TOWBARLESS AIRPLANE TUG 5REFERENCE TO RELATED APPLICATIONS The following
unpublished patent applications are related to the present application and the disclosures thereof are
hereby incorporated by reference; U.S. Patent Application Serial No. 11/528,647, filed September 28,
2006, 10 entitled SYSTEM AND METHOD FOR TRANSFERRING AIRPLANES; U.S, Patent
Application Serial No. 11/798,777, filed May 16, 2007, entitled SYSTEM AND METHOD FOR
TRANSFERRING AIRPLANES; PCT Patent Application No. 12007/001172, filed September 24, 2007,
entitled SYS IEM AND METHOD FOR TRANSFERRING AIRPLANES; and PCT Patent Application
No. 12008/000036, filed 15 January 8, 2008, entitled SYSTEM AND METHOD FOR TRANSFERRING
AIRPLANES. Priority is hereby claimed under 37 CFR 1.78(a)(4) and (5)1 from: U.S. Patent
Application Serial No, 11/798,777, filed May 16, 2007, entitled SYS LEM, AND METHOD FOR

TRANSFERRING AIRPLANES; PCE@WE&@Q&%ZOOWOOM?Z filed September 24,
2007, entitled SYSTEM AND METH RPLANES; and PCT Patent
Application No. 12008/000036, filed January 8, 2008, entitted SYSTEM AND METHOD FOR
TRANSFERRING AIRPLANES:25EMNEOFO HHEANEENBIPN-ATIONS The present invention relates

generally to systems for airplane ground movement and more particularly to ground vehicles operative
to move airplane in an 30airport. BACKGROUND OF THE INVENTION
The following unpublished patent applications are related to the present

application and the disclosures thereof are hereby incorporated by reference:
U.S. Patent Application Serial No. 11/528,647, filed September 28, 2006,
10 entitled SYSTEM AND METHOD FOR TRANSEERRING AIRPLANES; U.S. Patent
Application Serial No. 11/798,777, filed May 16, 2007, entitled SYSTEM AND
METHOD FOR TRANSFERRING AIRPLANES; PCT Patent Application No.
IL2007/001172, filed September 24, 2007, entitled SYSTEM AND METHOD FOR
TRANSFERRING AIRPLANES; and PCT Patent Application No. IL2008/000036, filed
15 January 8, 2008, entitled SYSTEM AND METHOD FOR TRANSFERRING
AIRPLANES.
Priority is hereby claimed under 37 CFR 1.78(a)(4) and (5) from: U.S,
Patent Application Serial No. 11/798,777, filed May 16, 2007, entitled SYSTEM AND
METHOD FOR TRANSFERRING AIRPLANES; PCT Patent Application No.
20 - 1L2007/001172, filed September 24, 2007, entitled SYSTEM AND METHOD FOR
TRANSFERRING AIRPLANES; and PCT Patent Application No. I.2008/000036, filed
January 8, 2008, entitled SYSTEM AND METHOD FOR TRANSFERRING
AIRPLANES.

25
FIELD OF THE INVENTION

The present invention relates generally to systems for airplane ground
movement and more particularly to ground vehicles operative to move airplane in an

30  airport.




The following patent publications are believed to represent the current 5state of the art: U.S.
Patent Nos. 6,945,354; 6,739,822; 6,675,920; 6,751,588; 6,600,992; 6,405,975; 6,390,762; 6,357,989;
6,352,130; 6,305,484; 6,283,696; 6,209,671, 5,860,785; 5,680,125; 5,655,733; 5,562,388; 5,549,436;
5,516,252; 5,511,926; 5,480,274, 5,381,987, 5,346,354, 5,314,287, 5,308,212; 5,302,076; 5,302,075;
5,302,074, 5,261,778; 5,259,572; 10 5,219,033; 5,202,075; 5,176,341; 5,151,003; 5,110,067,
5,082,082; 5,078,340; 5,054,714, 5,051,052; 5,048,625; 5,013,205; 4,997,331, 4,976,499; 4,950,121,
4,923,253; 4,917,564, 4,917,563, 4,913,253; 4,911,604, 4,911,603; 4,836,734, 4,810,157, 4,745,410;
4,730,685; 4,658,924, 4,632,625; 4,482,961; 4,375,244, 4,225,279; 4,113,041 and 4,007,890; U.S.
Patent Publication Number 2003/095854; 15PCT Patent Publication Numbers WO 93/13985; WO
89/03343 and WO 98/52822; and BACKdraemIpoBlicHEaN vENTIES RU 2302980; RU 2271316, EP
1623924; EP 1190947; JP 2279497; JP 4138997; JP 57070741; JP 56002237; GB 1249465; DE
3844744; DE 4446048; DE 4446047, DE 4131649; DE 4102861; DE 4009419; DE 20 4007610; DE
19734238; DE 3534045; DEhg5oHaping DEBE2VBIGHDE 3B2TFE28sDE 4a1e910 IFRCPE81965 and FR
2675919. SUMMARY,QF.THE INVENTION The present invention seeks to provide novel robotic tugs
for taxiing 5airplanes. There is thus éorowded in accordance with a Ereferred embodiment of the

present invention a towbarléSs SN Uy IR 1dnG ‘A Lhes S ottt oy 2 pifFait 8t tug wheels, at
least some of B)éopjerslicy30b,n6g; \wj3ee/ssbedig Slceralsies e wkssls96; base,erxsensbly7dnounted on the

tug chassis, an giiplane Nase wheal SURROILITELASSEMRlY. 5 511 996, 5 480,274; 5,381,987,
5,346,354; 5,314,287; 5,308,212; 5,302,076; 5,302,075; 5,302,074; 5,261,778, 5,259,572;
10 5,219,033; 5,202,075; 5,176,341; 5,151,003, 5,110,067; 5,082,082; 5,078,340; 5,054,714;
5,051,052; 5,048,625; 5,013,205; 4,997,331; 4,976,499, 4,950,121, 4,923,253; 4,917,564,
4,917,563; 4,913,253; 4,911,604; 4,911,603; 4,836,734; 4,810,157, 4,745,410, 4,730,685;
4,658,924, 4,632,625; 4,482,961, 4,375,244; 4,225,279; 4,113,041 and 4,007,890;
U.S. Patent Publication Number 2003/095854;
15 PCT Patent Publication Numbers WO 93/13985; WO 89/03343 and WO
98/52822; and
Patent publication numbers RU 2302980; RU 2271316; EP 1623924; EP
1190947; JP 2279497; JP 4138997, JP 57070741; JP 56002237; GB 1249465; DE
3844744; DE 4446048; DE 4446047, DE 4131649; DE 4102861; DE 4009419; DE
20 4007610; DE 19734238; DE 3534045; DE 3521429; DE 3327629; DE 3327628; DE
4340919; FR 2581965 and FR 2675919,




10 rotatably mounted on the base assembly, for supporting wheels of nose landing gear of an airplane,
at least one force sensor operative to sense force applied to the nose landing gear of the airplane in at
least one generally horizontal direction resulting from at least one of airplane pilot-controlled braking,
deceleration and acceleration of the airplane, at least one tug wheel driver unit operative to drive the
plurality of tug wheels in rotation to 15 provide displacement of the chassis, at least one tug wheel
steering mechanism operative to steer the steerable tag wheels during airplane taxiing and at least
one tug controller operative at least partially in response to an output of the at least one force sensor
indicating airplane pilot-controlled braking of the airplane to operate the at least one tug wheel driver
unit so as to reduce the force applied to the nose landing gear of the airplane 20as the result of the
airplane pilot-controlled braking.. - sunvRigferabiyTHEetovatEsy airplane tug also includes at least
one rotation detector operative to sense rotation of the airplane nose wheel support turret assembly
relative to the chassis resulting at least from pilot-controlled ground steering of the airplane and the at
least one tug controller is dlse pryetaitiveytotioonseckopeptvidobavibasbods thesafdesmtivge tug wheel
steering mgchapism,.the at least one tug controller being operative at least partially in response to an
output of the at [east one rotation detector indicating pilot-controlled steering of the airplane to operate
the at least one tug wheel yf’@éf‘ri’ﬁd%&#@ﬂ%@%%%é@llﬁepﬁ’@&%W%&lWﬁgél &fich that the
chassis movesgiigaditestion inaiedicdbyitfiensiloteanioled sieaingodddhere isiatgaypsovided in
accordance W'glh %r}llggl*ler tﬁgef?rg%jeemgodfm%t of the vfﬂrge e{;lftjiilncvetntiogl & tov‘\7/v 1ariessb%isr lane tug
including a chagsis mounted on a p(iuraﬁiPyuf) h}fgow ee é, at least S0me of‘fﬁe p?ﬁrsalfqty of tug wheels
being steerabkssergblyhewisitash cirpianes sbewsivhe aiglgnsorese vdee sseneblyurstasisiptiyounted on the
chassis, figy 5%{%@J}Si%n%ﬁﬁé%mﬁt%@a%@%ﬁﬂ?%ﬂ@Gﬁﬂ@ﬂirgge%églé‘&%@%@ir@t deasie rotation

detector operatjve to sense rotation of the airplane nose wheel support assembTy relative 5 to the
chassis, resul 85 ERbANHITICE SREON QBLRBUME SEEFiAY St #RRlisfSratie, nosfe22iBSe tug wheel
driver operativedo drie ihglpleiialdy ledstugiavienets!in iotation tdipoivid eslikpladementledsthe chassis, at

least ane tug ylegl sicering mechanisr oReive tg.stac 1hg siestable, e heelpang t least one
tug controller operative to control operation of at least the at least one tug wheel steering mechanism,

the at least onéagigna e sHad|IsFiseind epertilivéoatieadeparaity ¢ rspbere iforetatioutsut of the at

least one; rotafigivdetasiacintdisatingalmiane:pilakcortral el alerting ohhe-Alkplanetewrperate the at
least one tug wheel s eeringé@gchanigm sg as to steer the steeraple tug wheels such that the chassis

moves in a dirScireh MAITEHED 'SR PRYL- ot ABRUR SRADE BRSratABR: He MR HEse wheel
support turret gsseinbdlyt iscastatatiblyl 5 mopoied toretheugha ssisiisy Helanimgse Pieteradiygrthe

towbarless airglang o alsgngiudesatirastanc. snergy aaaber aasermblymaunied between the

airplane nose wheel support turret assembly an z’the‘chas Is for absorbing energy resulting from
inertial forces BRERETIGIWRICH WolgeetiRe ReiSe serbisidn s tnsciaadngsefngigbarisrene airplane.

Preferably thestowhaess @y plaaiugialsenirsivdes@ahleast one airplane

Preferably, the towbarless airplane tug also includes at least one rotation
detector operative to sense rotation of the airplane nose wheel support turret assembly
relative to the chassis resulting at least from pilot-controlled ground steering of the
airplane and the at least one tug controller is also operative to control operation of at least
25  the at least one tug wheel steering mechanism, the at least one tug controller being
operative at least partially in response to an output of the at least one rotation detector
indicating pilot-controlled steering of the airplane to operate the at least one tug wheel
steering mechanism so as to steer the steerable tug wheels such that the chassis moves in

a direction indicated by the pilot-controlled steering.
30 There is also provided in accordance with another preferred embodiment

of the present invention a towbarless airplane tug including a chassis mounted on a

(3]




20 wheel engagement assembly for placement of the airplane wheels on the airplane nose wheel
support turret assembly such that a center of horizontal rotation of the nose landing gear of the
airplane lies at a center of rotation of the airplane nose wheel support turret assembly relative to the
chassis. Additionally, the at least one airplane wheel engagement assembly is also operative for
retaining the airplane nose landing gear wheels in place at 25 a location such that a center of
horizontal rotation of the nose landing gear wheels of the airplane lies at the center of rotation of the
airplane nose wheel support turret assembly relative to the chassis. Additionally or alternatively, the at
least one airplane wheel engagement assembly is adaptive to airplane wheel size for placement of the

airplane whedlewith el ik e dtast priaet ol dhe MiBTs i afrBiainhsglen g siamaRlmels in place

30at the locatigh:sldchh MiRfidhennastisnding aeatwheais ol the.aikplansutie @bihBecdateik of rotation of
the airplane npse wheel sug%ogi turéet as%emble}/lrel tive to the chassi Preferably, the
taRret o)

airplane nose N UEPEBES R R R A oy

for-accommodatintytitpefathe tirpieseciase leiiingmkae wiseatbedlisingairpiserebinovietivent.
Additionally ogalterpatively. e owharless Ainlane. i inasaig deysiconioliadmeds of operation

for airplane pushbaek and an airplane 5 pilot-controlled mode of operation for airplane movement
during taxiing F8HoMn ¢ 4t 1eash Sheopsudfisdexdang tanalkglity of tugpibrstaih iR ibarless
airplane tug hasaaealitpRemensompsenalsaperationdfertairpiare svavemenhsutndpaxing following at
least one of p Shbadﬁq"émsﬁjel?eﬁ‘g?én Aw%d‘éig%%ﬂyéﬁ"] tar;? gn%t%gomo%lrgl eode of o eration[tt{'ue tug

) steer t r% cO r_opergtive 1o COP
controlleris 1 responsive 10 commanas received from an a port comman and control center.

Additionally opedteiinativalyicasitive auleometsembaed obepwratishatbsaudee contestienisigsponsive to
pre-progygm r‘&@%@!i&%iﬂé@é@(&eﬁﬁd@.{gﬁSéhiimtjﬁsirﬁfégp%éy%'%%iﬂﬁhic”cﬁ@Wéﬂ@a@%%@’e‘j from tug

mounted tug location functionalit Pre erabl?/, the towbatless airplane tug has an
&

autonomous m@ﬂ@%ﬁeﬁt‘?}'d@?&ﬁgﬁg@m}f&erg’(mf??m dsiReripg ofris FRiprdRRABA L location.

Preferably, the tewbaitasg wirplaneting hashtugspeas ioantrolhfistctiablality altmslingithehting to travel at
speeds up to %ié‘f&@ﬁ;ﬁg 6csi iI]filmi 8.8 ig)gfeﬁ@pﬂ&ég%@tﬁggsd&_%%g[ggr , g’rggferably, the at least one tug
controller is operative to control 20 acceleration and deceleration of the tg'g, thereby to limit the force
applied to the nose landinBr¢iablnf thie @ibpiian &0t eVEEtE A4PRSYe ik lcatirB b BripRiyhg at least one

force feadbackJepRdiliziogRROpHLERNNe atlaaS! PRI RSeIRPLANG ahleAslpRrE:Of the

following inputs; an indication flc%é)wn slo%{es at vagtigus locations along an ag%llrane -navel surface

traversed by ﬁ%éeﬁﬁb?‘?ﬁﬁ%gt AR iR TR R EPTE tRE ST TR Skt BrRART8 SHRRBY tug location
and inclinatiotusensisghinetio ialithasix ifvdidatdingf endng) fiescema fiphe dhto it dagalaféean indication

of known airplaneand tugdolna ctionarce shyaliaunIoaians algng.lfplane ravel surface

traversed by the tug, the locations being identified to the at least one tug controller by location sensing
functionality and an obstafreferabbetfsn iPtheaasaiR aitolfer pr drelrdes afseifme iitplanst least one

force 20  wheel engagement assembly for placement of the airplane wheels on the airplane nose
wheel support turret assembly such that a center of horizontal rotation of the nose landing

gear of the airplane lies at a center of rotation of the airplane nose wheel support turret
assembly relative to the chassis. Additionally, the at least one airplane wheel engagement
assembly is also operative for retaining the airplane nose landing gear wheels in place at

25  alocation such that a center of horizontal rotation of the nose landing gear wheels of the
airplane lies at the center of rotation of the airplane nose wheel support turret assembly
relative to the chassis. Additionally or alternatively, the at least one airplane wheel
engagement assembly is adaptive to airplane wheel size for placement of the airplane
wheels on the airplane wheel support assembly and retaining the airplane wheels in place

30  at the location such that the nose landing gear wheels of the airplane lie at the center of

rotation of the airplane nose wheel support turret assembly relative to the chassis.




30feedback loop utilizes an input from the at least one sensor and the following inputs: an indication of
known slopes at various locations along an airplane travel surface traversed by the tug, the locations
being identified to the at least one tug controller by tug location and inclination sensing functionality, an
indication of wind forces applied to theairplane, an indication of known airplane and tug rolling friction
force at various locations along airplane travel surface traversed by the tug, the locations being
identified to the at least 50ne tug controller by location sensing functionality and an obstacle detection
indication. Preferably, the at least one tug controller is operative to control speed of the tug and
employs at least one speed feedback loop utilizing at least one of the following, inputs: an indication of

known desired speed at vARSH&NSc Ao ALPHIBH SR HisHhrPRR, St AseaP i & sbtP Y fhe tug,
obtained by theoatiebsiaive foigheanisaleforldising dughtoRiomsensiageluoetinnaiiy @ae a
predetermined,map of fhe Slplanc Uayel sulfags indieating specd imile erealong, and desired speed
information suppliedto e &t feast one ug controfierfron an alrpﬁghe Main Controfler.

Preferably, the'&ibksastugrisivaycoshoiiicminiopé ratindiap tonirplesrpviigack sl wiyabyleniploying at

least one posjtion fspahaakloep stilizingiat IRAshANiRdicatanAf d&éﬂ@@ﬂ&%%ﬁ%ﬁiéo@ne nose

landing gear wheels provided by the at least one rotation detector. ere is further provided in

accordance WISyt GHaPaskrtrgaCElbodiment of the present invention a towbarless airplane tug
including a chassis mountedferatayp|thalikynbhilsgs Vieelss atijeast somarphtweopiuradidy afftug wheels

being 20 Ste%r%?éﬁéﬁ‘%?\{vg}eeflse%o@éﬁﬁé%?dﬁu"r\fge?a!x%lﬁg@gﬁte%ic‘seg@tf@ésf%%'%'%e;g;gﬁ%&?a ppssis, for
supporting rotatable w e_eg)o a nose landing gear of an airpl ne, at least one force sensor operative
to sense forcéaapipBed dslitfrmabsdrnafgirfyigerobtiodirsanedrbedss dhe geretsly Horizontal

direction; @t l9agoanedug wheelddyeaResativento Arivathe RRINOTLU0 wheels dnietation to
f the chassis, at least one tug 95 controller gperative to control acceleration

provide displacement of t

ind deceleratSH PR MHEREBYS HiLioBee o BRER B R HIEe e BRI Britne the
airplane, the atslzastwene tug-wogtenileed diplogingtiarigashonedorderfiedhd ek loghastitizing an input
from the at Ieﬁﬁgggﬁiggr&geg%@s&&gg% atleast &gqoggtgggi{ﬂj!ga\ggggty)puts: an indication of known

slopes at various locations along an airplane travel surface traverséd by the tug, the locations being
30identified to the at least6rEr30ly-cHitrEMErByE TBlERR oM S G nehinaiBrPBOMSI P nEfionality, an

indicatiorsof wighinices appbtehtadhe aikplafarandagieatieAbat Kneation.

Preferably, the towbarless airplane tug has tug speed control functionality
allowing the tug to travel at speeds up to different speed limits at different locations in the
airport.

Preferably, the at least one tug controller is operative to control

20  acceleration and deceleration of the tug, thereby to limit the force applied to the nose
landing gear of the airplane, the at least one tug controller employing at least one force
feedback loop utilizing an input from the at least one force sensor and at least one of the
following inputs: an indication of known slopes at various locations along an airplane
trave] surface traversed by the tug, the locations being identified to the at least one tug

25  controller by tug location and inclination sensing functionality, an indication of wind
forces applied to the airplane, an indication of known airpiane and tug rolling friction
force at various locations along airplane travel surface traversed by the tug, the locations
being identified to the at least one tug controller by location sensing functionality and an
obstacle detection indication. In another preferred embodiment the at least one force

30 feedback loop utilizes an input from the at least one sensor and the following inputs: an

indication of known slopes at various locations along an airplane travel surface traversed




airplane and tug rolling friction force at various locations along airplane travel surface traversed by the
tug, the locations being identified to the at least one tug controller by location sensing functionality and
an obstacle detection indication. Preferably, the at least one tug controller employs at least one
feedback 5 loop utilizing an input from the at least one force sensor and at least two of the following
inputs: an indication of Imam slopes at various locations along an airplane travel surface traversed by
the tug, the locations being identified to the at least one tug controller by tug location and inclination
sensing functionality, an indication of wind forces applied to the airplane, an indication of known
airplane and rug rolling friction force at various 10 locations along airplane travel surface traversed by
the tug, the |8EakivRs BbirocriintifetigddensiBeddashcoridenshoneiumtietitaito batian 18enising functionality

and an obstagle ideigsiianindicaiianiionality, 47 taiRARIY oieual 18285 SRFItHG.caRHRIRREMPlOyYsS at least
one feedback lqQop utilizing an inpyt from the at least one force sensor and all of the following inputs:

15 an indicatiSriPSTRHETA SopEs ARAIAS [BE4R0S HiSHE A Sh plarEraerdimalettaversed by the
tug, the locationsubeingcideniifie d-iocthed dtyl dastugnth¢uigeetmtsdlkdadoid¢nigiiat atidr antddsiclination
sensing funcyj it ndication. \é\éi_t’ﬂg ' ir indication of known
airplane ffs';nd Eéﬁgﬁ%lﬁ%g }%ﬁg%r?l%c?r%g%t varlR%E%%gﬁ%%éﬁﬁ%%ﬁg%ﬁ\%Qs%%‘%gc%mtraversed by the

tug, the locations being id&HemRbl > detd thiesihenedat sprrakigrds MpeEr dirlceritidFreAsthg functionality

and an obstagiedetacdieminisationadireferahly thedpubasipssitplane Wealse ipeludes at least one
energy absogto)ﬁr assembg mounted on the chasscif for absorbin%forcej res.ultin%from inertia of  the
[

tug which wou Otiering :baé]é’ﬁ R iR gnt%@e W&%ép aeedafﬁo ey Bfgﬂ%l?sz ﬂ%ﬁﬂ)nally or
alternatively atheaair plane swosecvwheelssd Pyttt tirge bssedh by the: rotétad lynmowntentoldahe chassis by

bearinggy  ysing R ;859@&( 1s@h@iﬁ%&%ﬁﬁ%@%ﬂ%&%@e@éﬁ%@ﬁ'Hﬁﬁ?oél‘hl?%ﬁ%&ﬂ? @ifpiane wheel

engagement assembly for placement of the airplane’wheels on the airplane wheel support assembly

such that the'#&s8 iBfiarHgeg®sr e hprattagiesdfesiied irsedfnformation supplied to the

at Jeast one tug controller from an airplane main controller.

Preferably, the at least one tug controller is operative to control steering of

the tug by employing at least one position feedback loop utilizing at least an indication of
15  rotation of the airplane nose landing gear wheels provided by the at least one rotation
detector.

There is further provided in accordance with yet another preferred
embodiment of the present invention a towbarless airplane tug including a chassis
mounted on a plurality of tug wheels, at least some of the plurality of tug wheels being

20 steerable tug wheels, an airplane wheel support assembly, mounted on the chassis, for
supporting rotatable wheels of a nose landing gear of an airplane, at least one force sensor
operative to sense force applied to the nose landing gear of the airplane in at least one
generally horizontal direction, at least one tug wheel driver operative to drive the
plurality of tug wheels in rotation to provide displacement of the chassis, at least one tug

25 controller operative to control acceleration and deceleration of the tug thereby to limit the
force applied to the nose landing gear of the the airplane, the at least one tug controller
employing at least one force feedback loop utilizing an input from the at least one force
sensor and at least one of the following inputs: an indication of known slopes at various
locations along an airplane travel surface traversed by the tug, the locations being
30  identified to the at least one tug controller by tug location and inclination sensing

functionality, an indication of wind forces applied to the airplane, an indication of known




30rotation of the airplane wheel support assembly relative to the chassis. Additionally, the at least one
airplane wheel engagement assembly is also operative for retaining the airplane wheels in place at a
location such that the nose landing gear wheels of the airplane lie at a center of rotation of the airplane
wheel support turret assembly relative to the chassis. Additionally or alternatively, the at least one
airplane wheel engagement assembly is adaptive to airplane wheel size for placement of the airplane
wheels on the 5 airplane wheel support assembly and retaining the airplane wheels in place at the
location such that the nose landing gear of the airplane lies at the center of rotation of the airplane
wheel support assembly relative to the chassis. Preferably, the at least one energy absorber

assembly incluBERI#% Rl dusisebine fftiroafosss Bt erEngy RsiPat cksAiaes Haedisrdash of the tug

relative to the #@vatsplabethe tug, thPneletioblybdhe aligdastianelitig: Rant@liefs dasaoRsve to input

sign.al.s from an airport comma d and control ste . .Ehe{.e is even further provided in
. 10 11 S€ i%n“ NCHONALY ang an,o Cle ?ectmn maication. . .
accordance with still anothér preferred‘embodiment of the present invéntion a towbarless airplane tug

including a chassis 15 moutiegdebly alpuraligsiofne dieseeisllar o zomdeasitheepiadiiigkof tug

wheels beigg sigsrable oW heels@n Y RN WherkSURRSST assambly dnpsnirdQRHhg.chassis, for
supporting rotatable wheels of a ngse landing gear of an airplane, at least one tug wheel driver

operative to drit@HSe 3 THRST 2 GRRREIPHT POISHORS IO BRI e praterlBR 3T thi ERgkssis and at
least one tug cantroter wphratiyetio locnioak spae ddefitfiedttghthe Bhdeast t@Dconrdlyy Bonigoller

employing at IeI K%onef edhack loop utilizing.a mapping of s eedgjimit long a travel path traversed
by the tug and Te mt A o TR A AE e A A e S i e B S o o the
tug and the airgianenalorg iadicatien paitfkn®R| BFPBES @R | g oNlicr TidRAWRO S TaEqsesent

invention yyll be,edasstens anthappiosiated wmarefully fiam atbeafoliowing detaladdessription, taken

in conjunction Witi‘hthe rawings in which: . i . )
to the at least one tug controller by location sensing functionality and an obstacle

detection indication.

Preferably, the at least one tug controller employs at least one feedback

loop utilizing an input from the at least one force sensor and all of the following inputs:

15 an indication of known slopes at various locations along an airplane travel surface
traversed by the tug, the locations being identified to the at least one tug controller by tug
location and inclination sensing functionality, an indication of wind forces applied to the
airplane, an indication of known airplane and tug rolling friction force at various
locations along airplane travel surface traversed by the tug, the locations being identified

20 to the at least one tug controller by location sensing functionality and an obstacle
detection indication.

Preferably, the towbarless airplane tug also includes at least one energy
absorber assembly mounted on the chassis for absorbing forces resulting from inertia of
the tug which would otherwise be applied to the nose landing gear of the airplane.

25  Additionally or alternatively, the airplane nose wheel support turret assembly is rotatably
mounted on the chassis by bearings.

Preferably, the towbarless airplane tug also includes at least one airplane
wheel engagement assembly for placement of the airplane wheels on the airplane wheel
support assembly such that the nose landing gear of the airplane lies at a center of

30  rotation of the airplane wheel support assembly relative to the chassis. Additionally, the

at least one airplane wheel engagement assembly is also operative for retaining the




Fig. IA is a pictorial illustration of a towbarless airplane tug constructed and operative in accordance
with a preferred embodiment of the present invention; Fig. 1B is a sectional illustration of a towbarless
airplane tug constructed and operative in accordance with a preferred embodiment of the present
invention, taken 10along the lines 1B - 1B in Fig. IA; Fig. IC is a top view illustration of the towbarless
airplane tug of Figs. IA & 1B; Figs. 2A, 2B, 20, 213, 2E, 2F, 23, 2H, 21 and 2J are respective
pictorial illustrations of various stages in the pre-pushback and pushback operation of the
15towbarless airplane tug of Figs. 1A IC; Figs. 3A, 3B, 3C, 3D and 3E are respective pictorial

illustrations of varipus s s.in pilot controlled taxiing.operation of the towbarless air e tug of Figs.
A~ 1C 1 accor TR N SRS e B S o o e Eh, TEEe0r a1 and 4E are
respective pictefalatiubtratiormiof olraiatioust tagisslancaubsplonmost taxithgsesperatisli@fetbe mwbarless

airplane tug of friggnddis. 1QuiRBRAR danse iRy allemnative srbadimentatihedResaehinvention;

Figs. 5A, 58, 5C, 5D and 5E are respective pictorial illustrations of various stages in the autonomous
return operatioRSSTHHE (S ITRHTES Lo mEAe Hhgebigs T iNacraeniof Siaainlaga vaself dbtare

respective liagrapivmnatiaadlibusisatispsndieaniestaining the airplane wheels in place at the location
such that the nose landing gear of the airplane lies at the center of rotation of the airplane
wheel support assembly relative to the chassis.
Preferably, the at least one energy absorber assembly includes multiple
pistons which absorb energy upon acceleration or deceleration of the tug relative to the
10 airplane.
Preferably, the at least one tug controller is responsive to input signals
from an airport command and control system.
There is even further provided in accordance with still another preferred
embodiment of the present invention a towbarless airplane tug including a chassis
15  mounted on a plurality of tug wheels, at least some of the plurality of tug wheels being
steerable tug wheels, an airplane wheel support assembly, mounted on the chassis, for
supporting rotatable wheels of a nose landing gear of an airplane, at least one tug wheel
driver operative to drive the plurality of tug wheels in rotation to provide displacement of
the chassis and at least one tug controller operative to control speed of the tug, the at least
20  one tug controller employing at least one feedback loop utilizing a mapping of speed
limits along a travel path traversed by the tug and the airplane at the airport as well as an

indication of the instantaneous location of the tug and the airplane along a travel path.




fiinctionalfty of the tawbarless airplane tug of Figs. IA - 10. DETAILED DESCRIPTION OF
PREFERRED EMBODIMENTS The present invention relates to novel robotic tugs for taxiing airplanes
5 from a gate to a take-off runway without using the aircraft jet engines. In accordance with a preferred
embodiment of the present invention, the robotic tugs preferably operate in an airplane pilot-controlled
taxi mode wherein the airplane pilot steers and brakes as if the airplane were moving under its own
engine power and the tug speed is controlled by a controller. Upon completion of the airplane taxi the
tug preferably returns autonomously 10 to a pre-pushback location at the gate, controlled by an airport
command mid control system. Preferably, a tug driver performs the pushback operation, after which he
leaves the tug and the airplane pilot controls the rug during taxi. In accordance with an alternative
embodiment of the present inveRiIFRBE taiR AEI0dpeFaleflEhAaliditisimous mode of operation during
airplane taxi. The term "autonomous" is used throughout in a broad sense to include operation under
the control of an airport command, control and communication system, preferably subject to airplane
pilot override. ReferBfod & How rrtae YiPsndersige b Rorprsiaiediomaiatly arless
airplane tug 10@«constriigiect-ad @peiptive iakecaosddnaes vwithit pieterred gmbesighent of the present
invention. As seen in Figs. %A ﬁ? and I% thFc[}o %Iessfla Or 00 re[era I com ,Lrlicsfeg, a chassis
102 supported on six whee int Jai%ﬁlfoﬁ%rl ‘SHESTAble heer 1o aRd o6 2 rédrward steerable
wheels 108 anénd bPezaitt dnterveadiate Woth speefraloteewbedisend o dredpeseht liniceaipreciated that wheels

112 and 114 may alternatively g ateqRhle Asnethithe ceniamolaonof.stesiahigaheels 104,
106, 108 and 110, respectively indicated by reference numerals 115, 116, 117 and 118, preferably

define verticesBf QReENH JleaSrAaLe sl Rrideget sRa Binia SEPs Bt bFRE 1 Eenters of
rotation of despaaipadoiwald and teamvard wheels on the same side of the tug 100 and whose width B
is defined by the separatio%r.]beween the centﬁrs oI. rotafti n il%/% apd 116 of res Oefcﬂvg l{ward wheels

. i y
104 and 106 and between the cer%%earsogfvgg\?éhgﬁnf]‘?’é)n 118'of 1rg%8p%§}\%ere rward wheels 108 and

110. 30Each ofiReels 104, 106, 108, 110, 112 and 114 is preferably controllably driven by a

corresponding hydraulic metes. met @@,oym)z@qwg,r ed byzagorespanding Mﬂé&%@p@&ﬂﬂﬁl(nm shown)
driven by the veghicle diesel engine (not sh,owr%in resp%%% tos eed gn%tor ue contio%signals from a
controller 119. EXUF EHhE s (LAl Saetd 164 PToR's A4 PHTRBrS R QelrdBfe by one or

more stediing prstanssinotpéhewry) afiliigspionsédo steering control signals from controller 119. 5A driver
control interface assembly,ﬁégf%@b%ingwdgig Qnﬁt%%rim @@f&%%@{&lﬁggﬁﬂ%&&g@@} and

optionally other controls, preferably interfaces with controller 119 to enable a driver to govern the

operation of thEENbEASSShIA ARy bexping crs ali @l theg PrimissrrRrplamrdharPilésevent of an

emergency or Mug@Q@g@bmmiﬁﬁajﬂé@ﬂ%@@@@gm@@@g@yﬂ%@ﬁ@fgferred embodiment of the

present invention, Figs. 4A, 4B, 4C, 4D and 4E are respective pictorial illustrations of

20  various stages in autonomous taxiing operation of the towbarless airplane tug of Figs. 1A
- 1C in accordance with an alternative embodiment of the present invention;

Figs. 5A, 5B, 5C, 5D and 5E are respective pictorial illustrations of
various stages in the autonomous return operation of the towbarless airplane tug of Figs.
1A -1C; and

25 Figs. 6A, 6B and 6C are respective diagrammatical illustrations of steering

functionality of the towbarless airplane tug of Figs. 1A - 1C.




10 the towbarless airplane tug 100 operates under airplane pilot in control (PIC), via controller 119 to
taxi to or near a take-off point. Near the take-off point, the controller 119 automatically disengages the
tug 100 from the airplane, in response to a command received from an airport Command and Control
Center or from a tug location sensor 121, such as a GPS sensor or any other suitable tug location
sensor, and the tug 100 operates 15 under control of controller 119, to return autonomously from the
take-off point to a desired pre-push back location. Tug 100 is also preferably equipped with a wind
sensor 122, one or more obstacle detection sensors 123, such as radar and/or laser sensors, for
example a Velodyne HDL-64E laser scanner, which output to controller 119, and one or more driving
cameras 124, which enable remote driving of tug 100, such as by a remote 20 command and control
center. Driving cameras D224 Ao hDFSCRAPIEGN MaVRRESEREERAER GIDIMVIINGS as to enable an
operator to view various locations on or near the tug 100. In accordance with a preferred
embodiment of the present invention, a rotatable airplane nose landing gear wheel support turret 125
is pivotably and rotatably mbispeeseh @ teoficoneditatenassernbiia nes The terdiadyispitecsenter of
rotation of the Zéntursel-le lesignated by fsiarence Mimesahle trisietarably ahtbesggometrical

center of the rectangle defined by the centers of rotation 115, 116, 117, and 118 of respective
ctecrable whed DT AGETOR SN R oo e RAFALS WEsdls 38R SR ERted to the
chassis 119 in amiarngionitiahodibo wsiantivditedhamotint dfpireedin abenomenestecobhdithontal base

bly 126 lati ' ' I ferabl
Comprising a P o en e e Beuiad o ho

chassis 102 artPiNGFi2drracpapkiasehibhripendigitdhe drspidersiroripgs adarceiialyo, are

preferably sasseciaipel ity 2ach tienaray-2AR80r DM RISIORS e SirWRiG RNt Aadiceitiraller 119, and
are used by controllergll in gontrtgll?g{vehi le acclglerqsggn and deceler tionﬁ Horizontal base
assembly 126 rsj?%tf:é’?a ¥ %%PJPQrf‘s%% TOFE R TRTERAAT B ag}%ﬂﬁ’gﬁttlfﬁoa} i “fg B?vlc??é/ﬁfy mounted

onto chassis 102 byheingtbe spetuiedpitonmeantralasirer sedy dxtending supportdade 3itorea pair of
forward handing,sypports3g-and suinpendsd ananalr af remard landina.suRRaada2 which are

pivombly mounted onto chassis 102. Flanging supports 132 are engaged Ivotably mounted energy
absorbing 10 pR8hE1ePS AL GFelrEE fsterent 4F BasE ORImeHE 180 st oaaiHb Bupports 132 is
preferably by meanssefspivotaiitaxieeias unBicthdaya Bt nabbe tegaly tofmeadudth
circumferential %%%euggceargennst %3&% - b'll'urrgi %t é!& ’ﬁ\%‘g‘ger?%x ‘piv%tCably and rotatably- mounted
onto base 126 %y a pair o plx}/o rods Eﬁ é’x%‘éﬁamg outwar 1yt eréfrorn into engagement with high
load 15 capacity bearings F3#crentsichisirmesrnmedydg 860 defieendiréGmibientifitsizsging race 136
formed in based, A0, LS AFIaR0IE 00 RIAARRDA relatively iow ficiiord qiatabilitugng,likability of

turret 125 relative to the base clement 130, the horizontal base assembly 126, and chassis 102.
embodiment of the present invention. As seen in Figs. 1A, 1B and 1C, the towbarless tug

20 - 100 preferably comprises a chassis 102 supported on six wheels, including forward |
steerable wheels 104 and 106, rearward steerable wheels 108 and 110 and intermediate
non-steerable wheels 112 and 114. It is appreciated that wheels 112 and 114 may
alternatively be steerable as well. The centers of rotation of steerable wheels 104, 106,
108 and 110, respectively indicated by reference numerals 115, 116, 117 and 118,

25  preferably define vertices of a rectangle, whose length A is defined by the separation
between the centers of rotation of respective forward and rearward wheels on the same
side of the tug 100 and whose width B is defined by the separation between the centers of
rotation 115 and 116 of respective forward wheels 104 and 106 and between the centers
of rotation 117 and 118 of respective rearward wheels 108 and 110.

30 Each of wheels 104, 106, 108, 110, 112 and 114 is preferably controllably

driven by a corresponding hydraulic motor (not shown) powered by a corresponding

10




An upstanding frame 140 is fixedly mounted onto turret 125 for aligning 20 the airplane nose landing
gear wheel on the turret 125. An airplane nose landing gear wheel stop bar 142 is preferably
selectably positioned with respect to upstanding frame 140 by a stop bar positioning piston 144,
anchored on turret 125, for adapting turret 125 to different sizes of airplane nose landing gear wheels.
The rotational orientation of the turret 125 is preferably sensed by a rotation sensor 145, such as a
potentiometer, which provides a turret rotational orientation input to controller 119. Rotational
orientation of the turret 125 may be governed by a turret rotation motor 146. A selectably

positionable ciaaARSaMbd AT AT BIRAY, MoVBIRI AR LNELIRT AL AR Sotetbipstanding

frame 140 and is operative to selectably clamp airplane nose lan mg gear wheels onto turret 125 such

that the centefOFIRSAEBH BFiHe SOERbIRHEH 5881 1A KBTS Y dr &/ petheisissrabladpsdsible, exactly

at the center ofp40taorod addafi s tetabbyhishaas tyaigd abore stesiat dhitogeamatissalcenter of the
rectangle defined bgéthe centers of r%jtion ?f f'steerable1\%@(?1@5 104, 106, 108 and 110.

in response to steering ¢ signa m COntro .
Preferably, force Sensors, Sucha&¥ba Celis 128! &re motnted onto a forward facing surface of

selectably3positionable clafgrassenilyl 117 arclassstotdy, Prefarsbyr dufdeding susfacaoibtep bar 142, so
as to engage tfi airplane NoseaRding.ge s hasIS e eaRfIN CoseiR g hafizenial Rigpe which are

C
being applied to airplane nose Ianding gear wheels and thus to the airplarie nose landing gear, such
as due to diffet@HEaEin Bt irrtivn artey by eueadharnsatenLtugeroy baiksivaite aeddtkration and /

or decelerationoof givaitplanbeipgiswed taptelyn 10 wincined aifplane;nese fandingoyear wheel

ramp 150 is preferably mounted onto base element 130..A pair..of air e nose, landing gear wheél
ngaging bl e G s e D R AT oning
gear andlfositioningthesirplaniennicue [Hifdimgrgearuindreciéome titpetis2emired &PFartitidar feature of

the present in\é@x‘iﬁ{ﬁfém@ thedfor G5 SCheR> taﬂéo?‘f‘ﬁ&ﬁ.sﬂf%%gtﬁg |{§k@4§f B{Sﬁl@@@ﬁﬂ}{ﬁoﬁ%lsense forces
applied to the nose landing fear in at least one (%fneralflﬁ/ horizontal direction resulting at least from
d §

airplane pilot-doRBIREEBrakserenE NG Hee | Bt SuatilG 15 RS diereRoRs NP ELBRARY from tug
acceleration. TheicahfratienkiPdis perativeaat IEastqattaty dnfrespongd dortmosipettlafia force sensor

indicating inter alia ajr ilof-control ing, resulting i eleraji fthe irplane to
provide speed£ lgrl%\ f(l)ér(kq}’lT u§e§ %ﬁgtgr)élgsi%ﬁa Jé%% %ﬁ%&%ﬁtﬁ%ﬁ&%ﬁgﬁlﬁ:%[?r%/%l%h@% W%%%% of the tug 100.
The contkdl isBiEh estEs’rof eatemiigrimi.the Rirse appiiaaowithé posthoalimefiyeirioftite airplane, to

a maximum abewed fessRw gk Wilnet dapaoe theKoseranmiing,geperhineAirplasaas a result of
airplane pilot-controlled brakin reiulgn in tu deceI% tion and/qr tug ?cceleration. 25t is additionally
2 particular feXfar st e BRe SER T ARTEITHHAPIRG 122 Such as radar aidor Jaser Sensors, for

example a Velodyne HDIL-64E laser scanner, which output to controller 119, and one or

more driving cameras 124, which enable remote driving of tug 100, such as by a remote
20  command and control center. Driving cameras 124 may be rotatable to have selectable

pan and tilt so as to enable an operator to view various locations on or near the tug 100.

In accordance with a preferred embodiment of the present invention, a
rotatable airplane nose landing gear wheel support turret 125 is pivotably and rotatably
mounted on a horizontal base assembly 126. The steady state center of rotation of the

25 turret 125, designated by reference numeral 127, is preferably at the geometrical center of
j:he rectangle defined by the centers of rotation 115, 116, 117, and 118 of respective
steerable wheels 104, 106, 108 and 110.

Horizontal base assembly 126 is connected to the chassis 119 in a manner

which allows a limited amount of freedom of movement of horizontal base assembly 126
30 relative to chassis 102, and is engaged by an energy absorber assembly preferably

comprising a plurality of energy absorbing pistons 128, each of which is pivotably

11




rotation sensor 145 is operative to sense rotation of the turret 125 relative to base assembly 126,
which is produced by airplane pilot steering via the nose landing gear of the airplane, and the
controller 119 is operative to control steering of steerable wheels 104, 106, 108 and 110 based on the
output of rotation sensor 145 and thus in response to 30airplane pilot steering commands. It is
a further particular feature of the present invention that the force sensors, such as load cells 129 and
148, are operative to sense forces applied to the nose landing gear in at least one generally horizontal
direction resulting such that the controller 119 is operative to control acceleration and deceleration of

the tug by employjng at least one force feedback |oop utilizi ut of at least one force sensor,
sensing pilot-(?glﬁﬁ% éodE erg%lﬁsésgrq %ﬂﬁléoags?rgﬁgt%?b t?h% i 81\/%%3%%%‘6 Sensors’gﬁelfgr %lgtion of force
induced by Ichovireglopés, atrv aviclasibcationistatonitanaghrpidsecnmyebsubiagepistonerdédl by the tug

100, the locatiogieeiifids uiiediia i caniioler by Iacaiar sensingifunslinnallysdfap indication of
wind forces applied to the airplane, information regarding the wind forces being supplied to the
controller frorﬁcﬁﬁjﬁ@ﬂ%ﬁ)ﬁ’eﬁﬁfﬁ’f&%ted wind sensors; and an indication of known tug and

airplane relling friction forgasiasntalrieiys desationsialeregethis admtaneds avelcatifacettivaesed by the

tug, the locatigns being. 15 identified to the controller by locati ensing functionality. Itis a
further particu%l'r ee"gt&?%o hﬁ% Srgg’gﬁob?ﬁ/v%% %%g)tﬁ%{to the controfler rleffgl O gpgiggegé)mcgntrol the
speed of the tuigpI GOy exteplbyingpradasd oAk spegdifeddburkddopdiesedbprrindvmesgeed limits

along a travelspgily ravsrsediPyrtha-mganddhe airplanaspreiaratly yilizing aswiablsairport map

embedded in the controller 119, 20 and_an output of a tug. location sensor, indicating the position of
the tug 100 albRGthétral/BMHas PP ity RECPAHETHEARIRARYY mounted engreth AIsHeE yith an
embodimeént of deesingeitiomeangaif citdasdsreardddindénachb43arenmndunig gnpphasdz 102 of tug 100
for ascertaini lar tionshi Q tween.the lopgi 'Q%Ilaxis f the ali nd the
longitudinal aﬁg%gﬁg%;ﬁaég%%ﬁﬁﬁg% én%xﬁgﬁsgfaﬁ%ﬁg%%ﬂ%twggﬁ i eeltlﬁlte %rl%?r?é?f‘gﬁ?; of the
airplane and théhsaginémsatizbiase pierecnid 3000 is employed particularly in an autonomous taxiing

T tn T ey et s o SRR
made to Figs. 2A, 213, 2C, , 2F, 20, 2H, 21 and 21, which' are respective pictarial illustrations o
various stage® it B]r‘@jprﬁéﬁﬂégﬁﬁ?{ﬁl@éﬁﬁ é@kﬂbeﬁ%f} S SRR R oLt %ﬁﬁgﬁi tug of Figs.

|A - IC, preferadphcitndesriugy 135, which in turn, engage a 360 degree circumferential bearing race
136 formed in base 126. This arrangement provides both relatively low friction
rotatability and tiltability of turret 125 relative to the base element 130, the horizontal
base assembly 126, and chassis 102,

An upstanding frame 140 is fixedly mounted onto turret 125 for aligning
20 the airplane nose landing gear wheel on the turret 125. An airplane nose landing gear
wheel stop bar 142 is preferably selectably positioned with respect to upstanding frame
140 by a stop bar positioning piston 144, anchored on turret 125, for adapting turret 125
to different sizes of airplane nose landing gear wheels. The rotational orientation of the
turret 125 is preferably sensed by a rotation sensor 145, such as a potentiometer, which
25  provides a turret rotational orjentation input to controller 119. Rotational orientation of

the turret 125 may be governed by a turret rotation motor 146.
A selectably positionable clamp assembly 147 is preferably mounted on
turret 125 and connected to upstanding frame 140 and is operative to selectably clamp
airplane nose landing gear wheels onto turret 125 such that the center of rotation of the

30  airplane nose landing gear wheels lies, insofar as possible, exactly at the center of

12




driver control. As seen in Fig. 2A, towbarless airplane tug 100, constructed and operative in
accordance with a preferred embodiment of the present invention, is moved, under the control of a tug
driver, in a direction indicated by an arrow 200, towards an airplane 202 awaiting pushback. Fig. 2B
show the nose landing gear wheels 204 located on ramp 150. 5 Fig. 2C shows nose landing gear
wheel engaging piston assemblies 152 positioned in engagement with nose landing gear wheels 204
for pushing and lifting the airplane nose landing gear and positioning the airplane nose landing gear
wheels onto turret 125. Fig. 2D shows suitable positioning of airplane nose landing gear wheel stop

bar 142 with res%ect to u,Pstandin frame 140 by {';1 eéit%p bar positioning piston 144 to accommodate the
it

10specific airplEHE AR | A gkar WSk BoMS! TheVEpkeift tigtarmests! £55'5 'S ws nose
landing gear wietdsg20dk it gypiis hedeondd tutaten b2 Steerable wiekds PH sHowEthadirplane nose

landing gear wheels 204 ptﬁ%?gﬁ%;j/é%ig{g@ %ﬁﬁ@?%@(g%n&?go&@%%&t sudtably ngfﬁmg@% St9P bar 142,

such that the axis of rotation ane nose landing gear wheels 204 preferably lies insofar as
possible exactljPatHe fasnaesitdpcst pbtatieriably prsitiprsbip2slampidssead otkd s6venifes at or close

to the georpetrigalcaatelphthemectangls defined by e capiessief ipfatiemedstartable.uheels 104,
106, 108 and 11 W. ence of retractign of individual piston

g. Figs. 2G ,antg 21I§ sho és %sec]lgﬂ
assemblies 153" BTG EREh WA MBI REES EHU R gE 8 RRERE AR Engagement
of individual cldmpmngtselettablynddbition diseigianynasskendily get7, with ainblanedifserdersding gear

wheels 204 to clamp. alrpliane 0sE,lARMIRG. GEATWASEIS, ONP Juis!d 25 i ihah ths,cepper of rotation

of the airplane nose landing gear w'neels lies insofar as possible exactly at the center of rotation 127
of turret 125. FRFHI0E P rdmsiEuta s HI8i58Y202 by tug 100 under control of the driver of the

tug. Fig. iit®5 shows the tugdrivgmlenvingathedsg 10Qitellewingrampleiionsof pushiaaekiyAccording to
an alternative embodiment of the invention, the driver.remains on tug 100 during.all or part of taxiing
2 may partciPOIB ARG EACRRETl 0F in6 G o e B e KRGt ENhE S o,
Reference is nowtonadscteh g d S3As BR{BO BpanttSRrwhibinamdificoti dluseetiors of various

stages in the (3G OREFAPRAIIAOUDSH5RR APLABRHGAR HLEIGSH AaskCgpder arplane pilc

control with the assistance of controller 119. . )
It is a particular feature of the present invention that the force sensors,

15  such as load cells 148, are operative to sense forces applied to the nose landing gear in at
least one generally horizontal direction resulting at least from airplane pilot-controlled
braking of the airplane, producing tug deceleration, and resulting from 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

20 airplane to provide speed and torque control signals to the hydraulic motors which drive
the wheels of the tug 100. The control is such as to reduce and limit the force applied to
the nose landing gear of the airplane, to 2 maximum allowed force which will not damage
the nose landing gear of the airplane as a result of airplane pilot-controlled braking
resulting in tug deceleration and/or tug acceleration.

25 It is additionally a particular feature of the present invention that the
rotation sensor 145 is operative to sense rotation of the turret 125 relative to base
assembly 126, which is produced by airplane pilot steering via the nose landing gear of
the airplane, and the controller 119 is operative to control steering of steerable wheels
104, 106, 108 and 110 baséd on the output of rotation sensor 145 and thus in response to

30  airplane pilot steering commands.
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Fig. 3A shows rotation of the airplane nose landing gear wheels 204 by the airplane pilot using the
conventional airplane steering-tiller 206 or pedals not shown), producing corresponding rotation of
turret 125 relative to base element 130. Rotation of turret 125 is immediately sensed by rotation sensor
145 which provides an output to 5controller 119 resulting in immediate rotation of steerable wheels
104, 106, 108 and 110 of tug 100, as described hereinbelow in greater detail with reference to Figs. 6A
- 6B. Controller 119 preferably performs 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. nose landing gear as steered by the 10 airpl ilot, and thus of
turret 125, with the Iongitu?fiﬁséla&rsggf %%’%“ggi%%% réeré)?d%’gi F%F}é/“& ’l:r)ly‘/fernet %?e%gc%& %eﬁr%:%?%l 210. The
controller 119 sansaesstisl stderdbifisnihgets! 108, 406pd68vare stag domespplitttatigiasspi, p2, Is and

134, as descrifiegsherainbeloy Witk T6{erense i Figs, A 66.and dyas g tA0SHChat angle a

goes to zero. Fig. 3B shows an intermediate stage during movement of rug 100 to orient 15 the tug

100 such that $&aHEIaHE 28 20Rsistie dhy IRl GCEDIe I Ah et classls atiar RE dMSy tHee Birplane pilot.

At this stage tbesiogle athebveantihe feydeickabopnailibadongitiudingt Axéas? 0 GhitsgetB0rjs shown to be
one-half of thaStBEStlgwnligné:()i : %ﬁ @rgk%ql Ellgdy%g in(gicaet%gtgee%vyg)%q the Io&gitudinal axis 210 of the tug

100 and the Ionglfu%lpr%a axis 0 ef%e alrpff’gne Eaf:)eolﬁg towed y t&g TBB, here designated by reference
numeral 220, due to 20turainigdéatien igfdod indletidebyoktivevmiriolmea20pious locati@igyal8@ shows the tug

100 oriented withiieeRe iR e mhasls-204 6f the Agselandingacas abie:alipiane8.such that a is
zero. It is noted that the angles pi, Pt, p, and p4 of the tug stecrable wheels 104, 106, 108 and 110,

respectively, SEEWREAR HGHoR FERsEHRLBE He angle y between the longitudinal axis 210 of the
tug 100 and 25the longitudinaldiesisod 20 winh e aisplantcA02 theiricplawerel hyntaipil Kisdiags than 7 in

Fig. 3B, inasmyuch as the airplane 20 I&?}s un to tur . Fig. 3D howglbr%lq,[}g f the airplane
205, by the it o R O BB A s ol e MBI es
on the main |§85Ag:g@dr (not shown) of the airplane 202 and immediately causes the application of a

force 30sensed by the loaghcalie4f3 0niglampad 444 Wi REMEIRILWhiehISERES ey soNtroller

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

It is a further particular feature of the present invention that the controller
119 is operative to control the speed of the tug 100 by employing at least one speed
feedback loop based on known speed limits along a travel path traversed by the tug and
the airplane, preferably utilizing a suitable airport map embedded in the controller 119,

20 - and an output of a tug location sensor, indicating the position of the tug 100 along the
travel path of the tug 100 and the airplane.

In accordance with an embodiment of the invention a pair of laser range
finders 154 are mounted on chassis 102 of tug 100 for ascertaining the angular
relationship between the longitudinal axis of the airplane and the longitudinal axis of the

25  tug 100. The angular relationship between the longitudinal axis of the airplane and the
longitudinal axis of the tug 100 is employed particularly in an autonomous taxiing mode
of operation such as that described hereinbelow in Figs. 4A - 4E.

Reference is now made to Figs. 24, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I and
2], which are respective pictorial illustrations of various stages in the pre-pushback and

30  pushback operation of the towbarless airplane tug of Figs. 1A - 1C, preferably under tug

driver control.
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119, which immediately decelerates the tug 100, inasmuch as there is a time lag between braking of
the airplane 202 and corresponding deceleration of the tug 100, forces are applied to rearward energy
absorbing pistons 128 which are immediately sensed by load cells 129. Rearward energy absorbing
pistons 128 absorb the energy produced by braking of the airplane 202 relative to the tug 100. At this
stage load cells 129 serve as a back up 5to load cells 148. Fig. 3E shows controlled
acceleration of the tug 100 governed by controller 119 in response, inter alia, to inputs received from
force sensors such as load cells 148 and 129, to provide airplane taxi velocity which is within
predetermined speed limitssakpieaEier tinedviacations alenganldirplanmttalebpaphraiig to ensure that

forces 10 apqliskip e, pae adina earaln.al exGRsHRtarRiRITINer Il tidan gto eccount

one or more, an pre era ollowing actors orce Induced by known slopes at

various locati6PiEraloig &g émmarié réleqtisnrfadieatpd psrse aByMREGUg s MREiokEEHE being
identified to the,gangrelabidd by lopatien sRNFIRAHNEH B L RUCTIASIRS Bdnstignality, here

provided by a tug 15mounted t cation se r121 Fi S A-1 wingd, forces applied to the
D lane 200 oA NG TSR B 157 LB SR TERF ADlRS SEhBELPITo o arport o
tug-mounted wigidseasorihsuesh lasding geyuriied sWidisemshirk2a daliftngr éfe ratplprad soseia airport
command a”@aﬁ&%ﬂ%b&‘ﬁﬂ' el %@9%%&090@&%{%%9r%£@"é'ﬂ%fﬁ&%&‘?ﬁ'i?f%?gs at various

locations alonﬁithe alrplane ravel surface traversed by thetug 100, the locations being identified to
the controller 43 Sy hatisbieipprisieniing faielia JRsE fradine &y m@%é%haséﬂ%owilm and

preferably alsespiaaipestaameant and sontiep ungtsmatitie Ei%ﬁ@alwa@wmm@&edeﬁecontrolled
decelerat n of thtfa tu ][OO 25r s onsive ng nly fo rglane ilot ak|£| ng rlplane 202, but
Zl eCl g ppar whieg ;{%zae & ]%3]

also to detectiBn of an Dbstacis <&n y ano stac?e senlg.eCI mg deceleration
is governed byosohltrdiigreddovireebsirima dntsheliento timpits2feceived from force sensors, such as

load cells 148 and 129, toygnoyreaconeipied decdlemibn atiobatusen iR akplans.and the g
thereby to limit the forces applied to ngse landin %ear of the 30airplane 202 to within predetermlned
force limits. assemblies 152 against suitably positioned stop bar 142, such that the axis of rotation of

the airplane nose landing gear wheels 204 preferably lies insofar as possible exactly at the
15 center of rotation 127 of turret 125, which, as noted above, lies at or close fo the
geometrical center of the rectangle defined by the centers of rotation of steerable wheels
104, 106, 108 and 110.
Figs. 2G and 2H shows a sequence of retraction of individual piston
assemblies 152 out of engagement with airplane nose landing gear wheels 204 and
20  .engagement of individual clamps of selectably. positionable clamp assembly 147 with
airplane nose landing gear wheels 204 to clamp airplane nose landing gear wheels onto
turret 125 such that the center of rotation of the airplane nose landing gear wheels lies
insofar as possible exactly at the center of rotation 127 of turret 125. Fig. 2I shows
pushback of the airplane 202 by tug 100 under control of the driver of the tug. Fig. 23
25  shows the tug driver leaving the tug 100 following completion of pushback. According to
an alternative embodiment of the invention, the driver remains on tug 100 during all or
part of taxiing and may participate in disengagement of the tug from the airplane
following engine start up.
Reference is now made to Figs. 3A, 3B, 3C, 3D and 3E, which are
30  pictorial illustrations of various stages in the taxiing operation of the towbarless airplane

tug 100 of Figs. 1A - 1C under airplane pilot control with the assistance of controller 119.
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In order to distinguish between normal traction forces on the nose landing gear and forces applied by
the pilot braking, the controller 119 takes into account one or more, and preferably all of the factors
described above, which are indicated by data from the various sensors, such as sensors 120, 121, 122
and 123 and cameras 124. 5 Controller 119 is operative to govern acceleration and deceleration of
tug 100 so as to maintain a desired tug speed preferably by employing a speed control feedback loop.
The controller 119 has an embedded map of the airport indicating relevant tug speed limits at various
regions of the tug travel path. This speed limit information is coordinated with information indicating
instantaneous location of the tug 100, which is 10 preferably provided by tug location sensor 121. The
controller 119 preferably ifShugte S iartihefRiereay sesmidiaies sehicdedsiiiftBftaneous
speed:of the tugpihe plibeufagthadoinemiopgratphio aatsag: thiteacmbspegdsttmbesaswaipse as
possible to and npt to exceed the speed limjt for instantaneous lgcation. of the tug 100. Controller
116 1 also op G G e B AT e ane P SO L I e
horizontal fordegeipplield fourdipishe semeinbygriatiof thrasoirpidhevhoh wanideceapwidié imit, which is

currently % %%%1?4{ Fi'@‘z%s‘&[% weightanreistaply &yst%%ﬂ&}_’m@}sf%@? 1%[“1@{1 feedhgck loop.
Controller 119 recelves&g\f%uts from load cells 148 and 129, which indicate the sum of the forces

applied to the H%& 1¥ha i YERFOIHE Sitpraitesosr rE MG AORITAt? BiRs; GidSlopes, rolling
friction and 20 acceleratiatvordlree!eraticfraiifhedirplane2ig angol thenttigddthcthetiorce feedback
loop is operativgeétgbagc?cele ate or de eﬁerate. the tu%l&oﬁ_%%lcpo%% to maintqi)i)stpnediforices sensed by load

{ tlel o8]
cells 148 and 128 su fc?%‘ﬁﬁ‘§ below the 5%Cgévp?tsa%rie Pmlt, SO a3 10 leave a margin %ru}j’negl(pected

accelerations #ieetbiratiohs eitestiprepiee athordndd2 0Dty thee dggdinepsReferesdyy mow made to
Figs. 4_A,16I?, 4@1&1‘% i, 41%@1_Wi#&%ﬁ@ﬁig%@ﬁi?a&%%{@m{ggﬁiﬂﬁ@? &%%@ig m@,clmmoys taxiing
operation of the towbarless airplane tu igs. IA - 1C in accordance wijth an alternative
embodiment gfﬁ%]%?% éﬁ?ﬁﬂ%é?ﬁwgfgﬂ@ 5%?8??0%[@1 é)l(ﬁﬁé%%%grgfﬁ)ﬁeﬁ’iﬁ%jan‘@%?ﬁ a%t%% by a driver of
the tug 100 quﬁﬁ;tdﬁ%aamhlly()iratrsﬁpm'sre togdesdmifaufiel dndrflsthes aﬁpg'ﬁeddtmeiqbnﬂoandfiﬂoqontrol
center f0||OWIQ&&Qﬁg@lg%ég.%pr“Lléab&(a@rfye tt%gtwa g}&ﬁp&%amﬁ%%?g@é&@gmo&%atlon, a function of turret

125 is to reduce the forces which are applie the nose- la gear In the horizontal plane;
specifically torque, to zerd BBt fih JieapRiTAE HE H 51 taah T Y8dONKeuisB04 in the
position last sgleateddoystioe diipdanapilet picadyipamlielde.theolpngitddined:@x$nddRidd of the
airplane. As a result.the nose lapding gear remains in that position while the lug 100 changes its
neading alond ot ACRF SR o A HBCT R o OF e SR IR Vo B g 100 the
turret will be texise2ilihod tigefibis chposite to thatlotité tuy 486vn in Fig. 3Autbnommels g control may

be °Ve”idder‘1ﬁm£%9i@é{%%ﬁm@%@gi{ﬂ@% axis 210 of the tug 100 and the Jongitudinal axis of the
airplane 202 being towed by tug 100, here designated by reference numeral 220, due to

20 turning of'the tug 100 relative to the airplane 202.

Fig. 3C shows the tug 100 oriented with respect to the wheels 204 of the
nose landing gear of the airplane 202 such that o is zero. It is noted that the angles By, Po,
Pz and P4 of the tug steerable wheels 104, 106, 108 and 110, respectively, are typically
not zero. At this stage the angle v between the longitudinal axis 210 of the tug 100 and

25  the longitudinal axis 220 of the airplane 202 being towed by tug 100 is less than y in Fig.
3B, inasmuch as the airplane 202 has begun to turn.

Fig. 3D shows braking of the airplane 202, by the airplane pilot pressing
on pedals 222. Braking of the airplane 202 is performed by brakes on the main landing
gear (not shown) of the airplane 202 and immediately causes the application of a force

30  sensed by the load cells 148 on clamps 147, the output of which is received by controller

119, which immediately decelerates the tug 100. Inasmuch as there is a time lag between
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10pilot by operating the airplane brakes on the main landing gear, which is immediately sensed by
load cells 148 and 129. Autonomous taxiing preferably employs enhanced C4 functionality of an
airport command and control center which coordinates and optimizes the taxi travel path
of all of the taxiing airplane in the airport, utilizing the following inputs: 15Positions of all the airplanes
taxiing in the airport; Calculation of all airplane taxi clearances and taxi travel pathways; and Airfield
meteorological conditions and taxiway ground travel conditions. This enhanced C4 functionality

preferably provides the following functions: 20avoidance of runway incursions;
optimal taxiing speeds for all the airplanes to insure minimal starts and stops during taxiing; minimizing

traffic jams o EaRiWhS SrBlte ertientih S RORdIBe HERELEHIPS Y the Beeilof Y Sriafifnction or

and speed

calculating

25emergencyapplied to feigwdd shaywawnmbiitpsrianttonhidithe tgrtttanddredipland 202 at the

e ongitucingl ke 20 B e 00 AR o e S A cerabie

wheels 104, Po&e1aiplanei2id oelsfitrsea ey a1 AfsdMidus stage load cells 129 serve as a back up

beginning of

5

10

15

25

30

to load cells 148.

Fig. 3E shows controlled acceleration of the tug 100 governed by
controller 119 in response, inter alia, to inputs received from force sensors such as load
cells 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 nose landing gear do not exceed predetermined limits, taking into account
one or more, and preferably all of the following factors:

force induced by known slopes at various locations along an airplane
travel surface traversed by the tug 100, the locations being identified to the controller 119
by location sensing functionality, such as GPS functionality, here provided by a tug
mounted tug location sensor 121 (Figs. 1A - 1C);

wind forces applied to the airplane 202, information regarding the wind
forces being supplied to the controller 119 from airport or tug-mounted wind sensors,
such as tug mounted wind sensor 122, and preferably also via airport command and
control functionality; and

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 by the location sensing functionality provided by tug location sensor 121,
and preferably also via airport command and control functionality.

Fig. 3E also contemplates controlled deceleration of 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 (Figs. 1A - 1C). The tug deceleration is
governed by controller 119 in response, inter alia, to inputs received from force sensors,
such as load cells 148 and 129, to ensure a coordinated deceleration ratio between the
airplane and the tug, thereby to limit the forces applied to nose landing gear of the

airplane 202 to within predetermined force limits.
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30parallel to axes 210 and 220. Fig, 4B shows initial turning of the tug 100 under control of
controller 119, preferably responsive to traffic control instructions received from an airport command
and control system 250 which may be based on a C4 (command, control & communication center )
system. As seen in Fig. 4B, in this embodiment, the airplane pilot 5 does not use the 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 nose landing
gear of the airplane 202, turret 125 is rotated by turret rotation motor 146 by an angle -a equal and 10
opposite to the angle a betwewientknedistizgnirdihaivesis RTIDb M qudosed ehdlloneituldidalzaxis 220 of the

airplane. Rotagion Qfturedks %g@?&ﬁ%ﬂﬁ@iiim{ E%@HQH&EMO}'E&QW&&P{%igé‘&)ﬁﬁ%ﬁg kack output to
controller 119. Controller 119 preferably rtgerfous steering of tug 100 by steergg steerable wheels 104,

106, 108 and PP Lo Re Hirfattars s e5p Rt PP taniic st e4 65 e dBiBance with two
feedback conticd Yanps: ©nerfcadiaskdnop ¢pEUHS thattkdd Teadingrefihé2tig 100 follows a

predetermined travel path gsiaRlishech by dhe aupert.command.and copyaleysie, 239, The second

feedback IJoop employs laser rang . to erisure that the nose landing gear gels 204 are
aligned paralldPfosh@ddaghadinal axdsszed Bethreedrprafeabhhéeaseplpangeifgrss PBFAscertain the

angle a 20 betwaspiigjongitudinaligxissdil of thedued 0Qpndibs denoitsling sxis g0 of the
airplane 202. Controller 119 ensures that the Fgrret 125 g rotat,&fi relati%/j to th Iongitudinal axis 210

by an angle -4 &SP GBI ERALHE M ARHRJ EAPHMCEIS SO ST SIGRE With the
longitudinal axisRRieef thélairitanetat didicngsg instantanéags WCashowStzefarghEl0staigehofrotation of the

tug 100 %thi%@é&%lggﬁ&@c@@ @r?@é‘i‘é‘é&?&ﬁ'&%&&?%&'%@'c@&&ﬁ&q P4 e:dig 190 And the longitudinal

axis 220 of the airplane 202 and the angle -a between the turret 125 and the longitudinal axis 210 of

tug 100 are sHERRRtGBdRRREeststeRnyied dndoarsTmidnstmrpua Brspb Wby diadivly dhthe

autonomous medeaf RRe'aleRRYdReuse tRirplanespilal iprefaralyay thesaiplanadilet pressing on
anclior to enable the airplane

b_raking pedals ,Zg(%%giss 3 %v%[gdingerin%be Jorﬁmgriggn{;%btrak' . _
pilot to controf &téering 8 the t Foo® LB REFS Rabs V& WIH reference to Figs. 3A - 3E.
Braking Controller 119 is also operative to govern acceleration and deceleration of

15 tug 100 so as to limit the horizontal forces applied to the nose landing gear of the airplane
202 to an acceptable limit, which is currently 6% of the airplane gross weight, preferably
by employing a force control feedback loop. Controller 119 receives inputs from load
cells 148 and 129, which indicate the sum of the forces applied to the nose landing gear
of the airplane 202, resulting from, inter alia, wind, slopes, rolling friction and

20 - 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 load cells 148 and 129 sufficiently below the acceptable limit, so as to leave a
margin for unexpected accelerations or decelerations of either the airplane 202 or the tug
100.

25 Reference is now made to Figs. 4A, 4B, 4C, 4D and 4E, which are
pictorial illustrations of various stages in autonomous taxiing operation of the towbarless
airplane tug 100 of Figs. 1A - 1C in accordance with an alternative embodiment of the
present invention. The autonomous taxiing operation may be initiated by a driver of the
tug 100 .or automatically in response to a command from the airport command and

30  control center following completion of pushback.
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of the airplane 202 is performed by brakes on the main landing gear (not shown) of the airplane 202
arid immediately causes the application of a force sensed by the load cells 148 on clamps 147, the
output of which is received by controller 119, which immediately decelerates the tug 100. 5Controller.
119 automatically terminates autonomous mode operation of the tug 100 and returns the tug to
airplane pilot control operation, as described above with reference to Figs. 3A - 3E. Inasmuch
as there is a time lag between braking of the airplane 202 and corresponding deceleration of the tug
100, forces are applied to rearward energy 10 absorbing pistons 128 which are immediately sensed
by load cells 129. Rearward energy absorbing pistons 128 absorb the energy produced by braking of
the airplane 202 relative té™REEDYTIVO LA SrtEsienoh S eliengigwest 285 defugH T8 load cells
148. - - ArseluriviQRutengpredsdinbeeaberaling baicalheceiHERG ANRRLIL pesTTitagairport
command an contrgl sgst m 250 or a Qilﬁt corqmangtgansmi}teg.via an 15E| cgr&nic fhlight Book
(EFB), comme%qgﬁy QGERa e TR R ro RS RTEL PR S S £05] P %‘Ef'é.‘ﬁ Shéws Controlled
acceleration afd$itotupst Gadeiahéyainonigrioa pint depshibp erstlsh tgthecioneitbinebmtiolad 119 in
response sintes;ajia. i inRuis.recalyieth i aRLAIRaH Command.and aeRtioliashten#SA.apg from force

sensors, such as load cells 148 and 129, to provide airplane taxi velocity which is within predetermined
speed limits 28%elsrsaedsimmdadaistnis SrRyrifiaprstrabripBpafditiengarEBat forces
applied to thehasevasding.gea cpmolexceed Rreaaie mineddimitspiakingdnta: agcgaungone or more,
and preferably all, of the following factors: force induced by known slopes at various locations
along an airplane travel surface traversed by the tug 100, the locations being identified to the controller
119 25 by location sensintufanetiovmality, suth! asaG PSdvactideralitynébateyroyithecebylaneug mounted
tug locatign S%ﬁé@ﬁ#%ﬁe@ﬂé 4 zilne brakes WNGIGHGES iARRNE D0, the RikPlaRg 2% information
regarding the wind forces being supplied to the controller 119 from airport or tug-mounted wind
Sensors, suctﬁ%%ﬁyﬁﬁﬁéﬁf@a thefddndor 122 and preferably also via airport command and 30control
functionality; and Autonomous taxiing preferably employs enhanced C4 functionality of an

airport command and control center which coordinates and optimizes the taxi travel path
and speed of all of the taxiing airplane in the airport, utilizing the following inputs:
15 Positions of all the airplanes taxiing in the airport;
Calculation of all airplane taxi clearances and taxi travel pathways; and
Airfield meteorological conditions and taxiway ground trave] conditions.
This enhanced C4 functionality preferably provides the following
functions:
20 + avoidance of runway incursions;
calculating optimal taxiing speeds for all the airplanes to insure minimal
starts and stops during taxiing;
minimizing trafﬁé jams on the taxiways; and
enabling immediate pilot control in the event of a malfunction or
25 emergency.
Fig. 4A shows an initial orientation of the tug 100 and the airplane 202 at
the beginning of autonomous taxiing operation. The airplane nose landing 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
30  parallel to axes 210 and 220.
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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 functionality
provided by tug location sensor 121, and preferably also via airport command and control functionality.
5Fig. 4E also contemplates controlled deceleration of 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 (Figs. IA - 1C) 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

inputs received 10 from forrg ;f?sors such as load c}g&é S 148 P§9 to eré?ur a coQ drnated
deceleration ratio between the ATpIARE ahtith &GS thet FFEPEE rﬂ?élg? %ose landing
gear of the airpldfe ReR:1hiyitlipgpredetorrmiigd fwrﬂe)llmnwuctlons reevivedefrtondistingupist between

normal traCt'O”cf&ﬁ%‘?a%@Q&@@oﬁ&%gk@%&”‘%9%@5&?9@?r&@%a@@d’%ﬁ%@ﬁ%ﬁﬁ%ﬁr%m%l the controller

119 takes into account one or 15 more, and preferably all, of the factors described above, which are
indicated by dafSPHBYRIERBODEFRIES) §2é?§‘§8r§ssﬁéh igd ’é’eﬁ@d‘é@ﬁ@@’?ﬂ“&% fisdimiane pilot  Controller

119 is opemtivedes aoyess tﬁ@@@iﬁ&ﬂ@ﬁb&@@@@@@@é@ﬁ@rm&tlgel&ops&@srﬁ@t RRiaikaggsired tug
speed preferabilg bé/ emp loyi a sp ed. cq nt ol feed %k Ioop1 'I(')he conctiroll r.119 has an embedded
map of the arrport iafic cgaf1 re e\r/1 n ber efug g(f)rée% fim cVarloug rpé& olintﬁeeS ﬁ’rés?raeel path. This
speed limit |nfomiahbnnstmomnﬂﬁﬁt@dcmtmlmrh?abwmmdwanmgqmtmwlmtmwbcm%ﬁQﬁ the tug 100,

which i preferghl pIRYEcBY WO RERIaN SRISRLARA: s SR BN LRIRRLLI Agluces ar

inertial navigation system which indicates the inStantaneous speed of the tug 100. The feedback loop
operates to cad$B'iHe %%u%bé%‘i&%@%&lﬁ%%@ﬁﬁ%%% %ﬁ&ﬁ&?tﬁl@se%@@@ ¥ speed limit
for the msIantaqqﬁ;uﬁelﬁcamgé bhbetwgen the longaoditraltens139 |sfa}mrcgmrcameerct@ggamm acceleration
and deceleratron 0 |t the horizo I forces applied. to the nos ng gear of the
airplane 202 to an %%{C%é%lg rIIi)mrie whi ml% (c):quLr%rﬁ{1r1 g% o??l%ép a8 rlcétﬁeonr%eggo\fvee%h hp‘rg,fé(‘f:]erably by
employing a fomeve%ﬁﬁﬁt(f?ff@@dbaeﬂp%mﬁ@@ﬂi?@ﬂéf? 119 receives inputs from load 30cells 148 and 129,
which indicate the sum of theforges appligdiia.the pogsiandingigeasotiberairpigneetesylting from,

inter alia, wind, slopes, rolling friction and acceleration or,
steerable 'wheels 104, 106, 108 and 110 and rotation of the turret 125 by turret rotation
15 motor 146 in accordance with two feedback control loops. One feedback loop ensures
that the heading of the tug 100 follows a predetermined travel path established by the
airport command and control system 250. The second feedback loop employs laser range
finders 154 to ensure that the nose landing gear wheels 204 are aligned parallel to the
longitudinal axis 220 of the airplane. The laser range finders 154 ascertain the angle o
20 between the longitudinal axis 210 of the tug 100 and the longitudinal axis 220 of the
airplane 202. Controller 119 ensures that the turret 125 is rotated relative to the
longitudinal axis 210 by an angle -0, so as to ensure that the nose landing gear wheels
204 remain aligned with the longitudinal axis 220 of the airplane at all times.
Fig. 4C shows a further stage of rotation of the tug 100 At this stage the
25 angle o between the longitudinal axis 210 of the tug 100 and the longitudinal axis 220 of
the airplane 202 and the angle -o between the turret 125 and the longitudinal axis 210 of
tug 100 are shown to be twice the angles shown in Fig. 4B.
Flg 4D shows overriding of the autonomous mode of operation by the
airplane pilot, preferably by the airplane pilot pressing on braking pedals 222. This
30  overriding may be for emergency braking and/or to enable the airplane pilot to control

steering of the tug 100, as described hereinabove with reference to Figs. 3A - 3E. Braking
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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 load cells 148 and 129 sufficiently
below the acceptable nose landing gear force limit, so as to leave a margin for unexpected
accelerations or decelerations of either the airplane 202 or the 5tug 100. It is a particular
feature of the present invention when operative in the autonomous taxiing mode of operation illustrated
in Figs. 4A - 4E, where the taxi speeds of tug 100 and the towed airplane 202 are typically those of the
airplane pilot controlled taxiing mode of operation, that the airplane pilot can override the autonomous
system to 10 switch to an airplane pilot-controlled mode of operation by applying the airplane brakes
and resuming tf§ Sreavipigney.Resaieplemediberbrdes Phébaistanending asas (archapplyoth@airplane

brakes in emergeneySHoalaRSmmediateEHiGIRNIHAXIPE-ARAratiaTdnpreNidedinib e altenomous
taxiing mode of o eraE‘:%n du&to he fact that the ground movements ofﬁll aﬁj?[planes(ig
i a

the airport are
15 managed by {fie%8d SR PSP SRS EF N A A R 2 iR TS @g}

ding lines of
airplanes waitingeteltadies 0t ths S¥en in Fig. 4E, the command and control system 250 integrates the

movement gf al airplanes sucl fat2ifplanes,mainiain dasiied sRasing neiebetyeen ung taxing

and avoid start and stop movements, insofar as possible. 20Reference is now made to Figs. 5A, 5B,
5C, 5D and 5E, i | SFené spaanibesngdriatminsralod panbplentetivstayeessHehabeite Hoous mode
of operation of the-tewbayass. aiplane tug 100 of Figs. IA - 1C under the control of a command and

control system in the airport tower, via controller.119 for tug taxiing. movement and for. retyrn of the tug
100 from the take-off area t nﬁ%?@bﬁ%ﬁﬁé%f@l%&ﬁé@%ﬁ%@% ggﬁ aféy%é‘fﬁ%e %?séu agement of
the tug 100 frommm@mnglagledmgl‘amm@ ty_eakuwH@élsz@és Iais_ap]ﬂﬁaﬂ:iMed?mmrdisaenmement of

the tag 109 oy thaainiansis siigaly sesisdautAfenbewnoiRe R he ainlang hayebeen started

by the airplane pilot. In"'one embodiment of the invention, the command and control system 250
commands the ¥&PRIREEI TR theshdgrienpradtssd iRk i ibagenenehy sbhe g is

automatically agsuntedsyshaisersegddosatienofhetig.at apragdeiesaneaddisgengagement location
adjacent the take Off point. th% dis%g%at%e%%rlllt ilrlwl%tc{uction ar% tﬁcr%[erab‘l}z communicated wirelessly
e'the

to the controller 119. In response to & INStmetion 1o di é’ﬁaglga Jgfegehraeé't%lﬁ}l%gsl iGhable clamp

assembly 147 ithdiseperagetiufrand etdnspititylengisgeridnemwithithiecainpiané moswmlaedlivig gear wheels
204 and tug 108 maera0yalys e she asnians plskhrakesdhs arlang 2p7.and controls the

Fig. 4E shows controlled acceleration of the tug 100 in the autonomous
mode of operation, governed by controller 119 in response, inter alia, to inputs received
from airport command and control center 250 and from force sensors, such as load cells
148 and 129, to provide airplane taxi velocity which is within predetermined speed limits

20 - at predetermined locations along an airplane travel path and to ensure that forces applied
to the nose landing gear do not exceed predetermined limits, taking into account one or
more, and preferably all, of the following factors:

force induced by known slopes at various locations along an ajrplane
travel surface traversed by the tug 100, the locations being identified to the controller 119

25 by location sensing functionality, such as GPS functionality, here provided by a tug
mounted tug location sensor 121 (Figs. 1A - 1C);

wind forces applied to the airplane 202, information regarding the wind
forces being supplied to the controller 119 from airport or tug-mounted wind sensors,
such as tug mounted wind sensor 122 and preferably also via airport command and

30 control functionality; and
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5 airplane tiller 206, allowing the airplane nose landing gear wheels to roll down the ramp 150 and
keeping the nose landing gear parallel to the longitudinal axis of the airplane 220, as the ramp 150 is
moved forward relative thereto. According to an alternative embodiment of the invention, (not
illustrated) where a safety driver is present on the tug 100, the disengagement can be carried out by
10 the safety driver in a conventional manner and is usually accompanied by disconnection of a voice
communications cord, by the safety driver. Fig. 5D shows controlled acceleration and steering
of the tug governed by controller 119 to provide tug travel speed which is within predetermined speed
limits at predetermined locations alo% predetermined tug autonomous travel path from the talce 15

off area to a pre-pushback [38at5h 2ERkAG IS ELTHPOREoE: Aloraldrd praiaPs PRSI TSt the
following factorsirphstantanrteusatecationsed the fgtdQ s thdicatediby Helgdddaiitfitdensbe 121;
obstacle detectign, informafion ived from. s Qr ras 124 20 real timesinformation on
the locations of ot rglrﬁ%erﬁ%;g}sté%gr%aﬁ% tsgasﬁi v% %%ﬁa%\/’é%l %%%%o%?&‘é%é}%‘%ﬁé‘ g??éé};t? E({)]’mmand and
control system Z%iprefserbly also vigferpestiomipeie st goakel dieléreabredetermined travel paths of the

tug 100 from the take-off logationHo 4k RigrekSMRACKHREGAteN. Jhisdriarmatiommaysbe gored in
%tiem 250. i

controller 119 or provided in real time by the ajrport command and control 25 s Fig.
5E shows contf§ &%}éﬁﬁ%%ﬁ%&ﬁﬁ%@&ﬁ% {5% g@&o@%&%&?’ B ﬁetfy §UPR Bre-pushback
chation. _oan Gbememeséé by)mmmlmgﬁigs. BA, GBand Gﬁyimgwmm iegpBativeA - .

diag fammat'Cahﬁ)“&tR%t&%Héo?ﬁr%%ﬁ?c'ﬁ%gsffé@&l%ﬁ‘é%}{ %&;52'36%2 IOWRANE SR AILRIANS 18,530, §4,80Figs 1A -

1C, which provides Ackerman steering of the airplan .
tug deceleration is governed by controller 119 in response, inter alia, to inputs received

10 from force sensors, such as load cells 148 and 129, to ensure a coordinated deceleration
ratio between the airplane and the tug, thereby to limit the forces applied to nose landing
gear of the airplane 202 to within predetermined force limits.

In order to distinguish between normal traction forces on the nose landing
gear and forces applied by the pilot braking, the controller 119 takes into account one or

15 more, and preferably all, of the factors described above, which are indicated by data from
the various sensors, such as sensors 120, 121, 122 and 123.

Controller 119 is operative to govern acceleration and deceleration of tug

100 so as to maintain a desired tug speed preferably by employing a speed control
feedback loop. The controller 119 has an embedded map of the airport indicating relevant

- 20 tug speed limits at various regions of the tug travel path. This speed limit information is
coordinated with information indicating instantaneous location of the tug 100, which is
preferably provided by tug location sensor 121. The controller 119 preferably includes an

inertial navigation system which indicates the instantaneous speed of the tug 100. The
feedback loop operates to cause the actual speed to be as close as possible to and not to

25  exceed the speed limit for the instantaneous location of the tug.

Controller 119 is also operative to govern acceleration and deceleration of
tug 100 to as to limit the horizontal forces applied to the nose landing gear of the airplane
202 to an acceptable limit, which is currently 6% of the airplane gross weight, preferably
by employing a force control feedback loop. Controller 119 receives inputs from load

30 cells 148 and 129, which indicate the sum of the forces applied to the nose landing gear

of the airplane, resulting from, inter alia, wind, slopes, rolling friction and acceleration or

22




Turning to Fig. 6A, which illustrates the airplane 202 with its nose landing gear- wheels 204 steered
straight ahead along the longitudinal axis 220 of the airplane 202, the following designations of
parameters are noted: I, = Distance along the longitudinal axis 220 of the airplane 202
between 5the axis of rotation 302 of the nose landing gear wheels 204, and a line 304 joining the main
landing gear, here designated by reference numerals 306 and 308; A = Longitudinal distance
between a line 310 connecting the centers of back steerable wheels 108 and 110 and a line 312
connecting the centers of front steerablc wheels 104 and 106 of tug 100; 10B = Transverse distance

petwoen contein.abuiels K010 10, BeRUSAD GRNELS RLESRAN A0 408G 100, and
ine 304.

C = Distance between main an ng gear I ows airplane
202 with-its noSeafapldialg ejedeciiieie|io 0w fiihatrbgsdn ewgténeﬂ}@rfqegbmg@tbkimﬁﬂSp||ot steering

using tiller 206;ppoguaingskE GORIBSRMA IRE a[&‘e}ﬂ@d]&fdéﬂﬁid%%%&@ﬁﬁ% ignibechassigd? of tug 100.
Controller 119 causes rotatlon of t erable Wh §104 10% 108 nd ;LlO in flert cause
reoriention of th&TRI™ 56 R #9& ‘;gférg’t{finié)ﬂo TR 585%‘%&5 Ehce to Figs.
3A 3E. Caohtrotter 09 also controls the motion of the tug 100 such that Ackerman steering of the
airplane 202 is produced, gs; glg 5?5‘391 f&@%ﬂ@@%@g&gﬂ@gﬁ%ﬁvmg égyeg}%ngl Rarameters: R +

C/2 = instantaneous radius of rotation o alrp ane 2 = angle of rotation of the nose landing
gear wheels 209 Gaqae ke Wlﬂf&?ﬁéﬁ%@@@@%ﬁh@%&fmﬁﬁe ?@W@ﬁ%{the taxi spgedsSteering

angle of the whegls afdugak@0bved B 4Q62 0G2Rgida1R) RaPselpsahivatiie nal colatiorof pi as a

function of a is as. follow,
faxiing mod% of operation, that the airplane pilot can override the autonomous system to

10 switch to an airplane pilot-controlled mode of operation by applying the airplane brakes
and resuming tug steering by the airplane tiller 206. The airplane pilot may also apply the
airplane brakes in emergency situations.

Efficient taxiing operation is provided in the autonomous taxiing mode of
operation due to the fact that the ground movements of all airplanes in the airport are

15 managed by the command and control system 250 in an integrated manner, thus avoiding
lines of airplanes 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 therebetween during taxiing and avoid start and stop movements, insofar as
possible.

20 . Reference is now made to Figs. 5A, 5B, 5C, 5D and 5E, which are
respective pictorial illustrations of various stages in the autonomous mode of operation of
the towbarless airplane tug 100 of Figs. 1A - 1C 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.

25 Figs. 5A, 5B and 5C show disengagement of the tug 100 from the airplane
nose landing gear wheels 204. It is appreciated that disengagement of the tug 100 from
the airplane is typically carried out after the engines of the airplane have been started by
the airplane pilot. In one embodiment of the invention, the command and control system
250 commands the tug 100 to perform disengagement. Alternatively, disengagement by

30  the tug is automatically actuated by the sensed location of the tug at a predetermined

disengagement location adjacent the take off point. The disengagement instructions are
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[[R+C/2] =tan™ Et= L tan a - C/2 tan fl[ L - Al2 cos a -B/2 sin al / [L/ tan a Al2 - B/2sin a] tan B[L -
A/2 cos a + (A/2tana B/2)sina]/[L/tan a +(A/2tanu, + B/2)cosa 30 tan P104 =+ Al2 cos a + B/2 sin al
[[L/tan a - A/2 + B/2sin a] tan 13106- [ L + Al2 cos a - (A/2tana + B/2)sina] | [L / tan a -(A/2tana +
Bl12)cosa ] Fig. 6C illustrates the operation of tug 100 in accordance with a preferred tug
steering algorithm whereby the tug 100 is reoriented relative to the airplane 202 such 5 that a is zero.
As noted above with reference to Figs. 3A - 3E, controller 119 reorients the tug 100 by rotating
steerable tug wheels 104, 106, 108 and 110 as described hereinabove so as to reduce the angle a,
sensed by rotation sensor 145, to zero. Controller 119 is preferably operative to cause orientation of
the tug 100 suptefiailyhminstaiveekboislesdivs tkromwitidher R1S. G 2spbihetony-iowadiairttane 202 is

dentical to thejgsigniancoys, 1eadis ShiRIBtion Rz oldfigiarplane a2l ugh that in the

embodiment of Figs. 3A - 3E, the pilot of the airplane steers the airplane in the same way whether or
not it is pulled BYIRBGUH SR brote difs rmber itoBwrPpBwera wheeli 3 3 4pprdldfed by persons
sicilled in the afibthat diepoegenhiinentopiina eilbmbadd twhsihas Fenapartetttarty tshown and
described herginaboue. Ly Rajher e nveniion inclydes ot combinalions and subgombinations of
various featurés describe %érelnabgve a5 Wall as moditicatons thereo wflﬂc Would 0ckur to persons
skilled in the atbpoh kespdisghthadoréading gesariptish aridenhiciietioahetin ehéhprdoplane CLAIMS 1.

A towbarless @'ﬁ@,l %E‘ﬁlélf%}pm@ §SHMed forward relative thereto.

According to an alternative embodiment of the invention, (not illustrated)

where a safety driver is present on the tug 100, the disengagement can be carried out by
10 the safety driver in a conventional manner and is usually accompanied by disconnection
of a voice communications cord, by the safety driver.

Fig. 5D shows controlled acceleration and steering of the tug governed by
controller 119 to provide tug travel speed which is within predetermined speed limits at
predetermined locations along a predetermined tug autonomous travel path from the take

15 off area to a pre-pushback location, taking into account one or more, and preferably all,
of the following factors:

instantaneous location of the tug 100 as indicated by tug location sensor
121;

obstacle detection information received from sensors 123 or cameras 124;

20 real time information on the locations of other vehicles along the tug travel
path which is provided by the airport command and control system 250; and

information indicating one or more predetermined travel paths of the tug
100 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

25  system 250.

Fig. 5E shows controlled deceleration and parking of the tug governed by
controller 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 of

30  Figs. 1A - 1C, which provides Ackerman steering of the airplane 202.

24




a chassis mounted on a plurality of tug wheels, at least some of said plurality of tug wheels being
steerable tug wheels; a base assembly, mounted on said tug chassis; an airplane nose wheel
support turret assembly, rotatably mounted on said base assembly, for supporting wheels of nose
landing gear of an airplane; 10at least one force sensor operative to sense force applied to said nose
landing gear of said airplane in at least one generally horizontal direction resulting from at least one of
airplane pilot-controlled braking, deceleration and acceleration of said airplane; at least one tug
wheel driver unit operative to drive said plurality of tug wheels in rotation to provide displacement of
said chassis; at least one rug wheel steering mechanism operative to steer said steerable tug
wheels during airplane taxiingaifd to Fig. 64ambich Gparag eriirelise sfémitid sprensepisially in
response to an geipuihelisaichakderst pRRlOR-SeA60¢ dikalingdaiplate pilvednraigdaraking of
said 20 airplanezt&otgee%g}tl% V%aid dat.lea§t oneftu wf}eel driver éj_nit S0 as to reduce the force applied to
ga 681%’131 10115 &) &

said nose landing gear of said-airptane as resy %Sfaé%ln(ftglr'plane pilot-controlled braking. 2. A

towbarless airplane tug accdrdindjstenckangathel lalaitedmprisingZ@ atheaspbne 38idttdriedetector
operative tossenge fofation,afisaishaitplane fese.whe eLaURROT biietasSembhoreialive, tesaid chassis

resulting at least from pilot-controlled ground steering of said airplane and wherein said at least
one tug controll&8 BrengsersRrscdctisnitet Bpsitaisormaetst Yaiidi €ast one tug wheel steering
mechanism, said at least ong tg.cesioiiar beingSOepestiveiat Bastpatialy e esmernserto an
output of said atbLec%S;tgerga o txaa‘/ﬂeogsd?(sgcattgcri 110 and a line 312 connecting the centers of front
steerable wheels 104 and 106 of tug 100;
10 B = Transverse distance between centers of wheels 108 and 110 and
between centers of wheels 104 and 106 of tug 100; and
C = Distance between main landing gear 306 and 308 along line 304.
Fig. 6B shows airplane 202 with its nose landing gear wheels 204 turned
by an angle o, in response to airplane pilot steering using tiller 206 producing
15 corresponding rotation of turret 125 relative to the chassis 102 of tug 100. Controller 119
causes rotation of tug steerable wheels 104, 106, 108 and 110 in order to cause
reoriention of the tug 100 such that o goes to zero, as described hereinabove with
reference to Figs. 3A - 3E. Controller 119 also controls the motion of the tug 100 such
that Ackerman steering of the airplane 202 is produced, as illustrated in Fig. 6B, in
20 accordance with the following parameters:
R + C/2 = instantaneous radius of rotation of airplane 202;
o = angle of rotation of the nose landing gear wheels 204 relative to the
longitudinal axis 220 of the airplane 202; and
B; = Steering angle of the wheels of tug 100 (i = 104, 106, 108 and 110).

25 Preferably, the calculation of f; as a function of . is as follows:

L/[R+CR}=tanc >>>>R=L/tanao—C/2
tan B, = [ L— A/2 cos 0.—B/2 sin o] / [L/ tan o + A/2 ~ B/2sin 0]
tan B, =[ L - A/2 cos 0.+ (A/2tan0, + B/2)sina. ] / [L / tan 0. +(A/2tanc. + B/2)cosa. |

30 tan P, =[L+A/2cos 0+B/2sinal/[L/tan o - A2 +B/2sin o]
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indicating pilot-controlled steering Of said airplane to operate said at least one tug wheel steering
mechanism so as to steer said steerable tug wheels such that said chassis moves in a direction

indicated by said pilot-controlled steering. 3. A towbarless airplane tug comprising: a
chassis mounted on a plurality of tug wheels, at least some of said plurality of tug wheels being
steerable tug wheels; an airplane nose wheel support turret assembly, rotatably mounted on

said chassis, for supporting rotatable wheels of a nose landing gear of an airplane; at least one
rotation detector operative to sense rotation of said airplane 10nose wheel support assembly relative
to said chassis, resulting at least from pilot- controlled ground steering of said airplane; at least
one tug wheel dniiey, eddratidd wdeive SatdnolurBiR)siobtligiivheele HirBtatiorn B/Deostde displacement
of said chassis; at least one tug wheel steering mechanism operative to steer said steerable
15tug wheels; and at least one tug controller operative to control operation of at least said at
least one tug wheel steeringgn&Clhihmisaes shichpiritiastaimegtiR) Gontraltdaioe witoperaitivedat least

partially in reSQQJ‘&Q&%QQleAﬂ%%_ AheRl #tdeadst @Ns 1IALARdelarior HRicaIng aplang,

pilot-controlled steering of said airplane’to operate said at least one tug wheel 20steering mechanism
so as to steer &itosiearablétugtohadele suhrHersidochigssis\maVe sarfialiirddionarielitated by said

piIOt'Contro”edﬂ%etﬁg Mo by rotating steerable tug wheels 104, 106, 108 and 110 as described

hereinabove so as to reduce the angle o, sensed by rotation sensor 145, to zero. Controller

119 is preferably operative to cause orientation of the tug 100 such that the instantaneous

radius of rotation, R + C/2, of the tug-towed airplane 202 is identical to the instantaneous

10 radius of rotation R + C/2 of the airplane 202, itself, such that in the embodiment of Figs.

3A - 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. -

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.

15 Rather the invention includes both combinations and subcombinations of various features

described hereinabove as well as modifications thereof which would occur to persons

skilled in the art upon reading the foregoing description and which are not in the prior art.
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4. A towbarless airplane tug according to any of claims 1 - 3 and wherein said airplane nose wheel
support turret assembly is rotatably mounted on said chassis by 25bearings. s.A tovybarless airplane
tug according to any of claims 1 - 4 and also comprising at least one energy absorber assembly
mounted herween said airplane nose  wheel support turret assembly and said chassis for absorbing
energy resulting from 30inertial forces of the tug which would otherwise be applied to said nose
landing gear of said airplane. 6. A towbarless airplane tug according to any of claims 1 - 5 and also
comprising at least one airplane wheel engagement assembly for placement of said airplane wheels
on said airplane nose wheel support turret assembly such that a center of 5horizontal rotation of said
nose landing gear of said airplane lies at a center of rotation of said airplane nose wheel support turret
assembly relative to said chassis. 7. A towbarlesd.airpMrse tug according to claim 6 and wherein said
at least one airplane wheel engagement assembly is also operative for retaining said airplane nose ID
landing gear wheels in place at a location such that a center of horizontal rotation of said nose landing
gear wheels of daid airplane/liEsvhttasrrplansrived FOBRIEHET said airplane nose wheel support turret

assembly refative to said chasgigs:si8 rbiewdaresrRiIaNer UL acREING 1e.slaibmb oF eladm 7 and
wherein said 15 at least one ne wheel ent assembly is adaptive to airplane wheel size
for placement of SKiH%iRHHR %NEI 5] ﬁtg‘%{ﬁ]?g%}%,?‘?ﬁyg eel support assembly and retaining said
airplane wheels in place at sebdstosatioblsuchutiat satdihosehasding gear wheels of said airplane lie at

said center of rotation of saignagﬁglg&eng&sgﬁgges%g&@gﬁf&tgﬁ%@é@&&%ﬁ{,%%@e&ooﬁa@é:hassis.
base assembly, for supporting wheels of nose landing gear of an airplane;

10 at least one force sensor operative to sense force applied to said nose
landing gear of said airplane in at least one generally horizontal direction resulting from
at least one of airplane pilot-controlled braking, deceleration and acceleration of said
airplane;

at least one tug wheel driver unit operative to drive said plurality of tug
15 wheels in rotation to provide displacement of said chassis;
at least one tug wheel steering mechanism operative to steer said steerable
tug wheels during airplane taxiing; and
at least one tug controller operative at least partially in response to an
output of said at least one force sensor indicating airplane pilot-controlied braking of said

20  airplane to operate said at least one tug wheel driver unit so as to reduce the force applied

to said nose landing gear of said airplane as the result of said airplane pilot-controlled

braking.

2. A towbarless airplane tug according to claim 1 and also comprising:

25 at least one rotation detector operative to sense rotation of said airplane
nose wheel support turret assembly relative to said chassis resulting at least from pilot-
controlled ground steering of said airplane and wherein

said at least one tug controller is also operative to control operétion of at
least said at least one tug wheel steering mechanism, said at least one tug controller being

30  operative at least partially in response to an output of said at least one rotation detector

indicating pilot-controlled steering of said airplane to operate said at least one tug wheel
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20 9. A towbarless airplane tug according to any of claims 1 - 8 and wherein said airplane nose
-wheel support turret assembly is pivotably mounted relative to said chassis, for accommodating tilt of
said airplane nose landing gear wheels during airplane movement. 10. A towbarless airplane tug
according to any of claims 1 7 9 and having a tug driver-controlled mode of operation for airplane
pushback and an airplane pilot-controlled mode of operation for airplane movement during taxiing
following at least one of pushback and landing. li.A towbarless airplane tug according to any of claims
| - 10 and having an autonomous mode of operatioru for airplane movement during taxiing following at

least one of pushback an Ianding. 5}2.A towharles F\irBIang tlIJSg acc rd[ingc{o claim H and wherein in

. steering mechanism o as staetr 521 stc[erﬁf e i sgw cels suc ?ha said chassis moves
said autonomous e of operation, ug con YOINET | responsive 1o commands received from an
airport commarnrdaaiigationtiolicaeddry said phldewbaoksksgirpigne tug according to claim 11 or claim 12
and wherein 10 in said autonomous mode of operation, said tug controller is responsive to
preprogrammed driving pathways and speed limits and to tug location information received from tug
mounted tug lotation functioriaiRFrIess 2EpiaNsusIENBRIFRZne tug according to any of claims 1 - 13 and
having an autonomous modecifseiparatiardosiug yridlity finua takesioff Arpastosenarefdrahback
location. 15. A) to S a}irgf e tug ac cTr in 59 ny of claims 1 - 14 and having tug speed

Whe Ba%l P CGlS

oybarles
control functioﬁaﬁ@lﬁlgﬁ?ﬁg said tfén ?gr\?qeb eeds’up to different speed 20limits at different

locations in the airport. an airplane nose wheel support turret assembly, rotatably mounted on said
chassis, for supporting rotatable wheels of a nose landing gear of an airplane;
at least one rotation detector operative to sense rotation of said airplane
10 nose wheel support assembly relative to said chassis, resulting at least from pilot-
controlled ground steering of said airplane;
at least one tug wheel driver operative to drive said plurality of tug wheels
in rotation to provide displacement of said chassis;
at least one tug wheel steering mechanism operative to steer said steerable
15 tug wheels; and
at least one tug controller operative to control operation of at least said at
least one tug wheel steering mechanism, said at least one tug controller being operative at
least partially in response to an output of said at least one rotation detector indicating
airplane pilot-controlled steering of said airplane to operate said at least one tug wheel
20  steering mechanism so as to steer said steerable tug wheels such that said chassis moves

in a direction indicated by said pilot-controlled steering.

4, A towbarless airplane tug according to any of claims 1 - 3 and wherein
said airplane nose wheel support turret assembly is rotatably mounted on said chassis by

25  bearings.

5. A towbarless airplane tug according to any of claims 1 - 4 and also
comprising at least one energy absorber assembly mounted 'between‘ said airplane nose
wheel support turret assembly and said chassis for absorbing energy resulting from
30 inertial forces of the tug which would otherwise be applied to said nose landing gear of

said airplane.




16. A towbarless airplane tug according to any of the preceding claims 1, 2 and 4 - 15 and wherein
said at least one tug controller is operative to control acceleration and deceleration of said tug, thereby
to limit the force applied to said nose landing gear of 25 said airplane, said at least one tug controller
employing at least one force feedback loop utilizing an input from said at least one force sensor and at
least one of the following inputs: an indication of known slopes at various locations alonv, an
airplane travel surface traversed by said tug, said locations being identified to said at least one tug
30controller by tug location and inclination sensing functionality; an indication of wind forces applied to
said airplane; an indication of known airplane and tug rolling friction force at various locations
along airplane travel surface traversed by said tug, said locations being identified to said at least one

tug controller by location sensinghfldBctiaprlity randenahstacimdeiedigmindicationdSaisk/. A

towbarless alrglane tug%ac or ml% to.clflrrlrel %V ea}aﬁldm\{\(/fie‘llereln said a &ea]%tﬂcl)grle force fgf(_adb ck loop

utilizes an inpu?IP TR i%} atieadt ohe 1olce Senser SAd at }e%lsg?lf]vﬁ\?&'o (eJilo) tng m%l S: an

indication of keicMmesidpel at verdeirsliocatons drmyrmaraimleirssembbl 105U cectdversed by said
tug, said lpcatigps heing:igeptiied o feitafiigashrneiH.coRIONCE By, tugiacatignandsnclination

sensing functionality; an indication of wind forces a%PIied to said airplane; an indication of known

airplane and SRS SACEO R R BRI Eirssembly relative to said chassis.

7. A towbarless airplane tug according to claim 6 and wherein said at least
one airplane wheel engagement assembly is also operative for retaining said airplane nose
10 landing gear wheels in place at a location such that a center of horizontal rotation of said
nose landing gear wheels of said airplane lies at said center of rotation of said airplane

nose wheel support turret assembly relative to said chassis.

8. A towbarless airplane tug according to claim 6 or claim 7 and wherein said

15 at least one airplane wheel engagement assembly is adaptive to airplane wheel size for
placement of said airplane wheels on said airplane wheel support assembly and retaining
said airplane wheels in place at said location such that said nose landing gear wheels of
said airplane lie at said center of rotation of said airplane nose wheel support turret
assembly relative to said chassis.

20
9. A towbarless airplane tug according to any of claims 1 - § and wherein
said airplane nose wheel support turret assembly is pivotably mounted relative to said
chassis, for accommodating tilt of said airplane nose landing gear wheels during airplane
moverment.

25
10. A towbarless airplane tug according to any of claims 1 - 9 and having a tug
driver-controlled mode of operation for airplane pushback and an airplane pilot-
controlled mode of operation for airplane movement during taxiing following at least one
of pushback and landing,

30
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locations along airplane travel surface traversed by said tug, said locations being 15identified to said at
least one tug controller by location sensing functionality; and an obstacle detection indication. 18. A
towbarless airplane tug according to claim 17 and wherein said at least one force feedback loop
utilizes an input from said at least one sensor and at least three of 20the following inputs: an
indication of known slopes at various locations along an airplane travel surface traversed by said tug,
said locations being identified to said at least one tug controller by tug location and inclination sensing
functionality; an indication of wind forces applied to said airplane; 25art indication of known airplane
and tug rolling friction force at various locations along airplane travel surface traversed by said tug,

said locations bing identiffetP Tk aitRias BESRTEHhiPGTS By iBttion 1 detrdifg i@ ctionality; and

an obstacle detectiondadisaiios: opSafotopbarisiss-aiiplrnritiguaasrding oialainy 18 kag wherein said
at least one force f?ed%%clilocf)gq uglizes an input from said at least one sensor and the following

. One.or pusnbackK ancing. . . .

inputs: an iNdication nown-slopes at various locations along an airplane travel surface
traversed by said tug, said locations being identified to said at least one tug controller by tug location

and inclinajion;sensing fungtionaiyi.endpicetion sl Jofe<nappliedp sldcaIraiaag; an indication
of known airplane and tug rolling friction force at various .
autonomous mode of operation, said tug controller is responsive to commands received

from an airport command and control center.

13. A towbarless airplane tug according to claim 11 or claim 12 and wherein
10 in said autonomous mode of operation, said tug controller is responsive to pre-
programmed driving pathways and speed limits and to tug location information received

from tug mounted tug location functionality.

14. A towbarless airplane tug according to any of claims I - 13 and having an
15 autonomous mode of operation for tug return from a take-off area to a pre-pushback

location.

15. A towbarless airplane tug according to any of claims 1 - 14 and having tug
speed control functionality allowing said tug to travel at speeds up to different speed

20 limits at different locations in the airport.

16. A towbarless airplane tug according to any of the preceding claims 1, 2
and 4 - 15 and wherein said at least one tug controller is operative to control acceleration
and deceleration of said tug, thereby to limit the force applied to said nose landing gear of
25  said airplane, said at least one tug controller employing at least one force feedback loop
utilizing an input from said at least one force sensor and at least one of the following
inputs:
an indication of known slopes at various locations along an airplane travel
surface traversed by said tug, said locations being identified to said at least one tug
30  controller by tug location and inclination sensing functionality;

an indication of wind forces applied to said airplane;
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locations along airplane travel surface traversed by said tug, said locations being 10identified to said at
least one tug controller by location sensing functionality; and an obstacle detection indication. 20. A
towbarless airplane tug according to any of claims 1 - 19 and wherein said at least one tug controller is
operative to control speed of said tug and employs at 15least one speed feedback loop utilizing at
least one of the following inputs: an indication of known desired speed at various locations
along an airplane travel surface traversed by said tug, obtained by said at least one tug controller
using tug location sensing functionality and a predetermined map of said airplane travel surface

indicating speed limits therealong; and 20desired speed information supplied to said at least one tug
controller from an airplane ni&ifeEAtRIeF keopnaierins fedusnting digtioeclrame tREMS of the
preceding claimso2atidi anshyvappeinesaitrat eastoneigeeopiralier imgperativedooasrtex steering of
said tug by emplqgying at least ane position feedhack lgop utilizing at least an.indication of rotation of
said airplane nolsgegri%%%ﬁr%% Sﬁléiaartr\iﬁﬁ%gpseg%ﬁ?&gaq%§%§§0 aa?(iggg?%n. %?8 §ﬁ%{%l e ggtor. 22. A
tovvbarless airplane tug conaprébitesle detection inglicha@sis mounted on a plurality of tug wheels, at least
some of said 30plurality of tug wheels being steerable tug wheels; an airplane wheel support

assembly, mounted on said chassis; for supporting rotatable wheels of a nose ,Lan_din%g gear of an
airplane; . A towbarless airplane tug according to claim 16 and wherein said af 18ast

one force feedback loop utilizes an input from said at least one force sensor and at least
two of the following inputs:
an indication of known slopes at various locations along an airplane travel
10 surface traversed by said tug, said locations being identified to said at least one tug
controller by tug location and inclination sensing functionality;
an indication of wind forces applied to said airplane;
an indication of known airplane and tug rolling friction force at various
locations along airplane travel surface traversed by said tug, said locations being
15  identified to said at least one tug controller by location sensing functionality; and

an obstacle detection indication.

18. A towbarless airplane tug according to claim 17 and wherein said at least
one force feedback loop utilizes an input from said at least one sensor and at least three of
20 the following inputs:
an indication of known slopes at various locations along an airplane travel
surface traversed by said tug, said locations being identified to said at least one tug
controller by tug location and inclination sensing functionality;
an indication of wind forces applied to said airplane;
25 an indication of known airplane and tug rolling friction force at various
locations along airplane travel surface traversed by said tug, said locations being
identified to said at least one tug controller by location sensing functionality; and

an obstacle detection indication.
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at least one force sensor operative to sense force applied to said nose landing gear of said airplane in
at least one generally horizontal direction; 5at least one tug wheel driver operative to drive said
plurality of tug wheels in rotation to provide displacement of said chassis; at least one tug
controller operative to control acceleration and deceleration of said tug thereby to limit the force
applied to said nose landing gear of the said airplane, said at least On tug controller employing at least
one force feedback loop 10utilizing an input from said at least one force sensor and at least one of the
following inputs: an indication of known slopes at various locations along an airplane travel

surface traveiged by said &q&g%@ﬁo&%?&s&gmgo'&,qig_%ti{&egagg}s@ddélaqt %%%%éigggiéeug fé(a&troller by tug

location and inclination sensing functio 5an Indication of wind forces applied to said airplane;
an indication GeKRtw i edbarrecartikaes rollingFitap e redeashaiforasucanons BleryBgplane travel
surface traveggggsby said tug, said locations being identified to said at least one tug controller by

location sensing functionality; and an {)bstacle detection ind{cation. 20 23.A tov%barless firplane tug

according to claim 22 andWAGFEI S 8t A ELLe RS & QB PERAY S PIBRS, A AV RIALE BR¥ teedback loop
utilizing an inpuafromesaiddblesst ong fardeseatisor bridgaideasictivo hihefdioiving inputs: an

indication of g&gygﬂélg}pﬁg Abyarions lacations along.anfifplane.travel surface traversed by said tug,
said locations being identified to said at least one tug controller by tug location and inclination sensing
functionality; an indication of wind forces applied to said airplane;

an indication of known airplane and tug rolling friction force at various
locations along airplane travel surface traversed by said tug, said locations being
10 identified to said at least one tug controller by location sensing functionality; and

an obstacle detection indication.

20. A towbarless airplane tug according to any of claims 1 - 19 and wherein
said at least one tug controller is operative to control speed of said tug and employs at
15 least one speed feedback loop utilizing at least one of the following inputs:
an indication of known desired speed at various locations along an airplane
travel surface traversed by said tug, obtained by said at least one tug controller using tug
Jocation sensing functionality and a predetermined map of said airplane travel surface
indicating speed limits therealong; and
20 : desired speed information supplied to said at least one tug controller from

an airplane main controller.

21. A towbarless airplane tug according to any of the preceding claims 2 - 19
and wherein said at least one tug controller is operative to control steering of said tug by
25 -employing at least one position feedback loop utilizing at least an indication of rotation of

said airplane nose landing gear wheels provided by said at least one rotation detector.
22. A towbarless airplane tug comprising:

a chassis mounted on a plurality of tug wheels, at least some of said

30  plurality of tug wheels being steerable tug wheels;
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an indication of wind forces applied to said airplane; an indication of known airplane and tug rolling
friction force at various  locations along airplane travel surface traversed by said tug, said locations
being 30identified to said at least one tug controller by location sensing functionality; and an obstacle
detection indication. 24.A towbarless airplane tug according to claim 22 and.wherein said at least one
tug controller employs at least one feedback loop utilizing an input from said at least one force sensor
and all of the following inputs: 5an indication of known slopes at various locations along an airplane
travel surface traversed by said tug, said locations being identified to said at least one tug controller by
tug location and inclination sensing functionality; an indication of wind forces applied to said airplane;
an indication of known airpfn&&Heuy Helind PRt ASTERDY at PEHEES D8I0tfiofeSidnd%irplane travel
surface traversegnytisaichiighi saickdboationsdetiindgntiiéantanpiideat least one tug-controller by
location sensing functionaliyy, and an phstacle, detgelion Ind'salins 2 A BV ca% Aplane o
according to any of claims 22 - 24 and also
landing gear of said airplane in at least one generally horizontal direction;
5 at least one tug wheel driver operative to drive said plurality of tug wheels
in rotation to provide displacement of said chassis;
at least one tug controller operative to control acceleration and
deceleration of said tug thereby to limit the force applied to said nose landing gear of the
said airplane, said at least one tug controller employing at least one force feedback loop
10 utilizing an input from said at least one force sensor and at least one of the following
inputs:
an indication of known slopes at various locations along an airplane travel
surface traversed by said tug, said locations being identified to said at least one tug
controller by tug location and inclination sensing functionality;
15 an indication of wind forces applied to said airplane;
an indication of known airplane and tug rolling friction force at various
locations along airplane travel surface traversed by said tug, said locations being

identified to said at least one tug controller by location sensing functionality; and

an obstacle detection indication.

23. A towbarless airplane tug according to claim 22 and wherein said at least
one tug controller employs at least one feedback loop utilizing an input from said at least
one force sensor and at least two of the following inputs:
an indication of known slopes at various locations along an airplane travel
25  surface traversed by said tug, said locations being identified to said at least one tug
controller by tug location and inclination sensing functionality;
an indication of wind forces applied to said airplane;
an indication of known airplane and tug rolling friction force at various
locations along airplane travel surface traversed by said tug, said locations being
30  identified to said at least one tug controller by location sensing functionality; and

an obstacle detection indication.
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15comprising: at least one energy absorber assembly mounted on said chassis for absorbing
forces resulting from inertia of the tug which would otherwise be applied to said nose landing gear of
said airplane. 70 26.A towbarless airplane tug according to any of claims 22 - 25 and wherein said
airplane nose wheel support turret assembly is rotatably mounted on said chassis by bearings. 27.A
towbarless airplane tug according to any of claims 22 - 26 and also 25 comprising at least one
airplane wheel engagement assembly for placement of said airplane wheels on said airplane wheel
support assembly such that said nose landing gear of said airplane lies at a center of rotation of said
airplane wheel support assembly relative to said chassis. 30213.A towbarless airplane tug according
to claim 27 and wherein said at least " one airplane wheel engagement assembly is also operative for
retaining said rplane whéépsvirpitateimicad dentiorosinhithatisar? rosdavherdinggigearlsatieels of said

airplane lie at g,centerefdaiation ofsridaimlane whaslsyRRAr L e L RasemRL e Rt o said

chassis. 29. A towbarless airplane tug according to either of the preceding claims 27 5 and 28 and

wherein said QeRNCHESHABIAR HHEIPERNEE IRBIt assembly is adaptive to airplane wheel size for
placement of said airplaneawhéerigion Edigoaitpliapes wheeioss ppetiassknibiy anslaetainibg said airplane

heels in pl t said locati h.th ' ' id .airplane, li id center of
Fotation of <ol e WAl e OO Sy T Ho S ChCa 1D, B A Toabarless airplane

rotation of said :Eurp ane wheel’supportassembly rel: said
tug according tenipleoby EEecsion ndier B tiopsasmgieremmaliil at least one energy absorber

assembly comprises multiplgristens ¥kt 26 BBnedgy WroA-Ageleration or deceleration of said

tug relative to said airplane. | . . ) . - .

an indication of known airplane and tug rolling friction force at various

10 locations along airplane travel surface traversed by said tug, said locations being
identified to said at least one tug controller by location sensing functionality; and

an obstacle detection indication.

25, A towbarless airplane tug according to any of claims 22 - 24 and also

15 comprising:
at least one energy absorber assembly mounted on said chassis for
absorbing forces resulting from inertia of the tug which would otherwise be applied to

said nose landing gear of said airplane.

20 26. A towbarless airplane tug according to any of claims 22 - 25 and wherein
said airplane nose wheel support turret assembly is rotatably mounted on said chassis by

bearings.

27. A towbarless airplane tug according to any of claims 22 - 26 and also
25  comprising at least one airplane wheel engagement assembly for placement of said
airplane wheels on said airplane wheel support assembly such that said nose landing gear
of said airplane lies at a center of rotation of said airplane wheel support assembly

relafive to said chassis.

30 28 A towbarless airplane tug according to claim 27 and wherein said at least

one airplane wheel engagement assembly is also operative for retaining said airplane
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1531.A towbariess airplane tug according to any of claims 1 - 30 and wherein said at least one tug
controller is responsive to input signals from an airport command and control system. 32.A towbarless
airplane tug comprising: 20a chassis mounted on a plurality of tug wheels, at least some of said
plurality of tug wheels being steerable tug wheels; an airplane wheel support assembly,
mounted on said chassis, for supporting rotatable wheels of a nose landing gear of an airplane;

at least one tug wheel driver operative to drive said plurality of tug wheels 25in rotation to provide
displacement of said chassis; at least one tug controller operative to control speed of said tug,
said at least one tug controller employing at least one fee%back loop utilizing.a mapping of speed limits

along a travel pAHi T e Qe W i SRCAnS TR RE S APOFCASAIIRE% Hdlication of the
instantaneous lacaiiencOfsaidriufsaiddisgichawptahegionguadravehd®padhtive to said chassis.

29. A towbarless airplane tug according to either of the preceding claims 27

5 and 28 and wherein said at least one airplane wheel engagement assembly is adaptive to
airplane wheel size for placement of said airplane wheels on said airplane wheel support
assembly and retaining said airplane wheels in place at said location such that said nose
landing gear of said airplane lies at said center of rotation of said airplane wheel support
assembly relative to said chassis.

10

30. A towbarless airplane tug according to any of claims 5 - 21 and 25 - 29
and wherein said at least one energy absorber assembly comprises multiple pistons which

absorb energy upon acceleration or deceleration of said tug relative to said airplane.

15 3L A towbarless airplane tug according to any of claims 1 - 30 and wherein
said at least one tug controller is responsive to input signals from an airport command

and control system.

32. A towbarless airplane tug comprising:
20 a chassis mounted on a plurality of tug wheels, at least some of said
plurality of tug wheels being steerable tug wheels;
an airplane wheel support assembly, mounted on said chassis, for
supporting rotatable wheels of a nose landing gear of an airplane;
at least one tug wheel driver operative to drive said plurality of tug wheels
25  inrotation to provide displacement of said chassis;
at least one tug controller operative to control speed of said tug, said at
least one tug controller employing at least one feedback loop utilizing a mapping of speed
limits along a travel path traversed by said tug and said airplane af said airport as well as
an indication of the instantaneous location of said tug and said airplane along a travel

30  path.
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