 100 and the longitudinal axis 22 ane 202.

of
Controller*teoleaaiorths syaparbassaspeln e hat the icepsearid con etdherrirRimsdantiag 853 210 by

an angle @p&9:a4q:R0ENR hakibe [BRdiRGLogRMieelT A4Hamam aligradppin elmgitinal axis
220 of the airplane at all times. Fig. 4C illustrates a further stage of rotation fthﬁé‘lfje%)ég‘%“ this stage

the aigle Ba 3 hikyseatssmusthagh it dwieng 40 txduad Hhordrucenirl aithe S&8f the
airplane 282 ardithetanglea hgtdees thevsuppiartiasSHnEyidbainancbihsidcogitfdpnetimcis ZHa of tug
100 are shawn to be twice the ahgles shl%\l%/ndin.Fég. A}YB. az'%i%'f‘l illustr%;%s an over g’gl}inageo{ghe
autonomdts Modé%of %%aelflat%ln y th“@alrp anuemf)’L of],J o?regamp e af/‘?ﬁ%’alrp aneypiPo pr@ssmg on
braking pddats:2R2dhinis theetugingmibsy dipl20 &joworzemsngetay iraking and/or to enable the

airplane pilot o eontsol sieering. gt g A0 ASdeseinasARaY S ML S8RBPeE:BiFgs. FAdhrough

3E. Braking of the-airplane 202 is performed by brakes on the'main landing g€ar (not shown) of the
airplahe 26 aihsinectsntigmeinsiplde ergenasm idlanud Mhnesdpgdscdnginghesidp JiedHeRSf a

force sengggddydhadoree:a6n0 R 4 pstciamnsl 425 theautnu ity lighds: Tesme e i eamikoller

119, which immediately 25decelerates the tug 10Q. - Controller 119 terminates the pushback

operation TYRRIE! R RO #BdMIe ARt STHEGRY FBHERSITBTAHE SYEL SR Sttt 48
describedcaheyRewitivrefanengadamigealidd ibuoiog v BiednbimubicBSI i HE dBmadapt befiveen
braking of.the airplan 2 and corresponding, 30.deceleration of the tu 0, forces are applied to
rearward éwér%gy gﬁ%ﬁéﬁi rﬁfﬁ%ﬁ% %rﬁﬁl%%%g%raeﬂi%ér{nﬁer %%rllf/:esté’n%‘ga' gﬁ%@%ﬁ%e@s‘ensors 129.
Reangard energ¢aiisdiind DistonpetReualswormghef dwe i proghsoedabsebratkingfeddibasiairpitaot 202

relative to {36 U 400 AIIS A AAG N & Y B ARBROMIGY PR VB ASRAAGK URJR f9reRsRB R 148.

direction of the wheels 204 of the landing gear as steered by the airplane pilot, and thus of the

support assembly 125, with the longitudinal axis of the tug 100, here designated by reference

numeral 210. The controller 119 rotates tug steerable wheels 104, 106, 108, and 110 at respective

30 angles 81, Bo, B3 and B4, as described hereinbelow with reference to Figs. 6A through 6C, and
drives tug 100 such that angle o goes to zero. |

Fig. 3B illustrates an intermediate stage during movement of the tug 160 during which is

it oriented such that the airplane 202 is puiled thereby in the direction indicated by the airplane

pilot. At this stage the angle a between the support assembly 125 and the longitudinal axis 210 of

35  the tug 100 is shown to be one-half of that shown in Fig. 3A. An angle v is indicated between the



WO 2010/061384- 17 -PCT/112009/001110 A return to autonomous mode operation typically
requires an input from the airport command and control system 250 or a pilot command transmitted via
an Electronic Flight Bag (EFB), such as commercially available from Astronautics Ltd. of Israel. Fig. 4E
illustrates a c‘%ﬂt??)]%%f lg(%eleration of the tug 100 int she autonomous mod%céq%z%fﬁ@%fib%, governed

by controller 119 .in respopse, inter alia, 1q in received from airport comman control center
220 anct 1O ISP LaRE e 20 BT AP 51 GRS AR 20 owed
predetermireshgpleaed designsit tadetermireninesti @38, alon gpanraing afiehr dug| i9dithelatnd to drsure

that forcegigﬁ%igﬁlot? the landing gear do not exceed predetermined limits, taking into account one or
more of the following factors: 10 force induced by known slopes at various locations along an airplane

travel surface trdiers€dbystiaeesibeliop 1badertss s banpeeidathe gvhselicfd et dielardohgemscation
sensing fupgiionalifensuah a5k RRdunalionality. inekearevded By adug, maunted g, Igeation.sensor

121; wind forces applied to the airplane 202, information regarding the wind forces being 15supplied

to the corficsneble Tehaciint QtplIf ol Y ganbdAle dsriiveis are, RoicA s b Zsisu Al fers dhtor 122,
and via aipgid ¢aeRIantiBO thapbahil NGl DaItyT ardniygewendi kN seltiaadristizreforegsiat

various locations algng.the airplane trayel surface traversgd by the tug 100, tlzrlgelo.c tion ‘%e'n
dentified RIS BHIGE 12848, U 1PLIR ISt R 3g, bgfgr‘i’ctlB 5V e?i“E?;lflPﬁg3 Bion
sensor 1Z2kgandovi@rairport 20 command and control functionality. The controller 119 may

decelerate the tyg 100, . Siv t onl airplane pilpt.braking of the airplan Q%gﬁ to
detegﬁon of an olfggtgc%e%slé%oxs%%g §§Qa€hn%5}s¥t§%ea§gr?ggr%%bgﬁgﬁe%o ﬁéﬁ%lﬁg&é rﬁéség 1b2£llf) or téj control

instructiod?eBedkiog frbtreaipdnedfdnmpriiarmeddmivpiesnraizsmarhiendipg ecetératidwrayelerned

oy Controlel iyl "6p UREINAS ilBlaift ENNAGEAR Ve o JaiRe P ernahs MbLANTLAR 10

ensure a coordinated deceleration ratio between the airplane and the tug, thereby to limit the forces

applied tPlamdmiergeasas: wahs s oot WA pasersdAirtbe soteetiphiredich e by

distinguishohgiyuesn 1IoRMaI acHRa IRERe e8] thadanding ORAY ARdrianges dpplisathaiheepiled braking,
the controller 119 takes into ?gccougtéﬁne,orlmo:f@ %tg}factors %O de(fcri ed abov, fhWQLixCh %@e
indickted B4R RO VAHBRLE RS SIP 80k COTSSPoRIps depsrraion 93he W diholer

119 may Gerapetativeplied) avesnraank letatio rabsudbiler pleaisol 28 fithic i GoeSonas: thatalyistakedtgesired
tug speed.by employin eed control feedback .loop. troller m rQvi ith, or
given acc?fe(}s%etoﬁegﬁoém%gd eeﬂggo%ﬁéya%%%%ﬁﬁ icpé%?f%%rce%%/a%ﬁ[jtﬂ% sp?qé}ée% i ﬁ%s}ﬂ%%?ap%us
regions obthkinggirthveipite IHigdpeecittithic iniptithrdnbis seaediorstettny P 8108884 ack

18-PCT/11,300900% 110 148.

20 ‘ Fig. 3E illustrates controlled acceleration of the tug 100 governed by controller 119 in
response, inter alia, to inputs received from force sensors 148 and 129, to provide airplane taxi
velocity which is within predetermined speed limits at predetermined locations along an airplane
travel path and to ensure that forces applied to the landing gear do not exceed predetermined
limits, taking into account one or more of the following factors:

25 e force induced by known slopes at various locations along an airplane travel surface
traversed by the tug 100, the locations being identified to the controller 119 by location
sensing functionality, such as GPS functionality, here provided by a tug mounted tug
location sensor 121;

e wind forces applied to the airplane 202, information regarding the wind forces being

30 supplied to the controller 119 from airport or tug-mounted wind sensors, such as tug
mounted wind sensor 122, and optionally also via airport command and control
functionality; and

e tug 100 and airplane 202 rolling friction forces at various locations along the airplane

travel surface traversed by the tug 180, the locations being identified to the controller 119



with information indicating instantaneous location of the tug 100, which may be provided by tug
location sensor 121. The controller 119 may further include a navigation system which indicates the
instantaneous speed of the tug 100. The feedback loop operates to cause the actual speed to be as
close as posg&égtlc{)”gﬂasﬁot to exceed the speed himt-for the instantaneot$ ToE&IEH 81 ile 5tug.

Controller 119 may also be operative 1o govern acceleration and deceleration of tug 100 to as to limit
the horizontal fg}’é?/e eai?ﬁﬁ@ﬂ"téeﬂf'é“?aﬁﬁ'm Pgaar of %’g %%tlrgf’aﬁg HELFF %Oée%itg’b%é%i%tﬂopoaﬁ&ample
4% of the airplarbgrissiweigbdnfomedaniyientyoefmpityinatjta. force control feedback loop. Controller
119 receives inpts from fere nsQrs g%gggfl Dol ' hnl di gte.the 40.sum of the for es,applied
to the landing ggtaifreo?otﬁrl%ogﬁrp)?anefnr%rsafﬁng fror%%a?ntgr g}h%a, \Eing, s%})E eg, roeiling frléz |or(1) arﬁdj

acceleratipitobberidetersitbe aipirnaitplartmipalBa i ditepéon gl opsiadigreenfsddbaar Rittasse
operafive {g,acCceiaratt o deetlfiale g WedA0SHER AR AP N iRensrpaRd D YiRlce

sensors 148 and 129 sufficiently below the acceptable landing gear force limit, optionally leaving a
margin fof%ﬁ@ﬁséé@eufaw@?aﬂéﬂé%e%é%?eﬁatﬁsﬁgraﬁeqﬂi?éal&stﬁ?edaﬁﬁra%%zt& brEvESH 960.
When theaiud-H0 sl GRe tally ehifetieta UIRNOMo BsriaxiippliBee lehangradignoi dsiraiigthi BIgstAA
through 4E, where the taxi speeds.of. tug 100 and the towed airplane 202 are typically those of the
airplane piBPELAGORSEHRLAHG SIUBIST operation, the airplane pilot may be able to override the
autonomous sydie e derswitiikiteainkarelasa piatcontmotied foote of aheratding\yp<20 apbipgsthe
airplane brakes,and,resuming,tug steering by the. girplane tiller 206. The airplane Ril apply
the et i, e B Sl Rl R LI ARG R tee
autonomalgscialxéih ghasd evbith pee anidicathdebtodate fegsn thatvireoys semmmnovehmienseral L adidhes in
the airporiﬂgmgxrﬁg&§mmand and control system 250 in an integrated manner, thus.
avoiding lines of airplanes 25 waiting to take off. As seen in Fig. 4E, the command and control system

250 integrates tieRTSerd N BrahanRiEive & eRveaEsHI AR AsssleRbira P 5PNl tetfeen
thegn duripgraxiiag @r&g&ai%gtagkwﬁyséﬁ%ﬁwgmeﬁa& safar ﬁ@ldﬂlfi&ﬁimep. The?@fﬂfenexeﬂmnow
made to Figs. 5A, 5B, 5C, 5D and 5E, which are respective pictorial illustrations of various stages in
the 2ot B PSS OB E Tl PRLBNE S D PR SR TBT v
commandspatd tigtitsal Sysien iegibes aif pios tigvwenelipatorithid|getd didir infptaiiag isevertmatednd for
return of the,tug,.100 from the take-off area to a prepushback | ioN. - Fi 5

illustrate M@gﬁgg)gnélr%&eorﬂ 0 fﬁ‘él{lﬁgl %&%ﬁ%ﬁ%ﬁ%ﬁr‘%&r@%@&égbﬁﬁené@g%ip?y |1§§ ﬁ?ﬁcﬁted
that diserigagiémeersof thi 1< Omfrotharth tSamplafietis 3o pisipavagadencsehentehdndieries of the
airplane ave hegn,slaredbye Al iR ok TOGINND 801 /063304 L8P GLMAMRYI 0

command and control system 250 may command the tug 100 to perform disengagement. Alternatively,
diseRBagbmentiByetre rogsikia R aRsrimerens dbeuitsd Bipihbodisegttararolttionghthy
predeterr@ﬂ%egbgl_isengagement location adjacent the take off point. The disengagement instructions
may be communicated wirelessly to thE controller 119. In response, 5 togr%in fruction dis?&gage
the tug, the clantpPRESHREH 159 &8s B GREBY ¥ dh BN XF b G TR R Y ANS SRS Al A p IR ¥8nding
gear wheets &D4balishit ghd MdioneNefdferyvapglindile the hindiapegpiotdfirdke aitipdaasrAOha?@2 and
controls the airplane tiller.206, allowing the airplane landin r wheels to roll down the r 150 and
keeping tfgll(e:(“‘ﬁeprtf‘?i %eg%énelgirf%%%ﬁr&p?g ‘t&h/g gﬁbﬁtﬁ&%ﬁe i%ssofgt‘f’?gen g’ir}'p,)glra%xemﬁ% s%ﬁlf\gl’vl Iz rlrr116 ?&%EI% moved
forwasd refosivel tfeerdbugk 160p mhﬁw&ﬁnamqaie_s@ntm&mgsqmﬁnim i@ﬂdc_b@e Mlich
disengagsragaloa REAUFA Ry B RATEMAN BN LAP KO ALAD %ﬁ?&qdﬁiﬂ%igdl}éb

accompanied by disconnection of a voice communications cord, by the safety driver.

illustratesiat@ortiel ddnde sbapestion ingd Bgiamged aredlseriovemdecelseban tfethe 18wiapforfe tug
travel speggiivhigh {sgMun IS dstermiaedcrness aiisralivw eslatereiartod Adagatiantaleiaol 8o

predetermined tug autonomaus travel path from the take off area to a prepushback locatjon, taking into
P ccount OHE bAHOrBBRIIE TBRIATHTG FAOTSHS0Y Gt EERSn Ao S At % P AP by g

location sepseiialidlicaving a margin for unexpected accelerations or decelerations of either the airplane
202 or the tug 100.

Reference is now made to Figs. 4A, 4B, 4C, 4D, and 4E, illustrate various stages in

autonomous taxiing operation of the towbarless airplane tug 160. The autonomous taxiing

operation may be initiated by a driver of the tug 100 or automatically in response to a command

35 from the airport command and control center following completion of pushback.



obstacle detection information received from sensors 123 or cameras 124, real time information

on the locations of other vehicles along the tug travel path which is 20provided by the airport command

and control s%’%iezn}(%PSO' and information indicating one or more predetermined travelfaths of the tug
e-o0

100 from the ta ?cl)ééigtion to the pre-pushback-ldgation; this informatio%CH5‘§/2%0é’/ Q&Y in controller

119 or provided in real time by, the airport comm nd eantrol system 250. Fig. 5E illustrates
controlied deceld R AT S A aEa A o B Ace L it oy 185 g KGR
location. forﬁei@é@dﬁpﬁhdﬁgd@tbﬂg& GAT BB%&%@QMi@hmeswgﬁmmmammaﬂcal
|IIustratlor\i,q{lgﬁgi%ggfﬁ%ggggﬁgy Sdheinibariess Jitiansivg, 109 }?}%fl‘ﬂﬂﬁ REQVIJRS AL KGHRAN

steering of the airplane 202. Turning to FIg. 6A, which illustrates the airplane 202 with its landing

gear whedipkow BdostarpicalbirampiclHeabaliongithdnehariso??4 ekibo2opinnse AfrRasaiohe the
following degigRatiapsa{HN aNBILIHARNNERIL thehdi oM eRARRTEhRiangitidinalaxis.e2thaf the
airplane 202 between the axis of rotation 302 of the landing gear wheels 204, and a line 304 joining
the main AR Y SRsE iR mRsUE Al dha Lesok Y thesoapaf e seonisas- 20
-PCT/IL2008/0011A firds tivh oppisitinatidistadeethendecn a line 310 connecting the centers of back
steerable wheels, 1 08n gnqd u%l anc% &Ai} e 3a12§gnoggcﬂggelgh? center 1of rontthsteeralbl% wgg{elg 104 and
106 of the tug 10’?)1;1 Be neverse distance between centare of whaels 108 85d 126 End
between cgrtetispiiSwhgdisd drklrscolGBeofthe tuylii@Ogzendwiich istanmedibelyeamseddin fanding
gear 306 g&gé}g?ﬂgﬂg iw 304. Fig. 6B illustrates airplane 202 with its landing gear wheels 204
turned by an angle a, in response to airplane pilot steerirgéusing tiller 206 producing corresponding

rotation of the sUBHORCESSENYNE B4R | 8HREoR thkaprek &i¢ {Ooremangd. 100t fremeruicrianfses
rotation of,faacd@sieesphlacabesls 104n186 010880844 Qi CEABLIQ GRS AR IGITRIRARTIE tug

100 such that a goes to zero, as described hereinabqve with reference to Figs. 3A through 3E.
Controlle®PFE RO b AR PRELEM SPRRE i 66 LScAWRE ABRERH I REEmRRS o EaPBlane 202

is producegijiamglsstiatedinoFige &Blowiagegsdance with the following parameters: R + C/2 =
instantaneous rﬁ)dius_ of rczfgﬁgot of.ai%ane 202; .15 a = angle of rotation of the landing gear wheels
ifal

204 félative 10 tHe HHGHA SABIBCS ARG BRSSPI and fi, = Steering angle of the wheels of
tug 100 (1 = 404C41081a%08 oausild idlind heicdtatdationaof tixbsaadupationyet anday be as follows;

o Airfield meteorological conditions and taxiway ground travel conditions.

This enhanced C4 functionality may provide some or all of the following functions:
s avoidance of runway incursions;
20 e calculating optimal taxiing speeds for all the airplanes to insure minimal starts and stops
during taxiing;
e minimizing fraffic jams on the taxiways; and
¢ enabling immediate pilot control in the event of a malfunction or emergency.
Fig. 4A iilustrates an initial orientation of the tug 100 and the airplane 202 at the
25 beginning of autonomous taxiing operation. The airplane landing gear wheels 204 lie parallel to
the longitudinal axis 210 of the tug 106 and to the longitudinal axis 220 of the airplane. The
steerable wheels 104, 106, 108, and 110 of the tug 100 also lie parallel to axes 210 and 220.
Fig. 4B illustrates initial turning of the tug 100 under control of controller 119, for
example responsive to traffic control instructions received from an airport command and control
30 system 250 based on a C4 system. As seen in Fig. 4B, the airplane pilot does not use
conventional airplane steering tiller 206 or pedals (not shown), except for emergency braking.
Desired steering of the tug 100 is produced in response to suitable instructions from controller
119 by rotation of steerable wheels 104, 106, 108, and 110 of tug 160. In order to avoici
application of torque to the landing gear of the airplane 202, the support assembly 125 is rotated

35 by a support assembly rotation motor 146 by an angle —o, which is equal is magnitude and



LI[R + C/2] = tan a >> R= Man a - C12 20 tan(6108) = [L - Al2 cos a- B12 sin a]l[L/tan a + Al2 - B12 sin
a] tan(6110) =[L - Al2 cos a + (Al2 tan a + B12) sin a]/[L/tan a + (Al2 tan a + B12) cos a] tan(11,04) =
[L - Al2 cos g + B(%L%/géin a;/[L/tan a-A/2 +B/2sin a] tan(73106) =[L -4/2 cos a - (Al2 tan a + B12) sin
a)/[L/tan a- (,XH? ARHE 2) cos a] Fig. 6C illustratelssthe operation of tug b AR Hahce with a tug
steering algorithm, 25 whereby the tug 100 is reoriented relative to the .airplane.202 such that a is
R e PrPerite B O Hbuh S CLGTANAF T18 oSttt 0 145 150 by

zero. Asn
rotating steegiotirtzigawik @l dflke 1Dpl2AO0R aot 1T the dasprib eskérebiint2fossgsasty méatime the

g??ricz ?u ;Sef%%gfdﬁﬁ ‘rt;ﬁ{é%tal%(r){g} SKRSOL %@ﬁb&&zﬁf(}%ugg%ﬂﬂgﬁyﬁ@ay be operative to cause orientation

suc e Instantaneous radfus of rotation, R + C/2, of the tug-towed airplane 202 is

30 identical to theorisedlaraHSomsyr agindhsiradf8brsteating sitembluinshents 208, Jel 08 ardthE in the
example imqmgyﬁé%p%&%eﬁmgE,zﬁﬁ3&9@@&%@%@%@%%@%&%&5&@6 way
S

whether or not it istpulled by the tug 100 or proceeds under its own_power. Reference is now made

to Figs. 7A#hdvBlesthaskifeaiateeporitsn Sedhatbveemessusmibiciadting rlghrcumdWates a
portion of ikl waragiiel asgifRdatky gl pigheaioniheaThy trostaiictdiwmbydand praswlis {es) IBmvides
the tractigp force a ﬂw%g bgﬁsed to contyol the W? é010£‘?%384pc-¥€?|5§}% 9/Q01110- 21 - load on
the landin éﬁ?‘od'ﬁ; & RASTrE R EFR e R FA8h, 'GERE eratiSt ahitfs PHRTSugH 2 T6FEE control
loop. Tradlenateraigtaxtetmailebe derilvedifndmahecspziidot ohntrelrida,. divd theforogechmdros [dp will
defing the acceleration required to reach desired speed nd K | .Qutput are the
RPM ot s i TRer o ot 0 AL A ERe o B O B R B 2 o1
Speed codbbiitbetrifelabR) Sontields bidoeneess skt shgGyprontassombbl iU (letetdelativethe
force sengoySioRALGERELANAEYIIBUlS SYSI: REESIULE (B Shs ROBLIGHUBIHED ICle  tkaktion Fo4ce.

System pressure will be limited so that the Iandingfgear load limits will not be exceeded, at all times

and in redeme. aiesd withdreleosudtrsleriydbpldbe almipns #isHideshent pumps flow rate, and
motor 0 torque cERlrals RUMPREEESuFthel RRFBAUPRRAGR GNAR G RO ASEhIOHEBY dogaliRdas a
first order system Nd/(rd$S + 1) with time constant rd, The revolution.speed qf the_ hydraulic ri162is
oot NERHGBAE B B RIS AR A0 o T ORI PR T SAEHAEE (.
variable anglelsvangle platetpennniibdnjp &) assdmbly h2Tantroltcikipitadiadl exin @l Shufiwg . 18§ draulic
motor 162 Cé)‘{flgttaq}ei D"é Blré)\aljiadipg tﬁloe traﬂcl:t%gn tggque - force Ft. Hydraulic system 15damping viscous
friction is Bh, And vehicle mass w2 that can be translated into an equivalent inertia .12 as seen by the

motor. There is Hitgsgiinglasteattirntheveysding olkrweneroeationyde of iapstraiéendindreaselmamdwidth
(improve speeqdfIERRARSS) At %&%@%ﬁloﬁﬂ&lé&ﬁﬁﬁ 89%9&1%%&&@%@:@%0%@&&%&@%@%}” the

hydraulic 'system, between motor high and low pressure lines. Servo-valve 164, a fast response valve,

contrSils thé-sfBEIrsHsIRE bakinm et P ooaimeRly Wsaimliea st irsenroEgrtrimeaicpetiad Y the
servo-valyg k6dipeaasticallyvigausiogiecleakmge” tonghianaHonaaipassf1he Waiiskevenziawn the

T64), DU RV AR (ECHLPa R 0 B8, B S Tt O
bottom-uigpidrid enddveleeticiadnhpadinfdéiiae)yisdadien thy tpellemtitingiefincki omeadbbydhefothe
et el R AL BIBNC 060 e USRI
25 decelerates the tug 100.
' Controller 119 terminates the pushback operation mode of the tug 100 and transfers the
tug mode to airplane pilot control operation, as described above with reference to Figs. 3A
through 3E.
Inasmuch as there is a time lag between braking of the airplane 202 land corresponding
30 deceleration of the tug 100, forces are applied to rearward energy absorbing pistons 128 which
are immediately sensed by the force sensors 129. Rearward energy absorbing pistons 128 absorb

the energy produced by braking of the airplane 202 relative to the tug 100. At this stage the force

sensors 129 serve as a back up to force sensors 148.



Fig. 7A illustrates the flow of hydraulic fluid 167 during a non-brake period. For example it can occur
when the airplane is accelerated or moves at a substantially constant speed. In this situation, the
servo-valve 164 gcontrolllng bypass path 166) is closed, so that all hydraulic fluid 30 167 flow
between the Varable én%ﬁe swash plate pump 161- and the hydraulic mot(}’rcfé'f gty M){gtlng the tug
wheel. Fig. 7B ill strates the flow of h raull UI r|n a brake perl d the airplane
pilot brakes the é?lrﬁ? F&B"{}%W,%uiéﬂ}% op ne 9 }{Psff:r?g 1aliefgsesz hfd%aul%:mﬂwa 1857 rough a
bypass paﬁnﬁﬁ@ératehm&daaﬂwedﬁhes @.ﬁﬁmmé umﬂtted/eimele Elga@onic Flight Bag
2010/061?%141%5 %T%%o%%?{%%%gaﬁable 'ﬁ‘&n?&tﬂé&ﬁﬁﬁ@é@ﬁ@ 0Bl of variable angle swash plate
s the ve

that contr speed. T iesel motor controls variable angle swash plate pump 161. A

smaller angle willibvi&r ibesirtassureonrobed3eseiemtpuaiphem e dAR im ghnaufepameretvmads sbws
downghe aﬂaﬁa%flgowd@@%f&%ﬁ&%ﬂ&@m@dgﬁfemypﬁﬁepm I3Liganbrcennesiad uparallel to
a

the 5 variable angle swash plate pum%ml The additional bypass path includes a servo-valve 181

and can & 1 syl sesTeAPR PadHige ferrs P erser 4R ahd P iR PIPEds e 8RS %8s ponse
to an outpr @i t\keﬂa{ szﬁ?ﬁ@@r&&ét&ﬁhiﬁlfﬂ@@%tﬂlﬁiﬂﬁd&iﬂ@xﬁd@&ﬁﬁmwlledaﬁbaaklalgng‘ snexapipiane It

can be controlle troIIer 11 /orb drauh res ure sensin emen hown oltis
noted thafrﬁ?fﬁlh p}gtﬁgsgé%% fﬁ@ﬁ eng g “f%gr("ﬁg g}ﬂe"é{ﬁ% asrér %ﬁ f%ey can be

opened iriipataltekmlglmm semmhmrwmnr@memﬁ@m@mmpaﬁws can be opened when sensing

braking forces that exc first.threshald Whlethe other is. pen dwhens nsm bre}k ggéces that
exce@d another tres %?e %{) rexar(;]{p?e botﬁa%%i? bgcgﬁgneéw 2R Sens |n b%g‘kflﬂng ?%ces of

about 0.5g or méeysedhitetiontygHeG dtiitibealioypbsispidentiizad be &ﬁ@@@mﬂhehi%b&ma@mmg
forces thal do nobRi6e afilidbhaiey, RECPA BRIARKHRABIMANNEdORUE Bnd ARHERALfoGRE control

loop 171 speed contrél loop 172 which are part of controller 119 loop and the speed
control loop outpeeatigresgisar b3l (denoted Nd) of diesel motor 160 and control-angle (0) of variable 20

angle swash plaig pURR. 46 1nJifig inpuidiegrbackbi0 (arseeaR kioRlidy Iheanike RIEBSRRSOr

signal and hydraulic system pressure (P). Speed control loop 172 in Fut (feedback) may be the wheels
odorteter signalsepPpliedig B annttpliEsIAd Semhiraqst Smvitd AHOTERO SRRV B R SMroller.
The controller C@ﬁtt[ﬁlﬁdhﬁl&ﬂ)%ﬁc&rnis)ﬁﬁﬁ ﬁiﬁﬂi@dl’ﬁydiﬁmmbﬁd%ﬁtfugﬁﬁqus mdltiple inputs

25variables such as: -tow arle %Qeswed speed V des b tor,speed (RPM); -
hydrostatic ptimf*8iéptad 8?1? &8& G% s, %Bmﬁr “fag nﬁ?yﬁ‘m‘ﬁs%“%c Métor
displacement (tmtqﬂaéﬂewv&sedmynﬁe @ig#@mﬂh& Jpesinaltasnglithutifediitple controllvalithlies such
as: 30 Veh - Veljdlq 2pesd bich Reorials o i 8y L BiSRESHNI YL, and via irport
20 command and control functionality.
The controller 119 may decelerate the tug 100 responsive not only to airplane pilot
braking of the airplane 202, but also to detection of an obstacle sensed by an obstacle sensor 123
or one of driving cameras 124 or to control instructions received from airport command and
contro] center 250, The tug deceleration is governed by controller 119 in response, infer alia, to
25 inputs received from force sensors 148 and 129, to ensure a coordinated deceleration ratio
between the airplane and the tug, thereby to limit the forces applied to landing gear of the
airplane 202 to within predetermined force limits.
In order to distinguish between normal traction forces on the landing gear and forces
applied by the pilot braking, the controller 119 takes into account one or more of the factors
30 described above, which are indicated by data from the various sensors, such as sensors 120, 121,
122, and 123.
Controlier 119 may be operative to govern acceleration and deceleration of tug 100 so as
to maintain a desired tug speed by employing a speed control feedback loop. The controller 119
may be provided with, or given access to, an embedded map of the airport indicating relevant tug

35  speed limits af various regions of the tug travel path. This speed limit information is coordinated



traction - Vehicle Traction Force (which is controlled by hydraulic motor pressure P); and We Motor-
diesel motor speed. Fig. 9 illustrates various forces applied on the plane and on the towbarless tug.
Fig. 10 illustrates various control loops that are implemented by a controller of the 35towbarless
airplane tug. "\R&YGPbibb1384-PCT/1L2000/0011128 - 23 Fig. llis a flow ERAGHHERRBAE 2000 for
towing an airplanpe. . MeHgod.ZOOO starts by stage 2010 of towing an.ajrplane by a tqwharless
arplane (O ey RSO OHE L IR e U TR AR GG Yot o e
airplane incebtisaseoste ttharbdlydrors tnthl Yinegtioriten dovihide aramgadnngspsizypadsgbathliclosed;
wherein the 5 S path is ¢o bl I at ﬁ% li rof a
<R AR aniRd 9 oAl el S lRE ouR A %%gnﬁ%#eggégga%

tug wheel driving module thatis connected to a tug wheel. * Stage 2010 can emented by any
of the towbafieelossigsanesibly tcandiest tveserdthabprad limit fordhegastondnporellecasiannistege 2015
of sergsing‘@.pilot-controlled braking of the JOairplane. Stage 2010 is triggered by one of the force

sensors. Stage 2015 is followed by stage 2020 of determining to open a bypass path. St&ie 2020
is followed by stagBtstish HPomanitige By aReIgtais e SRR rReEMTRUHARF Aosdsticr 36 A Hltput of
the at leass an® ipsethe AL IAGICAIIOE afilisn eorietammitoled bfakingrpltie20l RbiCacdpydass path

so as to reduce.a force lied 1o the.lapding gear of the airplane as 15 the result of the airplape

Dot contibfite BTG e QIR TIEF T AL FEHRdh IMACHABIE HeBIRMIREC PEDSRNER path at
least mosfeafithekliydpaGhottvlidrdicuiatesdratwenritine foyclraetisymads add #9% bijohssdiaik g as to
reduge a [atatignal speed ngéﬁeedt?g d%‘?%a%%%%@%?%aaﬁ‘ré%%'%‘éﬁ% edi&%%%b%l?fqﬁ%‘? f‘}!f‘c?"%c'vﬁ;%or a

combinatioh thereof ening a bypass that'is siz reduce a flow’o y(ﬂaljli id

through ttéobsgasling Sacion eaidkoecioraiffowiodesplivatitic plithevhieplane Whand/ atleitigld88d;
opening the byRassPARIURIBE R YNNG WIDIIAIPRAG IRAaLISHIUGR $Trlismtban, hgikrake

period; and opening the bypass, using a valve, within a time geriod that'is much smaller than a

resonanc&pdrtsascrmedhby Rtk sretere difadd 2Hsuifc belay tiedrrspiableypadeh &M The
bypass pathceamBe sposaaiMNesNing a margin for unexpected accelerations or decelerations of either

15 the airplane 202 or the tug 100.

When the tug 100 is operative in the antonomous taxiing mode of operation illustrated in
Figs. 4A through 4E, where the taxi speeds of tug 100 and the towed airplane 202 are typically
those of the airplane pilot controlled taxiing mode of operation, the airplane pilot may be able to
override the autonomous system to switch to an airplane pilot-controlled mode of operation by

20 applying the airplane brakes and resuming tug steering by the airplane tiller 206. The airplane
pilot may also apply the airplane brakes in emergency situations. '

Efficient taxiing operation is provided in the autonomous taxiing mode of operation due
to the fact that the ground movements of all airplanes in the airport are managed by the
command and control system 256 in an integrated manner, thus avoiding lines of airplanes

25  waiting to take off. As seen in Fig. 4E, the command and control system 250 integrates the
movement of all airplanes such that airplanes maintain desired spacing between them during
taxiing and avoid start and stop movements, insofar as possible.

Reference is now made to Figs. 5A, 5B, 5C, 5D and 5E, which are respective pictorial
illustrations of various stages in the autonomous mode of operation of the towbarless airplane

36 tug 100 under the control of a command and control system in the airport tower, via controller
119 for tug taxiing movement and for return of the tug 100 from the take-off area to a pre-
pushback location.

Figs. 5A, 5B and 5C illustrate disengagement of the tug 100 from the airplane landing
gear wheels 204. It is appreciated that disengagement of the tug 100 from the airplane is

35 typically carried out after the engines of the airplane have been started by the airplane pﬂot. The



the force applied on the landing gear is below a threshold or when a predefined braking period ended
or a combination thereof The braking period can stop when the plane completely stops or travels at a
speed that is below a predefined speed threshold. Method 2000 can include stage 2040 of applying
one or more W&nf?&?/ﬁﬁb&g. Stage 2040 30 can be exgcuted in parallel to eﬁ’ﬂ%@r“ogqgs'@'f]ﬁ%{’ges 2010,

2015, 2020, 2030 and,2035. Stage 204Q can include applying a speed contrpl loop, a force control
loop, a feSABERAAG AT rc97E8 ?3?%&8&05}3%3%18%&& the t"§t§§§ 284@5%%n§ﬁ%%%%?ﬁﬁning, by

the tug coattefiaticebgniiehangeaf the thatiabieazriglesvmsicplytequned. 1§ chy seientlincatager020 of
determining opening the bypass path 35includes applying a control loop that can be trigger y an
outcome @?e sucls aago%trgﬁcg%f)r.n% AN [5 o N ) %%%er}lf 88}%0%1%%%& ZS%aiﬂ}?clude at
least one distneafgtowingsratitombimatie mwhewaf.ﬁat;‘dmfbﬁlhglﬂw @spe_@qmmner tbWWbdlesspatisplane

tug and aP&%ﬂ%L%E&% QP H?&A@ng@%?g QhLhg Al L?s@&@aiydemmﬁgnga%%at@mwmm%eangle

variable angle swash plate pump; 5 introducing fast ¢ anges in the control anﬁgle of the variab

swash platespermstb witkvhpeimsreclapine §on et gubmedtdh s morshdovasbadls Rce

threshold xiipdieingaileniciangasihiie 02nkal AnatohthayaiRbigianale, sNeshplae Aynadn
response to a desired speed of the towbarless airplane tug; and apgljgin%?a feed-i%war process
to determiARIAE errBhesiy i JP%QW%B%@HQI&%%%#&%WBP&?E‘B& g B IRcRfdes

sub-stagesafiaginaingi sparctizprnge2, thalaimptand (@042 vep fhrward fdedvioiwsnd. process to the
variable angle swash plate pump (2044), that results c ing the contrgl angle of the variable angle
swash plate pur;g{psfgﬁ%éirfheart (o s%easp %%egﬁ?) atrl?g fggs@(/i\;q o%ﬁﬁf‘%ﬁgc. %ﬁ fﬁg%?%tgee&%ng %a}?p#gne as
including w@éc%n@fltbhtsb&gy(ﬁﬁ@rwlahmmnﬁm@im&(im&@e@s@mmn@@mﬁhdamEFB
992 of the;iowbarless %Ft getyghﬁgmcgtfolﬁg ey Wtﬁé*&ﬂ?&;ﬁrwip displays. Theses EFBs can allow

a pilot to remotely control the towbarless airplane tug. EFB 992 can communicate in a wireless manner
with a remote corigniAdlbsiasessuerntelxg asralirpriiancnbrierraanfahedg spvsraeidaxiernEaHEIow a

provision pfenforipatian 1ethe-RirRpELIOWsLANE SeimchcReunBRsRIe hedowhanesspiRianaitid.
Various communication protocols such as Wi-Fi, Wi-Max, Bluetooth, and the like can be used. Fig

13 illlfstrale et S o SEedRiS AR P CHICRAMSY S Frret e FroBB i ks eff et tRE Front of
the towbaglessalkntratdn gkt 40 assishivtieteling ohsaninswandiaciisecond camera 882 that

views support agsembly 125 and.can assist ij monitoring the manper in which the wheel is supported
by the towbaﬂe%%%@ﬁ%“ﬁ}é’?aumﬁ‘?éﬁ%%WW 6?%’%@%&5&%&%%%@%&5&5 ay be responsive to

the location and diBQyﬂ@%éﬁtﬁfxﬁﬁﬁ;ﬁh@@f@&ﬁﬂéﬁdmbﬁf&aQSraﬁpma:ﬂngsaifmItiple towb_arless
airplane tugs sharg the same path (of L SLRAMS PYIARLANS.ouing LS fouhaliess aliplane o
20 provided by the airport command and control system 256; and
e information indicating one or more predetermined travel paths of the tug 160 from the
take-off location to the pre-pushback location; this information may be stored in
controller 119 or provided in real time by the airport command and contro! system 250.
Fig. 5E illustrates controlled deceleration and parking of the tug governed by controller
25 119 at a pre-pushback location.

Reference is now made to Figs. 6A, 6B and 6C, which are respective diagrammatical
illustrations of steering functionality of the towbarless airplane tug 108, which provides
Ackerman steering of the airplane 202.

Turning to Fig. 6A, which illustrates the airplane 202 with its landing gear wheels 204

30 steered straight ahead along the longitudinal axis 220 of the airplane 202, the following
designations of parameters are noted:

¢ [ = distance along the longitudinal axis 220 of the airplane 202 between the axis of

rotation 302 of the landing gear wheels 204, and a line 304 joining the main landing gear,

here designated by reference numerals 306 and 308;



30be responsive to the towing process of the other towbarless airplane tug. Assuming that two
towbarless airplane tugs are expected to tow their airplanes to the same takeoff runway - that the
towing process should end at substantially the same location (which is usually the beginning of the
takeoff runwé’%’, Zé}ﬁ?f(gé%sﬂming that there is a predeftned timing differencepgé%/ﬁégwlgg'ﬁ(?ent takeoffs.
If, for example a first plane is expected to arriv%\%) 1 35 t&wing) to the beginning o éhe takeoff runway
at a first point in firic Ohg i dedsiagss R ()é G@Pagstngsthe 1S 859756 11558 Rould
not arrive (to theviegisniog etitheotake offmediayonntitaitetih esptegaiinkontisibegbitfevente 10psed.
Typically, instead %fﬂ)%fll’}lﬁ%? single timing difference a range of desired timing differences is defined.
The timing differ@hces afe usuuﬁly épendent upon the throughput of the airfield and the current air
traffic load. TypidartiTrangveitie distass: tetvangeitetsvebwipets 386 dudréinainlibesyeadthcunggrsthis is not

necessarily so. whe%%sniqmé&??&é gpﬁ%et&@i@@ (%i}féerences can be obtained by reducing the towing

speed in a manner than the actual towingspeéd is lower than the maximum allowable towing speed.
The maximum aflbwBidatoniatvspe etis lasdiaigysdefiMHifdape 38sdcagdiie #Mbhonsive to various variable

such as the slopgp dacrigatlASRiGh e SRS UARS RIBIAMALE SHRM 0 nRHANG, 1 iR, firvature

of the road, and other factors which would affect the maximum allowable towing speed. A reduction of
speed caferpdnse WiraipleroRitnicStesrngsesiag JBlsh A6 ey edusingts T esropilig rotatiopnaf &ifuired
speed canhgsalaulaied, By sheitgubayigssiispiane oy aoceRiabaentrpd dauentivtand dredike. For

examﬁle, one towbarless airplaneﬁﬁfg can calculate the desired speed of gne or mare othey towbarless
a

airplahe tatseradle psein A08n a1 A Lo S QTS 1e-RfusgdRTration Aths e 0% ucR Sl of
towbarlesgariyplaperdygs danriedransmnitaddraithastiawbad digsaibplaheotiyd tbEarutiesliéo tigentral

control entity, and the like. Ope to l%ﬁxrl Ss airplane tug can relay information. related o 2Q,.gne or
more otheailgévﬁ%rélssshé?rp gﬁg uog\%ls 8gua%r?%¢h%lr°%n ,tagg}ﬁ?gﬁ%ﬂysg?egl?grr?gtlt\géclﬁ lt‘Et'gtlec((}é{rll ral control
entity.  pFogured] 4sililhsinated thite. (Hybanassdairptanisht thysfdlbotinggB@araetdrd:603. It is assumed that

all three towbarless qibowl_:angété S r@g?&%ﬁ% ﬁ&&ﬁgm@s{%ﬂﬁglws to the same takeoff runway 1610,
n y

and that the towing should end at substantially the same Iocation, i’e., runway area 25 1612.
Towbarless adrplarreanglys 601kt0E0H, tanthaE08 gem wheblardid melotivaatiothedbupiigdiohesispted and
location and, adg'ktiﬁ)lg%k %Qgﬁﬁpgﬁwely, this information can be provided by a central entity such as a
control system of the airport tower, such as the control system illustrated in Fig. 4E. The three

towbarless aitpl#he figwingeagleadzhanticebod majlise Takisl86.0th8razd dlctors to detect the
speed aneg/Qr loeaia0,QR1e A AthGlction dF i sy pERdNaliowbarless airplane tug 1601 precedes

towbarless airplane tug 1602 and that towbarless airplane tug 1603 follows towbarless airplane tug
1602. It is alsh abd@rdethatameanioet iy uffférence range is defined, for example ranging

betwggen Ati gndi§ntd. o = [L - 4/2 cos « ~ B/2 sin a}/{L/tan « + 4/2 — B/2 sin ]
e tan{fB o) = [L — 4/2 cos a + (4/2 tan o + B/2) sin a}/[L/tan o + (4/2 tan o + B/2) cos u]
o tan(Bios) = [L — A/2 cos a + B/2 sin «)/[L/tan o« — A/2 + B/2 sin o] '
e tan(fp¢) = [L — A4/2 cos o~ (A/2 tan o + B/2) sin a)/[L/tan o — (4/2 tan a + B/2) cos o]
Fig. 6C illustrates the operation of tug 100 in accordance with a tug steering algorithm
25 whereby the tug 100 is reoriented relative to the airplane 202 such that a is zero. As noted above
with reference to Figs. 3A through 3E, controller 119 reorients the tug 100 by rotating steerable
tug wheels 104, 106, 108, and 110 as described hereinabove so as to reduce the angle a, sensed
by rotation sensor 145, to zero. Controller 119 may be operative to cause orientation of the tug
100 such that the instantaneous radius of rotation, R + C/2, of the tug-towed airplane 202 is
30 identical to the instantaneous radius of rotation R + C/2 of the airplane 202, itself, such that in
the example illustrated in Figs. 3A through 3E, the pilot of the airplane steers the airplane in the
same way whether or not it is pulled by the tug 100 or proceeds under its own power.
Reference is now made to Figs. 7A and 7B, which illustrate a portion of the towbarless
airplane tug, while Fig. 7C illustrates a portion of the variable angle swash plate motor. A

35  hydrostatic drive system pressure (Ps) provides the traction force and will be used to control the



Towbarless airplane tug 1602 is expected to arrive to location 1612 at a first point in time 35ti. This
expected time of arrival can be calculated or measured (if towbarless airplane tug 1602 WO
2010/061384- 26 -PCT/1L.2009/001110 already arrived to runway area 1612%b either one of
towbarless aRlaiE #1601, 1602, and 1603 or byjanother entity and c&F é‘yg%qgff%’tﬁbvbarless
airplane tugs,1602 and 1603. The fowing scheme oI towbarless aggg}agrr%e?au%moz c?.g be designed

so that it WithANEGIARIRERr rabiissriany SEBRABSIFREP RS ST PR e 4B RERN (It +
AO and Sorddt2pnibe kawwinpssheneriacludes Witk desiecdzphosh alengptha patirdhasdpadsdtiahtocation

1612. In case the desire ed should,not .exceed the allowable speed as dictated road and
o R o L R e o RSP B PP HORE o
tug 1602 leutitod dncaksoutercaic tha BNy bdieshbmmwibtiless] diplizmieetligonthe togling s€herablof

towbay 'esﬁn%i%%%?ht%%é?%%m%P%ﬁ%%ﬂ%&%&(&}%&%ﬁ%@@i@wﬂg@@ SHOMA% G AT Rl B @ third

point of timet3. 13 range een (12 + AO and he towing scheme includes the desired

speed alotrptted wath (feadhaakisischio terge sensasi ghal iy Daaswl ivsrubir spstye eeshioe i Noneiateed the

allowable gpeed aghliciated By J9arand, AL duUeRs Ine MR SCHEME MAYREsR!cHReddbY a
central control entity, by towbarless airplane tug 1603, or by another towbarless airplané tug. 15A

cruise contoltseRbm A esedsdpiellp ipagdddgirplane tug.  The cruise control scheme
allows a pilot to gictaledbeAtheadareediRtidaianbakless {ﬂaﬂaeﬁléﬂg@x&wﬁuw nifng the aesd of the

airplane within a predefined speed range during a predefined period, for example in cases W§1ere the
actud? spdBI RETSIRPARR S EHHEnd 1 JrS W thAYPAESTERPEpe 40 SAIHBHMbATIESE Hiblane
tug. 20T herdedisaeanigl{-sshe mevithams: ag@ibainoi dkedhshacin spapbetiind lydrmlibaiteaslaplane
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Fig. 15 illustrates method 1700 for towing an airplane. Method 1700 starts by any one of s ﬁ 1707,
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20 energy dissipated (absorbed). Controlled opening of the servo-valve 164 is practically “causing
to leakage” through a narrowed pass 165 that slows down the vehicle, up to a complete stop (no
flow through the motor — all flow dumped through the servo-valve 164). During a fast pilot
braking (deceleration 0.4g — 0.5g), the energy absorption system may bottom-up and then the
vehicle impact (40 ton) is taken by the landing gear. However, even the highest possible
25 deceleration 0.5g will cause to F=40,000 % 0.5g=20ton on the landing gear (maximum
allowed 0.15 W = 60 ton for B747 for example).

Fig. 7A illustrates the flow of hydraulic fluid 167 during a non-brake period. For example
it can occur when the airplane is accelerated or moves at a substantially constant speed. In this
situation, the servo-valve 164 (controlling bypass path 166) is closed, so that all hydraulic fluid

30 167 flows between the variable angle swash plate pump 161 and the hydraulic motor 162, thus
rotating the tug wheel.

Fig. 7B illustrates the flow of hydraulic fluid 167 during a brake period. Once the
airplane pilot brakes the airplane, servo-valve 164 is opened, causing a leakage of hydraulic fluid

167 through a bypass path 166 entering a narrowed pass 165 that slows down the vehicle.
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a timing diexgeadrothat illustrates a relationship between desired speed and actual speed.

Fig. 8A is a block diagram of the inputs and outputs of force control loop 171 speéd
control loop 172 which are part of controller 119. The force control loop and the speed control
loop outputs are the RPM (denoted N,) of diesel motor 160 and control-angle (9) of variable

20 angle swash plate pump 161. The input (feedback) to force control loop 171 can be a force
sensor signal and hydraulic system pressure (P). Speed control loop 172 input (feedback) may be
the wheels odometer signal.

Fig. 8B illustrates an example of a Multi Input/Multi Output (MIMO) controller. The
controller controls the speed and force applied by the towbarless tug. It receives multiple inputs

25 variables such as:
o W4 ~towbarless tug desired speed Vg by diesel motor speed (RPM);
e D, - hydrostatic pump displacement (torque/flow T, = D, %P, (O, = Dypye); and
e [, — hydrostatic motor displacement (torque/flow T, = Dy P, Om = Dmwm);
as well as outputs multiple control variables such as:
30 e Ve, — Vehicle Speed (which is controlled by hydraulic motor speed #,,);
®  Fiaenon — Vehicle Traction Force (which is controlled by hydraulic motor pressure P); and
¢ W, poor— diesel motor speed.
Fig. 9 illustrates various forces applied on the plane and on the towbarless tug.
Fig. 10 illustrates various control loops that are implemented by a controller of the

35 towbarless airplane tug,.



WO 2010/061384- 28 -PCT/1L20091001110 The timing diagram illustrates an example of changes
(over time) of a desired speed of a towbarless tug (also referred to "desired speed"), an actual speed

of a towbarl eferred to "actual speed"), braking applied by a pi lied on the
SED AT R
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while sensing, by at least one force sensor, a force applied to a landing gear of the airplane in at
least one generally horizontal direction and while maintaining a bypass path closed; wherein the
5 bypass path is coupled to a variable angle swash plate pump and hydraulic motor of a tug wheel
driving module that is connected to a tug wheel.
Stage 2010 can be implemented by any of the towbarless airplane tug activities
mentioned above.
Stage 2010 is followed by stage 2015 of sensing a pilot-controlled braking of the
10 airplane. Stage 2010 is triggered by one of the force sensors.
Stage 2015 is followed by stage 2020 of determining to open a bypass path.
Stage 2020 is followed by stage 2030 of opening, by a tug controller, at least partially in
response to an output of the at least one force sensor indicating airplane pilot-controlled braking
* of the airplane, a bypass path so as to reduce a force applied to the landing gear of the airplane as

15 the result of the airplane pilot-controlled braking, wherein during a braking period that follows
the opening of the bypass path at least most of the hydraulic fluid circulates between the
hydraulic motor and the bypass path so as to reduce a rotational speed of the tug wheel.

Stage 2030 can include either one of the following or a combination thereof:
¢ opening a bypass path that is sized to reduce a flow of hydraulic fluid through the bypass
20 path in relation to a flow of hydraulic fluid when the bypass path is closed;
¢ opening the bypass path, using a valve, within a time period that is much smaller than the
brake period; and
¢ opening the bypass, using a valve, within a time period that is much smaller than a
resonance period of the hydraulic motor. :

25 Stage 2030 is followed by closing the bypass path. The bypass path can be closed when
the force applied on the landing gear is below a threshold or when a predefined braking period
ended or a combination thereof. The bfaking period can stop when the plane completely stops or
travels at a speed that is below a predefined speed threshold.

Method 2000 can include stage 2040 of applying one or more control loops. Stage 2040

30 can be executed in parallel to either one of stages 2010, 2615, 2620, 2030 and 2035. Stage 2040
.can include applying a speed control loop, a force control loop, a feedback and/or a feed forward
loop, and the like.

Stage 2040 can include determining, by the tug controller a control angle of the variable
angle swash plate pump. Conveniently, stage 2020 of determining opening the bypass path

35 includes applying a control loop that can be triggered by an outcome of such a control loop.



00 Yes 3% 1500 ti 10 0 No 3% 1500 t2 10 5 No 3-5% 2200 t3 10 10 No

i0

20

25

30

35

WO 2010/061384 24 PCTAL2069/601110

Stage 2040 can include at least one of the following or a combination thereof:

e controlling the speed of the towbarless airplane tug and applying a force on the landing
gear of the airplane by determining a control angle of the variable angle swash plate
pump;

s introducing fast changes in the control angle of the variable angle swash plate pump to
prevent a force applied on the landing gear of the airplane to exceed a force threshold;

e inducing slow changes in the control angle of the variable angle swash plate pump in
response to a desired speed of the towbarless airplane tug; and

¢ applying a feed-forward process to determine the control angle of the variable angle

~ swash plate pump.

Stage 2040 includes sub-stages of sensing a speed change of the airplane (2042),
applying a feed-forward process to the variable angle swash plate pump (2044), that resuits
changing the control angle of the variable angle swash plate pump (2046) that causes the airplane
to slow down.

Fig. 12 illustrates the airplane as including an electronic flight bag (EFB) 991 that
communicated (in a wireless manner) with an EFB 992 of the towbarless airplane tug. Both
EFBs may be equipped with displays. Theses EFBs can allow a pilot to remotely control the
towbarless airplane tug,

EFB 992 can communicate in a wireless manner with a remote command center such as
an airport tower. The wireless communication can allow a provision of information to the airport
tower and send commands to the towbarless airplane tug. Various communication protocols such
as Wi-Fi, Wi-Max, Bluetooth, and the like can be used.

Fig. 13 illustrates the towbarless airplane tug as including a first camera 881 that is
directed to the front of the towbarless airplane tug and can assist in detecting obstacles, and a
second camera 882 that views support assembly 125 and can assist in monitoring the manner in
which the wheel is supported by the towbarless airplane tug.

The movement of the towbarless airplane tug may be responsive to the location and
movements of one or more other towbarless airplane tugs. If multiple towbarless airplane tugs
share the same path (or if their paths overlap) the towing of one towbarless airplane tug should
be responsive to the towing process of the other towbarless airplane tug.

Assuming that two towbarless airplane tugs are expected to tow their airplanes to the
same takeoff runway - that the towing process should end at substantially the same location
(which is usually the beginning of the takeoff runway), and assuming that there is a predefined
timing difference between adjacent takeoffs. If, for example a first plane is expected to arrive (by

towing) to the beginning of the takeoff runway at a first point in time then the second airplane
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should not arrive (to the beginning of the takeoff runway) until after the predefined timing
difference lapsed. Typically, instead of defining a single timing difference a range of desired
timing differences is defined. The timing differences are usually dependent upon the throughput
of the airfield and the current air traffic load. Typical timing differences can range between one
and three minutes, although this is not necessarily so.

In many cases these timing differences can be obtained by reducing the towing speed in a
manner than the actual towing speed is lower than the maximum allowable towing speed. The
maximum allowable towing speed is usually defined per area and is responsive to various
variable such as the slope of the road, weather conditions (for example, show, rain, strong
winds), curvature of the road, and other factors which would affect the maximum allowable
towing speed.

A reduction of speed can reduce air pollution and can also reduce braking attempts of the
pilot.

The required speed can be calculated by the towbarless airplane tug, by a central control
entity and the like. For example, one towbarless airplane tug can calculate the desired speed of
one or more other towbarless airplane tugs.

Information relating to the location and additidnaliy or alternatively the speed of
towbarless airplane tugs can be transmitted from one towbarless airplane tug to another, to a
central control entity, and the like. One towbarless airplane tug can relay information related to
one or more other towbarless airplane tugs to each other and, additionally or alternatively, to a
central control entity,

Figure 14 illustrates three towbarless airplane tugs 1601, 1602, and 1603. It is assumed
fhat all three towbarless airplane tugs are expected to tow their airplanes to the same takeoff
runway 1610, and that the towing should end at substantially the same location, i.e., runway area
1612. Towbarless airplane tugs 1601, 1602, and 1603 can exchange information relating to their
speed and location and, additionally or alternatively, this information can be provided by a
ceniral entity such as a control system of the airport tower, such as the control system illustrated
in Fig. 4E.

The three towbarless airplane tugs 1661, 1602, and 1603 may use radars or other
detectors to detect the speed and/or location of each other.

It is assumed that towbarless airplane tug 1601 precedes towbarless airplane tug 1602 and
that towbarless airplane tug 1603 follows towbarless airplane tug 1602. It is also assumed that an
allowed timing difference range is defined, for example ranging between At; and Az,

Towbarless airplane tug 1602 is expected to arrive to location 1612 at a first point in time

1;. This expected time of arrival can be calculated or measured (if towbarless airplane tug 1602
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-26 -
already arrived to runway area 1612) by either one of towbarless airplane tugs 1601, 1602, and
1603 or by another entity and can be sent to towbarless airplane tugs 1602 and 1603.

The towing scheme of towbarless airplane tug 1602 can be designed so that it will arrive
to runway area 1612 at a second point of time f;, wherein #; ranges between (f; + At;) and
(t; + At;). The towing scheme includes the desired speed along the path that leads to location
1612. In any case the desired speed should not exceed the allowable speed as dictated by road
and air conditions. The towing scheme can be calculated by a central control entity or towbarless
airplane tug 1662 but it can also be calcunlated by another towbarless airplane tug.

The towing scheme of towbarless airplane tug 1603 can be designed so that it will arrive
to runway area 1612 at a third point of time #3. £3 ranges between (f; + At;) and (f> + Aty). The
towing scheme includes the desired speed along the path that leads to location 1612. In any case
the desired speed should not exceed the allowable speed as dictated by road and air conditions.
The towing scheme may be calculated by a central control entity, by towbarless airplane tug
1603, or by another towbarless airplane tug.

A cruise control scheme may be applied by the towbarless airplane tug.

The cruise control scheme allows a pilot to dictate the actual speed of the towbarless
airplane tug by maintaining the speed of the airplane within a predefined speed range during a
predefined period, for example in cases where the actual speed of the towbarless airplane tug is
Tower than a desired speed of the towbarless airplane tug.

The cruise control scheme allows a pilot o dictate the actual speed of the towbarless
airplane tug by performing a pilot controlled braking or deceleration — in case that the actual
speed of a towbarless airplane tug is higher than the desired speed of the towbarless airplane tug.

The pilot can exit the cruise control, and thus allow the towbarless airplane tug to attempt
to maich its actual speed to a desired speed, by pushing the brakes and disconnecting the cruise
control mechanism.

Fig. 15 illustrates method 1700 for towing an airplane.

Method 1700 starts by any one of stages 1707, 1708, and 1709.

Stage 1707 includes calculating the desired speed of the towbarless airplane tug. Stage
1707 can include at least one of the following:

e calculating the desired speed of the towbarless airplane tug based upon its location;

¢ calculating the desired speed of the towbarless airplane tug based upon its location and a
location of at least one other towbarless airplane tug;

¢ calculating the desired speed of the towbarless airplane fug based upon its location and a
location and a speed of at least one other towbarless airplane tug that shares at least one

path with the towbarless airplane tug;
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¢ calculating the desired speed of the towbarless airplane tug based upon its location and a
desired time of arrival of the towbarless airplane tug to an end of towing location; and
e calculating the desired speed of the towbarless airplane tug based upon its location, an
estimated time of arrival of another towbarless airplane tug to an end of towing point, and
a desired time of arrival of the towbarless airplane tug to the end of towing location.
Stage 1768 includes transmitting speed and location information to at least one other
towbarless airplane tug. Stage 1708 can include transmitting speed and location information to a

remote command center and receiving from the remote command center speed and location

- information of at least one other towbarless airplane tug.

Stage 1709 includes detecting a speed and a location of at least one other towbarless
airplane tug by utilizing a sensor such as a radar or laser sensor or alike.

Stages 1707, 1708, and 1709 are followed by stage 1710 of comparing between an actual
speed of a towbarless airplane tug and a desired speed of the towbarless airplane tug. The actual
speed can be measured and the desired speed can be received by the towbarless airplane fug or
can be calculated by the towbarless airplane tug.

Stage 1710 is followed by stage 1720 of maintaining the actual speed of the towbarless
airplane tug if the actual speed of a towbarless airplane tug is lower than the desired speed of the
towbarless airplane tug, and if the actual speed of the towbarless airplane tug was maintained
within a predefined speed range during a predefined period that preceded the comparing. The
predefined speed range can be a relatively narrow range.

Stage 1710 can also be followed by stage 1738 of maintaining the actual speed of the
towbarless airplane tug if the actual speed of a towbarless airplane tug is higher than the desired
speed of the towbarless airplane tug and if detecting at least one of an airplane pilot-controlled
braking and deceleration of the airplane.

Stages 1720 and 1730 can be followed by stage 1740 of changing the actual speed of the
towbarless airplane fug to match the desired speed of the towbarless airplane tug is detecting an
airplane pilot-controlied braking.

Method 1700 can also include stage 1790 of applying a positive traction force by the
towbarless airplane tug during the towing of the plane. By applying only can be extended or not
affected by the additional forces applied by the tug.

Fig. 16 is a timing diagram that illustrates a relationship between desired speed and actual
speed.

By way of explanation, Fig. 18 includes speed values, force value, and RPM values.

These are non-limiting examples of speeds, forces, and RPMs.
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The timing diagram illustrates an example of changes (over time) of a desired speed of a
towbarless tug (also referred to “desired speed”), an actual speed of a towbarless fug (also
referred to “actual speed”), braking applied by a pilot, force applied on the landing gear of the
airplane (that is supported by the towbarless airplane tug) and revolution rate of a diesel motor of
5 the towbarless airplane tug.

Table 1 illustrates these values during points in time £ — #75.

Table 1
. Braking Force applied on landing gear | RPM of

Time Desu'zd Actu;l applied by by tug — percent of airplane diesel
Spee spee pilot 7 takeoff weight motor

to 0 0 Yes 3% 1500
t 10 0 No 3% 1500
i 10 5 No 3-5% 2200
{3 10 10 No 5-2% 2200
iy 20 10 No 2% 2200
ts 20 20 No - 5% 2200
tg 10 20 Yes 2% 2200
1y 10 11 No- 2% 2200
i3 20 11 Yes 2% 2200
fo 20 0 Yes 3% 2200
Lo 20 0 No 3% 1500
ti 20 5 No 3-5% 2200
tiz 20 10 Yes 5% 2200
{3 10 (20) 10 No 2% 2200
t4 10 (20) 10 Yes 2% 2200
iis 20 8 No 3-5% 2200
tig 20 20 No 5% 2200
ty7 20 20 No 2% 2200
L8 20 0 Yes 3% 1500

The towing process starts at #;,. Between £ and ¢; the pilot presses the brakes and the
towbarless airplane tug is motionless.

10 At 1; the towbarless airplane tug starts moving and its actual speed increases until it
reaches (at #;) a desired speed of 10 knots. At #; the desired speed increases to 20 knots and
between f; and ts the speed of the towbarless airplane tug increases until it reaches (at ¢5) the
desired speed of 20 knots. Between #5 and 15 the actual speed and the desired speed are equal to
20 knots and the tug maintains its speed. Between s and /7 the pilot presses the brakes (because

15  of a possible turning maneuver with a lower desired speed of 10 knots) and the actual speed of
the towbarless airplane tug decreases to 11 knots until /. Between #3 and ¢4 the pilot hits the
brakes and although the desired speed is 20 knots the actual speed decreases to zero (at fy) and is
maintained at this level until £;;. Between #;y and ;> the speed of the tug increases to 10 knots.

Between {7 and £;3 the pilot maintains the speed of the airplane to about 10 knots and this causes
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The timing diagram also illustrates that these accelerations and decelerations may result

in changes in the force applied on the landing gear by the towbarless airplane tug. Peaks are
detected at 13, t5, between £z and fo, at 15, and at #;4.

Figure 17 illustrates method 1900 for controlling a towbarless airplane tug.

10 Method 1900 starts by stage 1910 of obtaining, by the towbarless airplane tug, speed and
location information of at least one other towbarless airplane tug that are expected to share at
least a portion of a towing path with the towbarless airplane tug.

Stage 1916 is followed by stage 1920 of calculating the desired speed of the towbarless
airplane tug based upon a speed and a location of the towbarless airplane tug and the speed and

15 location information.

Stage 1920 can be followed by either one of stages 1930 and 1940.

Stage 1930 includes providing the desired speed to the towbarless airplane tug. Stage
1939 is followed by stage 1940 of determining the actual speed of the towbarless airplane tug in
response to the desired speed.

20 Stage 1940 is followed by stage 1950 of towing an airplane by the towbarless airplane
tug in response to the desired speed.

Method 1900 can include applying a cruse control scheme, and additionally or
alternatively, determining a desired speed based upon at least one other towbarless airplane tug
speed and/or location. '

25 Stage 1920 can include at least one of the following:

¢ calculating the desired speed of the towbarless airplane tug based upon a location of the
towbarless airplane tug and a desired time of arrival of the towbarless airplane tug to an
end of towing location; and

e calculating the desired speed of the towbarless airplane tug based upon a location of the

30 towbarless airplane tug, an estimated time of arrival of at least one other towbarless

airplane tug to an end of towing point and desired time of arrival of the towbarless

airplane tug to the end of towing location.

Method 1900 can also include one or more of the following stages:

e stage 1999 of transmitting speed and location information to at least one other towbarless

35 airplane tug;
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can include applying a cruse control scheme, and additior}galg or alte;natively, inir%lg a desired

deter
speelf basedUpSABRARRS (SHECEth AR EHIRh TR ot MERY ST Fo AP W/&P%ﬁ%qei S YET020 can
include at least ara-®ifithe following: calculating the desired speed of the towbarless airplane tug
based upon a location of the towbarless airplane fug and a desired time of arrival of the towbarless
airplane tug to aﬁogﬁéﬁgﬁgtgﬁ%iﬁg\{?%a?ﬁnﬁnﬁrg engscrﬂgg ilt‘logl?ﬁlengé%igéeda S%‘é"eap 6F r?éo oW g(r?fgrggsgirplane
tug based upon aitplatiangffitee 30elviracidsd aitplabmelngg,aarplestirmmas lirwerchanrithal dfsirefbast
one other towbarless ajrplay OWIRGRAINL AN GRslie? SR SbAtVALing v
towbarless airpIgﬁ??u?%%?@?r%%?ﬁﬁ%%e%c%%n. Methg 1900 can also include one or mo%e of the
following stageswas maipigjectiootiintmpstantingg sireed angto CBioPKARRIE tidarte At RESEBAd other

towbarless

range) during a predefined period that preceded the comparing;

controling the at least one tug wheel driver to maintain the actual speed of the towbarless
airplane tug if the actual speed of a towbarless airplane tug is higher than the desired
speed of the towbarless airplane tug, and if at least one of an airplane pilot-controlled
20 braking and deceleration of the airplane is detected;

e controling the at least one tug wheel driver to change the actual speed of the towbarless
airplane tug to match the desired speed of the towbarless airplane tug if an airplane pilot-
controlled braking is detected;

e calculating the desired speed of the towbarless airplane tug;

25 e calculating the desired speed of the towbarless airplane tug based upon a location of the
towbarless airplane tug;

e calculating the desired speed of the towbarless airplane tug based upon its location and a
location of at least one other towbarless airplane tug;

e calculating the desired speed of the towbarless airplane fug based upon its location and a

30 location and a speed of at. least one other towbarless airplane tug that shares at least one
path with the towbarless airplane tug; |

» calculating the desired speed of the towbarless airplane tug based upon its location and a

desired time of arrival of the towbarless airplane tug to an end of towing location; and



35airplane tug; WO 2010/061384- 30 -PCT71L2009/001110 stage 1992 of transmitting speed and
location information to a remote command center; stage 1993 of receiving from the remote command
center speew ign information of at least one other towbarless airpl : stage
1994 of detectlng]ﬁ?@g}e%a and a location of at leasBbne other towbarless%ﬁ%&%ﬁ%@?@y utilizing a

sensor such as a a]gar., laser sensar, or the i}&fe The contrgller 119.of tawbarless,airplane tug 100
can participafe iﬁagﬁ Y U?O%G%F%C)}t E?':’((?noetl s gsi‘f’(ﬁ'@ﬁaaﬁ lffse% Eor é%e}rgﬁ:érﬁnégﬁtroller
119 can be confegtingdetbtines fof arratdeefcuotizoiowbatidio wingaopcvations endodermbiigpiontthedeof: 10

comparing betgel Anacludshestpla IBbaIlses AAlaRGEALGA dERlidsReainereot

controling the at least one tug wheel driver to maintain the actual speed of the towbarless airplane tug

if the actual spebtiaseerdansbaridsanaiinaeatondsenteliendd ranbe penligyeetito PrtoByb kitess
airplane tyg, gpaldftiieacibabspeedaithedpwhatissmalkstane tug 15was maintained within a

predefined speed range (for example, a narrow predefined range) during a predefined period that

preceded thef coisfisiffnpeorolcgtine wfosmatonetiat ombant sl dowhariestrirmlaas g Baked of

the towbarless ajfplangctdd JhikeAtual-spaadod o ewhal ieas ARl aradubisitighiesitnatiie desired
speed of the towbarless airplane tug, and if at least one of an airplane pilot-controlled 20braking and

deceleration bf tFRECHIAatE ideaBedciaedcBhilsiforPRISS IRIM e 1R WReb IR0t REEn g  the
actual speed of thexfewhadlersspixpland lvgtomalamthielesired speed of the towbarless airplane tug

fan gere lescopioles e s fspged sl e desd pesn g hejeuiaess

the towbarless alepifedaitug pfeatbudbtifth¢hevdesieedadpizmd tigheaowhboesaipplamadugibdsed upon

ts chation ar.ld 2 %%g[t-g %gfc?e;[sﬁ%s tsgge% %tp ﬁ{et?ngbbaarrll%gss a?iiltﬁlgnréet;[luggiaased upon its location, an
estimated time of arrival of at least one other towbarless airplane tug to an end of towing

point, and desired time of arrival of the towbarless airplane tug to the end of towing

15 location.

The towbarless airplane tug may include a receiver and a transmitter. Referring to the
example set fourth in Fig. 4E, they may be included in or otherwise integrated within controller
119. The transmitter can be arranged to transmit speed and location information to at least one
other towbarless airplane tug. The transmitter can transmit speed and location information to a-

20 remote command center (such as the control system in the airport tower) and the receiver can
receive from the remote command center speed and location information of at least one other
towbarless airplane fug.

The towbarless airplane tug may further include a radar, laser sensor, or the like, that is
configuréd to detect a speed and a location of at least one other towbarless airplane tug. The

25  radar, laser sensor, or the like may have a range of few hundred meters and may operate at very
high frequencies (40 GHz and above).

It will be appreciated by persons skilled in the art that the present invention is not limited
by what has been particularly shown and described hereinabove. Rather the invention includes
both combinations and sub-combinations of various features described hereinabove as well as

30 modifications thereof which would occur to persons skilled in the art upon reading the foregoing
description and which are not in the prior art. In addition, those skilled in the art to which this
invention pertains will readily appreciate that numerous changes, variations and modifications

can be made without departing from the scope of the invention mutatis mutandis.



calculating the desired speed of the towbarless airplane tug based upon its location and a 30location
and a speed of at least one other towbarless airplane tug that shares at least one path with the
towbarless airplane tug; calculating the desired speed of the towbarless airplane tug based upon its
location and a desired time of arrival of the towbarless airplane tug to an end of towing location; and
WO 2010/061384-31 -PCT/1L2009/001110 calcidating the desired speed of the towbarless airplane
tug based upon its location, an estimated time of arrival of another towbarless airplane tug to an end of
towing E(?_im d desired time of arrival of the towbarless airplane tug to the end of towing location. In
accordance with another example, controller 119 can be configured to perform at least 5 one of the
following operations or a combination thereof: receive speed and location information of at least one
other towbarless airplane tug that are expected share at least a portion of a towing path with the
towbarléss airplanetaigseaicoiate the d6dyed sjgreetdbthedemibarie Edinglaeertod sasedanson its
speed and location and the speed and location information; 10 calculate the desired speed of the
towbarl E€&aaphiceingyagEdSaiY i 6ERIcPRRES M esired time of arrival of the towbarless airplane
tug to an end of towing location; and calculate the desired speed of the towbarless airplane tug based
upon its location, an estimated time of arrival of at least one other towbarless airplane tug to an end of

towing poiry, anl desitasine ol areuatelba awhariess Aliane g e Ihe aodafiaiag 15location.

The towbarless airplane tug may include a receiver and a transmitter. Referring to the éxample set

fourth in Fig. 4E iagyisnay Sesidudad therikarwismavtegratedawitiom cantraliesclid®- Abig teansmitter
can be arranged to transmit speed and location information to at least one other towbarless airplane
tug. The transkaftetagn transmit speed and location information to a 20 remote command center
(such as the control system in the airport tower) and the receiver can receive from the remote

command éenfélagséeaeaiRirrosatist inféhniatoronfigireait Bitevtitecitarbatensiseattaref®re  The
towbarless air(?ane élu%mal %rtfger in%?ge a ra’céa{ I’la}ser sensor, ?5 the like, that is cogfigured to
detect a spee XHIPS IBCERGCoF aﬁ’?e(a e St r{’o TS %rﬁ aﬁ%sfusgmf!h%r%uf’é'd ?Ig’sgr sensor,
or the like ma%:g@é@MQ&%PJJ%J}F@&Q&%%5%@5‘@2{?@%r8@ﬁ%§%very high frequ_enmes_ (4Q
GHz and above). It will be appreciated by persons skilled in the art that the present invention is not
limited by what has been particularly shown and described hereinabove. Rather the invention includes
both combinations and sub-combinations of various features described hereinabove as well as

characterized in that the propulsion arrangement comprises a variable angle swash plate

hydraulic pump (161} coupled to a variable angie swash plate hydraulic motor (163} and fo a

controllabie bypass path valve (164}, configured such that a hydraulic fluid circulaies befween

the pump (161) and the motor (163} so as to activate said propulsion arrangement to increase

at least one of the speed and the traction force of the tug (100} when the bypass path {166) is in

a closed state, and at least most of the hydraulic fluid circutates across the motor (163) via the

bypass path valve (164) so as fo reduce at least one of a rotational speed and traction force of

the tug (100) when the bypass path (166) is in a opened state; and the towbarless airplane tug

{100) further comprises a controller (119) in communication with said force sensor and being

configured to alter one or more parameters of movement of the tug (100) such that the force

exerted by said chassis {102) on said landing gear is maintained below a predetermined value

by regulating at least the power available to the propulsion arrangement, the pump (161) and

motor (163) swash-plates, and the state of the bypass path valve (164).



30 modifications thereof which would occur to persons skilled in the art upon reading the foregoing
description and which are not in the prior art. In addition, those skilled in the art to which this invention
pertains will readily appreciate that numerous changes, variations and modifications can be made
without departing from the scope of the invention mutatis mutandis. - 32 - CLAIMS 1.A towbarless
airplane tug (100) configured for receiving a landiag gear of an airplane (202) and towing it thereby,
said tug (100) comprising: a chassis (102) configured for receiving thereon at least a portion of said
landing gear; A,RrRRMSIRR AURNGAMERtLABHgHGE WampYe A Lig SNk diRrlion AReg 2
trajectory; at least one force sensor (148, 129) configured to measure, directly or indirectly, a force
exertedchyssaighehassis DR oA BatiogeTrRMd Hrableas! matdrdfsealiensye o anspeashdifferential
between said tug (100) and said airplane (202); characterized in that the propulsion arrangement
comprides bypasmbiihapglessdash plate hydraulic pump (161) coupled to a variable angle swash plate
hydraulic motor (163) and to a controllable bypass path valve (164), configured such that a hydraulic
fluid circulates between the pump (161) and the motor (163) so as to activate said propulsion
arrangement to, i least.one of g traction fqr the tug (100 n the
Dypass bath (10BN e B R S e
motor (38@) visdne bypasaRAtAleHHRE) 5988 BIRHHE LbIRRP PIRObfERRaRRkAReSH and
traction force of the tug (100) when the bypass path (166) is in a opened state; and the towbarless
airplanenydop (OB kdishily axten fndse said covitsbl ida il 4O saithponhvidkti deingthutbéd tondigisendsor and
being configured to alter one or more parameters of movement of the tug (100) such that the force
exerted089t§%li@%ﬁ%ﬁ@ﬁ@i}y@ﬁ%&a"%ﬁéiﬁd @‘é%ﬂ@%%%ﬁiﬁ%ﬂ'ﬁ@ﬁfﬁ%ﬁé%&éwaﬂﬂe by
regulatiplT% at leas theaﬁ)lovx{ r avail blekto the &ropulsion arrangement, the pump (161) and motor (163)
swash-p a{eiss,m aivd e state of the {/apzfs%eﬂg 1 valve (164). - 33 - 2. The towbarless airplane tug
according to claim 1, further comprising a hydraulic motor cross valve to allow a free flow of hydraulic
fluid across the motor, for free tug movement, when the bypass path is closed. 3. The towbarless
airplanetfug aqerrdingéaany=npeed algimscdrand 2o whereis diaHy passg@athdabty, isassaeiated with
a brake period following opening of the bypass path wherein hydraulic fluid is diverted from said swash
plate pui®d) e shatartetiraddPiuaesreoafigiader thaidatrolicheselier d1ana boprranpaeriesdid valve
(164) being characterized by a response period that is much smaller than said brake period. 4. The
towbarl85D&iFRHEAAE R LAY I IR AP S 8B%¥ceding claims, said valve (164) being
characterized by a response period that is much smaller than a resonance period of the swash plates
of said hydraulic pump and motor. 5. The towbarless airplane tug according to any one of the
precedipg claimss wiBERiIBssAUMHRAERILAISHORENr a8l tene autaterpElLaing ol evbraispircement
of the hydraulic motor; and a control angle of said swash plate pump. 6.The towbarless airplane tug
accordingntooienioaent @tal e dotiatsugrhy Spevereimesafid controller is configured to induce any one or
more of the following: fast changes in a control angle of said swash plate pump; and

« displacement of the hydraulic motor; and

¢ a control angle of said swash plate pump.

6. The towbarless airplane tug according to any one of Claims 1 through 5, wherein said

controller is configured {o induce any one or more of the following:

e fast changes in a control angle of said swash plate pump; and

¢ slow changes in a control angle of said swash piate pump.



slow changes in a control angle of said swash plate pump. - 34 - 7. The towbarless airplane tug
according to claim 6, wherein said controller is configured to utilize a feed-forward process to regulate
the control angle of said swash plate pump. 8. The towbarless airplane tug according to any one of
the preceding claims, wherein the altering of said one or more parameters of movement causes the
tug to reduce at least one of its speed and tractiod%¥orce. 9. The towbarless airplane tug according to
any one of the preceding claims, wherein said chassis comprises a support assembly (125) configured
for the receiving of said portion of the landing gear and being mounted on said chassis such that it is
moveable thereon at least in said direction. 10. The towbarless airplane tug according to claim 9,
whereirysaid foreeiSepsnsds sienfiae teg docoremsikedbrriorethexantesibyssaictistipparifassentbly on
said chassis in at least said direction. 11. The towbarless airplane tug according to any one of the
precedinijiztairiesdrheveid pridepatanssidatedhenevdrneangobadit g $roppte grotip comprising speed,
direction, acceleration, and deceleration. 12. The towbarless airplane tug according to any one of the
preceding claims, wherein said controller is configured to calculate a resultant force exerted by said
chassis,pn saig \2nding QS 4fIBASBRSEA o0 e U TBER SYRIAIIACING ol ATl fnbariess
airplane tug according to claim 12, whérein said external factors are selec ed trom a group comprising:
data relgisihiPc3one oAt RIRNS losaliens alone AR AlRIanadsaveb susasetbe dfavssseddn said tug;
data relating to wind forces affecting said airplane and tug; data relating to rolling friction forces of said
airplanetanpeerd targldtacinodisrdecations along said airplane travel surface; and data relating to
obstacles. 14,A method for towing an airplane (202), the method comprising providing a towbarless
airplane tug (100) comprising: a chassis (102) configured for receiving thereon at least a portion of a
sanding.gear qf said airplane (202); and a prapulsion arran ent configured to move the tug (100) in
S directn alonE KB Er LA A Ry AIC R el ST FAP S g oty
coupled;{p aadiahiparadlessyash aate by drBeicoRRLas) MRdLeR FRIMIAAEIERRRSS Rath valve
(164), configured such that a hydraulic fluid circulates between the pump (161) and the motor (163) so
as to agtivaisysigr prapuisigmaiiargemenidorassrasemtianisionevebthe tapert andabeidragtion force
of the tug (100) when the bypass path is in a closed state, and at least most of the hydraulic fluid
circulatédeti@ss the motor via the bypass path valve (164) so as to reduce at least oneof a rotational
speed and traction force of the tug (100) when the bypass path is in a opened state;

10. The towbarless airplane tug according to claim 9, wherein said force sensor is
configured to measure the force exerted by said support assembly on said chassis in at least

said direction.

11. The towbarless airplane tug according to any one of the preceding claims, wherein said
parameters of movement are selected from a group comprising speed, direction, acceleration,

and deceleration.

12. The towbarless airplane tug according to any one of the preceding claims, wherein said
controller is configured to calculate a resuitant force exerted by said chassis on said landing

gear at least based on one or more external factors.



the method further comprising causing said tug (100) to tow said airplane (202) while altering one or
more parameters of movement of the tug (100) such that a force exerted by said chassis - 36- (102)
on said landing gear is maintained below a predetermined value by regulating at least the power
available to the propulsion arrangement, the pump (161) and motor (163) swash-plates, and the state
of the bypass path valve (164). 15.The method ac&ording to claim 14, wherein said tug is in
accordance with any one of claims 1 through 13.

13. The towbariess airplane tug according to claim 12, wherein said external factors are

selected from a group comprising:

« data relating to slopes at various locations along an airplane travel sur‘féce o be
traversed by said tug;

¢ data relating {o wind forces affecting said airplane and tug;

e data relating to rolling friction forces of said airplane and or tug at various locations along
said airplane travel surface; and

e« data relating to obstacles.

14, A method for towing an airplane (202), the method comprising providing a towbarless
airplane tug (100) comprising:
-. a chassis (102) configured for receiving thereon at least a portion of a sanding gear of
said airplane {202); and
s a propuision arrangement configured to move the tug (100) in a direction along, a
trajectory and comprising a variable angle swash plate hydraulic pump (161) coupled to
a variable angle swash plate hydraulic motor (163) and to a controllable bypass path
valve (164), configured such that a. hydraulic fluid circulates between the pump (161)
and the motor (163) so as to activate said propulsion arrangement to increase at least
one of the speed and the fraction force of the tug (100) w.hen the bypass path is in a
closed state, and at least most of the hydraulic fiuid circulates across the motor via the
bypass path valve (164) so as to reduce at least oneof a rotational speed and traction
force of the tug (100) when the bypass path is in a opened state;
the method further comprising causing said tug (100) to tow said airplane (202) while altering

one or more parameters of movement of the tug (100) such that a force exerted by said chassis



-36 -

(102) on said landing gear is maintained below a predetermined value by regulating at least the
power available fo the propulsion arrangement, the pump (161} and motor {163) swash-plates,

and the state of the bypass path valve (164).

15. The method according to claim 14, wherein said tug is in accordance with any one of

claims 1 through 13.



