WO 2010/ 0613841PCT/ 1L2009/ 001110 TOMBARLESS Al RPLANE TUG FI ELD OF THE

| NVENTI ON The present invention relates generally to systens for

ai r pl ane woeurwhemazyenent, and nore partjcularly to cont por/mmmodyoddsioof
ground vehicl es of such systens. BACKGJdJND OF THE | NVENTI ON 5Ai r pl ane tugs
are often provided for tow ng airplanes between ground | ocations at an
airport, thus obviating the need for the airplane to nove itself under its
own power, saving jet fuel. The tugs may be provided with a towbar, which
connects a |landing gear wt w?ﬁ‘ RPVRRAS in which a towbar is
not provided, in which, typrrgy#‘?, Sesoﬁl\gndl ng ﬁgggﬁ sits directly on the
chassis of the tug. 10 SUMVARY OF THE | NVENTI ON According to one
aspect of the present invention, there is provided a towbarless airplane
tug configured for receiving a |landing gear of an airplane and towing it

t hereby, the tug conprising: a chassis configured for receiving thereon at
| east a portion of the |anding gear; 15 a propul sion arrangenent

conf i gUfl&&D OFBYE INEENIZON, a3 direction along a trajectory and conprising
a variable | e swash pl.ate hydraul ili Efimp couFI ed to a var(LabI e anth &4
swash pl at ealﬁl%dl?rﬁiﬂnf&n fign relafys eenerallo it FHTTRHIY HIRAEETIHRS, RPYFpant an
confi gypgd pﬁﬂféﬂla}l?f%é cBnth Ak ds o bk dtind vehickllofb®sh Hefewgen the punp and the
notor so as to acfivate the propulsion arrangenent to increase at |east one
of the speed and the traction force of the 20 tug when the bypass path is
in a clpsegErevan o ¢eeNTION Of the hydraulic fluid circul ates

£
acr oss t%e not or via tﬁerypass path val ve so as to reduce at |east one of

a ratati onalAigneednaltré oieh ipRevilad &8 olitd girplagesbweéh grouyipdscatioas fat ias i n
a opened state; _at | east one force sensor configured to neasure, , .
di r ect |ajrpert, thygiobeieting theangedrior thexairplang toymevreitsahgandes its PWIHBOWSn 8IS dar

0 atIggst L B GLECEL LA euR AoSREE L] LALREL! AlanliEh ISR WARUE cidirand

t he airplane; n comfuni cation w orce sensor and
bei ng aowbartpss,dd witclah t@wbaarie nor provided, (iarveliret, ey pically, miny landing gefr sitseditagty
such that the force exerted by the chassis on the WD 2010/061384- 2

- PCT/ 1I9210b‘95€}€?(§§1§93theéﬂ%}i ng gear is nmaintained (for exanple, during novenent
of the tug) below a predeterm ned value by regulating at |east the power
avai l abl e to the propul sion arrangenent, the punp and notor swash-pl at es,
and!ot h@WMO%tﬁﬁ%@Nﬁﬁ@N valve. It will be appreciated that the

term "towbar] ess!. as used herein the eci f.ication and. cl al relates to
a class of af#‘icﬁfdé%tot CRYsSRFHRD fhe Bref%\i%&'ren{l?‘?’zh?reés BRY ldc?g aotPWl’gﬁ%SSr?HB%flleng
devi ce M%‘ic%Hﬁg&H@'f%ﬁ rb@etix\/i/ﬁgrh Hﬁ@_ixfgh?&ii& oh adplan® @adtdviag | iankéregy, aartugf
the airplfane). In a towbarless airplane tug, the landing gear typically

sits dicosprisyngon t he chassis, or its weight is directed to an area within
t he chassi s. ciated that, the term

"control | & "2 c(;lgs%(‘eqyﬁ:gtg}:eg tjf# ’E%%l%%@%?f?ﬁ?%%&q?% 4 pREIOR of s 1ghding BFY e
B L000 B SA  SE  SLAngr
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 at least one of the speed and the traction force of the
20 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 least one of a
rotational speed and traction force of the tug when the bypass path is in a opened state;
e at least one force sensor configured to measure, directly or indirectly, a force exerted by
the chassis on the landing gear in at least the direction due to a speed differential between
25 the tug and the airplane; and

e a controller in communication with the force sensor and being configured to alter one or

more parameters of movement of the tug such that the force exerted by the chassis on the



The towbarl ess airplane tug may further conprise a hydraulic notor cross
valve to allow a free flow of hydraulic fluid across the notor, for free

t ug nmoverwot2piodeess4t he bypass path is osed. 15The bypass/1pzbdroomaly be
associated with a brake period fol |l owi ng openi ng of the bypass path wherein

hydraulic fljghdng ?eﬁf eI hefhtdifedMfon eetinipid) Qhraiee ndeidhent N dentig)l beowbei ng
further configured to control the state of the bypass path, the val ve being

char act er i zeaedsyerminess yalvs ebpaegdatinghaf lpast nthe npawer Pedilableafo tthe mepwsion

peri od. The .p [ I V] 1 I ' val ve
i ch cont r GrEngqasuthpBHp 'S8 it D BRAL, B dTE oL SVEE bGRIREhEafe
characteri zge vl b smp@iated tige rthe derirth &owibarlenst fas arved [heteit hixn specifentonnod

period of the swash Pl ates, of the hydraulic pu?p and notoyr. The c.on%qo] | er
may She cbaims irgjatea o & lase gl pigplangiiugp MAREHEH OVIRT (e hHR FUIIE GoppesHing fRyice

contr Ol\i/lﬁél'lg] g@(}bl&;oe?\?{gn' ARk lrath% b ﬁw%rfcﬁ’ﬁé %%é oR g ﬁﬂgéne?lrlﬁ SHabhriasat e

punp. In thrs way, may contro e speed of tug a the force

appl i echimptant eg, thnkinding gear typically sitPdiadctlyloartbe thassishgr. its weight iFhbirecsdtte ah | er
may be confjgured to.induce fast changes in the control angle of the swash
pl at e ;ﬁ‘lﬁ"r?p".‘”ﬂ%ﬁitge%ha?%% it to prevent a force applied on the |anding gear

of the air pliaag f@Ker HeCHPeticieP tHap tHeSteth sk as used herdii@hé 8pddifidati6h
may be configured to induce slow changes in the control angle of the 30

swaldh pndtchipsnpto Poundsxdegd i its biogdeshierme, inslufling, but motibeing Waitedith AVP €8s
ai rplane tug tqg,a desired,speed. .The contrel | may be configured to
utili zén%fefglétﬁoﬂlleéﬁ" red(aglrp&ecgagg OE’F P%r.f?m}inggf‘?ﬁcgﬁc @(%tt%ndl in which upsets in
inputs to theheSYHb@ATEsS altplafe tgtday Qurthd} bGrhpiideea Bydihdio ©etor Casss ivalve to allow
anticipation of or sinul taneouslﬁg with the arrival of those upsets) t

regul ataefreenBow efthydraukio fluid arossiibe sgierh 1951 fiaedug sngygaent, wigsn the bypass path is
2010/ 06C}g§§éPCT/ 1L.2009/ 001110 - 3 - The towbarl ess airplane tug may
further conprise energy absorbers arranged to absorb energy between the
| andi ng gearThertgphdsepatihamgite. associated With adbraler pergpdofollbvengooEenarg ofithe bypass

paranmeters of povenent .have an_effect s s, to and/or he directed to
Catoe. WAl vhgeRomdEacd i &> Sneual e B SvrSnnsPGh dhe conhales hdte fotisd,
conpri nﬁ%ﬁg@ ROLOntBI RO Blade SOMEIHPERDatiR thd REIVE BefigViHathctlriZed ®yRPFckpsHe Of
the Iandi ng gear and bei ng nounted on the chassis such that it s noveable

t her eomperitd Hhagsstmich snhadledthapdbé brake perishich a case, the force sensor may be
configured neasyr.e the. force exert by the. suppert. assenbl n t
chassis in el%ﬁ%‘iimf’ﬂéméﬂqge[g?‘ﬁ% may fifhet COmPTIR aﬁ%ﬁ&%@ﬁ‘éﬁg O%?éﬁﬁgl?/eesr%%gt()fnay
be Bel qrd Behaks pahathHgauR Ke@;ﬁgaénaﬁadﬂaiz@a%goh refhdRe peAdd 0 stk sakil@tharand
decel eration. ) The controller may be configured to calculate a

( pr edi cessarnqeanstipd ahthefsovagle plajes of the Iyidraulie pupReRiddneiar-t he | andi ng gear at

| east based THe cgggol?ég H(E:%g;rrtger f&éﬁ%{%ﬁ'w Pe%%ia% %igglg&?%eﬁg bEHHR g;aglﬁﬁ; MotorIBY be

sel ected froma grou ting opes at
various | ocatheaatralléigaybe eonfipusdetotregulatt asionfracangloohihetsmasteplatecbuhiibynt he

tug: 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 simultaneously with the arrival of those upsets) to regulate the control angle of the swash plate

35 pump.



data relating to wind forces affecting the airplane and tug; data relating
torolling friction forces of the airplane and or tug at various |ocations
al ong t heweinpleams4t r avel surface; and ,data relating tecohstrawb@sio 20The
data relating to slopes may be provi ded’ by an inclination sensing

functi onal i tppe towbarles?gﬁ%t‘: acu% S fuitlier ébrﬁ}%@s‘éee?le@}’a%@rﬁéfﬁﬁi%@émtﬂ Q8sdpd

stored as slope date | dat abasé, the controller~being further configured
t o det enpigydetweenplsianding gofr andéhe chpssim t he airpl ane travel surface and to

relate the slope data tp the position. The data relati raol.ling
[riothon Tordeatirapess s aae B A aarimeiers of raayeenf Fiad Fs Sonfiled St
dat abasgd/ot Be dfzektéd R dafike Beinitolrdidats spestl dndibrefction firéer m ne the position
of the tug on the airplane travel surface and to relate the frictjon data

to the posi tkhsrehassiremey)gomayiseresuppartiagisnehly cenfipred-ior Shstegeiving ofithhiporting
airpl ang theaItarr{gi g gear an-lc-il'b%lﬁggﬁg{lﬁé& oh tl?@é’ha@?s g\?JNﬂlQHF ?sanQea%mbﬁ & Rast in
vmrelesslyvm ngem)te man center, or exanple via an electronic

f1ight thadirectionhia suobaates sife faroeensve niaythemnfiuret he measurp thesforamexerted by
el ectronic flight bag caonfigured ti) copmynicate wirelessly with a simlar
devi ce thi suppartepsmbly pn dheechassicg ey thodusféicRer aspect of the present

I nvention, t"lkh%:}ﬁr- etéls Q)\fir%gﬂ%nmﬁy 8¢ sf;l@éte& Ghg gﬁdglp?l:iowrﬁﬂ%’ spedt® diRtiad

conprising providing a to ess airplane tug c ri sing: a
chassi acaderhiigyraed déalerattaei vi ng t hereon at | east a portion of a | anding

gear of the . 35airplane; d 2010/ 061384- .4 -.PCT{ 1L.2009/.001110
propul si on ﬁfﬁ@&ﬂ@?{t@%}’gﬂ? ?‘ﬂl\fggﬁe%t% cﬂ@\‘}éi't %g’rﬁ!}ﬁgg e gl%i”?é%?? Sﬁerﬁdgjﬁlgthg
traj ectcRAisasifthe AARIihS bBa A 1MAF baARH dnang| @ YR htdphA tfEctBid THE ek @ ridll ftors
coupled to a vari abl e angl e swash plate hydraulic notor and to a

cont r olnhaytheeselpgfrdSeom atgroupedomprissgaf i gur ed such that a hydraulic fluid
circul ates befween the punp_ and the tor,so as.tp actiwvate.th 5

ot opul oi of ARk gERed sIBB# YAaatdSe g AlchE af diinf oV BBt S petpayersed
tragtion foruf:,qh@{ugt he tug when the bypass path is in a closed state, and at
| east nost of the _Flydragl ic fluid circulates across the notor via the
bypass pa¢ h datal relating tawinddforass affectimg theaisplamgandgiga r ot ati onal speed and

traction force of .the t en the b S this. in a ened ,state; the
et nod 1t ¢ 1 eHpe o folfne BiohdSeRLOthG «FRape okt i SR (fdfioge abng

al tering ongnhOfirfBicarak@l fnfaeRindr s of nmovement of the tug such that a force
exerted by the chassis on the |anding gear is naintained bel ow a

pr edet er n® neldtawalatieg byobstagldsat i ng at | east the power available to the
Pngegly;Iagg g&{:ﬁf&%ergﬁ%g t(;[ é](e)péasurrri?y l?engro%te&) IBy %nm?nscrfihgtlic?r} see:%’sin{é1 %incai%gal%tgf? te of
The data relating to slopes may be predetermined and stored as slope 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 slope data to the position.
The data relating to rolling friction forces may be predetermined and stored as friction
25  date in a database, the controller béing 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 to communicate wirelessly with a remote command
center, for example via an electronic flight bag.
30 The towbarless airplane tug may further comprise an electronic flight bag configured to
communicate wirelessly with a similar device within the airplane.
According to another aspect of the present invention, there is provided a method for
towing an airplane, the method comprising providing a towbarless airplane tug comprising:

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

35 airplane; and



val ve. The tug may be provided as described above. 15According to a further
aspect of the present invention, there is provided a towbarl ess airplane
t ug confiwoneo/demss4r ecei vi ng a | andi ng pear of an ai rpl aoe/TRPVAYD@NONG |t

thereby, the tug conprising: a chassis configured for receiving thereon at

| east a pgr :aiggﬁ%\ggioﬁ Qﬂaﬁ%g{k:ngg% 6d to move the fuglth AR IeR1iOR aRhE 8NARIERIFY and

configured ve the t direction along a trajectory; 20and "a
control | er compriginged vaahiompgleesvizsh vidan hydradic yaimrs peepledfto @ vasible hagle

e S T S E vl ALy S8
ai rplane tug hjdrafid PRiReib@htes RRBMenStheOpEhp td@ntheNRotlesior & 16 RRAGte ahel
250 the actual” speed was nmaintained within a tgredefl ned speed range during

a ppedef i negromisieatrangementtocisersaseras leashpra pinge speed andthe tragfinny foreecef thay
be further confiqured,to tect .airpl |l ol | ed ' .
deceleratio u%?vhgﬂéﬁ%lb?'%afsgﬁ’é@ laq'nlg q glogégﬁtﬁﬁgr gé%ﬁfl%létr%lgat% tc@illglrﬂgg?a u? Eg]uld

propul si on airt@BESs Hefss e Awdtditda thd Bypass pathl vatesd as to radluce helast o oSpeed
i's higher than the desired speed; and at |east one of ﬁn airpl ag{g _
pi | ot - cont r spPtrtenabspged sgd Faetiereiossecntdas Wig vhenithe bypashpathds in QRepe 3taly:

The comgd g{elh[ 4 %ﬁﬁexb&x{lﬁgsti%fmﬁﬁ@f g w%geg? &ﬁ%g & lgx&e{]gvhﬂé QRS 8Re or more

arrangemne ange tual “spee e to ess alrplane tug to

matich tpaenbess bEthos@aed dfthatugaickpthane fqed eterted by ol cloissie dn itrealandigg igear is

detected.. WD 2010/ 061384PCT/ 1L2009/ 801110 - 5 - The towbﬁrbl ess |

ai r pl afPRGHeRF BE & Bfetdﬁtffmlf’ﬁ YRR &Y Tegulating wt de3sb dhe irodrer AXaHabln 10 dPee

at all p?@ﬁ?o@ﬁfrht@n%nﬁ%%nﬂ; ahd'encdér’ Ph@REplates, and theestdte WIaht @ypasii path ane
e

tug may urther configured to protect in real time the | anding gear from
exceedivalyei ts maxi num al |l owed fatigue | oad. 5The controller may be further

cont 90 &0 e AL RS ASTETRRIER 1 et of T ot o Er Lo 0 1
t hasdesi r ed AR6REhg to a furtiidtCaspedtt dfotht §resdRty itventioi, tthae is pRdviged edotwbarless
calculate the desired speed at | east based upon a location of the tug.
airplane tug configured for receiving a landing gear of an airplane and towing it thereby, the tug
comprising:
e achassis configured for receiving thereon at least a portion of the landing gear;
e apropulsion arrangement configured to move the tug in a direction along a trajectory;
20 and
e a controller 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
25 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 airplane pilot-controlled braking and
deceleration of the airplane, and is further configured to direct the propulsion arrangement to
maintain the actual speed if:

30 e the actual speed is higher than the desired speed; and
e at least one of an airplane pilot-controlled 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 match the desired speed if an airplane pilot-

35 controlled braking is detected.



10The controller may be further configured to cal culate the desired speed
at | east based upon a location of the tug and a | ocation of at |east one
ot her tugwo 2010/06138he control |l er may be further confi guredTumeooabawicat e the
desired speed at | east based upon a |locafion of the tug and a | ocation and
a speed of afpd ®adhrlAR%iBIAE tud Hﬁytﬁé?ﬁlrtﬁaa&ﬁﬁgﬁltedt@aaﬁt)lyoﬁﬁos@ﬁ\%ht_rﬁdﬁ@h%tcbh-
15The controller may be further configured to cal culaté the desired speed
at | eastt allgised dupog adowingaf therpiplanehe tug and a desired time of arrival

t her eof at end, of tow | ocati on. he ntroller her
con qur ed ¢ ecarbgsss dtpfide BERRLE Sty capEsE R bieRal BB nB it HOUE"
the tugeapRo@SdxceaiRditd miEintin alldwadiatigde laa@t her tug at an end of tow ng
point, and a desired tinme of arrival of the tug at the end of tow ng

g i
| ocdtion. 20fheecontrabbermassle tirther eondigured toragicplaterthe desiisdspeede a transmitter
configured tgt rc%{?f?&ﬂetr LG OHIRR A, f nfﬁghfk% t§ é{?&ﬁzﬁeagddé at by hRe
tug. This information nmay"be transmitted, e.g., to an airplane cockpit, to
at | easdorresyndingas thdidpsired sgeedenot e conmand center. The towbarl ess
airplane tug_may further conprise a recejver cqnfigured to receive
i nformati ongm?l cantroger may g Rl SO G P %lcﬁ?teltgﬁgfes%eﬁ’esﬂ?? é’ﬂ‘f‘ﬁbbﬁegm a
r enot e @ggqgg&tigﬁgg%% . The towbarl ess airplane tug may further
conprise a detector con%i gured to detect a speed and a | ocation of at |east
oneloot her t (hebgontollei miag cheafustbas configunal toocalewatecthe Idesiregl spend iagdeastibased
cal cul ate the desired spee t J.eas ased uppn the speed and | ocation of
the ot H@Pntanﬁc.at*?ﬂé?fﬁﬁﬁtlgﬁ?‘f%focﬁ{i?ﬂ at Wf?féeré%ﬁgﬁflg'gured to calculate the
desired speeghbasiR@d|lbP Ry be3firfies bodthukdd® Sdicahte] thaldesitedspeed Git Mast Bided g
| ocation and an estimated tinme of arrival of the other tug at an end of -
t owi ng ypenmtlocation of thgtugrani adoeasion asd ja spegd ot atdeasheproethepfugithat shass ateast
i nventiooré, {ht r%wiitﬁ provided a nethod for controlling a towbarl ess airpl ane
tug, t r?ghho%r cofmpri si ng: obtaining information relating to speed
andisl ocat i onTief catrollenfiay eefuthbe torfiygrédat caleuldbeakpaesied spred hnleasabasedast

a portion of a towing path with the tug; .and W) e .
2010/ 06tPI84-leation eﬁéwg)a@eqdméeSI@d-tlmec%t?%maAtth%oft%én ged o} eingplosaiiof t he

tug at |eas tT}EafcﬁﬁlroHQPHla he fR@edc rQF Eﬁﬂ.lelatgemg(?i%si?émsﬁe@@ at NERE BRkhON.

The nethod may further conprise calculating t esired speed based upon
desi r edipohnEoadtioarafithatugpin edtendtedytime ofilarrévadl obindtheni tng at aw ennd ofitovaigpoint,

nmet hod y further c rise. calculating the desired speed of the towbarl ess
ai rpl ar?g‘%tadijs %fl;t_é‘ﬂe ag%@ Ofég‘? Pyt W%r?ét%wlnﬁﬁ??agﬁP‘ of the one other tug
at an end ofTHOMWErER! diplane tug may BurfiRE REFAPABY aftkinkMetter COAAERE to transmit

transmtting information'relating to speed and | ocation of the tug to the
ot her tinfprmation 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 a receiver configured to receive

information relating to speed and location of at least one other tug from a remote command
25  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

30  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 point.

According to a still further aspect of the present invention, there is provided a method for
controlling a towbarless airplane tug, the method comprising:

e obtaining information relating to speed and location of at least one other tug that is

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



10The method may further conprise transmtting information relating to
speed and | ocation of the tug to a renote conmand center and receiving
t here frowoi2nfoxensui on relating to speeéj and | ocation i rConDE0Y/0N1Df t he
ot her tug. The tug may obtain the information relating to speed and

| ocation of cﬁfcuiaﬁﬁgithég{@%rﬁ&e %edto?%elﬂl-g ot Bhfi%ade Qhe sﬂé&‘%_@ﬂwgﬂgn HRrédf

still further aspe esent invention, there 1s provided a
t owbar | ess and pheainéormagjon.onfi gured for receiving a | andi ng gear of an

ai rpl ane and_t ow it thereby, the tug conprising: a.chassis configured
For " ocel vi e ey bgEpmprioE ot FBRTEY i E-Pethanehy BAEaruron RS
pr opul sjfgﬂi@[(,%geﬁgaatanc&afoifwﬁgld@ﬁ@mve the tug in a direction along a

trajectory; 20an a controller configured to operate as per the
above. BRI EAheESehiodTmax fortheHEomRAwW Nelsulating thetdesiped sperd iof vibettPwhangss |

a | A g _ tipwhak
dasor grpbne ‘o RSB R, g o il ATab ok S W By AP BRLDE o,

a picteoiml illustration of a towbarless airplane tug; Fig. 1Bis a
cross-sectional view of the towbarless airplane tug illustrated in Fig. 1A
taken al ong khsangthetbmay furiiper cpmgrise) ransguifing dpfopmatipnselating to shgsdrang decation

ai rpl a%gatﬁe%g%!té {hlé%rﬂ?eqtt&ag in Fig. 1A Figs. 2A through 2J are
\

perspective Views 0 i ous stages of pre-pushback and 30 pushback
opewat i ons dthetrethédmdag furtiss campribamasmityinglihfosmatadrectldting fo gpeed/And location

Figs. 3A through 3E illustrate various sfageg of .pilot controlled taxiing
oper at PoMIGvE e e PEIANY (P RICh AR FesgiTY thete QB@&B?WI@? rqlating to’Speed

Fi gs. %ﬁd‘i&%ﬁ%&%ﬁf%dﬂohl&?m@&ﬁer‘@é.i ous stages of autononous taxiing

operation o e towbarless airplane tug illustrated in Fig. 1A, WO
2010/ 061384-The tu@ay dbadpthednlbirhation relatingitgyspeed And ncatigrhobat 1¢dst ors gtherdug
vari ous .fta es of the autononobus return operation of the towbarl ess

ai rpl a8 P05 4¥M Wt rated in Fig. 1A Figs. 6A through 6C

di agrammat i gadcbiding tos tilpfithet &pettnd the!pebdn® idlentiyn,ahert heplovided al tewbarless
airplane tug illustrated in Fig. 1A, 5Figs. 7A through 7D il]ustrate an

ener gy aipleoe pig emmfigpeadder rasatvingemlanding gepn ofoan aimlanenddawhiaik thegehys therfae
ai rpl ane iﬁsi?x der to control the | oad on the |anding gear; Fig. 8Ais
a bl ock I&]ipagr m of inputs and outputs of a force control | oop and speed

control | eop chassisconfiguidrfbr REeifingARdres dtdéasoh pbhi@ntofithd lahdiag gedrpd in Fi g.
1;
e a propulsion arrangement configured to move the tug in a direction along a trajectory;
20 and

e acontroller configured to operate as per the above.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood and appreciated more fully from the following
detailed description, taken in conjunction with the drawings in which:
25 Fig. 1A is a pictorial illustration of a towbarless airplane tug;
Fig. 1B is a cross-sectional view of the towbarless airplane tug illustrated in Fig. 1A,
taken along the lines 1B-1B;
Fig. 1C is a top view of the towbarless airplane tug illustrated in Fig. 1A;
Figs. 2A through 2J are perspective views of various stages of pre-pushback and
30 pushback operations of the towbarless airplane tug illustrated in Fig. 1A;
Figs. 3A through 3E illustrate various stages of pilot controlled taxiing operation of the
towbarless airplane tug illustrated in Fig. 1A;
Figs. 4A through 4E illustrate various stages of autonomous taxiing operation of the

towbarless airplane tug illustrated in Fig. 1A;



Fig. 8Bis a a block diagramof a Multi Input/Milti Qutput (MM force
control |loop 10 and speed control | oop which are part of the controller;
Fig. 9 ilwo=breaisem4a dynam ¢ nodel of the towbarl ess tugcand2miveoraior pl ane
and forces applied on the plane and on the towbarl ess airplane tug

i I'Tustrated figs. 50 thrddh SE GHuskBtd Vdriosk SREES off fhel AtshoRINk rturd OFdR&tionFbGthe 11
illustrates a nethod for tow ng an airplane; 15Fig. 12 illustrates

t owbar |tewbarlaggaigplaneiugpllugteatedoo Kipg-t1 A5l ect ronic Flight Bag (EFB) units

di ng; Rhg. A3, 4 L plar Vi ;
Froo 1411 1 g SruopdhE b RAPEULGRPaPl Refify hugRotRY PRelBBATE TS

Fig. 15aixh)ldnu$ﬁgﬂlh§t$atedﬂfﬁig.()m:f or towing an airplane; 20Fig. 16 are plots of
speed, pilot _brake, traction force, and notor RPM each as function of

tims, and rdiigsdd heoughsih dsHalg ancneRy abprraton pysicthat reasts tginilst-semnraligds:

and Fi | {.0G; arl ess airplane tug.
DETAI L%%%EW%%%&% Ir&ggzs)ﬁel%ﬁ%gﬁohghér léiggltngé gﬁ‘l’\ba sem -robotic tug
for taxiing Egr§A snebklotk diagmm af inputs an@ buipatsef adome tcakteoldbdp andspeyd centrol
provided. The,tug is designed f taxj.ing the airplane wthout using the

ai rpl aﬁ%"%w ’épaé%@rh%é C‘?“ﬂ“’ﬁ%‘é&‘? hied ‘gaf‘iﬁle‘P I;iél%nlsurrpti on and ninim ze

pol lution. Tg SN 4 aldI6¢k dapan86a et ahpduMeli Olipud BRUD) FBRERBhirbNBop N
real tinme and at all tinmes the tug tow ng speed (tﬁus repl aci ng t he

ai r9l armad epegdreentroldnadp whinhl ane parg of the contgolleracti on force (thus protecting
the airplane.s Lapding gear, e.d., .th ose | andi ear, of NLG_hy.n
exceedi ng istfg's% dﬁ?séra & §Bar¥“§t ?186% ‘Ffotgastf"(v S3 q.g%%‘n?htgg A PlanF rfaﬁlgcfiolm%é
its |ifappRaCdithe plebe adil BElthe tovbatlédsiairpaRY tug illubttdte Dt FPt 1AM MO) control
concept, where some controlling and controlled variables are interconnected
and dependerhtig. 10sillpsteaiesavagiops corepd foaps; direct operation of the controller.
The descri ptﬁignuplhﬁg/&a(?&daBg{h%h%lrtg e Jufop ,‘{n(gboti c or sem -robotic tugs for
taxiing airplanes Troma gaie to a aKe-0 fl runway without using the

ai reraft | etFigntp itkestratddr@wibagsssnmy aidDarplhié 06ckpaAEleetrdddd FligAREY HFB) it
operate in _an airplane pilot-controlled taxi node, wherein the airpl ane

pi | ot fCEIADLand brakes as if the airplane were nmoving under its own power,
and the tug lﬁ?.el%chlhﬁr&&%{?v%ﬂléég aﬂglahé ﬁlggﬂmiﬁgk\lv@emyagn conpl etion of
taxiing, the Tug may return autononously to pre- pushback | ocation at the
gat e, cont r dig.cld illysteatesathe pwvementnafaadralrtdwbanikss bigssysn empory t ug dri ver may

5 performt back operatian, after which he |eaves the tug and the
ai rpl ane pi &g&%ﬂl‘%{ﬁtis 4plﬂ8&‘963°f_cf8}”'f’}¥9antaé?:lqneﬂ'he_ tug may operate in an
autgnomous rEglelgodre PRI 61t dpRed, Pillot PakélitFapligi foréddhd mbiér REVINEachls FeutoH DT | S

used throughout in a broad sense to include operation under the control of
an ai r pione, andrataiedito dasived and antepl spepdhaditevarisss aipplenatugsitindh may be subj ect
to airplane pil@at..Querride, r i jgs. 1A 1B, and
1C, which | R CF PR b TG S pﬁ%ﬁzo\gﬁggylé%ggﬁpl%ﬁ? a0 o

publ i cation WD 2008/ 139440, which is assigned to the assignee of the

o es et PRI ERRCCRBRRRS, T b 1 Pl es whieh are apol feabl e Lo the
reference heg gbxgreo‘tﬁgﬁtgrnafp%?&édtﬁto‘? aLs%ﬁli-th%RP% ﬁﬁgﬁ@%éﬁgﬂlﬁs%oxﬁ‘%h&b%a'

or alternativ eatures and/or techn
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), and regulating the tug traction force (thus protecting
the airplane’s landing gear, e.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 As seen in Figs. 1A, 1B, and 1C, the towbarless airplane tug 100
conprises a chassis 102 supported on six wheels, including forward

st eer abl evohesml®13894 and 106, rearward steerabl e wheel spt@8LzN0g0MmiM» and

i nternedi ate non-steerable wheels 112 a@ahd 114. It is appreciated that

wheel s oial%t@mdanléiéplmpi@tk@ﬁtaﬁtédw@(mb& w&%@meeaigﬁaxwiiot STEBR ddraies a8f
rotati on of steerable wheels 104, 106, 108, and 110, respectively indicated
by ref ef ¢inceirplaneredre MdaBEpg nbder its 7owmmeweo, andl ghe g spredi e eddy &5 a

rect angl e o] | engt h A is.def.ine t he separation be e h rs
0t ot dorsolld? toon Shtaksion 8 RIAE e We i SRR ShpR ORI IR i busaRke:
the tugodiéiBn a@fﬂ% @&I@,S&)dfdoﬂbcﬁl b dnSaigi®iri B@dm_hﬁd tah@ corpalr fisted) Deugvdeinert may
centers of rotation 115 and 116 of respective forward wheels 104 and. 106

and 5 betpeeferm theepushhackraperatiopoafiarivdch he leases the sugand e giplang @ilpkegnirgisthe
wheel s ' 10r . . 4. y
be co nt“r}% ﬁ?@qug/a}% (r)l;h\? (23t ﬁg %}f/&}aﬂ%{)ﬁr@@: glg%)% fa]lc}jtlg n%mé?g dlglgé? ?E Oértél)rtgt’(ljorn’L nor%éi%ﬁ)olvm talf
power edheytefm Caufoasponsi isgudey cdthentighcutpinn® besrdt sesibe v nadudes eperhtjorn unddri the e

di esel motor (not, shown) in response . to speed and torque.control signals

fom a CEBHelr B HbAITRore COmMARdo PO 28 SOREBIECAIRE AYSere Ahidly g1y e Uty 1.0

may bea%%g:?ﬁbfmkéﬁi&ne or nore steering pistons (not shown) in response to
0

steering contr signals from 30 controller 119. The wheels, hydraulic
punip, and diRefeknceisorovconde td bigs. pdy 1Boasd 6, whiphopustgiton tawbanlgse airplane

whi ch is figured t ve.th L jrection along.a. trajectar

A ar i vare S8 i sioeel pildicaies rbioslalu o fpfisdPd € e G R dape
120, brkest dppWikatiddOWakhesashyopinplas Wwhicht 26 hpplaiableb Shé pre3enatisoidsyre, ABY
interface with controller 119 to enable a driver to _govern the operation of

tEe tomb%uﬂﬂfwnﬁm phearad aragherdy proommorated dhyd referensry hpvisish ek 2BBFoBR#E ofor i n
t ovbar FobeBHA® TS i r B e Rl B R Blca) S8kground.

opesat ;Ad keedd inaFigpl BAL 1B] had -110)-thonéwhdrless Rirplaneraae 1001 @ngeists al dhassid 102t o
taxi to or near a take-off pqint. Near tgg take-of f point, the caontroller
119 autBpRaried A1 §ixovheels ingluding forvard stegrable, whegls, dP4 and J0Gq spawardrsteqrable 100
fromt 5" 11 PR 8 - ' I PNIRRS Aipr8G4tkd that
Comman 661:%15 @gﬁ%}@o}i%ﬁe@r orgﬁeg%&a&? ug @gl‘é%et%lfsginf%%lnior 121, aésl{ﬂch as éa

5 senswheesrl12mndotldenay alt¢rastively be steembte asrwelk riderentensi of trdatiangofl@eerable

operates u r trol of controller 119, toQ return auton l.y O

nmanual | eﬂg?@énf@({} lggs%ﬁde]c@ G?SP?/célrveif’yr‘Baﬂcf‘Wg%(ya{ﬁ_ i nmeﬁﬁgiéﬁgeipr apd

Pr & PUSH 8 bRAGK db R drtes o‘f'laqeéanQ%lér&yh_ TBWhGk $6hgBE 486 e MRADYWhE Beparfiothebwemahe
122, one or nhore obstacle detection sensors 123, such as radar and/or | aser

sensor sentersrofantatioh of aespsetive fonend andaearavaed Mbeels 98 thy same siderns (thg ugHI0s h

out put t ontro .1 d .pone or_nore. 10 LV C , [

Onabl & g R i i detne B9 160 SerdipfRIB g ht KR TREASR 158 anlH6 08
cent er redpettienforivarievhseld 404 gl 108 sl Bétakbe the ceraye dfeloetionbll aah 1 of
tilt so as to enable an operator to view various |ocations on or near the

tug 10@espective regrwagd whegls O%ﬁfrdpl]é’ﬂe | andi ng gear wheel support assenbly 125
i s pi vot abl r or | m, 126 .1vThe
st ezgdy st at éﬁaggg%fe‘?h%?sa?g%’a%zﬂ%? 1? E’ei?t}p%dgrz ? P‘?Lgllla sg‘gﬁzﬁ)?@élza %gl?gbga?ed
by ref epaaspondingetydrauliz imotoryndieshatvn) pewgredrist a icoaéspoading rhydfaulic epumgr (et gl e
defined by the centers of rotation 115, 116, .117, and 118 of spective

ot cer aBPEVhRYS: B0 vehfte o8 iy taotshonm) i i dncaredand BB 126
IS Con@ggaaﬁd?m 4 R6ntRdIR? H19. £Q¢h bp 1R SRAAGE Whidd 104, F06S 188! bid 490 APYE!

of freedom of novenent thereof relative to the chassis, and is engaged by
an 20 eoteeraple bewr drenorasteeribg pistams (otshywroinpespoasetoptegriag contralfsignaksifggm

absor bi n IS S128 ach.of which is pivotably c | ed to the chassis
030 an ¢t T FRE heslS aV Bl BP.8 Bik? bRRen BBt Butchacta g bt

| oad cellafigenidit whEcAis e6figlir@ditorhbit Baely afa direetioy alohg atkjdgrpi st ons 128,

whi ch output to controller 119, and are used thereby in controlling vehicle

accel er at i or drivlercronipleinterfapn assemblys whigh ey Biglde astecripe ywheshb13h brakgsfiiot se
a circypferential.. ' 1.3, 0 : Si s
102 by “Berhh ¢ SpictADS ofed Toiltols & ncslia: sy BickRhERA cRUBAA 118% Bpt108
pai r ofdriver wagshehati@i dp@raiondrthes towbarlessnalrpiarepap ded poior 2o pad dunfig peshbaek, d
handi ng supports 132 which are pivotabl unted gnto chassi s, 1Q2. Hapgi ng
supPor ta8d/pnn the Sveir 9 g §MEIEEHFY Bt %mgfor%a yé@me‘ﬁéﬁwt‘%sﬁ?%@??’é’agf’%ta&ﬁ §28.
Mounting of circunferential base elenent 30 130 onto hangi ng supports 132
may be by means of pivotable axles 133, which nay or may not be integrally
formed with circunferential base el enment 130 The support assenbly 125
may be pivotably and rotatably nounted onto base 126 by a pair of pivot




An upstanding frane 140 is fixedly nmounted onto the support assenbly 125
for aligning the airplane | anding gear wheel on the support assenbly. An

ai r pl ane wandiongizgear wheel stop 5 bar 142 may be sel ectralliy2o0posittioconed
with respect to upstanding frame 140 by a stop bar positioning piston 144,
anchor it I : » | i 1936 9840hb Yr t 0
di ffergt%tﬂfsbiéqgg OE?‘B%?IElpaIg% %r%lioﬁgﬁg%%?ﬂ\Aﬁggﬁyd@i’hgﬂa?&ﬁg%nal orientation
of t he nsarpptake-ofispant Neal 86 taksroffeposnnthecconyrotler bk9aaitomatieatlyorr mamially (b as

a potentioneter., i.ch provi des S t _assenbly rotatiaonal Lon
oot -t Sl FiveR i iahiea b R MR pBRE th e pRA S LRk RL BT
125 mayrohtadfiYserh ednand shdIXHitlo] Eehenbt fromod figi 108atidatsefisot4@1, such as aAGPS
sel ectably positionable clanp assenbly 147 may be mounted on the support

assé&nblsgnsepBr any whemstitable tug lopatioansrngey. fand rtbe tu® 10§ epegatesindes pl ol 47

IS operat.li sgl ect abl | LI I I €
suppor eoutdBrufs GERL G dorRrpUR, 3 wBlsRfy YfOEL BY SRk HAGR Fofihp itor

| andi ngoBeas a desdrel prd-pesh, back $arheion. AngHO9IND) also bxeqtippedavith hevindsansor 122, 15
rotation 127 of the sup%gr,t assenbllg\é, whi ch, .as noted above, ltj es at the
geonet Phe &F Mosn Pbstagle defestion sensprg| 123 suchrasradyr andlorlaser SPasony fPrEXAmRIG ad
St eer alhi Wagels nhfit HBPR4E!APVERAMMCE Ayhich outpul & E6huRREP RIS, ahdBne o flbrdts

| oad cells, are nounted onto a For rd facing surface of the clanp assenbly
1470 andrioinig@amerad2dawtich@aablg ranett dogingfof st 00 ancll 42hy & renante comanagdged t he

ar ¢ apBPER (epieh DRvRscEastr s Y JEaP e 4 Payh SRR Fop Raa T A R

| 'andi ng, 4888 o5dteddr ASvilWSatidudiobdtRIne BA RS nkdt tRE&RI 1@0At i on, decel erati on,
and/ or speed of the tug 100 relative to acceleration, deceleration, and/or

speed of an Anfatghbln@impking dandingegear wéheelosppport assembly 123 i piatablyrasidgatatably

| andi n ear, wheel .ra 150 nma e te t | 3 i r of
ot 1'pl AU GTIG e RS SRR ool arts duBaRet of B oo e b 0
f oris 25 agieaiblyn g28 ksl gnbiteldrtgy tdieremder miradial 120 dhag bgedthapeopesicili anien @ftthe
airplane I andin ear wheels onto the support assenbly 125, The force
sensor geclangladsfingd byt eantere of rtationdld S¢ bf@ééla?é’ﬂllil@d)ftr?ﬁpf’ﬁé"el siesgbigWhesly i n
at |ea horizontal direction along a trajectory of novenent
of the%ﬁ’&%’l’%%@?gg’ may be the result of airplane pilot-controlled

braki ng of theizahtapbaeeassentbly h2@isadunesed toghSchadsis @02 iraa mannerowvhiolh allewys a
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provi de speed anoT torque control signals to the hydraulic notors which

dri ve ohevhitted pivofablyheoupley tOte chassisc iR rrd to borzatialdnse @sseablic d26nkoree ni t
the force applJied.to the | andi ear of the airplane..tq a mqBaXxip . wed
For ce. HIRER 145 POt MRS S 20t0Poarstkey I s85 Tl kS
gear ofj28 hghidh RPN esntdlleLB1Y, nd® hredist® kiiébyinl cohtr610inf vehickRhcbélatatiog and
resulting in tug decel eration and/or accel eration. The rotation )
sensor dedderpagn.be operative to sense rotation of the support assembly 125
relative to;pas I ' i S.produce - A i i ng
&t he 1 andRAGONAEPREEs D 128 et P iR E AT Ry ABfRofGLD, WAL
oper at ipietdbly efviinted! orfié ehissiagl 0afbysbeirg alspendedefedrn al@ahsvdBély ekGidingruippd®

based on_the output of rotation sensor 145 and thus in resppnse tq,air.pl ane
pi | ot $e&&F) pIRya PAIOA ARV 53&%@%@%% Féz,éé&éﬁpgn W%Baliggreﬁﬁvfgé‘anélgg
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gener al rizonta ection resulting such that The controller 119 s 10
oper at ibyepitaatdgmowitedersegye absortong aistbnd 28| Moanting) o tir¢tmeferantjablase refsnaspt ng

t | e f f eedb | tilizi t pyt t .|.east f
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| NPUt S pe integrall} FotnfediwidNcitduniferepBialivasiigiBtheRyIIONOWN sl Oopes at vari ous

| ocations alfong an airplane travel surface traversed by the tug 100, the
| ocati ons bdiheguppemasseinbly 125 ntag hearivetablyeandgptatably, swunisd aém Basegl26 by a

functiaonality: ~an iLodicati.on of w.nd,f{ S. i . .
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and airplane rolling friction forces at _various |ocations along_.the

ai r¥| arldis pmgngement prevides batheredatiyelyylopniictigy rotatability @n i@'ﬁgﬂlﬁégﬁ&e support
identified to the 20controller by |location sensing functionality. The
controller 119 may further be operative to control the speed of the tug 100
by enpl oying at | east one speed feedback | oop based on known speed limts
along a travel path traversed by the tug and the airplane, for exanple by
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25along the travel path of the tug 100 and the airplane. A single or
pair of |aser range finders 154 may be nounted on the chassis 102 of the
tug 100 fwo 2asemiisai ni ng the angul ar rﬁgatlonshlp bet weenTith®mod/engic udi na
axis of the airplane and the | ongitudi axis of the tug 100. The angul ar
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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
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30 angles B1, Bo, B3 and B, as described hereinbelow with reference to Figs. 6A through 6C, and
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ai rpl anes mai ntain desired spaci ng between themduring taxiing and avoid
start and stReferamseeisemve midestofEigs.adAp#8s#6] 4D, and 4E, plysttatnkaiqus sReRs idde
to Figs.,K 5A 5B, 5C 5D and 5E, . whi c re t L V. i~&L.OF I .
illust rag{qn%lgu%fta)g% %eggtéqnaﬁgsth? ﬁovﬁ%rﬁegﬁtagﬁgaﬁgﬁ%é n@gg '@#e é'%)tglrl%??%sn taé‘fmghe
t owbar lopsatiah hityadeaniftdduy 4 0fveidele fugel 00witan@maticaldy torspoide &nd comntand|
systemin the airport tower, via controller 119 for tug gaxi i ng nmovenent
and’t orframa therairpert copunandgnd gontrelggpien folloxying %ﬂmplﬁﬁl%oflﬂls bagkepushback

| ocati on. Figs. 5A, 5B and 5C il lustrate di sengagenent of the tug
100 fromthe airplane | anding gear wheels 204. It is appreciated that

di sengagenent of the tug 100 fromthe airplane is 35typically carried out
after the engines of the airplane have been started by the airplane pilot.



WO 2010/ 061384- PCT/ 1L.2009/ 001110 - 19 conmand and control system 250 may
command the tug 100 to perform di sengagenent. Alternatively, disengagenent
by the t ugorray/dsessaut omatically actuatq by the sensed Iparatioosromfiiiot he tug
at a predeterm ned di sengagenent |ocafion adjacent the take off point. The
di sengagenent ahidabidas taR g BP¥raliéh, GOMAGHYNCHRE s ol A5&hMyl125tHR faiidd @k er
119. In response 5 to an instruction to disengagé the tug, the clanp
assenblfprcest which at¢ sppligsdgledhé tanding| geapimigie datjaeraalenlanayispesifiadly 4pnqpe.daezero,

| andi n ear wheel.s 204.and. fuq. 100 i e wand,  wWhi el

bi 1ot | SRR PHEE 1 B Sp b datte farc AR AL PR politon ind FE1sBlch by e
al | owi ngrpldne ot Plypieally datlieD @ eRy lodgRedialt &is @20 sfothe difptancams d péulindle
keeping the l'anding gear parallel to the |ongitudinal axis of the airplane

2205 adandieg geanpemans insthappesiiqrowie thertug 209 ghangas e headingalang K5 travel pathy er
may be -ar h . .

carri o ey B bl ddHeetdl MAGRCRATAL 86, FOF BROAPRORHsclAl 281 by
acconpauained irlby duésioamppadiieao tleft ofitheaug #B0Comuni cati ons cord, by the safety
driver. Fig. 5D illustrates a contraqlled acceleration and steer.i of
the 'tug goveMHERPBYRCBIR ORI e gt GVRFUIFL VPR, &Y Bp dam i B0y B

wi thin o?éﬁﬁﬁ%%ﬁé&i?ﬁgnégﬁﬁgs bh Thd fhait 1aRBRES8F, WHIGH isLRntheGiately0Rsisé@ By Forde
predeterm ned tug autononous travel path fromthe take off area to a

pr elfus Isbasoks 148candil@f, t aki ng i'nto account one or nore of the follow ng

factors: instantaneous..l ocation.of the t 1 as I ndhcat ed~by t .
| ocation serSBPROMAUS taxing may LraplpY, ¢ %ﬁe‘?j#o%%&?%%%fo\i’egoﬁn 61;1111% QU s
123 or spam®ngsutdrdfunctionality of &hirpdriBoriiafd ABA icOftrélicehite wingiatddrdinaet and her
vehicl es along the tug travel path which is 20provided by the airport

comand@ptintzesdhe taxi trayel path amiospeedhal ali pf erfaxiingrairmiencciatthe girpere for exasmple

pr edet er.m r t . g 100 fromthe take-off location to the
pre- pu%@é@%%@ggggR?ﬁ}eﬁlsl&ﬁlrx#g?%&#i on may be stored in controller 119 or
progi ded & n Pogidiloné bNal thy airPRinad faRing inahémgpuit;and control system 250. Fig.
SE illustrates controlled decel eration and parking of the tug governed by
control | er Zdadation of afjraérplans ixa eleatapeestandaxi travel patisfaysetide i s now made to

Figs. 6A, 6B. 6C ich are respective diagrammtical.il]ustrations of
st eering fu%&?ﬁ%‘ﬁ&e}q@a%lciﬂh@n@&%gﬂ g&‘l%yrgﬁw;iﬂvﬁgc%}mvs\hi ch provides
Acker man st e@iid dihafdedtdefumbctioiafiBEmd) drovide some or BUIdTith@followimgfunbfenswhi ch

illTustrates the airplane 202 with its |anding gear wheels 204 30steered
strai ght aheadidanesraf rumeay magisiondi nal axis 220 of the airplane 202, the

fol ] ow desj ti t ted: L .= dist.a I t
| orfdit ud: Rl Ens SRl EREME S s a5 Bebiass o fuRS HEREE AR art s9Bsoz
of the | andiggingeaiingheel s 204, and a line 304 joining the main |anding

gear, here designated by reference nunerals 306 and 308, WO
2010/ 061384 PCRinizd@osHiojamiston the taxiwaysi andli nal di st ance between a |ine 310

connecting the centers,.of ck steerabl e el s, 108 and 110 and a line 312
connect i ng teﬂgbl%rﬂné’?eéhag‘? p?&&?Pﬁgﬁgéﬁeaﬂ%%ae’élﬁg%ﬁ%ﬁmfﬁSmffﬁ)engf' the tug

100; F'?g.:4,5(riﬂﬂ§¥zﬁéssﬁnClhﬁﬁaﬂ'&?i@ntﬁﬁ&ﬂ‘@‘fﬁh@&ﬂ%qm &fd weegikrsladd302nd thd 0
and between centers of 5wheels 104 and 106 of the tug 100; and C=

Di s%andeginaingend autamiomons taxiing ogeration Otheawpl@gdanding gearj wheel4 lie parallgtitey
6B illystrates,.airpn 2 it hod i : | . b
ool o R JoeiaB B 2o 87 fueladef fod R0 EERRATASR, Pl ibBtbe nET

cor r es paReibRgwhél 1040106, 108hands LN the agd@0tlsy liedfaralRl af axes 210 ahd220:hassi s
102 of tug 100. Controller 119 causes rotation of tug | o steerahl e wheels

I
104, 106, 1082-afR ilusirates iitipd tuming gfidhe fugod0Q pinder eontepd afpgonirgher 1P:sieen
that a t . i el 2 ] = i
tbr oug GEple SRy PRy RO RRpNEq Mohlad SRR BGfmARY FiPEont
thad Acksaema2Sthassd ng ©fC4 kestanr Plsaseen2i2 Fig 48,0thec eitplases pilot wets abedise n

Fig. 6B, in accordance with the follow araneters: + Cl2 = .
ot an CARUICT AR Y R A% A0 or ferglf 4l Bgym). SKcept Tof efiétgency 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 100. In order to avoid

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 —a, which is equal is magnitude and



15 a = angle of rotation of the |anding gear wheels 204 relative to the
| ongi tudi nal axis 220 of the airplane 202; and A= Steering angle of the
wheel s ofwougioli@@ssgi = 104, 106, 108, 3 d 110). The cal eglratzosoafiiof | u as a
function of a my be as follows: LI[R*¥ C2] =tan a > R=L/tan a - U2
20 tan (o%gés(i’t%) in~ drtctionMo? tHeOngle o Bétvesh rth@-]lél{%{uhﬁ‘ﬁl axis M@ of tHé 2ugiandahe
tan(flil0) = [L - Al2 cos a + (A2 tan a + B/2) sin aly/[L/_tan a+ (A2 tan
a + B/ Wngwdinal axis 22¢ bf te4)irptank] Rotafiprp of the sapporBassembly EAY jsisersgd by rotaporp +

B/2 sin a 1106) .3 < 2 cOs.a - an a + B/2) sin a]/[L/tan a
- (A 25?%14‘?r iﬂ%%@)pré‘ggesa% {Eﬁfﬂbaél(@&gquﬁoucs(}nyéﬁ/gé he operation of tug 100 in
accordance gdnfrofled MO b Steér e AlgOMU0 Byhsteetn ok A0y whbéls 104, 1080108; and 110

reoriented relative to the airplane 202 such that a is zero. As noted above

with r andpretatieg ths sunpert asgerably d2§rby3suppesaspanbly rotation maeipr 44 dn gecordange 100
by rot at.j,n e 104 SGY

or o1 natih S SEARAK Eortet IISHRC Ohe ekoadl®Boop! AyrBlac 8 RAGHESIOTHg 100
zero. @olidwoh pedettiRinedyrabel papeesadtilisked oy thewsrpon cormiamidiand cohtrolhsysteong25000
such that the instantaneous radius of rotatign, R+ C. 2, of the tug-towed
ai r pl a@eze@qdée%aflagﬁpieemloxsga%eﬁéanigﬁépa?ﬁs égé&en%uéﬁdﬁhafsthsflmmgaﬁagwﬁlﬁevig

o 2 of . ) _ _ Lot 2 : 150

F gs AEuiRBillfto b ig ARl fit 529 of hel BHIELATR, fustt gt AAGSIBE
sane waycenfait therangle abétwicen ite lpugitwlina pxisi2d 0tafghd 6@ HH mdothe dongiwdinat axis s

. . Ref i d igs. 7A and.7B..which,illustrat
o o el s i, oSl ARR0E b Bt g ehPrpg Pl e ©
porti of, Qe IddgitYAhAIAN € 280 Bl CanSHAES - Bt & 1¥D¢RGre haBtheyAdiag tgahd Whekls 204

system pressure (Ps) provides the traction force and will be used to
cont r olremip aliged@ith (tedosgnpopl axis 330 pHterimlang atalbimepe | andi ng gear of
t he airpl ane,.duyin ccel erapi .at i i.ng, r

force cont rg:llg‘l %%619" factd gl# grgtgégt%g%étgp&gmo?Fh%g{%zér(?\%(}ﬂgrsbr#t ﬁg%‘glﬁge

conssr olpetvaR thelddgititindl Ak iz 10w theatug 1100 pndvitel losigfudital itie 226 oftheraiplana 202
required to reach desired speed. Speed and Force contr ol I,oo?‘ipgut put are

t he RPENgthejansieta besveen theuppeit assemilystZSand ha dongitudingl axig 219 pf (g 100are 5 |
angl e %ﬂ@\%@to%cf‘f\ﬁ &@Pmél@}sho%ﬁ?ﬁq:ig?m.rm i nput (feedback) i's wheels
gha (53), 0

odonet er  si ce control i nput (feedback) is the force sensor
si gnal ( EF) RigddIhylusarates ansyvetriding rof slseingto(éisdys motle of topemtien byvbhiagpkne

| oad | PebdouTamBlEbY Bie ErRaRale! PiFSIE ony FRISE R 722 A pYRRTnB g
moter 160 6 ehkRlefc ¥kl & o 8hdbddtR #‘E%E%smonwm@eﬁdgow thékey 1007

mot or 10 torque control s punp pressure. e notor has a dynam c response,
roughl ysrdederited atwva with geferanderto sKigs. et Nbiyough SE- Biaking: pf tharairplens 28Atis

"rd. The revo]ution speed of 1 draul i.c tor. 1 i S: 0 .

i au PO, b SRR The Rt Endihe et o TRARD 8F tud BlERE 268 Mising 1o

pl at e RUPRNY & deRlcpatannd thus Wasleditedy eaugiigithd bgplicatidd Hf fdccansdiEbychpifoot | ed
by a val ve (not shown). Hydraulic notor 162 constant is Dm providing. the

tract i sansosy Hgeon clpppy T the oyputaf Whichsis secsived by sanpspliey MPswhigh immediately | s

Bh,,.an I.cl that can be translated into an equivalent inertia
J2 235 gggﬁﬁggs@h@g@{)y There is no spring effect in the system

(conti nuous CGaitralleoh)? terminatesithe pushbackt opdratiomemsde bitidvwiug 180 (ahdpranvljersstheed

of response) of the speed and force .contrgl |.oops, seryp-valve 164.is

i nst al [tag mqsle; tﬁealﬂgﬂfeam??tcc%%l ORI RSe esﬁﬁg‘?ﬁfall’ﬁvﬁhwg de eSWCBrt82§.‘§§'e3A

| i nes. tﬁ?ﬁﬁl‘?ﬂ%’?" ve 164, a fast response valve, controlls the speed and the
0

anmount :
Inasmuch as there is a time lag between braking of the airplane 202 and 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.



20 energy dissipated (absorbed). Controlled opening of the servo-valve 164
is practically "causing to | eakage" through a narrowed pass 165 that sl ows
down t he wehomls13sup to a conmpl ete stog (no flow througkcrhezaowbanio- al |

fl ow dunped through the servo-valve 16 )7.' During a fast pilot braking
(decel erati o0 Bufif 16 altorSinous %&D%&Mi@bggiﬁllz%q&%’s? iy Reh tthetaipoand
then the vehicle inpact (40 ton) is taken the |'andi ng gear. However,
even t hemmaykdemd qootrel fitsten® 350 ot elndlob e¢romand Ggnsanitted viaawe Elestrpnie Bligho Bag x
0.5g = on_.on the | andin [ Loum. al | .15 W= 60 ton for B747
for exéﬁgpi)s.‘wh as comippigia ?&Q'P‘??%E%ﬁ%%%%ﬁ‘é@%Lgé\v'e"%flgrﬁ?l}dr aulic fluid 167
during a norpifr 4K eRehicd & cdndlollex atqleatidn 68theaag W00V ahe ali@nanbpd afode iof
accel erated or noves at a substantially constant speed. In this situation,
t he Sseroperaignygovespd( b sentenller Ad 9P FasrOnsmtinren gy, e IRNUES éf&?lvgi froum pirgert

hydr aul j id.3 7 ' I

161 andefirt Binb8l s G SSPORI R ORE LIRS JATTRS, BIFP B APRnE T
i |1 ust neloety WhecH isawittoh phedéteamined spdedilinitHat pdedetermizeddoedtnpalongdn aplanet he
ai rplane pil ot brakes the_ airplane, servo-valye 164 (s opened, causin

| eakagdtayel PAHd2G tocensHLS; @at1%¢$ Wshaﬁt%gﬁﬁb'ﬁgg ﬁﬁ‘l‘rhéol% exeeed p etﬁrm‘%eg
harr Omgni&af&ir%g?ﬁth{l@Burﬁloﬂ%r AR £ HE fIRMNifig Bactor¥O 2010/ 061384- 22

- PCT/ | L2009/ 001110 Fig. 7Cillustrates the angle of variable angle
swawh pl a e foreatindwoetdr by knowa slepes cdt evasipes docalibes dloegedn mipplane ¢wmelr sirface
vari able angle s h pl ate pu 161, A smal.ler. le, will | h .
pressure of %Eaﬁérsgf@g?’ éﬁq fug ld@”g% loffiong mixﬂ@t#ﬁg%i%p@tﬂll%ﬁi%hyiﬁ)%@n
down the wheglsindihetibfhlity) SRhr At 6BS thadtioaRiRddedel HBMdeOHYaS Sud aloinkd lugan
be connected in parallel to the 5 variable angle swash plate punp 161. The
addi ti onal Bggties sgsphl2hicl udes a servo-val ve 181 and can be opened in
response to ei r a high han desi hydraulic fluid pressure, of .in
response o "Yiﬁa ggfcﬁﬁlapB]?ed:fo f@a%‘qu%ﬂ’?e&fzg r‘B%’"?@?u%‘b Fegaﬁ(gfl% éﬁ? W if?fﬁ?sah%mg

pi l@t-contr %&gﬁ@dbfoaﬁﬁie%nﬁﬁlléﬁﬂﬁfrbm aingort bi teRmMolfted OMind Xdeh&sts, bdch as tu

controller 1 and/ or by hydraulic pressure sensing el enents aiinot shown) .
101t is not eeountest windtsanssy d32.sandatihairpeairommapkandropiehfusetienaliyy; andr aki ng

of the airplane, ,that they.can.be opened. in parallel or.in serial ner.
e of ¢ ht ughaed PRl BitGneREdS aerEl dpefont sty e ol BV
exceed a fi rsaifaddfrBeidtby ieithe 100etholbRtiohsbeiRg idshtifae o siensdni@lier 219 by
forces that exceed another threshol d. For exanple, both may be

opened when tkefesatign Benskignfintoenadity providsduhy theslgcgiomesnsor R21xndeviy gimport he
addj,ti onal b ned when sensing braking forces that do
no?oexceed (5}4%%(1%8%@%“{%&%5&2 bl ock di agram of the inputs and outputs

of force comheotontrdtipr 179 mpedecetarntertaé th® AP0 lrégpomkive marenlpao taiplane pilot
controller 119. The force control |oop ar}d t he speed ﬁ&ntrol | opp out qg;s
S@Ck%(ff%’f

are t horaing pids sirenrdf2.dit gisede detaeiionrol sabaialesemier -
variable 20 A\ gﬁr(l:%\r%@rggragll?h%r%%ngrgllins&ﬂ&idng REdei{deRIRAL K Dort BothRafi® and

control | oop orce sensor signal and hydraulic system pressure
(P). Spestloloenter 350 Beptug Acélenation {f goened by avagrober k1einubsponse, deonaliarto

si gnal .. . Fig. 8Billustra a anple of a Multi, l.nput ot .
QU TemiEeeisA om foree HROROHTE ahd dEBhersrs 4 FrRrdpasl SeruepRaatio
appl i edheR¥ech e taippae! SRIStHeURlg, tHerdb§CRI NS A fhicel Qpplddlite 1 bédel ffSthguch
as: Wes - towbarless tug desired Speed V des by diesel notor speed (RPM;
Dp - hyiipbee 202 to pyithin edgi¢rairgdeiorce(limitgue/ f |l ow Tp = DpxP, Q@ = De); and
Dm - hydrostatic notor..di spl men r I I = Q= De )
as weIIy as &ﬂto é?rstonﬁftt‘rllg&l 321 @%ﬁ' ?no%lor\q/%a(r?it%%ﬁéxté fé’ﬁgg% Ogsﬂ:lg:l‘%ﬁ%}lggﬁe%r g hflo(r: e(sa)
Speed (applichby $he pidétr Bakingd, the doynttoRer 119 aleDints peasintWohe or Ahore refahé Gattors

Vehi cl e Traction Force (which is controlled by hydraulic potor pr §I§§ur e P);
ancP \lessibse aberyes sdichnase andiegiebby data fromythe|vafieys sengars,ueh ga senspisci@d. 121,
appl i engnantdhﬁ3pl ane and on the towbarl ess tug.
Controller 119 may bé 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 at various regions of the tug travel path. This speed limit information is coordinated



Fig. 10 illustrates various control |oops that are inplenented by a
controller of the 35towbarl ess airplane tug. WO

2010/ 061380RCIVbLB@09/ 001110 Fig. 11 i i a flow chart of poetthmdy/@Q00) f or
towi ng an airpl ane. Met hod 2000 $Part s by stage 2010 of tow ng an

ai r pl angabifEntaA¥h Hdi@Sifg M ARBu l6Batidh d1ahe RIESI00Iwhith Bhy bepividadyftag ce
sensor, a force applied %o a landing gear of the airplane in at |east one
gener alldgatinns¢nson1 2. Thercontrolbex uﬂmmn%r@emmhﬁaamn@aéommm whaghhindicatsad:

wherein the 5 bypass th.is ¢ l.ed a variabl e angl

and hygl?eal?lsfaetaﬂ%(? rsp8$‘?%‘h?lﬁ§“%ﬁ‘%{g|ﬁi rtltc%clibﬁfjk %gquéarattﬁsa c%él §é€@§n@§§.{a§ etegqu
tug wheglas close as pSisttle tHDn&aB eReeddthé epeRAlREt Bt the ynsentdnesus Dekrivn fthe

ai rplane tug activities nmentioned above. Stage 2010 is foll owed
by Stad¥e-2015 of sensing a pilot-controlled braking of the 10airpl ane.

St age 2010 i i l : i wed
by ot age 2058 SP USSR RRTYILBTE Berdile 10 BEREn FERTAGon P ERGEIBn T 1106

f ol | oweslabto Ixhge RPiZOntaf foagsrpplied toythalahdmgeat sfahd eirplasd 202stn gueeptatde | y
in response to an output of the at |east one forc ensor. indicatin

ai r pl aki@ip;fPoexaRple A%{f Pé&‘%@lgllbfﬁggf@?s Wﬁ@hainfpbrsm eiywlb%legmgét- roControf o
reduce R il &) hitss 248 RhADEY, AvhidiPinkitGte RS Ul t
of the fgﬁdﬁf’g‘flﬁlﬁgﬁ %déﬁgg%)mﬁr%Ie‘flggsq%?gkgif%g?fomrﬁsreei&ﬁrsduri ng a br ellki lrrl1 period

t hao f slunowisthe Hercepepplieg tofthe handinggss of dhér aimplahg assulimg froof, indee ahigdwingd, i ¢
fluid cjrcul ates hetween,the hydraul ic tor the b S th s to
reduce SL?pF%trgﬁ’ing pri, g a%creletr%éont ?fgémggqt{onﬁ;g% %‘?ﬁ?gﬁ ainﬁ/g)r Elzfe&gi er
one of THagofce!ftenhiloloRp iR op@atid Rt dcedlctahese@icelerate the tug 00 BuEIY adtdyipiRSsn
path that is sized to reduce a flow of hydraulic fluid through the bypass

20pat h thenforegszaensed hyofascs sensorstl48yandal9 wificigntly helew thpeac & landing gegr

cl osed;..opening..the.b p. . i RR! i . i at
s el b R KETER o Bebin 1 R ert e i clohltop br Bk BB 4l
valie, thd difplaheR0Riorehep@gil00. t hat is rmuch smaller than a resonance period of
the hydraulic notor. 25Stage 2030 is foll owed by closj n% t he ,b%p?ss ath.
The bypass p¥hen basHE0Gis opermtixp #hthequtongmoys BHNe apdsPToperatig b“ﬁgaé & is

bel ow g;ih ﬁﬁ%ﬁgugggﬁ, WieR MeRLELptdAct élpg 760 2 BR"thREd RFRHe 202 re typically

conmbi natTon t The braking period tan stop when the plane conpletely
st ops dhiost pévtel drpdanepilop eardrdlled taximgheddevofoppratidef the etiplepe pdott hax bdiabld to
Met hod 2000 can incl ude stage 2040 .of appl yi ng .one or re control | oops.
Stage 2896sdhe AHOBRMANBENY Flt o ALhlgecpilaigensplrd fiode af aBeratonby
2015, %Bﬁlgingaggg.ir?ﬂiﬂe 2Pakes anll 2eRMARG tuCaBeripChaR A | lgr 08P FRE aliprhé Ol

| oop, a force control |oop, a feedback and/or 'a feed forward | oop, and the
| i ke. pilot may alsp apply 2lgi@irpdane brakdsie emgegeneyisiatigns. by the tug control ler a

control angle.of the.variahle angle,swas | at u .t veni . e
2020 of det EHRRERABE TS PE RypaEhiaile R hSHRY BuaE ISR R Mol HREC,
| oop t h@tth€ Fact fatt tHeggRuAd MYyvaien®l bE QlfEaifflarfsdCit theCaifiorDlard ampaged By the
2010/ 061384PCT/ 1L2009/001110_St age 2040 can include at | east. one of the

f ol | owicagmsnd andogrsimehtsyeme 3R ebpn integratadomannay. this ayeiding dines jof airplanes
G PO SRS AL WD SR 08 A BTy
punp; 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 SE, which are respective pictorial
illustrations of various stages in the autonomous mode of operation of the towbarless airplane
30 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 pilot. The



5 introducing fast changes in the control angle of the variable angle swash
plate punp to prevent a force applied on the | anding gear of the airplane
to exceedwe 2owwessuhr eshol d; i nduci ngl§I ow changes i n trheicmotoahicangl e of
t he variable angle swash plate punp in'fésponse to a desired speed of the

t owbar !cgﬁﬁnaﬁﬁr Al PRGNt 9sysRRf 250 may coriRhnd B fud 900-hopukdrth AIsLRGHB M.
determ ne the control anygl e of the variable angl'e 10swash pl ate punp.

St age 20#nativelyydisengagbmsitdygetbe dig may b agtomatipabtactirterey tie sepseddpeabion 9é
(2042),. applying a feed-forwayrd process to the variabl e p e
buro Sasaape” ehch et g BURERE iRl aifihd” ofe THER Vot BRNLPIRS e
swash RiRhgadeni¥ht {rld&ionk hady BtsiRmuhitediwiRd@8E toths kontrélbnm1 19 1hFegponke
illustrates the airplane as including.an electronic flight bag (EFB) 991

t hat cdéenanrihstatctian (tp disengagecthe J88.nhA rdamp wpsembly, 14 Bs dopngrged %éontl SHBBRINS s s
airplane tug. ' | { spl :
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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:
e L = 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;
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Reference is now made to Figs. 7A and 7B, which illustrate a portion of the towbarless

U

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
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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=40,000x 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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10 It is noted that both bypass paths can be opened when sensing a braking of the airplane,
that they can be opened in parallel or in a serial manner. One of the bypass pathes can be opened
when sensing braking forces that exceed a first threshold, while the other is opened when sensing
braking forces that exceed another threshold.

For example, both may be opened when sensing braking forces of about 0.5¢ or more

15 while only the additional bypass path may be opened when sensing braking forces that do not
exceed 0.2g.

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 Ny) of diesel motor 160 and control-angle (®) 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:

e W, —towbarless tug desired speed Vg, by diesel motor speed (RPM);
e D, —hydrostatic pump displacement (torque/flow T, = Dp*P, Op = Dpy.); and
e D, —hydrostatic motor displacement (torque/flow T, = DpyXP, Om = Dmwm);
as well as outputs multiple control variables such as:
30 e V., — Vehicle Speed (which is controlled by hydraulic motor speed W),
®  Fyacion — Vehicle Traction Force (which is controlled by hydraulic motor pressure P); and
o W, moor— 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.
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Fig. 11 is a flow chart of method 2000 for towing an airplane.

Method 2000 starts by stage 2010 of towing an airplane by a towbarless airplane tug
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
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
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

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:

e opening a bypass path that is sized to reduce a flow of hydraulic fluid through the bypass
path in relation to a flow of hydraulic fluid when the bypass path is closed;

e opening the bypass path, using a valve, within a time period that is much smaller than the
brake period; and

e opening the bypass, using a valve, within a time period that is much smaller than a
resonance period of the hydraulic motor.

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 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 control loops. Stage 2040
can be executed in parallel to either one of stages 2010, 2015, 2020, 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

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

5 ¢ 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

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

10 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 results
changing the control angle of the variable angle swash plate pump (2046) that causes the airplane
to slow down.

15 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

20  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

25 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 oné 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

30 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

35  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 cﬁrrent air traffic load. Typical timing differences can range between one
5 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, snow, rain, strong

10  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

15 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 additionally 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

20 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

25 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
central entity such as a control system of the airport tower, such as the control system illustrated
in Fig. 4E.

The three towbarless airplane tugs 1601, 1602, and 1603 may use radars or other

30 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

35 ;. This expected time of arrival can be calculated or measured (if towbarless airplane tug 1602
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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 (¢; + At;) and
5 (t; + 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 can be calculated by a central control entity or towbarless
airplane tug 1602 but it can also be calculated by another towbarless airplane tug.
The towing scheme of towbarless airplane tug 1603 can be designed so that it will arrive

10 to runway area 1612 at a third point of time #;. 3 ranges between (f2 + At;) and (£ + Af;). 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.

15 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
lower than a desired speed of the towbarless airplane tug.

20 The cruise control scheme allows a pilot to 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 match its actual speed to a desired speed, by pushing the brakes and disconnecting the cruise

25 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:

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

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 tug based upon its location and a
location and a speed of at least one other towbarless airplane tug that shares at least one

35 path with the towbarless airplane tug;
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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
5 a desired time of arrival of the towbarless airplane tug to the end of towing location.

Stage 1708 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.

10 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 tug or

15 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

20  predefined speed range can be a relatively narrow range.

Stage 1710 can also be followed by stage 1730 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.

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

30 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 towing process starts at ¢;. Between #) and ¢; the pilot presses the brakes and the
towbarless airplane tug is motionless.

10 At t; the towbarless airplane tug starts moving and its actual speed increases until it
reaches (at #3) a desired speed of 10 knots. At 7, the desired speed increases to 20 knots and
between ¢, and ¢5 the speed of the towbarless airplane tug increases until it reaches (at ¢5) the
desired speed of 20 knots. Between #5 and fs the actual speed and the desired speed are equal to
20 knots and the tug maintains its speed. Between #5 and ¢#; 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 #5. Between #5 and ¢, the pilot hits the
brakes and although the desired speed is 20 knots the actual speed decreases to zero (at #9) and is
maintained at this level until ¢;9. Between t; and ¢, the speed of the tug increases to 10 knots.

Between ¢, and ;3 the pilot maintains the speed of the airplane to about 10 knots and this causes
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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:

e 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 1990 of transmitting speed and location information to at least one other towbarless

35 airplane tug;
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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 tug 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; '
e 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
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The towbarless airplane tug may further include a radar, laser sensor, or the like, that is
configured 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.



WO 2010/ 061384PCT/ 1L2009/ 001110 6. The towbarl ess airplane tug according
to any one of the preceding clains, wherein said controller is configured
to regul ave 2aicemsaol angl e of said smgzh pl ate punp. PCTAhmob/ombar | ess
airplane tug according to claim®6, whéréin said controller is configured to
i nduce dpgfvghanges in the control angle of said swash plate punp. 5 8.The
towbar|l ess alrplane tug according to any one of clains 6 and 7, wherein

sai d cdntr ol ldetowbarlesmhirplance thg eonfigtasefos reseivih@nadending gearot amwirplanasgd e

of said swas | at e .. 9. The towbarl ess airplane tug according to any
one ofq%WE@HE&%“$Hf%B§ﬁB§?mwﬁgpgin said controller is configured to utilize

a feed-forvarglcRisas essfidPed RYWRVIng thercoft le@st a3HHiGh @Fsaﬁﬁiaﬂdiﬁ?@%&; plate
punp. io 10. The towbarless airplane tug according to any one of the

presedi ng ol aa peopuisiont fremgement ¢agifigyredrie mygveatbs tugh iy & daestimgalang o tralestory

energy between said lLandin r and sai.d chassis... 11. The .towbarl.

ai rplane tug HEcBIHPNY"E 8 ‘%ﬁ%g%n%n%? SR B@éecﬁﬁ‘?rﬁ%hcc PUTRLCOURIES, 10, %%Fﬁgbﬁé
altering of sajgle SRA&hGatdHy8raRBE A6 1Bfa CRUSIEBIE byparsgatt Pdvé,udnfigured
reduce at |east one of its 15speed and traction force, 12. The towbarl ess

ai rpl ane tug sshdhatiarhydranligrlpid piscudates hetwsen thediump andathggnotoher &5 1 asHyae
chassi s conprj.ses p l. fi f L\ : L. d
ot on of tHE BB gARSRB plerERl o Bubhe oPind HECABRTINE Bkl AEL:
it 1iois nmoveabl 6f the eligcahedthel Bgats path $winth cliosezicdtatoyand at 143t mbiseof ihethydiaabs
airplane tug according to claim12, wherein said fqorce sensor. i s 20
configured t oﬂ‘ﬁ'éeféli‘}l"]@%]etsﬁérqséﬂ@em@?éWfaeﬁlegypgséimﬂbt’fgﬁﬁﬁ? a%g%mpg,atélﬁasggpa
chassis in at . Sai I ' T, ' int
according to %#ni?og%ne&gjf gbte %ag(? rgg%nnfgo}% %fi tirlrgt &%WE%P%S"? ?%isr%%l? ggerr%ltéejggseng?
novenent are sakpcted froma group conprising speed, direction

accel eration, and decel erati on. 15  The towbarl ess airpl ane t accor di ng
to any one ®ofattlgst BP%%‘E‘S‘? SEPSeT SOTHEUTGrhior WPRPULS, [dre f‘)ﬁ?’r B r@?tT @’8% PGTFed
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at | east bas on one or nore external factors.
between said tug and said airplane; and

e a controller in communication with said force seﬁsor and being configured to alter one
or more parameters of movement of the tug such that the force exerted by said chassis
on said landing gear is maintained below a predetermined value by regulating at least

26 the power available to the propulsion arrangement, the pump and motor swash-plates,

and the state of the bypass path valve.
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.

25 3. The towbarless airplane tug according to any one of claims 1 and 2, wherein the bypass
path is associated with a brake period following opening of the bypaés path wherein hydraulic
fluid is diverted from said swash plate pump, said controller being further configured to control
the state of the bypass path, said valve being characterized by a responée period that is much
smaller than said brake period.

30 4. The towbarless airplane tug according to any one of the preceding claims, said
propulsion driving module further comprising a valve which controls the state of the bypass path,
said valve being characterized by a response period that is much smaller than a resonance period
of the swash plates of said hydraulic pump and motor.

S. The towbarless airplane tug according to any one of the preceding claims, wherein said

35 controller is configured to regulate displacement of the hydraulic motor.



16. The towbarl ess airplane tug according to claim 15, wherein said external
factors are selected froma group conprising: 30 data relating to sl opes at
vari ous |woabiomess3sal ong an airplane trgyel surface to becrnmeweysmdioby said
tug; data relating to wind forces affg\é{t‘i ng said airplane and tug; data

rel ating to rffelthRfarldss Girplahe R £88rddlg B3y Ak rol?'tl?eggfeé’é?ﬁh@élaﬁl‘@ whereVi54i@Us
| ocati ons along said airplane travel surface; and data relating to

obst aclcestrollands aofipueels 3dzulad a chOTY Bn2leedsad swash plak. pulie t owbar | ess

ai rpl ane tug.accordi to claim 16, wherei,n said data rel ati 10 S
provi dgfg by eﬁﬂ%’ﬁ?ﬂ‘%ﬁ P{SHl%E%hL% ‘??ﬁb"rdb‘%?c{oi dmi g’tvl.‘ere‘fe?a‘ "é‘t“t°§\%o‘asrﬁ°§§§‘%a
ai r pl ang iddude BREHEbNMNtRe dditroP A1 bf sdidbwashiffatapdmps, wherein said data
relating to slopes I's predeterm ned and stored as slope date in a database,

sai d catrol ITe ?mbn@eﬁfajmlamr tugrEPiginge P 2oy aeinflaims Aeandodi Wherginppaid he
: A , . .
bosi o1 SARrEN ' Ebfrct @ et Yol AGaRlp U Bl SnadEbfatd ROBHIRE phR0S! |

sai ]9 dax a regalteim@bﬁxtlbss alrpiang tig acbirding toamesné sf plarnet ehmwupgled, swhdrest saiéd
as friction date in a database, sajd controller bei further configured to
det er nicABtrelig ipsentigwrd & ufiHee M@e%%rwddprgp?sa|taﬁsglﬁ%a\}5? Cgﬂffqlaaé’@ieagﬂ s31

10r el atg 5 .ﬂtefﬂ. fion data to said position. 20. The towbarless airplane
tug according to aim 16, wherein said tug is configured to detect
obswacll®s al dig tobadéesspdigpianeptughaccofling Theny osrzanrf dss peice¢ingredaimgg further
accordi ng t.o. any one of the precedjng cl.ains, rein said controller i.
conf i gfPRRTIFHEC nPRsorbeTs arangs: s‘ioyg%ofth egerg%m}f\gee&?ﬁ@r]@dg%ggqr' am{lgaléz.
The t owhadsisess airplane tug according to Caim21, wherein said controller
is configured to comunicate wirelessly with said renote command center via
an el edilr oni dheltpybarldssgirplane ag acthrdingtobany enssofzthe presading wipime.cwherpingthe o

any On%ltglfingt QF sdid 65€ gr' 5 recll)é%arrrlrgfersf Hh8Fment causes the tug to reduce at least one of its

15 speed and traction force.
12. The towbarless airplane tug according to any one of the preceding claims, wherein said
chassis comprises a support assembly 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.
13. The towbarless airplane tug according to claim 12, wherein said force sensor is

20 configured to measure the force exerted by said support assembly on said chassis in at least said
direction.

14. 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.

25 15, 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 on said landing gear
at least based on one or more external factors.

16. The towbarless airplane tug according to claim 15, wherein said external factors are
selected from a group comprising:

30 e data relating to slopes at various locations along an airplane travel surface to be

traversed by said tug;

e data relating to 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

35 e data relating to obstacles.



conprising an electronic flight bag configured to communicate wirel essly
with a simlar device 20within the airplane. 24. A nethod for tow ng an

ai r pl ane,woheiwmmsiisead conpri si ng provi d%gg a towbarl ess acrplLzogoduy
conprising: a chassis configured for receiving thereon at |east a portion
of a | gRdi Ng Tgeswhrcsfhidplahd RlgaiordiptiodPaith 16, Wérsih QBidedHARYRTRND slopes
configured to nove the tug in a direction along a trajectory and conpri sing

a vari abprevilad by as wadinaidmsensing durntiohdithunp coupl ed to a vari abl e angl e
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one of the speed and the traction force 30 of the t_ugl when the bypass path

is pn dughessenfiguad do dgteamine thepositiopsaf e tegen St aigplape frayel pustace andite s
across _th tor vi . SS path valve so as to reduce at | east one of
a rot atr%%tﬁaq'gllassgo géfa%ntéﬁglp?é?ﬁ%ﬁ' force of the tug when the bypass path is in
a opendd. st atfée towbarlebeaiffitufothgfascdrdmg to @iqini 159, et said glataiethting go tallibgw

said airplane while altering one or nore 35 paranmeters of npvenent of .t he
tug sudRctianatoreesis predetermined qngystarsd @s dpgtion ‘Eat%llf‘ §é1eaEPiﬂa%c?P’ﬁ’g°°§;‘§8her baing

2010/ 0%%%4-cbrﬁg£é& k@%@?e/nﬂ%lﬂag ep%éiﬁohsofrm& R\E@BH%‘%&J% Uh@ VA AR RETRAE
val ue by regulating at least t power available to the propul sion
ar nangegiatetsaidtfrietigrdgia senshidipesitiorswash- pl at es, and the state of the bypass

ath val ve. 5. The nethod accordi ng to c|ai 4, wherein said t L$.1N
gccor daflce wlfh t%‘ﬁgﬂkﬁﬁ% aHng‘c’:l%éﬁ f’r%coicg{‘%?%ﬁbff}’?zﬁz’ W}%‘?m,&a{tdo%d% Icggggg@ﬁl ane
tug copbieeiytRthcledhlong @& Miplahedpai@ndi ng gear of an airplane and towing it

thereby, said tug conprising: a chassis configured for receiving thereon
at | ea2d. a pdheit@rbastessairplatcaiigiaseordiagrte any one of the preqeding tlaimsn Waeieinétrent

configured to.nove the. tug in i | tr ry...1l0and a
cont r o P ol 65Fﬁﬁoﬁﬁggggtt%c%gﬁlpugﬁggb‘gf%%%ﬁﬂ gg%gtf cé%{ggaglh%p thr.t owbar | ess
ai npl ane. t ug TABdtoavbarlesie aipplahd efdg desofdit spe€thiinhel pothereindsdid cintreter 9ai d
propul sion arrangenent. to nmai ntain the actual speed of the towbarl estsl,
ai r pl asenfigiged to cammpricaie pyiralesshyauith said remgle commandirentes ¥1a aelecieandc tlighy
15a th% ctual speed was nmintained within a predefined speed range during
a pr edefrned period that preceded the conparing.

23. The towbarless airplane tug according to any one of the preceding claims, further

comprising an electronic flight bag configured to communicate wirelessly with a similar device
20 within the airplane. '
24. A method for towing an airplane, the method comprising providing a towbarless
airplane tug comprising:
e a chassis configured for receiving thereon at least a portion of a landing gear of said
airplane; and
25 e 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 fo 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 force
30 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 least one
of 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 altering one or more

35  parameters of movement of the tug such that a force exerted by said chassis on said landing gear



27. The towbarl ess airplane tug according to claim26 wherein the controller
is further configured to detect airplane pilot-controlled braking and

decel er atwonomiosidse airpl ane, and is fgéther conf i gur ed pco/miooeci11sei d
propul sion arrangenent to maintain the-actual speed if: 20 the actual speed
i's hi ghemdiligned WRIAES f8dkiSRARA vaNe bydfeghBASE a0 MRsOthcdPoér MlalBBle to the
pilot-controlled braking and decel eration of said airplane is detected.

28. Theremmbtien lagssgeaian| the pumpy and curtoll pyasheplatesi and2the siateradi the thypass path
controllﬁ; is further configured to direct said propul sion arrangenent to
changev? & act ual speed of the towbarl ess 25airplane tug to match the

desi r e@ss peedhefm@Rodhédetdng td tlaith 290 aherinl sdd bigisi iddictordd@decwitbdny 028 of The
towbarl ess airplane tug according to any one of clains 26 through 28, being
f ur fheclaiwpf itjopei24.0 apply a positive traction force at all tinmes during a

t owi f th ' : I - Al |
one of 21 ai me> SRV BPRCaplane s R QIRE BRI bR, b SCRAHpAR: By o

ti me thewingritthegbgeald thgeomersiagdi ng i ts maxi mum al | owed fati gue 30l oad.
31. The towbarless airplane tug according to any one of clains 26 through
29, wherei it thehassneonflgused fog recgivingstherean at lsast@portepnced idl landing ggargesi r ed

P ough 30 whERErhARRFERRe R, (oRNBNEa AR B | At A ppdo P 0

desbred tractamn force corresponding to the desired 35speed. WO
2010/ 061384PCT/ 1L2009/ 001110 33. The towbarl ess airplane tug according to
any one of °clarewiradlsr cppiignied o compare deveenaancateal opped of a tpwparlgss airplane

configured t a | at ir p a t.-ha RPN AR | 149 of
t he tug. 34%“%%%%109 gﬁegegrsn%gﬁ%rp gﬁ% ?E%daté%éér inaélat gdeg(%ll%/bgone oflﬂc a%lms 26
t hrough 33, wieingemeiitite nmigainrtbé havalispeddusfithetowbarlédsginpaiettag ifal cul ate t he
desired speed at | east based upon a lqcation of the tug and a |ocation of

at |east one othethepgiyal spged istpwer hapHie|desisedspeed#Rd t ug according to any
f clai 6 th h wher ein.. 1 1 Q) i ' d
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to calculate the déesite eas updbn a lTocation o
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one path therewith 10 36, The towbarl ess ajrplane tug according.t n
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to cal e . [ ;
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The t ovitnélrer essfigireptoatieect sajd popolstinregrangeraent tomaintdin cheaatwal 3peadhif:ough 36,
wherein the controller |s f,Lhrﬁttheﬁl;1 configured to calculate the desired speed
at Peast baseficapyl sResbieighsnthop thedesired speed; and

e at least one of an airplane pilot-controlled braking and deceleration of said airplane is
detected.

28. The towbarleés airplane tug according to claim 27, wherein the controller is further

configured to direct said propulsion arrangement to change the actual speed of the towbarless
25 airplane tug to match the desired speed if an airplane pilot-controlled braking is detected.

29. The towbarless airplane tug according to any one of claims 26 through 28, being further

configured to apply a positive traction force at all times during a towing of the airplane.

30. The towbarless airplane tug according to any one of claims 26 through 29, being further

configured to protect in real time the landing gear from exceeding its maximum allowed fatigue
30 load.

31. The towbarless airplane tug according to any one of claims 26 through 29, wherein the

controller is further configured to calculate the desired speed.

32. The towbarless airplane tug according to any one of claims 26 through 30, wherein the

controller is further configured to calculate a desired traction force corresponding to the desired

35  speed.



15 tug, an estimated tine of arrival of another tug at an end of tow ng
point, and a desired tinme of arrival of the tug at the end of tow ng

| ocat i on.w02810/0bi384t owbar | ess ai r pl ane ﬁug accordi ng topramgLzogoaiioc! ai s
26 through 37, further conprising a tFaRsmitter configured to transmt
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airplane tug according to clarm38, further conprising a receiver
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an estimated time of arrival of said other tug at_ an end of town Otiﬂt'
Ioeeikstot the

30 42. Aomigrlisees Rughereomfigureditn Galguletsihadesied seredt dnset fased upare? |
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| east O e I's expected to share at least a portion of a
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arrival of the tug at an end of towi ng | ocation. 44. The net hod accordi ng
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tug obt¥fns said information relating to speed and | ocation of at |east one
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receiving a landing gear of an airplane and towing it thereby, said tug

conpr i sbmiggurddstoarectisie snfermasivi rglating td speed @ndiladatign whet kast ane dtlerdug fom a
por ti Or}en%te%grin(rjnalngrégliltgrg gear,
40. The towbarless airplane tug according to any one of claims 26 through 39, further
comprising a detector configured to detect a speed and a location of at least one other tug by
25 utilizing a sensor; said controller being configured to calculate the desired speed at least based
upon the speed and location of said other tug.
41. The towbarless airplane tug according to claim 40, said controller being 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 said other tug at an end of towing point.
30 42, A method for controlling a towbarless airplane tug, the method comprising:
e obtaining information relating to speed and location of at least one other tug that is
expected to share at least a portion of a towing path with the tug; and

e calculating the desired speed of the tug at least based upon the speed and location

thereof and said information.



a propul sion arrangenent configured to nove the tug in a direction along a
trajectory; a controller configured to operate according to the nethod of
any one oWochaiossssd2 t hrough 47. 37. PCT/TIL2009/001110
43. The method according to claim 42, further comprising calculating the desired speed
based upon desired time of arrival of the tug at an end of towing location.
44. The method according to any one of claims 42 and 43, further comprising calculating
the desired speed of the towbarless airplane tug based upon an estimated time of arrival of said
5  one other tug at an end of towing point.
45. The method according to any one of claims 42 through 44, further comprising
transmitting information relating to speed and location of the tug to said other tug.
46. The method according to any one Aof claims 42 through 45, further comprising
transmitting information relating to speed and location of the tug to a remote command center
10 and receiving there from information relating to speed and 1ocati0n.information of said other tug.
47. The method according to any one of claims 42 through 46, wherein said tug obtains said
information relating to speed and location of at least one other tug utilizing a sensor.
48. A towbarless airplane tug configured for receiving a landing gear of an airplane and
towing it thereby, said tug comprising:
15 e achassis configured for receiving thereon at least a portion of said landing gear;
e apropulsion arrangement configured to move the tug in a direction along a trajectory;

e a controller configured to operate according to the method of any one of claims 42

through 47.



