-1 - TOWBARLESS AIRPLANE TUG FIELD OF THE INVENTION The present invention relates
generally to systems for airplane ground movement, and more particularly to control methods of
ground vehicles of such systems. BACKGROUND OF THE INVENTION 5Airplane tugs are often
provided for towing airplahes between ground locatipns at an airport, thus obviating the need for the
airplane to move itself under its own power, saving jet fuel. The tugs may be provided with a towbar,
which connects a landing gear with the tug, or towbarless, in which a towbar is not provided, in which,
typically, the landing gear sits directly on the chassis of the tug. 10 SUMMARY OF THE INVENTION

According to one aspect of the pres%%&ﬂwﬂwﬁmﬂ%étowbaﬂess airplane tug
plane and towing it t

configured for receiving a landing gear of an air ereby, the tug comprising: a
chassis configured for receiving thereon at least a portion of the landing gear; 15 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 swath plate hydraulic motor and to a
controllable bypass path valve, configured such that a hydraulic fluid circulates between the pump and
the motor BIEADO R AMNENDPONion 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 adf5sETRTEN BRI RAEBTH AT VRS ST S LT ERIERS HPRSFONE % Bttional
speed angnsachatidoketyab ihmitie) miesnithe pypads/gatieisdfisachpgsedstate;  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 25the tug and the airplane; and a

controller BACRIRATERR PRl dXOENEEQS0r and being configured to alter one or more
parameters of mg(ﬁ%ggttg%ﬁt@et%gt&p RN GH X GG RY H%?v@%ﬂé%i&u%_ Reaticns AHNY

gear is maintaine example, during movement of the tug) below a predetermined value by

regulatingaiipisadhuscopvineraith apre fortHie Biopnsicn BEshHeHemdth DO RATEEMERYIRS Jet -
swash-plaggs, ehd #ia statewf thevRaasapathwahe whivil ReanpRraqaies shabtheite i "teyvharless”
as used herein the specification and 5claims relates.to g class of ajrplane tugs withoutaﬁowbglr (i.,e., a
bar or othBMERSRITEL g RSAC KRR S RO BN %HXB& %f ﬁl?dﬁfaa\%gtﬁ%afaﬂﬁi §Gedr of the
airplane). da svéeudaiiegamimiane tug, the landing gear typically sits directly on the chassis, or its
weight is directed to an area within the chassis. '

10 SUMMARY OF THE INVENTION

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 thereby, the tug
comprising:

s achassis configured for receiving thereon at least a portion of the landing gear;

15 e apropulsion arrangement configured to move the tug in a direction along a trajectory and
comprising a variable angle swash plate hydraulic pump coupled to a variable angle
swash plate hydraulic motor and to a controllable bypass path valve, configured such that
a hydraulic fluid circulates between the pump and the motor so as to activate the
propulsion arrangement to increase 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;

o 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



It will further be appreciated that the term "controller" as used herein the specification 10and claims is
to be understood in its broadest terms, including, but not being limited to, two or more controllers, for
example each one performing a specific function. The towbarless airplane tug may further
comprise a hydraulic motor cross valve to allow a fr@e flow of hydraulic fluid across the motor, for free

tug movement, Vf'h n the b%pass ath ise%Io d. 15Th? b%oass path ma npeo g gc'ate)d wijth a brake

period following GPeRRgEEFthE BYBELE BEtH Wherain hytradi eIk s dverted from the ESég‘gh Plate

pump, the contrgiteddseminédrthaiueobfigumiating onftrisat eteapovethevayishlss patbetsozalsoneing
characterzed by, IeaRRIeRELSH ER A AR AR 0 WAL HRHOHouc: el RORUISIT

driving module may er com a valve which controls the state of 20 the bypass path, the valve

being characterifewiblbe rermerisiepdrpidhndens migerbatsatic rthussh hesim b snseisatsmsadwash
plates; of the;xdraulic BumibanrmelhetgscoRHAel MaY-pei coONisared dmépasii@elisRiamesent of

the hydraulic motor. The controller may be_configured to regulate a control angle of the sga h plate
Y

pump. In HHRcR&guRish RS AR ditTbaspie o biw e e P dRe ekl B BUR AR Tah RO ST of the
25airplangithrigbye, the TheiGanielieyphalhbsicAikgtivash héndiacsiaat eharyss in dhecaghiseinangle of
the swash plate pump. This allows it to prevent a force applied on the landing gear of the airplane from
exceedin 5%‘?&%'%}}%5% 18- The controller may be configured to induce slow changes in the
control angle of thevBDfewixshbplapeponipd Fort cha raptethigmiky be usefuhtoehrithg dpecidbrdimtess
arplage tad el aPaRtlwood PRORKENEE BAMOR R il SRR IBTAILprocess
(i.e., a form of control in whic upsets in Inputs to the system carl be used to adjust the System devices
in anticipatiors edwradlans| fanesamshlarrabthecaeiieronhvsrecibscig)dtirregulate the control angle of the

swash plate 35 gy Rywhatless aifgEnEONPANESRAHRIBRSIHERRY JHINE HEABIRISS SaREN ahsarbers
arranged to absorb ener%z;ﬁbetween the landing gear and the chassis. The altering of the one or

more pardnfeteflowrchvdrmuin fud prios the SOREER A ATOY U iret R (B RRASSIRERUS to

reduce itseggeed and/or traction force. 5The chassis may comprise a support assembly configured for

the receiving oféﬂg ortion of the landing gear and being mounte the chassis such that it is
moveable there %@’F’éoa?gf PPt & S& RS lnﬁgf?c lé)%;gg%lﬁr% Sficj(f'-:g Islgﬁ%n ?\?3?13%%%%%&’%’3%
measure thuthforoeandntdchidyctReidupdortrassinmb ho avibsh glatsgmmipatie ashthvdaitettipfurther  The

parametels, ot MOYEIPEBh ARSI AL QA HRNAROTIVIE S SRRt liesion, Wasgsisiation
and deceleration.
period that is much smaller than the brake period.
The propulsion driving module may further comprise a valve which controls the state of
- 20 the bypass path, the valve being characterized by a response period that is much smaller than a
resonance period of the swash plates of the hydraulic pump and motor.

The controller may be configured to regulate displacement of the hydraulic motor.

The controller may be configured to regulate a control angle of the swash plate pump. In
this way, it may conirol 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.



The controller may be configured to calculate a (predicted) resultant force exerted by the chassis on
the landing gear at least based on one or more external factors. The external factors may be selected
from a group comprising: data relating to slopes at various locations along an airplane travel
surface to be traversed 15by the tug; data reldting to wind forces affecting the airplane and tug;

data relating to rgling frjctipn forces of the air %‘}ﬁ]and or tug at various lgcations alo t%éa airplane
travel surface; aﬁﬂe (?é‘f’&k‘ Eil r‘?@r?ia%gﬁc%as"? f& %Oé?grﬁéga ekt %#’ %Igeé’grrsngrymﬁgeﬁ{:c%/i &d 1'l}f[)"li)/ an
inclinatioresegsibgtastibnalitying gedhenddia sizading to slopes may be predetermined and stored as

slope date in a dgtabase, the controller bei rther.can igur ‘91 ter iﬁ1§, hﬁl%@@g{)%%ﬂg@ tug on
the airplane tra\(/jg‘ %&?fg%ielga%fg'% r%lrgtglkt)&e&sg]c%é%aftia toéﬁggo%}f?Fgﬁ EP Téle data relating to rolling
friction foreaEomzydimqied de tarsriribel tag i sedksd Hs Predomdbe tmstiomismabase, the controller being

furthey configureg o daigupine theRaitiongidhediehen %ﬁéﬁ@@@ﬁﬁ@\@&é&%ﬁ@% talate the

friction data to the position. The tug may be configured to detect obstacles alon airplane path.

. . - e
The contrefidicripaging sersradrbeing esmHsdmedhe MrsisEichimatdtismons eI miperenceeast fBr

example vig anpRieaironiafiohtHagi3GThe teMbanRshHaicplamneted iRy duth eicmpiserad lectronic
flight bag configured to c mmunica%a wirelessf%/ wiégva%lsin}ilar device within the airplane. According to
another a &PB?%%ST?@%%?W% B THERE 1@PHI8TIdEE A %ethod for towing an airplane, the method
comprising provithiagpainsaarleSmaipirnertay borepisiddrom chassis aonfigsirecsfeedededvinonthereon
at qugt a%%gfgrgt%f a Iaygég%g(%% of the 35airplane; and - 4 - a propulsion arrangement configured to
move the tug In a diréction a ong ari'rajectory and comprising a variable angle swash plate hydraulic

pump coupled td hevemigiokennite buepstigiad oyenauiitern droedingdbrasebamt dhasiexsyisdday sheh valve,
configuredsugh fhata Rydaplic fluid iciguates Rebesn s PRRANhLIIS NP SaasIGagtiate the

propulsion arrangement to increase at least one of the speed and the traction force of the tug when the
bypass paNPesHCHsSdEP B A E AR A REL Fnost of the hydraulic fluid circulates across the motor via

the bypass path aplveiseRsda kg ee alisasiensnl asaialionrbBReesl AN duracten fereseltie tug

when the bypass path is in a opened state;
15 by the tug;

e data relating to wind forces affecting the airplane and tug;
e data relating to rolling friction forces of the airplane and or tug at various locations along
the airplane travel surface; and
e data relating to obstacles.
20 The data relating to slopes may be provided by an inclination sensing functionality.

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 airplané 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 thé present invention, there is provided a method for
towing an airplane, the method comprising providing a towbarless airplane fug comprising: |

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

35 airplane; and



the method further comprising causing the tug to tow the airplane while altering one or more to
parameters of movement of the tug such that a force exerted by the chassis on the landing gear is
maintained below a predetermined value by regulating at least the power available to the propulsion
arrangement, the pump and motor swash-plates, ardd-the state of the bypass path valve. The tug may

be provided as described above. ISAccordin a further aspect of th res nt inv nnon ther
provided ato?/vbéﬂé"}}?‘éif’&éﬁrél’t%ﬁ’lf’é‘ﬁﬁﬁﬁﬁ%%'%r PRSI gr‘ﬁﬂﬁ‘né' %?16 h E|‘rp cetoéml}cgwmg it

thereby, the tug amm&isi@ga \&ﬁktﬁssmgierﬁv@steﬁlﬂm tadeiviig ﬂnammmmlhmm a periabie giie landing

gear, apr ent ed to.m in dir ctio egtory;
20and a controﬁ% %oﬁlﬁgur %90 c%%%grr'ea’g&{\?v%g?}ngr@ }':1?:) ua?f}?p%e ah} %owggqpéhg%air%){%%g% t%rg and a
predetermined dediydchgie dblithevieoflatrsd terdpeac thh epprap uisibibarmantpe e estdamedhvain #he actual
speed of the to‘ﬁ?\%ﬁﬁ%ﬁ%@ﬁ%@lﬁ‘éﬁt% AR A PSR bt Iwstdbpming dealechsBrRG ARE 250

the actual spee s maintained within a predefined speed range during a predefined period that

preceded the coftbafg.the bypest@athoifeinndaglasedrattie randnilglsast mpefetl dha by iawic flud

pilot-controlled kyakingared-dacaleration Qiéhﬁeabseia@qman%w shas eonfigaeditesliresttbe a
propulsion arrangement to maintain the a speed if: 30 th a‘%u)al speed is hlglgert an the desired

speed; and at I638HgRE esh aa"?fip‘%‘i@oﬂl %"0 Hﬂﬁé‘&gﬂ?’ g?éﬁl%a 2SHfane is
detected. the meihae catiesllenipayike cfwthg mrﬁugu-necbm diﬁ@ﬁmbﬁ@mwmhmgmmﬂmﬁrm

change the actual speed of the tquwbarless airplane.tu atch t ed S|reds |f i e
pilot- %SCo%%%ﬁegrﬁr%kmod} Y %e%% {u %&%af?o%barrﬁ dCE' ane 3193 %nay e Sarlt gré %oarﬂlgured
to apply anpostsivedrheiion domedateaihmgduw’cg a‘QB\ngg)famée@tm%@ower Hvaikibielcbs

airplane (g BiaoReaHERIER CANAL"BEHID RHQ'SRLH 'RAAMRRRIES BRFRE SaR Hpmeem@glega;s
atoy gue loa

The tug may be provided as described above.

15 According to a further aspect of the present invention, there is provided a towbarless
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;
¢ apropulsion arrangement configured to move the tug in a direction along a trajectory;
20 and
s a controller configured to compare between an actual speed of a towbarless atrplane 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 ¢ the actual speed is higher than the desired speed; and

e at least one of an airplane pilot-controiled 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 conirolled braking is detected.



5The controller may be further configured to calculate the desired speed. The controller may be
further configured to calculate a desired traction force corresponding to the desired speed. The
controller may be further configured to calculate the desired speed at least based upon a location of
the tug. loThe controller may be further configured 16 calculate the desired speed at least based upon

a location of the ﬁﬁ% amgF%ilocatjon of at least réeﬁgﬁggrr tg Thte con}rolle% may, t?r% fhxcr)th?orr .
configured to caltira e RS ERs AHRIPES 48 Yo B8 { BALE d B S fo 0 tRRMGF BTG aRd & Tocation and
a speed odtailleastsaheinghan tigdhétisharebeg.least one path therewith. 15The controller may be

further configureflﬁgtcalggdggg ?}prgig&s%%d}_%wgM@%Rﬁﬁg&%@o‘é}&& ﬂp%o&l{{éetﬁggﬁ@ﬂga

desired time of arrlva?%elreq atanen owing location. ontroller may be further configured
to calculagsahéunsixectéivadts mariznirhalewehtzuedeadion of the tug, an estimated time of arrival of

another tug at an-gnd,of tWinGPBINfLARY BAeRRd imaiharivrl eldheitygal the end of towing

location. 20The towbarless airplane tug may further comprise a transmitter configured to transmit

information relatifief 6 SpEleTa 0B AR o fEP iR e toRIEHNRS inforhafFimay Brstisthsmafrtion, d95¢to an

airplane cegipipoininlensl-aRsiRhesdy, or a remote command center. The towbarless airplane
tug may further cgmprise a receiv nfigured to receive irlformati n relatigg to ?ogte an(g location of
an

rc
at least one othef gt T BROEE JORIRE SAPSBEESEY. oIS (0% SSAEEt hesthAR Fay PEtGurther
comprise apdetebicatvaniigheedgo detect a speed and a location of at least one other tug by utilizing a

sensqr; the contrgller being confi re(f tgﬂ calculate t e if k; t &%eg[ qggpggge&peed
and Ic[))cation of tr%eoﬁ?éﬁrr L%r ‘Fﬁaggrtz%n ro eefrr r%%lny?i qér lﬁ%%e%c%@\??glﬁ%%s c?%?:u?ate the desired speed
based upopa 3dcksticacfithetos andvalospaenerididrashoroideatith and an estimated time of arrival of

the other tug at &p,eng aliRNIRgPEINfurhe ASGHBIRE Q2L IMERRE ASRRG! hLBS AresaNbiRyention,
there is provided a method for controlling a towbarless airplane tug, the method compr%ségégé:Féat -
to

obtaining iR ARRSHIR RGNS TeecpderlarriimcarbA rat i 6t oth ettt ischat ey

share at leastatRetiRwvEha towing path with the tug; and - 6 - calculating the desired speed of the tug

at least based upon the Sé)ged and lo ti%n thergof a dtthe inf rm tiogési edTh%e %hlogs%aag further
compfise calcul B PE P AR el S TR JPR PR TRELE APk SRt
towing locgitana location of the tug and a desired time of arrival thereof at an end of towing 1Qcation.

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

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

The towbarless airplane tug may further comprise 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 2 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



5The method may further comprise calculating the desired speed of the towbarless airplane tug based
upon an estimated time of arrival of the one other tug at an end of towing point. The method may
further comprise transmitting information relating to speed and location of the tug to the other tug.

The method may further comprise transmitting inforgation relating to speed and location of the tug to a
remote command center and receiving there from infﬁrmation relatin%]lto spefﬁ% ggd locati

> ! ion
information of theatigrtgghe desiied tagerhol BhlgFirerthRasrhHBrNEIS AT REFERRTSEEon of
least one other tugdutibziigragemsor. 15According to a still further aspect of the present invention,

there is provided a towharless ajrplane tug configured.for receiving, a landing gear of an. airplane and
towing it thereby, eenfﬁ%oégnrﬁ&a'ri{i%g‘?r gocﬁ%réssﬁsccghﬁ%ﬁ ré ograrsler(%i\sl?ﬁg rilmezgg%rlil Iﬁﬁé%%’f%g%gfﬁon of
the landingfgeaval of thegysreparsioh eit@amggriveaticenfigured to move the tug in a direction along a

ajeciory; 20andyy,  G0glIer SARPAMIEAIO.OPALAIR A8 AL EALR 5, BR GFREBCRIFTION OF

THE DRAWING e presént invention be understood and appreciated more fully from the
following @&ries) e dwiplicnorafe §sirespguiasorl it theldmavang st ehats ERpd AfifowisE torial
illustration,gf,@ towbarless airplane tug; Fig. IB is a cross-sectional view of the towbarless airplane
tug illustrated in Fig. IA, taken along the lines 1B-1B; Fig. IC is a top view. of the towbarless airplane
tug illustrated in P mgihod may friRer RS JFROSH IS AL BRRARRI R B0 SRERTSBthipsatop
pre-pushhaakemng @0pusthackeoperations of the towbarless airplane tug illustrated in Fig. 1A; Figs.

3A through 3E illustrate, various stages of pilot controlled taxiin eratjon of the towbarless airplane
g ilisrated in I8 FA00R A SR i A s SR A S R < EAt
operation aff theettavib ar lessotd rpdaneatulydiiutstratedriachigng Ahere 7from information relating to speed

and location information of the other tug.
The tug may obtain the information relating to speed and location of at least one other tug
utilizing a sensor.

15 According to a still further aspect of the present invention, there is provided a towbarless
airplane tug configured for receiving a landing gear of an airplane and towing it thereby, the tug
comprising:

o a chassis configured for receiving thereon at least a portion of the landing gear;
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. 14,
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 atrplane 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;



Figs. SA through SE illustrate various stages of the autonomous return operation of the towbarless
airplane tug illustrated in Fig. 1A; Figs. 6A through 6C diagrammatically illustrate steering
functionality of the towbarless airplane tug illustrated in Fig. 1A; 5Figs. 7A through 7D illustrate an
energy absorption system that reacts to pilot-contretfed braking of the airplane in order to control the

load on the landing gear; Fig,.8A.is a block diagram of jnputs and outputs of a force conirpl loop
and speed contrgf%ﬁ'o%?\/\mf&"fgi’ré%grfﬂ"é?%fecgﬁ%"cﬁ?e%%ﬁsn8%?% iﬁﬁ@ﬁgﬁﬁpﬁr?“i’ﬁﬁl?pemmn Piy8Bisaa
block diagrarb:ofeas Miiliahrpul Miukireded pa i IMO) force control loop 10and speed control loop which
are part of the 9%“”3?'{{9 thr uﬂ%?j” ustrates a gﬁna}m;&g%ocsl%le%fn th to¥vbarf S, eatngvtgﬁe irplane
ﬁrtﬁIeH{low I}f SI ig. 1,8, Ig. ?)

and forces applied®on the plarfe and o arless airplane tu Ustrater
illustratesagransstep finstigops Eig. 14 illustrates a method for towing an airplane; 15Fig. 12 illustrates

towbayless tug apgl aisplang,cackipitRCCHRME éﬂé%? B9 JrEBL ML AR QLdigid Mol Solllsiates

towbarless airplane tugs having two cameras; Fig. 14 illustrates’ the movement of several towbarless
tugs in antafsBeoTbe aisias i fedes [ eRBa B doRdRY HiF AaRsiDsEc2DFig. 16 are plots of speed, pilot
brake, traction fqrge gand switek RRMatashmsdinctionakiiore, Rad waied kygesi efcandoaabial

speed of towbarless airplane_ tugs; and Fig. 17 illustrates thqd for controlling a towbarless airplane
tug. DETA?EEB’}B%@WWWW%H?F&%{)&%I RYBHSE 8 & semi-robotic tug for taxiing
airplanes from aRigirgBris 2% ¢ddelt diagake «dfth viukainisiphdyid douihime( MO ésign edntar] theofng the
airplq e without using the, airplane,s jet engi in arder to save fuel consumption and minimize
p0||utI5(])n. qrf?es %%d?rco%é?o lﬁg ‘gslgh U%Pﬁﬁ%%%?ﬁ,cﬁégrrﬁﬁ?/rtontrolIing in real time and at all times the tug

towing speed (thEigrépltuitgttteaaiiplamis engileb plaf fegliilirg the arg e i e ardhisgsrotecting
the alrplagﬁﬁingqug{e e o%é‘@%&ﬂ%@%ﬂﬁﬁﬁ&t@é NLSGRM ﬂpppg)gqggding its static and 30

fatigue load limits, and'thus not impacting its life cycle. Accordingly, a multi input, multi output (MIMO)
control concept, el Lyataies MaRms §APSARSIled variables are interconnected and dependent, is

provided in ordeg{p, dif hARAIAH AN B EAVWIRLQR airplane; |
15 Fig. 12 illustrates towbarless tug and airplane cockpit Electronic Flight Bag (EFB) units
according;
Fig. 13 illustrates towbarless airplane tugs having two cameras;
Fig. 14 illustrates the movement of several towbarless tugs in an airport;
Fig. 15 illustrates a method for towing an airplane;
20 Fig. 16 are plots of speed, pilot brake, traction force, and motor RPM, each as function of
time, and related to desired and actual speed of towbarless airplane tugs; and

Fig. 17 illustrates a method for controlling a towbarless airplane fug.

DETAILED DESCRIPTION

A control system for a robofic or a semi-robotic tug for taxiing airplanes from an airport
25 gate to a take-off runway is provided. The tug is designed for taxiing the airplane without using
the airplane’s jet engines, in order to save fuel consumption and minimize pollution. The
controller thus has a dual function, namely controlling in real time and at all times the tug towing
speed (thus replacing the airplane engine), 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
(MIMQ) 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



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 - 8 - operate in an airplane
pilot-controlled taxi mode, wherein the airplane pilot steers and brakes as if the airplane were moving
under its own power, and the tug speed is controlled by its controller. Upon completion of taxiing, the
tug may return autonomaously t re- s&; ack location at.the gate, control %g ndagr [ ggmmand
and contr@%?g?é%%afﬂgﬁg\%roﬁﬁ%f%gggr gaT)r(ril %g%u‘g %{S‘c‘k"%%qé”r? ion, %%—:fr W %i%lwe Irea{clég the tug
and the aifpthaeipjibineonwtie! suibeitggutidein dttacmT Inoweg rmed Operage speeth SutsHaRIdds briode of
operation dyfing-arelane Jaxl, LRG3 AP A4S sy SEl N RHANAISIB A B aPpheqRs-ipinclude

operation un &r thie dontrol of an airport comimand, control and communication system, which may be
subject tolegatiemet phet gaverdekiralisR dfe ehaHerh Sommang ead-regtroA sYSIeBn Y CuaVHiERTiNRYrate a

towbarless.aiplane eHARK teramtionakrulicationdVe AR0BLL 3R Avpieheipiassionesidaihe
assignee of the present application, teaches many principles which, are applicable to.the present

disclosurdugAuTRe Wtl-cCRRdRE RAYEIRS HerRRMRRORS L TRRAR T SRTENER A BmATRERS Biropriate
for apprommigtectaachingsoaicadditionaiiomnaligmaitve detatadfeatsras andidetephnitah hadegrhand. 15
As seen in Figs. 1A, 1B, and IC, the towbarless ajrplane tug 100 comprises.a, chassis 102.supported on
six wheel§® 18fn6“f8fW8fB %@%ﬁecﬁ %%ﬁsaﬂ E %%TB%%}%%P Sér?re%iét‘g%r%b%’%htéeefg %5@ fﬁd 110
and interraepliaie pibn-stegidble wheels 112 and 114. It is appreciated that wheels 112 and 114 may
alterqgtively be giegiable asell.The gantery &l ritan Sbstaeraplnibieels Al 1uaod 110,

respectively indicatéd by reference numerdis 115, 116, 117.’and 20 118, may define vertices of a

rectangletughtife fatrytationsidesifisation (RO A8 Bedeh ihassigard dothortisnest Aldbective
forward ap teanyaiiRelsCRG SARR IHRce AR KGO0 BB MA0SE WiskinRuisiainedky the

separation between the centers of rotation 115 and 116 of respective forward wheels 104 ang) 106 and

between the dethtepatsridheten! A1 BeTabY1 BICATRESHEEIDE FELRRASR %‘Elswgﬁgea?ﬁ?ﬁ&?% Ach of
wheels 104pAPBiakOfadifed b2 aatid ke snajtdaacioatietiatlyferiuen bydoceschajiahdingdrydndulic

motor (not shown) powered by a corresponding hydraulic.pymp (not.shown) driven by a vehicle diesel
moto? (nofSHEWhY n%r‘§§p8ﬁse1§o SB%eféﬁa té%&vggr i%ﬁt?"o%%?&%a r{c)({rlr'l 3°é%cﬁ1rfrsgﬁear %&@S.SE;EC 53of the

steerable supeeisd 64, s106vHESR, andudiQ Huaydrd stemrbidethednd bk mdrététemdnyapisstresaplot
shown) I IREROR9E B3 PRIAGCRNALSIANABIM AR LOREANEl b LT Wheels, udiud Gatimp.

and diesel'motor constitute portions of a propulsion arrangement which is configured to move the tug

in a directidreeliohly andhjddongy altemativedy bestestable FarehsSherpsictHEnamatgnRigisabdeering

wheel 12Q,1akep4 N9 n @ S00RHQRANVAINANEARE DS REASEE SRRV RN §)tertae Withd
controller 119 to enable a driver to govern the gperation_ of t,h%é?év%bﬁﬁl}?gks airplane tyg 100 prior to and
r

durirt pudhBarry, dEaRYSFIRCHY BVeHPRRenainRs: (el O SRR RSB T he
towbarlesgeaitplaitaotfiodud &3p:01Ry GRera® indreairplahevpilds-rahatmtie( BIHE) ahdeegiatpntroller
119 to taxi tQ of near :0Off point.. Near the take-off point, the controller 119 a aticall

manually ?B§ WE@%%P&%’E%@#%&%@;& %ﬁ%afﬁéofoqbe rc?r%ntﬁg g?rnﬁ 5%3%?%?&%%? o&aia(i:g,r%ofr mand
received frespeativaifooraioweelnd ¢hdrg otifohak heewenfrim centagslodanetaticentdr ardl 148tfas a

GPS 5 sensor. nr{ﬂafrg&g}&gr%@?ﬁ?&dqqﬂion sensor, and the tug 1OQ operates under contro! of
controller ﬁ% to return autonomously or manually driven by a safety driver from the take-off point to a

desiidd pre-puskasicieionhaels. Hdg 180 Ay ARG Bd%qnppdd ey DavispneaHebly 195vankYoR more

obstacle %@%ﬁ%ﬁﬁﬁg%ﬁ@&ﬁ% idfd} ARtAMRIWAN YOMREE b QN EoHEsfohEXBNMPLE A% S Pt (iR the
name HDL-64 b%,VeIodynet, which_output to controller 119, and one or morg 10, driving cameras 124,

which en R iy GRIE SiSselsMAiCRST) ShATRAD CETRMASH P SRECCAOITaNteF B Ning

cameras k24 dRragde taiabiide Nevesaiestafle peddind dilicals 204 tgblesreapatianty Wew
various Iocation?g%n or near the tu% 100.. A ro%a

able airplane landing gear wheel suppokt assembly
125 is pivoEHRY SR AR THEGHIEE Blﬁtgnﬁ(S’{r]i%osr%’[%%gler‘:ésggg?ﬁ%?ys%%%ﬁg%{éeia%?%?g & center of
rotation otthersilpi?. Thheawberth by i25jidesigpated Sipseienceonsiitidea ABpnsvd)z peonuigien

geometrical centor. of the fectanale. defined R e contersintRialionhl 13rddGorl 7. and 118 of
e Wi - '

respective s wheels 104, 106, 108, and 110. Horizontal base assembly 126 is connected

to the chassis 102 drivenvantiel intsriecapswwmblyinvitehantyuntiofer e sissrinmherl b rakerétttrelative
to the chaggig,fnghis GRYAARH dYefBontrols as necessary, may interface with controller 119 to enable a

driver to govern the operation of the towbarless airplane tug 100 prior to and during pushback,

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



20 energy absorber assembly which may comprise a plurality of energy absorbing pistons 128, each of
which is pivotably coupled to the chassis 102 and to horizontal base assembly 126. Force sensors
129, which may be load cells, may be associated with each of energy absorbing pistons 128, which
output to controller 119, and are used thereby in comtrolling vehicle acceleration and deceleration.

mounted B OUNEEL SPEGEP e AU TCL (el COEREhy BT Soagdl 150 S on 2
pair of foryara hargMitpeinpditar B2 tarcslispendbd amagiieir biYeatwaztddbpdingauploriby 32
which are pivotably. mounted onto chassis 1’%25 in ofts ga9ed i y
mounted tel%esﬁg%%)érslgﬁén&ésg?sg[%ﬁmﬁg %8. %/Iountlr%g gg %:if%@m eFe%tlrg all%rég te(SIreément 3%%%%6%{‘2%
hanging SuppaernsitBeriawpmiy méSetotlficstabts B 183 logatin sragaridlayisdt 35 rally
formed with circimigrential Raseiplementtdln sedtBe SHAPAE aRSBPYptircs andee Bivaiabbs and

rotatably mounted orito base 126 by apair of pivot rods 134 extendin outwardl% therefrom into

engagemesitinlier il 1018 BED ABIAROBANTY ST I8 KISH ¢ BY R drysn Epeuthedrkitdf bearing

race 136 fpimesidadinse f26-:3h Haik d6tanae ment poavides ol sglapvelwoawaltietereiatataplljty and
tiltability of the support - 10 - assembly 125 relative EJ th%a%se %e ent 130, the{horizontall ba%se
assemblyPTO 8T BRI AP LRisHeiaem Serts Hstaiin gt FA0' HREURT B EntEy BRIOPtRd Support
assemblysdR5uf@eatigning i BirméR & yavieindy ety wiiek batpthecsuppoliasddniy.ohn ainpleme
landing gear wheel sto ar.142 may be selectably pasitio Wi C ' e 140
by a'Sto p%grl%%ﬂi%eﬁ?ré}) g1 %?st‘g%l ?}ﬁa}!lecﬁg}gtg gﬁ‘?ﬁ}é g%%u ort a’sssueérgl é?ygggée%?%gé%%%%h%% pport
assemblyctmigifferatirsiRelyioiatapiaree [EAdingy desaratgiadis tor heveotalistdll o mantanib b Sthass@pport

assembIy&%ﬁggﬁgﬁ&@&@g@@y&ﬁg@ig&%&s&; &4&&@&@@8 fggotentiometer, which provides a
y rot

support assembly rotational orientation input to controller 119. Rotational orientation of the 1Qsupport

assembly 125 nfajoiagis amiansrading sert waeehiBRPoB:antsRIb b S enivotaply andtaisigbly
pOSitiorc‘ianQflﬁléH‘Qr@%ﬁﬁfﬁﬁ&lﬁt&ﬂ&ﬂé%&&ﬁgﬁi@%@@ﬁ@ gm@umwﬁmegmﬁmml mmsel , dto
upstanding frame 140. The clamp assembly 147 is qgpgrative ta selectably clamp airplane ing gear
whedls oSt S oA BRI 35513:% t’t’\‘gf’?ﬁg &gﬁe@ﬁ%ﬁiaaﬁoﬁeo%ﬁlél%lrﬁ?zngl%aeﬁaciﬁgl Gear
wheels ligsctigidateaaqaossihlecaxacthf ajtthiercéiiel bf, 13Htatibh1 827 ahtleetisgpEerablssehably, which,
as noted ﬁ‘ﬁﬁnigft %gl(égﬁometrical center of the rectangle defined by the centers of rotation of

els’ ' )

steerable'whe 08, and 110. Force sensors 148', such_ as load ceIIs,_ are mounted onto
a forward facingtbuitastabaseastamp ni2e mlshnaeredria batehassial i daringes irkideadostop bar

142, so ag te.engage the-anlane Ignding.geqr whesisiege0ss fRcanitidhamhasizegiakalapasvhich

are applied to airplane 20 landing gear wheels and thus to the airplane landing gear, such as due to

diffeP@ncentres cberabsriasseatbi Pieh M faTBPRYscR BB 1 Grrney rabsatiing Ridesmkt Afioirch
deceleratignganrd/ey srReebR’ anpicplanembeingsiovwed trreborizofalibstinedailianedardiog gear
wheel ramp 150 may be mounted onto bgse element 130. A paiy of girplane landing gear wheel
engaging S %%%e‘ﬁ%ﬂéénﬁg’%f?x@%c& d{‘}?&e%"fﬁsrs%lﬁt@hm‘ ai %lﬁ%ﬁl T é&ﬁ%%%g%% NG gear
and positiesngiifed sirplane andisit-oets, wikels oetbtieecby ip ornasdiéngbliyhld6 acceldrhigoforod
sensors 148 met%be operative to sense forces applied to the landing gear in at least one generally

: fiaceier on, . : :
horizontal"direcfionalong a trajectory of movement of the tug. This force may be the result of airplane
pilotasontrolled Biakimme! taeeaisptanridy Wificheprotueiss airsoferaivahliais dementiiPletdishafon. The

controller 118 I 10R¢5aHM 3hi5a3HRALRIY U) FRRRCARGINES RUIRY PiRErEySensRiidicagoa. inter

cilia, airplane pilot-controlled braking, resulting in deceleration of the airplane to provide speed and

torque coffol greasrir pilpmel iRngiptoremis 3 ediaspensisd O 1RefRS TV 2R is
such as t@scheer 80l the frrsanprinaie thedanding gear Hhiasaispipoas (B2 saxipgagedallowed
force which will ngt damage ‘ . . . . .
by pivotably mounted energy absorbing pistons 128. Mounting of circumferential base element
30 130 onto hanging supports 132 may be by means of pivotable axles 133, which may or may not
be integrally formed with circumferential base element 130
The support assembly 125 may be pivotably and rotatably mounted onto base 126 by a
pair of pivot rods 134 extending outwardly therefrom into engagement with high load capacity
bearings 135, which in turn, engage a 360° circumferential bearing race 136 formed in base 126.

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



- 11 - the landing gear of the airplane as a result of airplane pilot-controlled braking resulting in tug
deceleration and/or acceleration. The rotation sensor 145 may be operative to sense rotation of the
support assembly 125 relative to base assembly 126, which is produced by airplane pilot steering via
the landing gear 5 of the airplane, and the controllet(119 is operative to control steering of steerable
wheels 163, 139, 102,200,110 based ondhe.pusp tigialion sensar dan aniludnieshagse to
airplane pal‘lsoFs egrlng commands. e force sénsors 3andai4§smay e operative to sense
forces appR&d to the landing gear in at least one generally horizontal direction resulting such that the

controller 119 's QRGIAIYAIR SENO1AF 1€ 1LAHON AN APCRIS AL AIG UGB, ABPIY MG iipast one

force feedback loop utilizing™an output of at least one force sensor, sensing pilot-controlled braking and

at least oifee implanpirnding aspuitsheel 09 i CHEPRTGERSTRR Yndit SHIIgRNGRANG di585 WherRd fiRRs
locations glpngianairniane iael s yiaeRdEavaiacdaythadugpiadine eaationpbeing Wantified to the

controller by 15location sensing functionality; an indication of wind forces applied to the airplane,
informatioRP PPN SAR L PRSAOSEARIHIRE SUBRAE ASS RN Lt S PR HP RIS R 8PS Wounted
wind sensergifisieht saednsticatisaef lsnding wgrawilealspl@he rotlitignkictineniaticasdt tarkuppdacations

along the airplane travel surface traverse the tu locations being. identifi the 20controller
by Iocatio??%%ﬁ%%é%ﬁlfﬁo%aﬁﬁ}?e ¥ (5%%%%?0 g?o?ilg%%%/c uar‘%hae’?%%n%%glr%ﬁr\iéwe%cco%?r%’ldt%seg speed
of the tugstPPoloty assapldlyi ngtaﬁwahmnetqpseétlteédbalﬂnﬂﬂrbbmé@qmm@@nnﬂﬁ dbng a
ravel patl aveTeg N S, 00 106 A0S Jgpsraimaley Kilima, i arbort map

embedded i the controller 119,"and™an output of a'tug location sensor, indicating the position of the

tug 100 25alongArielecsidy maitismaidealsmpasemtiyel 47 prande mopntsd ore e suAPeT assMilige

finders 154 may ke mawied Quibairhassise10R oftbeith LAfApgsLeraisingatne anglidtably
relationship between the longitudinal axis of the airplane and the Jongitudinal a&i}igsot&the tug 100. The
%ﬂ?ﬂh n

angular rélh 2HRIaBE RS BN YGehh IS DB I HRPU AR BN o e ROAR FaS8R%8% fe tug
100 may heaimpley e inphasRnoing gedaxinglsdisnosieotione (aiisibls) ekaatthatibe setitedherein
below in Figs.. 4 ough 4E. As seen in,Fig. 2A, the tug 100 is moved, under the contrql of a tug
drivelrs, in 5%?18@102%%? |c%?38p6)§t aaﬁsg%%? .%B?Hbesva{iro gga%ggYFp?lgﬁsea% g\%%rﬁfr%cgiucs%rbearc tqlhigg 2B
illustratesrveigicdargd diywiveaisteB 4 footutéch of staenghiE5ohdely 186, INGHHAG udidihg gear wheel

engaging piston asseblss 152 RASHENRAI. AIRERSRI A DHENEIBR AR lhRels-ARd fargushing

and 35lifting the airp ing gear and positioning the airplane landing sear wheels onto the - 12 -

support askamiissanblyFld7 2mdlpiparassuitabiRdesifyiag of sivpdae 144didgrsdarchenss| §fop bar
142 with rﬁ%@@ﬁ IonHRSIRtine M J4Q:00 s tRRRakRRSHIaNNenRISNHLA¢ Womkaonmetate the
specific airplane landing gear wheels 204 of the speci]g;éairplane 202. Fig. éE iIIus{;{ es landing gear
wheéfs 26%@&985%@8%%%&%%}90&1%&%& INgERYab SSHIL R E8%h8 %Féﬂ?ec?énﬂing gear
wheels 204 Rusheshbicisteniassembliesikha agairstiguitoblyepasitioneststbpatian,1desebatithat the
axis of rotatign of th %ifr]%?prg Ian%inig ear Bleelg 204 may lie insofar as possible exactly at the

center of foffT e uaf)lﬁor assem ly il y'vvhich, as noted above, lies at or close to the

geometrical centen didivedediphgie definedgoy thbeskmars bflonobeohstaved sintgvbess|slemant] 06,
108, and 439 Jopigs, 245 A0k LIRS RIS AREAURnGE OISR ALPIRIBRaRRANARlIes 152
out of engagement with airplane landing gear wheels 204 and engagement of individual clamps of the
clami asaawiing 2ad lifingihs i lentdlpediieassanaedsropitiosinmtip simplrnsclaadinm ggearittieels onto
the suppo(ghmglgwo;@gsgﬁggsmgg_the center of rotation of the airplane landing gear wheels lies
insofar as possible exactly at the center of rotation 127 of th(% support assemply. 1%5. .
The force sensors 148 may be operative o sense forces applied to the'landing gear in at
least one generally horizontal direction along a trajectory of movement of the tug. This force
may be the result of airplahe pilot-controlled braking of the airplane, which produces tug
30 deceleration, or of tug acceleration. The controller 119 is operative at least partially in response
to an output of a force sensor indicating, inter alia, airplane pilot-controlled braking, resulting in
deceleration of the airplane to provide speed and torque control signals to the hydraulic motors
which drive the wheels of the tug 106. The control is such as to reduce and limit the force

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



5 Fig. 21 illustrates pushback of the airplane 202 by tug 100 under control of the driver of the tug. Fig.
2J illustrates the tug driver leaving the tug 100 following completion of pushback. The driver may
remain on the tug 100 during all or part of taxiing, and may participate in disengagement of the tug
from the airplane following engine start up. Fig. 3A illu-strates rotation of the airplane landing gear
wheels 204 by the alrplan ilot, 20 using the ent| Iane e tiller 206 or pedals (not
shown), pSHEHBE-EFE S5 dPRAE HRE fork GFIRG SLBPRA %Lf LR e R 130,
Rotation dtterstippatdassentdy:diadb. is immediately sensed by rotatlon sensor 145 which provides an

output to contro%ebea%resultm in jmmediate rotgigl‘penﬁ%g)fr :%geerr%@? SGJSZ‘\}%%{LQ

L8795 10 Of
tug 100, as descri ereln%e ow In greater (Peta erence %llglgs gﬁw 6%%

Controllerda$vmtyhesrimyenstbelitly vhiol Booddused badaindensitmiet fweetingkiadherlsindop seaich
receiyes g jnpytfiom roiatign seiick43 Indicaling anangles etwasndhediragiomelithgowheels

204 of the landing gear as steered by the airplane pilot, and thus of the support assembly 125, with the

longitudinkfi€ad 8% b kY brsed ﬁérglﬁé‘é‘@ﬁaféfo‘ﬂ?ﬁr%‘fe?‘gﬁ% a0 nTRePeRiRri PR rotates
tug stee@pllgt\gﬂg@ﬁ[ dmiRes. 108, and 110 at respective 30ang|es /31, ,62,and /34, as described
hereinbelow with_reference to Fi 6A hr and drives tu such that S to zero.
o, 35 Hlustratel T ATORISAGE KATOEE st GRRGHIS: thaets FO0° BRRATP P R tec
such thatgbe airplanea@02nis Qtﬂh&dlithermimm%dxmceoﬁmmmn@tmbbwhbe ﬁwpd:amthbmtlm tlsis stage
the ngle a betwe n the sup empl n he I al aX|s 2 h t s shown
to bz one- ﬁaﬁ?%ﬁh&%%&%%@ma AP K}% ]d%cfe%)rl%é In ﬁg%g'ﬁ% é ﬁ%o%g%%djfﬁ%éams 210
of the tugfadibanidienp oiiging mabamstcffthela@qblamﬂefmz B@ﬁﬁ@r;t@w@mﬁmﬂewow@weeﬁ@ﬁaged by

referenceaﬁgmqggg@%g,oq%tﬂ,ﬂgwf@lﬁfngl&e tug 100 relative to the airplane 202. Fig. 3C illustrates the
tug 100 oriented with respect to the wheels 204 of the landing gear 5 of the airplane 202 such that a is

zero. It is noted thdndieeberriiica indeth AR RS MevaRuNeionalong an1Eianfd 110,

respectively, ar%%!@ﬁa&@&%%%e&%?‘tﬁé%ﬁg‘iﬂ@%ﬂﬂ&ﬂoﬁ%ﬁ%ﬁ%‘;&'@ﬁdﬁ@& iy einabawisigd Byof the
tug 100 and the lon |tud|nal axis 220 of the airplane 202 being towed by tug 100 is less than' in Fig.

3B, ifasmuch a J89°H9838%un to turn. toFig. 3D illustrates braking of the airplane 202,

by the airplare @ﬁo{rﬁﬁeaﬁﬂ%@mm&&&g%@[ﬂi ng ﬂ{dfﬁﬂﬁﬁlﬁnﬁfaﬁaaﬁoﬁef&gmefg hyebkaiikds on the

main landing ge (not shown) irplane 202 causln Iane to decelerate and thu
immediately ca ﬁth%‘%sﬁ? g’ﬁé 5?8 %ﬁ@%‘&% ‘?ep EHOSHE, 2% i PS4

on clamps , the
output of whieh i redeinmeshvf Qﬁatmlteg 118 awbliie mlnmgifaiﬁ[;axdﬁmeéermteaﬁbeﬂugammsaﬂoogjingly

hasTuch as th%il:)e S tl{%:) b%tggeg%lv%’?o re Q&jthﬁlalrﬁlaqgc ngm orr%g?fggnWthﬁ are

deceleration of the tugrf Iées Are applie rwar nergy ab |ng stons
immediately sensetriiefdic&sativgosens 2@, iRediovalidyenergy absorblng pistons 128 absorb the energy

produced by br @gcemﬁa'fﬂ@nﬁ%ﬁ)%uﬁ@\e%t OpiE: O b O ihiRSBRE e TS EREOIBoL 59 Serve
as a back up to torce sensors 148. 2 |§1 3E illustrates controlled acceleration of the tug 100

governedeBiPiOE A ICRIOMPR8RGSEN KR8, h&%ﬁ%@ﬁs@&&%&f%ﬂom&%&%&e%@%d 129,

to provide -aiRlaReiem:aIosHY WhishRNuiliin atedpiespines-aReeduinme airpaada@fmﬂm@ad@patlons
along an airplane travel ath and to ensu that orces I|ed to, the. lan ﬁ F%)ggégr d ot exci;éege
predeterrifirtae (RRHES! ?alflln()g ?ﬂfbaﬁé@ﬁﬂ'ﬁt o IR 8 %Ofofmﬁh%n% Fn%fﬁ by

known slepes aieasaipidcaliorIwdod amdakphmﬂaﬁavel surface traversed by the tug 100, the
locations being identified to the ntrollerl I tion sensin ct| ality, su
g AclieLd 15 ucaion sersna ncioneii sy 2 e

functionality, here prgwc?ec?%ro ug mo Jlocation Sensor Wind forces applie
airplane 289, ﬁmﬁmm&ﬁmm@amgl&heeimm$mbsﬁwemq®dosgwﬂmdi exthefcbawofiang agdftem airport

or tug-m r%%&iﬁgf'a%‘?@%?ftﬁe tgh;aﬁ tMAURETMAGSESElRE 2RO IBRERRAIN AIRR Yidirport

comman d control functionali
airplane and the longlmdmal axis of the tug 160 may be employed in an autonomous. taxiing

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

As seen in Fig. 2A, the tug 100 is moved, under the control of a tug driver, in a direction
indicated by an arrow 208, towards an airplane 202 awaiting pushback. Fig. 2B illustrates the
landing gear wheels 204 located on ramp 150. Fig. 2C illustrates landing gear wheel engaging
piston assemblies 152 positioned in engagement with landing gear wheels 204 for pushing and

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



tug 100 and airplane 202 rolling friction forces at various locations along the airplane travel surface
traversed by the tug 100, the locations being identified to the controller 119 - 14 - by the location
sensing functionality provided by tug location sensor 121, and optionally also via airport command and
control functionality. The controller 119 may alsi® decelerate of the tug 100 responsive not only to

airplane pilot brakin t irpla 2, but als ection of an obstacle tacle 5
sensor 1%?%%5%@351%%&%1 ?? éﬁé)\"}se%%a %&%%?ﬁ%%%fgro g fe é)%nﬁs%?ﬁl??g:%%%%%g S?u S
received ramift¥ ceigensareci4s apdidiRBngo feamerd4d chordirsttodide cptetationg apistbethdbriahe

airplane and (ne g, herefa o, Il IhG (8863 JoRlcldaand Be e a2 RS AR CA oI

CO O . o
predetern%?ne%rceﬁlmlts. istinguish between normal traction forces on the landing gear

and forceilugrasplienlivg tearpibrddy 2R beiterushrdomie thosupppiacsemilat¥dunt one or more of the

factors describefh abgyeMuels e Angigﬁéqmgag@air@ﬁeén%aqﬂgﬁ&e@sg@oﬁLa@gbaﬁ,ms 120,
121, 122, and 123 and cameras 124. Controller 119 may be operative to goyern aciieleration and

deceleratf@AiBF EHtakly ResitionsdTombanl4usur it e prs e b BHMES Algiad f&edback
loop. Thewagnikolies 9 ifemayhe Rrqueablevitadtlygivaheacanss i, emeoabé2iied thapwiihe airport
indicating relevant speed limits at various regions,of the travel path. This spged limi
informati&'ﬁsﬁrg’ %lﬁﬁga?gﬂc ithy iRFSF %\iff’c}' =iﬁ&fc%‘ti%rgﬁﬁéigﬁtgfrﬁge%el?smﬁfgéﬁgﬁ%‘?"t‘h%%é ie(sr%,'ﬁ\%/lﬁich may
be providéefibydibg tbeativarsefisaridi ofMiteebitralier]d 1040 fdfdhemthtlfte a navigation system
Whichi indicates glgg:e r&;&s”téfﬁ?%i%ui% d[a%%H%%&g&gﬁ@::gﬁﬁﬁe@&ﬂ%wp%%%%ﬁ%ﬁ@y§§zthe

actual speed to close as possible to'and not to exceed the speed limit for the instantaneous

location oftheftergagianent vibraiilencl iroding zeas vbeelrdhand tagesairnhetandixidual stnps

dece'efat%féﬁ&%%@s%% 1 fimitthefenz eniahioscasaneliesoithe andingigearnaiiegislane
202 to an acceptable limit, for example 4% of the aig%lgne gro%s weight, for example bg ,em%l%ying a

force 25 CURRFH FBkUA ERABEH 2EERBII L T e Vs FIIERO OO S RBIE™: which
indicate thehgsenied therfareepapniediactheaandioggear ajttiemplastalR0fpms binenibiyri 2hiter alia,
wind, slopes, rolling friction, and. acgeleratign or, eleratjon of the airplane.202 and/or.the tug 100.
The ?Brcepfgeégg&gﬁ@gﬁ %“E}%’@FA&&}@%‘S %%Bcie e?e%tﬂg %Iy 33 té(@e%wré; ?ﬂ%%@%%ﬁc#ggrtgfggim%n the
forces sefgedbyilfostatsetisorsgl 48 anded2B b choviuh d #t depoaite [irnindooptiohapibackind ke margin
for unexpected accelerations or, rati ither ir ()2 O, " erence
iS now ma%lget% Ef&rﬁn,&&EB%ﬁégﬁ%ﬁ%n bA)f | u%t%?eoya?ﬁﬁj? g%%ég %ﬁ éﬁ?c%r%oﬁugﬁ %)Izﬁ#;e%{peration

of the towhssieegcansiopfche e C®T He subamsiilpvagimgspeRfigR-may be initiated by a driver of
the tug 100 or apfgmalioalii N SERRANSE P ACARRANhRARE0AhRRIEROIDEQTABNGFIASL GANT O

center following completion, of pushback. - 15 - In autonomous taxiing operatiog a fuc%ctjon of the

suppdrt adEsebEe1 2enERsipaal cEmatt relss gichilie ARPIGH BRI aMh S RRYP n &R ontal
plane, spesiicatydeigusatpr eranbyupmntaisint Mexsaslidneabtbestosldingiyt20. RoarienitFatin the

e a ros BT HAFEINY FEol BN B A e e oL L Ra B T AT
travel pathofituiengthscthndting mdostofdiat stegimoofiwicrsahleralfelnd Gdg 1060 168 sopddbt efss@mbly
will be w rfl&g, EIlrS] gegérnebcetmx%?&%ﬂ@ H? épe%tté?f@%lt%tﬁ%}erence to Figs. 6A through 6B.

25 Controller 119 may perform steering of tug 100 in accordance with a feedback control
loop which receives an input from rotation sensor 145 indicating an angle a between the
direction of the wheels 204 of the landing gear as steered by the airplane pilot, and thus of the
support assembly 123, with the longitudinal axis of the tug 100, here designated by reference
numeral 210. The controller 119 rotates tug steerable wheels 104, 106, 108, and 110 at respective

30 angles By, B, B3 and fa, as described hereinbelow with reference to Figs. 6A through 6C, and
drives tug 100 such that angle a goes to zero. |

Fig. 3B illustrates an intermediate stage during movement of the tug 100 during which is
it oriented such that the airplane 202 is pulled thereby in the direction indicated by the airplane
pilot. At this stage the angle o between the support assembly 125 and the longitudinal axis 210 of

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



Autonomous tug control may be overridden immediately by the airplane pilot by operating the airplane
brakes on the main landing gear, which is immediately sensed by force tosensors 148 and 129.
Autonomous taxiing may employ enhanced C4 (Command, Control, Communications, and Computers)
functionality of an airport command and control cent&rwhich coordinates and optimizes the taxi travel

path and speed of all of the, taxii ir e in the airport, for example utilizi or all of the
following ﬂﬁﬁé‘flo‘f@%éﬁt?oi?so f%% ﬁﬂ%pﬁfrp?é]%e% a%uﬁlgtul%ufﬁleagilfp%%t% %@Sﬁ%‘ﬁc?%gj gwgitr%\éne taxi
clearanceheelsydeirtr dvskpatiiviaysfemocoiitietdah A8 odotogi catrdon diithestan 808 xphdly gyt thed travel

condition%i T aige%anced C4 functionality may provide some or all of the following functions:

avoidance df runway incursions; 20 calculating optimal taxiing speeds for all the airplanes to insure
minimal starts afitzstépBlasirates thrime: 100 inniepedgadhimspadoohamdesland of dhrilaading grgr
immegliatg it &‘i%nm HyEhg.eY et & MaliuRCIORREMAr R EEIEIB, 44,1 Ipstaies, a7 nllialy

u

orientation of the 100 and the airplane 202 at the 25 beginning of autonomous taxiin% operation.

The airpl&fERMEiNGsEatWndlts 308 rah ALENEPIBeRE Ibh FHE TR 091 85t thd tHiS 1B8FaNE to the

longitudinajgaxis BaefithB-aspandinkha-steerable twheagls 604nd Qe 16%iantindll Bxid 129 bfyiO0 also
lie parallel 210 and 220 [ ustrggtes initjal t giqg of th%tu 100. u?d%rzﬁ q}ggl of

o axe Fig. ﬁB flfl
controlIeraﬂ’é?%ig%(gﬁ*%t?gg&tﬁswgag Attt RsitictionStecened from: an alrport command
and contredgaf system 250 based on a C4 system. As seen in Fig. 4B, the airplane pilot does not use

conventional airplane,steering, tiller 20 t ) {;B“g[ ey braki esired
stee#‘i%ng of the tgéglgglg%?gglﬁée%a%ﬁn%gggﬁfeg it% iéﬁ)‘leta?gl% I sgﬁ%ons fro@nﬁ%:%&ngtgr%l%% igf%g! Ek}?r{))tat.ion

of steeraZR2whesdlog ofitheGérrias, 293dsxxforned bobraked padhesnaioiansding eaabiner ¥ryuead the
landing gggy :Mfﬁﬁ@i@%&ﬁg (1B SMRROMS assamhl haARHsY Aialedi AP A SHPRRE ASEEMbY

rotation motor 146 by an angle -a, which is equal is magnitude and - 16 -ag%ppo_site_ in directjon to the
iS

angle a befpercmeensARibYipa o SSREPET 148 (Y AHERHAAn HELRHRISEPHP JF HeseliFdi &N e.
Rotation h#e B4PPort wasaimbydRands shiaskeaby tatatignisensesdidfpvhkhpiovides thefedslack
output to controller 119. Controller 119 may, steer.the tug 100 by steering steerable.wheels , 106,
108, Anc S5 3B R KB OB L 0 AT BT HE ey o s 105
accordanfiewithrevapfdiediackaontib bivons 2B feg ghaoks 329 whilresethattedidedsdiengadf thie tug
100 follos, g-Predgierige igerpall as/alliaiad Py i e S ! andhcoplialawpieyn 250

The secon ack loop employs lasertange rs 154 to ensure that the landing gear wheels 204

are alignedalinaidiths swlawgZdislatisgis 2xoted 108.avidhinstagn forggsersprgd 3herars asa back

up to force sensors 148.

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

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

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

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

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

travel surface traversed by the tug 100, the locations being identified to the controller 119



10 ascertain the angle a between the longitudinal axis 210 of the tug 100 and the longitudinal axis 220
of the airplane 202. Controller 119 ensures that the support assembly 125 is rotated relative to the
longitudinal axis 210 by an angle -a, so as to ensure that the landing gear wheels 204 remain aligned
with the longitudinal axis 220 of the airplane at all-times. Fig. 4C illustrates a further stage of rotation of

the tug 100 At this stage the angle a 15 between the longjtudinal axis 210 of the tug 100 and,the
longitudinal axis®¥2 eo%ﬁ?é‘oé}riﬁ%tﬂ’ég 5] F% Bigi&e !??é ﬁattﬁ%nssﬁﬁsboorr?glé’s%’ré&@nf%dgnd the
longitudinal axisaBbO/tf digotOdareaal anddmbel tiviceithelangles shown in Fig. 4B. Fig. 4D

illustrates an overriding of.the gdtonomous e ration airp} il eéﬁ'ﬁmm by the
airplane pilot preeilshsﬁncé%ﬂo }%kll&ri?g %1%5%02%% rlago%g%}%i]ﬁu& r?g{/ﬂllb%p %%%Q&Bf{o%ig [eorge cy’Eraking
and/or to pietbbeakiegaird thnepitbnto 268athet slserngloftionuef POORAdestFsed B drechiticteference

to Figs 3@@@9}33@%@&&%%%6%%%2@ SEHIBLMPIRYSH ) Hhe- oai tanses gear

(not shown) of the airplane 202, causing the airplane to decelerate and thus immediately causing the

applicatiof &t eefofsamdoresctrriptnd 48 and 128 st snents srrepiipefdeclerBinp st BASFsPEceived
by controlighihhd ik el idpcalerpiredhpigi80anding eoirolie k1O {anmirme sothe
pushback gperation mode of the tug 100 and transfers the tug mode to airplane pilot control operation,
as descriBt@ el psrbiensed iy Bigs 3A through 3E. Inasmuch as there is a time lag between
braking of the ailplarier2@2&snthgaitie spordingdthdeceterati dorafstoe thy kHdirfprees arel dppked to
rearward energy,absorhi istons 128 whi immediately sensed. by the forc 9.
Rearl\/?/arda B%érg)t/)ya seo?f)f?}r?jﬁ S?gtncﬁﬁé fgré%(si%ga{%enéa e%% rlJ}r%godﬁ%Cg&IEy&%érﬁi%%% ?ﬁéﬂ g(i}r%gjr%e 202
relative toltsertorgl 200veAmthishstegadivetédror dtn st 1xovedinns sensetaskopicTorer d8hsbid 148, -

17 - A B, P UIRPOMAUS mde operation typically requires an input from the airport command
and control system 250 or a pilot command transmitted via an Electronic Flight Bag (EFB), such as

commercially avafaBRlerokhomiohaaneiiYe i LB aesglemton i decclsabnn G f8rétion of

the tug 109 iR.theiaQRAREYSHRNA 8f SnipeyaiioN sgRveiRRebDcatitrllssp. Ihincasrmese inter alia,
to inputs received from airport command and contro! c%%ti%r 250 gnd from forge sensors 148 and 129,

to préVidd Y NEREP ALY XBRi§F FHIEh A HRAR P& BERBEE AFRPSt AP YEHBETHSEY [ ations
along an g lieiravelpdibs ssntbic endureighatderpethappitegdaitimiandinmpaenr id caodisxeded

predetermined limits, taking.into account one or more ollowin tors. Ay by
known slovﬁ%ﬁs 13#033[}%8? [ocation %)Fg% aﬁozgﬁp?gﬁ%oﬁ;%\%_é? gtl}féa%éﬂfr%\ég%gﬁ(? %}Jt}gtrf)g&tug ’13%,9%%
locations lwemipickentfiet2io e conndlieri12 sy okgo nckwsiagavisetion aigemuchies ighmtes

functionalify, fiere pravied by a £ RQUIE MO AQABHOR 1SER YRR 1o i TREGRR.aPRliad 19 the

airplane 202, information reg@arding the wind forces being 15supplied to the controller 119 from airport
or tugmobes i@ oL Aot FrEsAEy ShrtdunEdPn s insanRars deceim SRS and

control fum‘éimlity; and tug and airplane rolling friction forces at various locations along the airplane
travel surface traversed by the tug 100, the locations being identified to the,controller 119 by the
location sensing feREaBHatlY UMy l?ﬂ/"ﬁféﬁ%%ﬁ%ﬁoggﬁ%g %ef?%%a\ﬂg %‘??ﬁieﬁa%e&)i]?rﬁ%ﬁéﬁand
control fusstignalitiimit tHhéadntnallefotd’ mmptickddelahatdativbrig gdQ00fe fipo psipleno0dyotamirplane
pilot braki

ing of the airplape 202, hutalsa.to detection of an \%%a le Efgkg?l %@R clesgnsor 123
or one of gf%l%tag(%%meﬁr{asoifﬁag?@g é%"n?rfo ien%ltﬁ{%ﬁ% ‘so%(%% ’f?orﬁ alrgort oer%{%ha %njqontrol
centef 25001 faeibedeleratidivigrgbeeid8dtngiventumies fomifassponsersidtd aith12§.2%highbuts
received f{&gﬁi&f?ﬁesm%rﬁt&é%% 155d@ &nﬁwmﬁgg@mq}ge&%ﬂeé@@fm&%gmhe
airplane and the tug, thereby to limit the forces applied tolanding gear of the airplane 202 to within
predeternitierd e eMinditslopes, rolling friction, an acceleration or deceleration of the airplane 202

and/or the tug 100. The force feedback loop is operative to accelerate or decelerate the tug 100

such as to maintain the forces sensed by force sensors 148 and 129 below the acceptable limit,

30 optionally leaving a margin for unexpected accelerations or decelerations of either the airplane
202 or the tug 100.

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

autonomous taxiing operation of the towbarless airplane tug 108. The autonomous taxiing

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

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



In order to distinguish between normal traction forces on the landing gear and forces applied by the
pilot braking, the controller 119 takes into account one or more of the factors 30described above,
which are indicated by data from the various sensors, such as sensors 120, 121, 122, and 123.
Controller 119 may be operative to govern accelerdtion and deceleration of tug 100 so as to maintain a
desired tug speed by employing a speed control.fe dbacg< oop. The controller 119 ma ovided
with, or given a?é‘e%‘é%?'gﬂ‘}é%%é‘ %pé) eﬁ?ﬁﬁ"of‘ tﬁlém%%lo? #ﬂl i(%?%oé(% raeﬁ%ﬁilrgnl?( té%%éé%é%@%ﬁ%% at
various refgions wiitteata gutrdied] toatie. Ehdsngpzeed iintheihformoatid plamcosneliinmlly tod@ie, withero,
'“fOFma“OﬁIy'&%&%{H&%ﬂﬁ@g&%ﬂ?o%U§gﬂ%ﬁfaaaiﬁg tgwm&&m'ﬁbtﬁaayot;ﬁa{qggﬁisa&yeﬁlg,l%@ﬂon

2. T ller u ude h

sensor 1 e cont 19 may further inc a navigation system which indicates thé

instantanébplepedgtotinisally parlithe fhedisacindplopdratad tof dhasirmengcdairspsl $%e as
close as pesaiRle:1ar3nR ARt 1R axeesdibs whrethimik frsdhadnsiantipnaQus: Ieatian ehiRe Ritg.

Controller 119 may also be operative to govern acceleration and deceleration of tug 100 to_as to limit
the horizoRt o B IR Pleths AN RARsIES A 818 394 hs S uRRash ASBTD RRi?Y ’Ilgiigxample
4% of therairplbne: diessivweighbsiar exampfetkyngmptoying a force control feedback loop. Controller
119 receives inputs from force sensors 148 and 129, which.indicate the, 10, sum. of the forces applied
to the landing g ‘%t%lfcfﬂlé’ %ﬁrﬁ‘l‘gng??ggilfﬁlag ?r%m?‘fﬁ%\él(g fla,lvn\}flr‘fﬁi% 3?85 eg,yro analfﬁﬁc%fben %II[lO %y
acceleratiorentiog teteratinobthie:aipldrer202 mndingr gtre.tuditbds Thertdiaelfcsdisad biotpds
operative {9 &%ﬁ%%%ed gecelerate the tug 100 such as to maintain the forces sensed by force

an

sensors 14 su |C|'entl_y below the acceptable landing gear force limit, optionally leaving a
margin for unexpeteaaraeeeleraienDdr aepliE relsmscsk Ethdronminadiprafeln (2 BMmIERIPIB0.

When the, g dQtbin QPerbiHARRE AUR Solaiing merecafepssationiieattatadiiadigmatA
through 4E, where the taxi speeds_ of tug 100 and the towed airplane 202 are typically those of the
airplane IRIREREBIRANG! PD Ut Shsertiof! HE IS it HhaPHEsHRqE OB TRt
autonomaiBi Sygtesmiueuliteh e dstiaikphangpptiot-controlled mode of operation by 20applying the

airplane brakes and resuming tug steering by the airplane tiller 206. The airplane pilot may also apply
the altplane Brak8 WW‘éSrﬂrnggﬁlti‘Ef’éﬁT?ﬁﬁﬁkgng R AR YKiing operation is provided in the

autonomous daxiaguneide of spelaiar e deihedaciibaithraytdpathwagvemeénts of all airplanes in
the airport are manfaqlgr%bé/ the cam ang. and control.‘%stem 2 (% in an inaegrated manner, thus
avoiding line$ of AT ITEHRE OE0SHRLF R o o UEEy B, FE €S Mand and control system
250 integrates tHkisnmiamendt®f alhetrplaliresreygirdhiae avplanes! hoditrtainl besie duspaonsg between
them during taxiing.and aveid start.and stop. movements, insofar as possible. Reference is now
made to Figsf 5&‘,’%@3,%&?@83%&3@%%\%% are respective pictorial illustrations of various stages in
the atonomeuscalndatiof eperatiorsoing spredd tnedsthirpiariansgd thuns00 mdectisttoandbwpa
command and cg]%%(a VA in the airport tower, via controller 119 for tug taxiing movement and for
return of the tug 100 Trom thé take-off area to a prepushback location Figs. 5A, 5B and 5C
illustrate disengayriméging b8 ¢S fsrirsiwaaipiade landing gear wheels 204. It is appreciated
that disengagemg iy, af 96 a1 00, A G AIFRDS, S POTYRIEALEASHSY QHLRERthe engines of the

airplane have been started by the airplane pilot. The
Fig. 4A illustrates an initial orientation of the tug 106 and the airplane 202 at the

25 beginning of autonomous taxiing operation. The airplane Janding gear wheels 204 lie parallel to
the longitudinal axis 210 of the tug 100 and to the longitudinal axis 220 of the airplane. The
steerable wheels 104, 106, 108, and 110 of the tug 100 also lie parallel to axes 210 and 220.

Fig. 4B illustrates initial tumning of the tug 100 under control of controller 119, for
example responsive to traffic control instructions received from an airport command and control

30 system 250 based on a C4 system. As seen in Fig. 4B, the airplane pilot does not use
conventional airplane steering tiller 206 or pedals (not shown), except for emergency braking.
Desired steering of the tug 100 is produced in response to suitable instructions from controller
119 by rotation of steerable wheels 104, 106, 108, and 110 of tug 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 —o, which is equal i1s magnitude and



- 19 - command and control system 250 may command the tug 100 to perform disengagement.
Alternatively, disengagement by the tug may be automatically actuated by the sensed location of the
tug at a predetermined disengagement location adjacent the take off point. The disengagement
instructions may be communicated wirelessly to théé&eontroller 119. In response 5 to an instruction to

disengage the tug, the clamp assembly, 147 is disen d from.clampin nt wit

airplane ISRBINE L AHRTER E’Oiﬂ gnad%.ljeg (?Ldﬁtl‘ger%%\%%jg ?%Irl %f l,n\i%ﬁgl%hgéfg%?gﬁlg gﬂét r%l&%% the

airplane J0Rgindiednixisl22he fihplaiplaike R206] allolirs trpairpiacbbntlag geasst hyariabanll down

the ramp 1502994 GERINGNEIRNRGIARAT ARSAE) {abRIGNEY:dinal axis of the airplane 220, as the
or relati [

ramp 150 Is moved forw. elative thereto. rn A safety driver may be present on the tug 100, in which

case the diseng&gemadiar 4% waycurAethoinlPthey siferipaitrerapia whrtehfitntitniifherdhthis

usually a%@m&aﬁﬁ%dw SISSHNRSLLNN P 84VRICeuUEAPMTHIIGHIPNS AL RyiieIa8ialaetiaince  Fig.
50 illustrates a coin rolled acceleration zzﬁld stgjperinggof the tug governed b;g%)é]trolg tﬁlQ to provide tug

travel spestwieHsedRagk FonEakIenRina% Sradannitecs: sHETEt R FB8 Bradmsts Aoty 4 U0
predeterrﬂrjﬂlﬁd;@léga%ﬂéw@ﬁm&tﬁf , fﬁ&ﬁb@ﬁ?ﬁbﬂi@lﬁl_ﬁb@&&@ﬁ;&rﬂﬁéﬁmﬂr_ eaﬁdlshiﬁaﬁkslobmmiio 'thﬂ_takingb
into accoynt one or moye af the following, factors: instantaneaqus location, of the t as.indicated by
tug Iocati(ij(rrﬂ“%%?‘fg{}f5 %i{?aghi?é’glgiﬁé%é’ %8?16?51@61%%2 |8aﬁr‘°lec%2‘|(\)t/%3 fom %%tnqs{lg:]s :ﬁggcﬁe%\rﬁtéerﬁg 124;
real time DUéureditpnartivellecatited afgithinaletic|32ttdbethuonlagdr dhel lpsthrangic fiid2o dfdvided by

the airport command ang_control svs : InforwatigndndicAlig flasnw y mined
travglgpatﬁssc%%ﬁiggﬁgaﬁ ?rg?nﬁ%ﬁ%e%ta ﬁpﬁ%ﬁ%rﬁgﬁe@ r?r%g-%%sh géci:t’li Iocatio%@%%?g%%g%on may

be stored2dcoftirokériEne Apreomed s Hedrnmenbaidhairppesorirahly 438 BorirsrsiRasir250.
Fig. 5E illystiates cantialied.deselpiation andenarkinthotdhentusbaaxetnedhiiconialionesid poat a

pre-pushback location.. . Reference is now made to Figs, 6A, 6B and 6C, which are respective

diagramniamein Aligned gy the Lesirfinehiibtatef heAtnbRbha AL ESRblane tug 100, which provides
Ackerman steeririg. ofthigl@itpiane 0#her stagd Wihtoguiorigf 58, rahibioillustdasesHie thirplaie 202 with

its landing gear wheels 204 30 steered straight ad along the lopgitudingl,axis . 220.of the ajrplane
202, the TR SSRAER, B oA AL ar s 0 o ol S5 B 2 e A o2
of the airpiaheh2@Rghetwberwvthe thdsgipotatiomBOR 135thad and Inggiedmalwedis2 204 awgl 180iaze 304
joining the,main. landin r ' reference numerals 306 and 308; -20- A=
Longitudiﬁ%?‘g?s%%aﬁge e%vgle%en gq%ﬁ}%%?%?g)ﬁﬁ%é%hg the centers of back steerable wheels 108 and
110 and a line 3B cHRribusimgiehatonesidivefas ihe mEranrana9de 0F envption bY ihe aiplend: B

= Transv%’ﬁ&@&@%&ﬂl@tﬂgﬁﬁg SRPISIS QlolBRSE QR 3atkihGhamsoefyvennscers Pwheels 104
and 106 of the tug 100; an C = Distance hetween main I%dlng gea 306‘and§ 8 along line 304.

Fig. 8B ill§@rdE<SRFRERRY Pokinmnd/ 95 AR the fHERR R P LI RrE) SR EME R T8 Ehse to
airplane pilptsiessing 44eing tiller 296raiad usifiEsoBe spending Rt Biaking the dupgaitaassEitbly 125

relative to th cha‘i?s %%i?k of tug, 100. Corlltr lllr?r 119 cggutss rot ti&ﬂ‘ﬁ% tug}igﬂg%a@é&s}/}/}he s 104,
106, 108 BHACTTEGErd8rF 8 8L BN Toh B he g 1007¢uh that & goes 16z&v0, as described
hereinabaigplatihiefecepcecensignsimtmdaghy 3Estgrihoteplicieisy edonrokethedmptimfercehe tug
100 such (AL AR RN SIRR19, ShiNE PRI RR% ReRb R B e AU S MR BBy
accordance with the tollowing parameters:
25 decelerates the tug 160,
7 Controller 119 terminates the pushback operation mode of the tug 100 and transfers the
tug mode to airplane pilot control operation, as described above with reference to Figs. 3A
through 3E. |
Inasmuch as there is a time lag between braking of the airplane 202 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.



R + C/2 = instantaneous radius of rotation of airplane 202; 15= angle of rotation of the landing gear
wheels 204 relative to the longitudinal axis 220 of the airplane 202; and = Steering angle of the
wheels of tug 100 (i = 104, 106, 108, and 110). The calculation of as a function of a may be as follows:
+C/2]=tana" R =Man a- C12 20 tan(8108) = [l- 1 A2 cos a - B/2 sin a]/[L/tan a + Al2 - 11/2 sin a]
tan(6110) = [L A2 cos a + (A/2.tan a + B/2) sin an a + (A/2 tan +B/% tan( }rg =[L Al2
cosa+11/2 sin‘lg]fﬁ?}fra{'ntg 2 K%ﬂlgrnloﬂsz R g] oPe%r]é ftb%&:“fé’%i uérégs aqn(A ﬁt%%gélﬂ ﬁ&t% ié)rlw)ta]/[L/tan
a - (A/2 tawamapd/2)cosapFiysBa iBE8teate pilnbcopenand trafaméitd vin arcEdrdsie ighaBeag

steering AfgPIIAS WASIELGING W RURONBRISEIEIIE ip g irplane 202 such that a s

zero. As noted above with reference to Figs. 3A through 3E, controller 119 reorients the tug 100 by
6‘\‘@%‘&% the

rotating steerablBigudfvitbisisatess somraling, apsalaratirasofdae e d Hbisithavenamaus

anglesa, sgRssshRY govatinn $enesHtidR: to19ero 1£43p615e]9irdA ApaYobiane Rbvede Garsaifientation
of the tug 100 such that the instantaneous radius of rotation, R + %ﬁlﬁﬁz é)é the tu%té)wed irplane 202 is
20 identCATE L e BARIALERT5 AR B SERATES S8 A B ARe S BB AR A in the

example iluisayodhiatio st thralighmmedhpgildiaftine pispanensiop isditeasrgieneandinglisrme way
whether or not it is pulled by the tug 100 or progeeds wunder its own power. Refere [s.now made
to Figs. 7KAR p?é‘ VE\IIJF\(I?C iﬁlﬁsslffgt%%& p%rr ?osng o fﬁi%%\t/l\#fﬁgr e%lg%i%ﬁ ane tﬂ%t, %ﬁﬁ%ﬁ‘r—g@? s%erﬁbnset(akates a
portion oflinetyaslkibeisnglecsuwa shtataonod thafghnyho&eaiesdrive system pressure (Ps) provides
the tygetion faree 200 WHLAS URPIG AR HiRlnG: Bhiadoad.andhie Jding qsal Ak sl ag.during
acce]eratlon, deceleration and stopping, tﬁ ough a force control loop. Traction force target will be
derived from theirapersedcanths! tee g 08ntheHedsiers dsmeoiRisiion el dmecnteoec dié-RiidAciftired to
reach desired SReRdy SpeRE A OERICANERIIORRS RN AR th 8 RRMPbgiesakmRiesduand the
desired control angle c1:1 of variable 5 angle swash plate pump 161. Speed control input (feedback) is
wheels odometdPSAAPEDCTe control input (feedback) is the force sensor signal (EF) and
hydraulic systemygigsette; (Bsplisaoterierausianiehigleiifoatiandeapaiisteentans Uke sl ideenfimited
so that the landing gear load limits wi{%rnot %e exceeded, at all times and in real time. Diesel motor 160
contrdls hydrostSifiPUsridBI ISPttt Al AFARs HER T e MHEANSIE? THI0 TR nIHST Huiid
pressure. The matemtrdssxdndyseasiclizspadses aopghlyomociatbshd sanfirdtfondeépmistermArd(rdS + 1)
with time constant rd. The r?voluti n speed. of tp(?c@/%{a‘glicomo ar.] 160%453 enottgg Qd-ik'r}éd&a%gf pump
constant is Kb, e & tr%ifparai% 'Ot Varia ‘fel%{lng?e swashaﬂa&leS pump Varabie angle ‘Evash Slate pump
161 is (1) and casuifecedrvetied by thudive (Bttbhdovadiorlsy tisingiddensibed 82 thevsrirnlier 319 hioviding
fhe traction tordiie. | (LR Sed bt HUGRBIRY ohadAmPGVISERURH AR e 137, 2R VahiRfupass M2
that can be translated into an equivalent inertia J2 as se€n by the motor. There is no spring effect in
the sifstem (contipuaisdandiepntrol functionality.

The controller 119 may decelerate the tug 100 responsive not only to airplane pilot

braking of the airplane 202, but also to detection of an obstacle sensed by an obstacle sensor 123
or one of driving cameras 124 or to control instructions received from airport command and
control center 250. The tug deceleration is governed by controller 119 in response, inter alia, to
25 inputs received from force sensors 148 and 129, to ensure a coordinated deceleration ratio
between the airplane and the tug, thereby to limit the forces applied to landing gear of the
airplane 202 to within predetermined force limits.
In order to distinguish between normal traction forces on the landing gear and forces
applied by the pilot braking, the controller 119 takes into account one or more of the factors
30 described above, which are indicated by data from the various sensors, such as sensors 120, 121,
122, and 123.
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



In order to increase bandwidth (improve speed of response) of the speed and force control loops,
servo-valve 164 is installed in the hydraulic system, between motor high and low pressure lines.
Servo-valve 164, a fast response valve, controlls the speed and the amount of 20 energy dissipated
(absorbed). Controlled opening of the servo-valve-1184 is practically "causing to leakage" through a

narrowed s 165 that slows down the vehicle, up to a.complete stop.(no flow through the motor - all
fow dem R OGRSt oaaa s B ERR IR SR BRI RO
energy alscafitioresystd 1 nid bottorticnd Hhoiahdnrthe irehide 4mpagatid0 sprtpis vaken ibjithedanding
gear. HOVYﬁé"ﬁ{sﬁXrﬁx’%egﬁ@ fihest aealp Pod> ARCRIEBIN Gpd BilhRR15TIRE GRLARP SRR 20 ton
on the landing gear (maximum allowed 0.15 W = 60 ton for B747 for example). Fig. 7A illustrates
the flow ofhgeiesamcanRpIBE HuPRREOrEKreadk R fsed Hsrib femiprdnseatrersiironadan Rt Bfrplane is
acceleratgd,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 30167 flows between the variable
angle swash plat@PRHEF 161 B3 B0 RFCRRRIRL Y dP0FOTED! BSER THEam g tha TR e ot medil’ 78
illustratestshs flounsf hydiaidinfilithtey guliag ta raladierigehr@nde disphinplaibtpilatderakmbithe
airplane, gservo-valve 164 is,opened, causing a leaka hydraulic fluid 167 through a bypass path
166 ente Hﬁlta f?ér%%éﬂdep égsoﬁégetﬁgf)g%?/v oW ﬁcié%’\g%\é &P 5’2 Y em, @fl%al%% 'raa‘tyg%%lﬁe angle
of variablécedigiek Snas K phatdlth atl&(rnmah@uetﬁdm $peedeifoe di&ehmw‘dﬂhmiwﬁ dhde angle
swatly plate PUPd et SIS Angle ki eLNGRRESAIRA N INMAAHUG PR, dhs apening the

liquid flow and slows down wheel. Fig. 7D illustrates that an ad‘ditlona%l%pass path 181 can be
connectedlapgsaraliitgdtingon vaddshelarffiensovaiisprattgpuph sheaarriane 29ditsAdar bhpdes Hith
includes grgepe:yaiverhad 18R saphaRRaBed BIEaTPoPaeci.eiiianadioghes then desireskvgraulic

fluid pressure, or in response to an output of at least one force sensor indicating airplane
pilot-conttBAABFARATSArthdURDRIAEOR LAR B i SEGIER X PRINTEINS PESTRERIP AP AVt
pressure §88sINGE|MBAEIINRESHR QI ifonaiestihatbathditatsapatikedahpepenethehen
sensing a braking of the airplane, that they can be opened in parallel or in a serial manner. One of the
bypa’sss pélfﬁé’gélgﬂ%&%’éﬁ%&‘%ﬂgﬁsensing braking forces that exceed a first threshold, while the
other is opened Whemtbe nsirig®iskipgdivees thatwroendwsiathias thekholdperatiof ahwskateple, both

may be opaRed AMIRLIRIHNAIRNIDRICER L AON! A0 MO dheu AR Yo g dytiang! bypass

path may b& opened when sensing g forces that do not exceed 0.29.  Fig. 8A is a block
diagram ¢hete dhnsianiens piftiteoniriied Eslinpmedpof Prupiey Bumivliasrigixienibhaie Bart of

controllergli8: h@ foas-eamiel Jpaeans shatrresh il eapisR &l bt BPbddaneted Nd) of
diesel motor 160 and control-angle (0), of variable 20 angle swash plate punﬂp 161. The input
4 61‘55%%% (P).

(feedbacitPRIMBEIE SRBRRH BFNer R T Hu RG e Serameshyibe AP paritie Bt
Speed copilalipenitd 2ppipuhéisesiaackrdayibenesyogelantiameter signal. - Fig. 8B illustrates

an example of Iti IQ%%UMuIti QgttlggtingLMcl)e (grrllté%ller G'Iz'lgg[l cosng%lier ‘%85‘&“0'%*‘% S 1((;)eguand force
applied by the tow s hugl.g IEEEETES r%u%’ip e inpu s%vana%‘lles B0 S8 ueE T Wbaness tug

desired spedbe\Vigesiny diesgtomionsyensdriR PRIl Dpplaydrdstshic gupep dispimesrgehtbiotorie/flow
TP = DPXE RRan P Be® ) A1 Ryst N8 A G RIREHRAIISEREN MY BB Tincor ZilTaned
25 waiting to take off. As seen in Fig. 4E, the command and control system 250 integrates the
movement of all airplanes such that airplanes maintain desired spacing between them during
taxiing and avoid start and stop movements, insofar as possible.
Reference is now made to Figs. 54, 5B, 5C, 5D and 5SE, 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 164 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



as well as outputs multiple control variables such as: 30 Ve - Vehicle Speed (which is controlled by
hydraulic motor speed W,n); F _ traction - Vehicle Traction Force (which is controlled by hydraulic
motor pressure 11; and W e Motor- diesel motor speed. Fig. 9 illustrates various forces applied on the
plane and on the towbarless tug. Fig. 10 illus®ates various control loops that are implemented

by a controller of the 35towbarless air e tug. .- 23 - Fig, 11 is char r
towing anog%?gﬂé. an% élt'ﬁ%d%f%ﬁl gg‘rsgsr%g sfgé%ﬁfgi(%%? t’é“\%iiléj %ﬁ%i?%fgﬁégg%%gﬁgﬁ}%?s
airplane tadrevhalivebnsingndagandenby tretigreesbnsstomaireygspistedbathtrismgloaptisinied
airplane ip.at ston Noriz Fectl il mi&g}@i ing PSS C d;
wherein tﬂjeg;%%pags%gﬁ?%%g%ug%% %ggggggggﬁg%%gtgﬁag] plate p%ﬂrgn p%l% E;%rgﬁ%% m}%%r of a

tug wheelienigrgemsat astimentiersanieblePipaRigFAeRIelessk i o genrellib Liin FieRTentss by any
of th%to%%%ﬁ'ﬂ%ﬂﬁ&“ﬂs@ﬁ&é@@%éﬂﬁ@ﬁﬂ&e@‘lﬁﬁﬁ’\@sembly Hnge Adbisdallpwadhnsiage 2015

of sensing a pilot-controlled braking of the 10airplane. ge 2010.is triggere one, of the force
sensors. SREREDERE AR A B Jeadre 65t &%gi%a?n?ﬁg fBgolpﬁ nlglgﬂ%%gsggﬁg?ﬁq’ w}tl%té% e 2020
is followedihystagRol Gskked tpaiipgnbR 62 tugicanirollethatigsshpditialBis aisyongettonplontput of
the at least one force sensor indicating airplane pilat-controlled braking of.the airpl S path
S0 25 to 1L ETGTo B RSN 0 e TG 3 e i e Gp pfkind e
pilot-contiotigttudiakingswof éremirpiaring24.orakingperiid ﬁhmﬁqﬁ@\f@m&(sﬁabﬁﬁgﬂﬁﬁfﬁ% bypass path at
leastnost of the@g%g,gg&v%%%' feschenyaRD dheydtaulinsataand e hypasrnatihsg as to

reduce a rotationa of the eel. Stage 2030 can include either one of the following or a

combinatieripérent: by thecisdetin §4veypass paRNapmal sarnes Adute BRIl SeryaRsniRd Ryd

through ﬂ%&%&m&@@ﬁ&%ﬁbw&%ﬂﬁ&w&w&mwwmmm the bypass path is closed;
opening the bypass path, using a valve, within a time period that is much smaller t the brak
period; and opehi® P}é“b‘%ﬁ§§?ﬁgfﬁb"‘ge\‘;aﬁ9‘ée,1%ﬁﬂ?ﬁ ﬁ”f?rﬁ'é: Ootnfhfé{lfg ﬁvﬁYEH’Sﬁ\%‘flS?ﬁﬁ?Iﬁef

resonancegetingrolie taydraudicspeatdivhich is within predetermined speed limits at predetermined
15 locations along a predetermined tug autonomous travel path from the take off area to a pre-
pushback location, taking into account one or more of the following factors:
¢ instantaneous location of the tug 100 as indicated by tug location sensor 121;
e obstacle detection information received from sensors 123 or cameras 124;
e real time information on the locations of other vehicles along the tug travel path which is
20 provided by the airport command and control system 230; and
¢ information indicating one or more predetermined travel paths of the tug 106 from the
take-off location to the pre-pushback location; this information may be stored in
controller 119 or provided in real time by the airport command and control system 2350.
Fig. SE illustrates controlled deceleration and parking of the tug governed by controller
25 119 at a pre-pushback location.

Reference is now made to Figs. 6A, 6B and 6C, which are respective diagrammatical
illustrations of steering functionality of the towbarless airplane tug 100, which provides
Ackerman steering of the airplane 202.

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

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

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;



25Stage 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 30 can be exe d in parallel to either one of.stages 2010,
2015, 2020, 203b arPBeEl ﬁ’é%&obg%e?ﬁlc?u%%e%gp VRGPS NE R SRS Slggeﬁagkfos?%emcc%ltrol
loop, a feedbackwhseltor &8 fast ftbwadc:|iop 3aRdd¢heclikeg the ceStage D040t ctaviatdiidbatétdfhining,

by the tug. qontr%%riﬁbc%%gltgn%%pf the variable angle swash plate pump. Conveniently, stage 2020
of determining opening the

yp%ss Path 35includes applying a control loop that can be triggered by an
outcome of ssichBactntstdopplist@de- 1Btagen 2846150t iwbkade 148 endtidficnd Brivotn @AntsIs oA

combination thewﬁ)é‘é I SCWJragﬁi%érb?ﬁB%E ﬂfotsha%&owbarless 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 €hrafjsserieetbriveemtrotiadaidiog weandffoand 39rosg4sn M4te pump to prevent a force

applied on the landing; gpanatdbsiAitRlaBeA A RKGREA AT RN IBRRN D0 INdHLIAD P IRYRsRRYES in the

control angle of the variable angle swath plate pump in response to a desired speed of the towbarless
airplane tIRSPARY ihaRe RISY-RATTRE B8l HREPHIMIS e CUFITBPATIgR BEAHEN &Fidfe angle
10swash plgiaRYBEmbly 38582804 BineldHasisubsiagas s Crsingiargeciakangeatohtberairplane

(2042), applying a feed-forward process. to. the variable angle swash plate.pump (2044), that results
changing TF?&T @ﬁt?ﬁﬁ?ﬂﬁé\%f@% 6@%&5%%] LR, %%rﬁﬂrrlr%t 2&f %g?gc%l?gglss%ﬁ%qgﬁp(fane to
slow dowgedbtigeis, ddtaidsthbeaiiplihoe: asithalefdingrariceldgohic tiggh ad: (EloBy 98t #Hat

o SRS B TR SRR SThBCGAChIIbMesAPARC g RS ERDS Moy

ISp eses > tan allow a pilot to remotely control the towbarless airplane
tug. EFB 98Riwend.conimsiritdionihia airdlesecardamsrwitthile dohorngarsampidéenter such as 20 an

airport tower, The ,yv'%%et._i% e LNICRLAN CARAUOW Bi¥iaviaien ¥, information to the airport tower and

send commands to t ss airplane tug. Various communication protocols such as Wi-Fi,
Wi-Méx, BluetoctiT anglaled fiketiearphtheduiragean whestrat84 trlatisnioahedengipiing axis 220
including a first caaera, 88hdhahising directed to the front of the towbarless airplane tug and can assist
in detecting obstacles, and a 23second camera 882 that views support assembly 125 and can assist in

monitoring the nfarresrngiiee e hnebersalspe i by #MddimaNEsdiliBhe tug

The calculation of i as a function of a may be as follows:
o LI[R+C2}=tana>>R=Lltanu~C/2
20 o tan(Bios) = [L — 4/2 cos a ~ B/2 sin a)/{Lftan a + A/2 — B/2 sin 0]
o tan(Bi0) = [L —A4/2 cos a + (472 tan o + B/2) sin a)/[L/tan a + (4/2 tan o + B/2) cos o]
s tan(Bi) = [L —A4/2 cos o + B/2 sin o}/[L/tan o —~ A/2 + B/2 sin a]
o tan(Biog) = [L —A4/2 cos o —(4/2 tan & + B/2) sin a}/[L/tan o« — (A/2 tan & + B/2) cos o
Fig. 6C illustrates the operation of tug 160 in accordance with a tug steering algorithm
25 whereby the tug 100 is reoriented relative to the airplane 202 such that « is zero. As noted above
with reference to Figs. 3A through 3E, controlier 119 reorients the tug 100 by rotating steerable
tug wheels 104, 106, 108, and 110 as described hereinabove so as to reduce the angle w, sensed
by rotation sensor 145, to zero. Controller 119 may be operative to cause orientation of the tug
160 such that the instantaneous radius of rotation, R + C/2, of the tug-towed airplane 262 is
30 identical to the instantaneous radius of rotation R + /2 of the airplane 202, itself, such that in
the example illustrated in Figs. 3A through 3E, the pilot of the airplane steers the airplane in the
same way whether or not it is pulled by the tug 100 or proceeds under its own power.
Reference is now made to Figs. 7A and 7B, which illustrate a portion of the towbarless
airplane tug, while Fig. 7C illustrates a portion of the variable angle swash plate motor. A

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



The movement of the towbarless airplane tug may be responsive to the location and movements of
one or more other towbarless airplane tugs. If multiple towbarless airplane tugs share the same path
(or if their paths overlap) the towing of one towbarless airplane tug should 30be responsive to the
towing process of the other towbarless airplane tug2l - Assuming that two towbarless airplane tugs

are expected to tow, their airplanes to the same takeoff,runway - that fQWING RINSESHSNoK I end at
substanti ?@/tﬂ t[ggrlﬁ% OEON \gv ich 8 %%eu%%/{%ﬁgcbelgef#ﬁ?ﬁlg% ﬁ%&r}’t%i%%ﬁl rur?\%%qy ;and aggsuming
that therefise pratefitehtifiagidiffiren derestwabhadiatwsdt fore die sHeqd certiml prop, find Péne is

expected g, ATy (Gl Qunaige e BeaiRRinGroIulE HEALUNURYA B0ta! BRlal ligben the

second airplane - 25 - d not arnve&g the beginning of the takeoff runway) until after the
predefineebtifrihlpenferariara e BPH pidingel mawad O st deaisa grotirliateli anagablange of

desirgd tigying ﬂlfﬁgﬁ‘?ﬂﬁﬁfp{ﬁxﬂﬁim@p&!ﬁcﬁﬁﬂ%ﬂ&ﬁﬁ&ﬁﬁ(ﬁ!&@@&ﬁ}@suﬂ%&yW&%&WQGOW&C@
throughput of the airfield and the current air traffic load. Typical timing differences carzﬁgénﬁg&e between
i
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differencqg5ap be-ahtainesdvnr eshdsingy thanipréagrepesd te amigane thantbdadiugl jewitgdpeed is
lower than the maximum allowabhle towin?? eed. The maximum allowable towing speed is usually

; Sp
defined pBFaRe%l AAtEs EXpsAER SLAN ATEH AR ART WiiEn as the slope of the road, weather
conditions (for eRarydimosoLEHradnsretsdngvinas) vetisbit dispddcimeero aupgrndloth eatta cist sopfeich

would affect the maximum allowable tquin eed, A i0 : ir. polkkition and
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towbarle ssrdarpsiatrartd/(mb ar danvitl GowtronsBattitylhadeysditicn peebrbhphyBrditoneardes
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Information relating to the location and additionally or alternatively the speed of towbarless airplane

tugs can BEmBRNaRHRE dHEb S HATBIMS IR 1odhis R 40 Gendiotharalrd REARASRASISEANE: and the
like. One ipyibaliessiPRNEBBEANSSRYpRFammlion iaied torgfontarprEathetitoyhaness
airplane tugs to each other.and, additiongxlllg or l?flternativ I% a cgnttrral cp?trol ?nt;t%. uivF'g;nL{re 14
illustfates PRI B BHS DM 28 Pre G2 clragassa Thsan B ARISRES 1R 8 BeeiSiubarless
airplane tugstars axpesies thetawtthelhatgiane sprantheffane takgottn (vairledratadoat the towing
should end at sybstantially the same location, i.e...r r a irpl ugs
1601, 1602, an(lj1 ﬁ@é@eééﬁl&%ﬁ%ﬁgeﬁ% gﬁrﬁgti@%?reﬁ%vr\lé t%gtﬁ)Zir?és% e%%jg%lr-{;g %%a?%%ﬁa?g?gggéonally

or alternativty] thimpiafomatisivciéis inrtalideé daghahvermpicarytonadeetseen BORFNEY RRHIDBY the
airport towgel, SHOR A3 1A CORERlSYSIEN HUSIRIRALL VifedBontrolls thedpbigaiRVhakamAlIBlane

tugs 1601, 1602, and 1603 may use radars or other 30detectors to detect the speed and/or location of

eactPdthesngray dissingied @hserbebatientolirdignening abbe srostriadfh & BRCE AN H T 9 602
and that tgybaress dFniane erdGes fellores wuhasles daimp neadtpi S0P Widzalgsasstmatbthat an
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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=40,000 x0.5g=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.



35ti. This expected time of arrival can be calculated or measured (if towbarless airplane tug 1602 - 26
- already arrived to runway area 1612) by either one of towbarless airplane tugs 1601, 1602, and 1603
or by another entity and can be sent to towbarless airplane tugs 1602 and 1603.  The towing

scheme of towbarless airplane tug 1602 can be de&yned so that it will arrive to runway area 1612 at a

second point of time_t2, wherein 12 ranges between (ri + AO and 5 (// + At2). i heme
includes the de '?Ed7§)g\‘g‘(§1%ﬂ%§ﬁgt %%néatﬁsﬁﬁg?\%\’{eﬁéed? lelé‘éfgﬁlgﬁ%tgl%faﬁﬁog%lgatge%t‘?ﬁ\%m egf%%e speed
should noTlexdiesel thetallowabls speatdam gictaveshipiatogompdl &l dosulansinglrevdiviegesdheme can
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by anothér Tow s airplane he towing scheme of towbarless airplane tug 1603 can be

designed so thaFigwil dhustsates ihatpmadditices! lopessratih Hlsmbercennedsd 1naabedddieen (12
+ AO and Llap ARl TRasiPping sehsme intedestosAesied pheadalangdherathmatdeass to

location 1612. In any case the desired speed should not exceed the allowable speed.as dictated by
road and €AP S6BRRSHSITRPAINAG SEMEMA! BheY B aRRL B HRPHCCAM ArESHFo P A ET SRS

towbarlesg aifplamsutugr 1R03aar dne abesheeiswbiadrasairpiaplenti pilGAaiuideddrtidhgchethe may be
applied by the towbarless airpla . The cryjse cqntrql scheme.allows a pilot to dictate the actual
speed of R BRHHrfESs ﬁil’"ﬂ&ﬁ%qffifsgu%ycr%%{ﬂﬁaﬁrnﬂé tﬁég@ﬁé%gdﬁgfgfﬁglgi%I?ﬁ‘ér\e/vﬁﬁ}%u%\gpeggﬁgﬁnsed
speed ranget diusimg).a predefined period, for example in cases where the actual speed of the

towbgrless airplane tug is lower than i s immggt 0 uise
contr%l scheme %Ifgﬁg%d?)%g\g% t(&}l?gaﬁ%%%e%{g%%%?gigé%%ﬁﬁg%%g%gs airplanteigtggg;li/ggg%érming a

pilot contribiethey aines opdewkismarehic! 7 trasctismaansbiesdbe Brasonhiaicss S pRemEYtug is
higher thapthe desitestsaas doldbaipwkadies Al RlaRRIMI whileie fiiel RAshexl R wseigontrol,

and thus allow the towbarless airplane tug to attempt to match its actual speed to a desired speed, by -
pushing thebngEEcsh e seribarthetBresiid 25 control mechanism. Fig. 15 illustrates method

1700 for towing péx aikpiapie, Metheeyl OO siasisubeaRRig Hrakagefolotd of 1ab8s arfg b7 Gfore

Stage 1707 incl Icylating the desired speed of the towbarless airplane tyg. Stage, 1707
inclute aBHE B UF AR50 BRIt (R DR S D TSR HE o o6 o€

ing ired spee arless airplane tug
based uperctisd0cation; calculating the desired speed of the towbarless airplane tug based upon its

ocation and a Iqcgtiqn oLt 1985 ANE.QMSBWRANESS AV RIARGLIG: coRAIUANNG KA dopiugd-apeed of

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

towbarlesevairpldeestdigivetich are pait rebensisdlgstdn Thnare sonrlless anprinsrers coptrol

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 GCutput (MIMO) controller. The
controller controls the speed and force applied by the towbarless tug. It receives multiple inputs
25  variables such as:
o Wy, —towbarless tug desired speed V., by diesel motor speed (RPM);
e D, —hydrostatic pump displacement (torque/flow T, = Dp*P, Op = Dpye); and
e D, — hydrostatic motor displacement (torque/flow Ty, = DpXP, Om = Diwr);
as well as outputs multiple control variables such as:
30 s V., — Vehicle Speed (which is controlled by hydraulic motor speed Wy,);
e  Fyacion — Vehicle Traction Force (which is controlled by hydraulic motor pressure P); and
® W, aor— 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.



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 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,-3d 5a desired time of arrival of the towbarless
airplane tug to the eﬂiof t%win location zﬁqﬁ% 1408 includes transmitting speed and location
information to at [&ast he 5 Aethod ane tug Stagé 1788 can include transmitting speed
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such as asatianorasaliydrsirostahdiesction e gele mepmtaimee afymereatheivird BB silige 1710
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towbarless airplane tug. The actual speed can be measured and the desired speed can be received by

the towbﬁé%%ﬁ?ﬁ%%@‘%ﬂ%ﬁ%&’%%@‘by the towbarless airplane tug.  Stage 1710 is
followed by stage:akbé28mbmaintaininggkemantdalbspesy of thieetanbbatiss aiiplane tug ibtheidetual
speed of a towbarless airplane tug is lower than the desired speed of the towbarless airplane tug, and
if the actUBFEPE: S?fcfﬁ% towbarless airplane tug was maintained within a predefined speed range
during a predefiSegoadd thafqhiered dy thegsodiariol sditsn20p it dppdetirtinge dathbe a

relatiyely narrow ran C I y stage 1730 of maintaining the actual
o S ot ke B e o

spee sairp e actual speed of a towbarless airplane tug is higher than the

desired speed ofttes &b i fedlo wndintagr 2480 of deEtRa It BR S PERplane pilot-controlled
braking and decg{gtat@ngok theispiene seaci086 S ldRaiapthd 23R b ficloweddpatagl 140 of

changing the actual speed of the towbarless airplane tug, to. match the desired sgee(illo E?he towbarless

airplane tERFRERIEMSHNE ST RbIRR 8L IAETL OBRATHE SBFRkIgicalne HERIARS PHB°RARCAED ST stage
1790 of applyingraipesiiivepiecion foreetby-hredavihas eppliaidptane ladihyigathéttevinganttse plane.
By applying only can be extended,or not 3 cted by the addijtional forces applie thetug, Fig. 16
is a t?r%in@%iéﬁéﬁ?? \§ ﬁl‘ﬁ%%%‘f lotenn |8n§g%r%§e}{l\%’e‘g§eé%%i %‘ﬂqgﬁeae%r%ﬂga%%ﬁlgﬁé%ygteﬁ ISWs By way
of explanahb)rmpﬁigxglaﬁrtbhjébggequmihvatub&stf@noa\L&]LI.b@ AIMWI ﬂalllidesi.rmﬂ@tse beewamem-tmiting
examp'eﬁlé’é?&%% 0(t)f %gcft r@g&@%%mf'sg%m redl8 SRS AiAQFRRY Ubgiales,maexample of

changes (over time) of a desired Speed of a towbarless tug (also referred to "desired speed"”), an

actual speed of Stege/BiHbenting s oifesepreishaiioriiscer canhigatcaspredtby a pilot, force
applied on thg landing aegy ptiheditRlaneshatdsatRpartrdr hiritawhkatiaasbalang:gpand
revolution rate of'a diesel motor of the towbarless airplane tug. .

20 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

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

25 Stage 2030 is followed by closing the bypass path. The bypass path can be closed when
the force applied on the landing gear is below a threshold or when a predefined braking period
ended or a combination thereof. The 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

30 can be executed in parallel to either one of stages 2610, 2015, 2020, 2030 and 2035. Stage 2040
can inciude 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 2620 of determining opening the bypass path

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



Table 1 illustrates these values during points in time to -I'm. Table 1 Ti me Desired speed Actual speed
Braking applied by pilot ? Force applied on landing gear by tug - percent of airplane takeoff weight
RPM of diesel motor to 0 0 Yes 3% 1500

-24 -

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

¢ 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 1o 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 atrplane 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

260 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 amive (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 current air traffic load. Typical timing differences can range between one
and three minutes, although this is not necessarily so.

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

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

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

Information relating to the location and 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
one or more other towbatless 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
&at all three towbarless airplane tugs are expected to tow their airplanes to the same takeofl
runway 1610, and that the towing should end at substantially the same location, i.e., runway area
1612. Towbarless airplane tugs 1601, 1602, and 1603 can exchange information relating to their
speed and location and, additionally or alternatively, this information can be provided by a
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
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 Af; and Af,.

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

t;. 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 1663.

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 (7; + Ar;) and
(t; + Atz). 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
to runway area 1612 at a third point of time #;. 13 ranges between (#2 + Af;) and (12 + Afy). The
towing scheme includes the desired speed along the path that leads to location 1612. In any case
the desired speed should not exceed the allowable speed as dictated by road and air conditions.
The towing scheme may be calculated by a central control entity, by towbarless airplane tug
1603, or by another towbarless airplane tug.

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

The cruise control scheme aliows 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.

The cruise control scheme allows a pilot to dictate the actual speed of the towbarless
afrplane 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
control mechanism.

Fig. 15 illustrates method 1700 for towing an airplane.

Method 1700 starts by any one of stages 17077, 1708, and 1709.

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

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

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

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

path with the towbarless airplane tug;
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s 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
¢ calculating the desired speed of the towbarless airplane tug based upon its location, an
estimated time of arrival of another towbarless airplane tug to an end of towing point, and
a desired time of arrival of the towbarless airplane tug to the end of towing location.
Stage 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.

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 1767, 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
can be calculated by the towbarless airplane tug.

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

Stage 1710 can also be followed by stage 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.

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-controlied braking.

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

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

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

These are non-limiting examples of speeds, forces, and RPMs.
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The timing diagram illustrates an example of changes (over time) of a desired speed of a

towbarless tug (also referred to “desired speed”), an actual speed of a towbarless g {also

referred to “actual speed”), braking applied by a pilot, force applied on the landing gear of the

airplane (that is supported by the towbarless airplane tug) and revolution rate of a diesel motor of
the towbarless airplane tug.
Table 1 illustrates these values during points in time £y - f15.
Table 1

. Braking Force applied on landing gear | RPM of
Time Desmcald Actuzl applied by by tug — percent of airplane diesel
spee Spee pilot 2 takeoff weight motor
Iy 0 0 Yes 3% 1500
I 10 0 No 3% 1500
t 10 5 No 3-5% 2200
13 10 10 No 5-2% 2200
7 20 10 No 2% 2200
ts 20 20 No 5% 2200
7 10 20 Yes 2% 2200
17 10 11 No- 2% 2200
ts 20 11 Yes ' 2% 2200
tg 20 0 Yes 3% 2200
tio 20 0 No 3% 1500
1y 20 5 No 3-5% 2200
i1 20 10 Yes 5% 2200
13 10 20) 10 No 2% 2200
114 10 (20) 10 Yes 2% 2200
Iis 20 8 No 3-5% 2200
lis 20 20 No 5% 2200
iy 20 20 No 2% 2200
7 20 0 Yes 3% 1500

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

At £; the towbarless airplane tug starts moving and ifs actual speed increases until it
reaches (at f3) a desired speed of 10 knots. At ¢, the desired speed increases to 20 knots and
between f; and f5 the speed of the towbarless airplane tug increases until it reaches (at #5) the
desired speed of 20 knots, Between 75 and f4 the actual speed and the desired speed are equal to
20 knots and the tug maintains its speed. Between t; and ¢; the pilot presses the brakes (because
of a possible turning maneuver with a lower desired speed of 10 knotsy and the actual speed of
the towbarless airplane tug decreases to 11 knots until #5. Between f3 and #;¢ the pilot hits the
brakes and although the desived speed is 20 knots the actual speed decreases to zero (at /o) and is
maintained at this level until £;5. Between f19 and ¢;; the speed of the tug increases to 10 knots.

Between {7 and £, the pilot maintains the speed of the airplane to about 10 knots and this causes
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the desired speed to be changed to 10 knots. In other words, the pilot sets the cruise speed to be
10 knots. This speed is maintained until the pilot presses the brakes during a short period
(between £;4 and #;5) and disconnects the cruise control. Accordingly, the desired speed is reset to
20 knots and between #;5 and #;¢ the speed increases until it reaches 20 knots. At #;7 the pilot
5  starts a braking session that causes the towbarless airplane tug to stop.

The timing diagram also illustrates that these accelerations and decelerations may result
in changes in the force applied on the landing gear by the towbarless airplane tug. Peaks are
detected at 73, 15, between fg and 1y, at 12, and at #54.

Figure 17 illustrates method 1906 for controlling a towbarless airplane tug.

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

Stage 1910 is followed by stage 1928 of calculating the desired speed of the towbarless
airplane tug based upon a speed and a location of the towbarless airplane tug and the speed and

15 location information.

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

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

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

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

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

o 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 1998 of transmitting speed and location information to at least one other towbarless

35 airplane tug;



toAt it the towbarless airplane tug starts moving and its actual speed increases until it reaches (at t3) a
desired speed of 10 knots. At t4 the desired speed increases to 20 knots and between t4 and to the
speed of the towbarless airplane tug increases until it reaches (at ts) the desired speed of 20 knots.
Between t3 and to the actual speed and the desired&peed are equal to 20 knots and the tug maintains
its speed. Between to and t7 the pilot pres%s[s tgef brakes (because 15 of a possible tudrningemaneuver

with a lower desT@8FdIgeeFAW RGNS Be REAP R PO MHIRR oS AR S AP Dfahe TG decreases
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of the airplane ta@agow9dd dndiraing thipealised a- 138 titheodesitenispecotheriievdiralegeditpla® knots.
In other words, the pilot sets the cruise Thi Is maintained until the pilot
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it reaChese%ﬂéirb‘ﬂ_?d?‘hﬂeﬁ&&eﬁu@taﬁﬁtﬁiﬁ)a braking session that_ causes the towbarless airplane tug to
stop. The timing diagram also illustrates that these accelerations and decelergéons may result in

changes in the fEEecsEpREe smErdIaAdhgaa s rhehis Rl Eif et onr Peles e ok cted at

t3, ts, betwﬁggti%gsaé}q 19m8inbtdopieraddo. Figure 17 illustrates method 1900 for controlling a
towbarless airplane tug. 10Method 1900 starts by stage 191Q of obtaining, by the towbarjess ajrplane
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share at least a gggtien of a towing path with the towbarless airplane tug Stage 1910 is followed
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of the towbarless™airplane tug in respon OStage 1940 is followed by stage
1950t6f towing awadinpkinibgdtwitieiwsapessis Bngslagpsed range (for example, a narrow predefined

range) during a predefined period that preceded the comparing;

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

20 braking and deceleration of the airplane is detected;

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

s calculating the desired speed of the towbarless airplane tug;

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

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

¢ 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; '

o 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



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. 25Stage 1920 can include at least one of the following:
calculating the desired speed of the towbarless aig#@ne tug based upon a location of the towbarless

airplane tug and a desired time of arrival of the towbarless ajrplane tug to an end of towing location;
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controller 119 of towbarless airplane tug 100 can participate in the execution of either one of methods

1700 and 1900. caleutge dhe deied el 1tho awbpessAitiras bR #8t Biiedofthe

following operatigasigh areimbipatipitiRreabnlaeamprHNg between an actual speed of a towbarless
airplane tug and a desired speed thereaf; controling the at least one tug wheel driver to maintain the
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The towbarless airplane tug may include a receiver and a transmitter. Referring to the
example set fourth in Fig. 4E, they may be included in or otherwise integrated within controller
119. The transmitter can be arranged to transmit speed and location information to at least one
other towbarless airplane tug. The transmitter can transmit speed and location information to a
20 remote command center (such as the control system in the airport tower) and the receiver can
receive from the remote command center speed and location information of at least one other
towbarless airplane tug.
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.



controling the at least one tug wheel driver to change the actual speed of the towbarless airplane tug
to match the desired speed of the towbarless airplane tug if an airplane pilot-controlled braking is
detected; calculating the desired speed of the towaarless airplane tug; 25 calculating the desired
speed of the towbarless airplane tug based upon a location of the towbarless airplane tug; calculating
the desir of the towbarless airplane tug based upon its location and a location of at least one
other towbarless airplane tug; calculating the desired speed of the towbarless airplane tug based
upon its location and a 30location and a speed of at least one other towbarless airplane tug that

shares at,least th.wi I:Eq 0 g ré%g ' @rlagr 9 -ngl lﬂﬂf&% g %' g g oéﬁﬁe
towbarlesls' airp%[:l?e()%?)g Iggsgg%g S?)ﬁ/\{ltsg Ioca%%r%%nd a%eté}ire tlleme 0 rg\?j ol{?hei%%v%)gr ess airplane
tug to antemdngfitdhéngp josatibrugamdhprding: calculating the desired speed of the towbarless airplane
tug based upon jts location, an estimated time of arrival, gf another towharless airplane tug to an end of
towing point-and e B A o o e e e AR ocation. n
accordance withvapeihdsexamplegeantioken fit8redntbencordigheeditp perforiinratieasiibopeaof the
following operatj[%]gc?(gra.cowbination thereof: receive speed and location information of at least one
other towbarless a?irp ghe ?ﬁ’g that are expected share at least a portion of a towing path with the
towbarless aérplanestiglicalculatie-tiedasiipstsperdoef theatawddapessdipdlavebtugBasadanpon its
speed and locatjon ang the sgged and %%cgatlondnforrggtl&gf 1 C%I}%ulate the deSered Spe d of the

towbarless airplg??e filg phdd SE)GSWWSG SHBR and s HderEd tinfB%t %rrcli\l/rg%fstﬁe tBWBareds airplane
tug to an end ofdawiggrenatiomandinchlculatalthe désif €d: spebstotiherpbwbadgsg airplane tug based

upon its location, an estimated tlr}r;e 681‘. alrrlval %1: at fa t one otheé_togvcparless airplane tug to an end of

towing point, and d&sired A %)? Airval O tfie Towbar eesséf‘?alrﬁ?gﬁe’ tehg to the end of towing 15location.

The towbarless airptanehtugemalysineiiidesa regiaérandishiranymitiefinRetersadgrtmghatexample set
fourth in Fig. 4E, they may, bfenie%clugi%% jiﬂa r %Qg({mﬁgeint%gé%ed within controller 119. The transmitter
can be arranged to tramsiiit %pe 4ha 10CatiGH Informationto atleast one other towbarless airplane
tug The transmitter can transmit speed and location information to a 20 remote command center (such
as the cogtrol Sygrt.l%'“?o'”l}ﬁ‘r oot Prﬁéﬁé"ﬁ%""aﬁ@&r e to (i~ whErely fram e femote goamand
center speed an ocation INformation of at least ore other towbarless airplane tug.
configured to detect airplane pilotcontrolled braking and deceleration of the airplane, and is
further configured to direct said propulsion arrangement to maintain the actual speed if:
e the actual speed is higher than the desired speed; and
¢ at least one of an airplane pilot-controlled braking and deceleration of said airplane

1s detected.

3. The towbarless airplane tug according to claim 2, wherein the controller is further
- configured to direct said propulsion arrangement to change the actual speed of the
towbarless airplane tug to match the desired speed if an airplane pilot-controlled braking is

detected.

4. The towbarless airplane tug according to any one of the preceding claims, being
further configured to apply a positive traction force at all times during a towing of the

airplane.

5. The towbarless airplane tug according to any one of the preceding claims, being
further configured to protect in real time the landing gear from exceeding its maximum

allowed fatigue load.



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 metegg 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

modificatfons thétsofomhistesotitelete ks parsbng skitled dn e die ppersdendifyte fdregbing
descriptiqﬂ ieh; 266,70 i&%ﬁ&%&ﬁ&f&ﬁﬂ@ﬁk%%@%%ﬁsﬁ%@iﬁd in the art to which this invention
: : : Ot

%%tw#
pertains Wlﬁ readily appreciate that humerous changes, variations and modifications can be made
without departing from the scope of the invention mutatis mutandis. 32 CLAIMS 1.A towbarless

airplane tyg CO“{*’H&Q_%%%ﬁ%&seQﬂ(?gaﬁe'wﬁ&&ﬁﬂfg%%?im@%?fH% g it hereby, saidug

comprising: a chassis configured for receiving thereon at least a portion of said handing gear; a
propulsiohanerits eist issiiy seadi gsrsibirectieulaty i deanet tioptuib her e teajeetprpdartoatizontroller
configuregeggrg@%gg&e between an actual speed of a Towbarless airplane tug and a predetermined
desired speed thereof, and to direct said propulsion arrangement to maintain the actual speed of the
towbarless airplane tug if: the actual speed is lower than the desired speed; and the actual speed

was mainfained wythig.a,predetingdspesd Jangs cbing:d Rrdgingd Recioshbafmeceded de

comparing. 2.The towbarless airplane tug according to claim | wherein the controller is further
configuretr¢ocaatedicirs| dnehsiioteBAgeitddtpredivig e divedesaistispeed tholangd| daechmads further
configureg)ggtgiﬁqﬁttﬁ@iglg_ropulsion arrangement to maintain the actual speed if: the actual speed is
higher than the desired speed; and at least one of an airplane pilot-controlled braking and
deceleration of said airplane is detected. 3. The towbarless airplane tug according to claim 2, wherein

the controller is fgjthereomiiguiad toditeet.saif RRORYISIoN HEANoRBRIQIENANAGHheaiual speed of

the towbarless airplane tug to match the desired speed if an airplane pilot-controlled braking is

detected.ths, qéredlph iy desharranbadshéeordliryas dhy omdret tieptetieliitty ERIPHSIPRING further
configureg) {g:RRRlY A PRI ASIRNiES aLAY imesiliing a towing of the airplane. 5. The

towbarless airplane tug according to any one of the preceding claims, being further configured to
protect in real time the landing gear from exceeding its maximum allowed fatigue load.

10.  The towbarless airplane tug according to any one of the preceding claims, wherein
the controller is further configured to calculate the desired speed at least based upon a
location of the tug and a location and a speed of at least one other tug that shares at least one

path therewith.

11. The towbarless airplane tug according to any one of the preceding claims, wherein
the controller is further configured to calculate the desired speed at least based upon a

location of the tug and a desired time of arrival thereof at an end of towing location.

12. The towbarless airplane tug according to any one of the preceding claims, wherein
the controller is further configured to calculate the desired speed at least based upon a
location of the tug, an estimated time of arrival of another tug at an end of towing point, and

a desired time of arrival of the tug at the end of towing location.

13.  The towbarless airplane tug according to any one of the preceding claims, further
comprising a transmitter configured to transmit information relating to speed and location of

the tug.



33 6. The towbarless airplane tug according to any one of the preceding claims, wherein the controller
is further configured to calculate the desired speed. 7. The towbarless airplane tug according to any
one of the preceding claims, wherein the controlleg s further configured to calculate a desired traction
force corresponding to the desired speed. 8. The towbarless airplane tug according to any one of the
preceding claims, wherein the controller is further configured to calculate the desired speed at least
based upon a location of the tug. 9. The towbarless airplane tug according to any one of the
precedingd laim$hovterdiaritre comleoketis feabrsiinpifiglred tbcdibtiatectiondssied spevteat least
based upop, lasaion,ebine. teand alecalian ol Ieast aneiBlhsh g 40.0% R ubRgeRs airplane
tug accordingto any one of the preceding claims, wherein the controller is further configuredto
calculate fiioendesredspratatdesstdased upon a location of the tug and a location and a speed of at
least one other tug that shares at least one path therewith. 11. The towbarless airplane tug according
to any one of the preceding claims, wherein the controller is further configured to calculate the desired
speed at Idast babedayunlesiosinbnotubacagrang dodesiredtinketo aispslthereefras.afshes of towing
ocation. S iPwbalers ARG Ackardngdaany gnsahiis Preeeding.coie yihgrein the
controller is fBrthe configured to calculate the desired speed at least based upon a location of the tug,
an estimatebizingeacfeasivabot spwtheltuararreniesrediinerpaitatedhe dedesdsnanhaiofastival of the
tug at the,gnds %&Wﬁ%gsi%%ﬂtm- 1331508 fowhatiess airplane tug according to any one of the
preceding claims, further comprising a transmitter configured to transmit information relating to speed
and location of the tug. 34 14. The towbarless airplane tug according to claim 13, further comprising a
receiver configured to receive information relating to speed and location of at least one other tug from
a remote command center. 15. The towbarless airplane tug according to any one of the preceding
claims, further comprising a detector configured to detect a speed and a location of at least one other
tug by utilizing a sensor; said controller being configured to calculate the desired speed at least based
upon the speed and location of said other tug.



