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(57) Abstract: A vehicle for towing an airplane by receiving thereupon a nose landing gear of the airplane having an airplane lon -
gitudinal axis. The vehicle having a vehicle longitudinal axis and i1s configured to tow the airplane along a straight or curved path
and comprises a controller for directing its operation, including maintaining the vehicle's in-phase position mm which the vehicle
longitudinal axis 1s parallel to the airplane longitudinal axis.
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VEHICLE FOR TOWING AN AIRPLANE

FIELD OF THE PRESENTLY DISCLOSED SUBJECT MATTER

This invention relates to towing vehicles for airplanes, and in particular to

steering systems thereof.

BACKGROUND

In modern airports the terminal is located relatively far from the runaways.
Airplanes use their jet engines to travel from the terminal to a runaway (said
operation is also known as taxi-out) and to travel from a runway to the terminal
(said operation is also known as taxi-in).

These jet engines are very noisy, cause safety hazards, burn large
quantities of fuel and cause to significant air pollution, the emission of large
quantities of noxious CO2 gas. The steady rise in fuel prices and the concerns of
noise and gas pollution forced the aerospace industry to search for alternative
means to taxi airplanes with cngines stopped, which are called dispatch or
operational towing.

In order to reduce the usage of jet engines and thus save fuel and COZ2
emission, various airplane towing systems were provided. Some are illustrated in
the following patents and patent applications: U.S patent 6305484 of Leblanc;
U.S patent 5219033 of Pollner et al.; U.S patent 5314287 of Wichert; U.S patent
5860785 of Eberspacher; U.S patent 6283696 of Trummer et al.; U.S patent
6352130 of Klein et al.; U.S patent 6543790 of Johnson; U.S patent 6675920 ol
Diez et al.; U.S Patent application publication serial number 2006/0056949 of
Eckert: U.S Patent application publication serial number 2003/095854 of Abela;
U.S Patent application publication serial number 2005/ 196256 of Rodenkirch et
al.: European patent application 649787A1 of Michelson et al and PCT patent

application publication serial number WO/04028903A1 of Maggiori. There 1S a

need to provide a
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method and system for fransferring an airplane, particularly by towing it and

controlling it, steering and braking, from the cockpit during this process.

SUMMARY

The presently disclosed subject matter, in its one aspect, provides a
vehicle for towing an airplane by receiving thereupon a nose landing gear of the
airplane having an airplane longitudinal axis. The vehicle having a vehicle
longitudinal axis and being configured to tow thé airplane along a straight or
curved path and comprising a controller for directing its _operation, including
maintaining the vehicle's in-phase position in which the vehicle longitudinal axis
is parallel to the airplane longitudinal axis.

‘The airplane which is configured to be towed by the vehicle is configured
for turning about an airplane pivot point which lies on an axis of its main landing
gear wheels. The vehicle comprises a plurality of wheels each configured for
rolling about an axis of rotation. The controller is configured to direct all wheels,
during turning of the vehicle, to maintain théir axes of rotation so as to intersect
at the airplane pivot point. '

The airplane is configured to receive from its operator a steering
command ‘resulting in turning at least one front airplane wheel of the nose
landing gear relative to the airplane longitudinal axis. The controller can receive
a first signal indicative of indicative of aﬁ éngle to which the at least one front
aifp[ane wheel is turned relative to the airplane longitudinal axis, for calculating
the location of the airplane pivot point, and a second signal indicative of an angle
between the vehicle and the airplane longitudinal axes. The controller can also
direct operation of the vehicle so as to turn the vehicle about the airplane pivot
point, thereby causing the vehicle be in the in-phase position with the airplane.

The nose landing gear of the airplane can have at least one front airplane
wheel having a first axis of rotation, the airplane having main landing gear
wheels with a common second axis of rotation such that, the first and the second

axes of rotation intersect in a common airplane pivot point about which the
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airplane is to turn. The vehicle can have a plurality of vehicle wheels, each
having a vehicle wheel axis of rotation. The controller can calculate the location
of the pivot point of the airplane according to a steéring angle between the first
and the second axes of rotation, and to control each vehicle wheel to be turned at
its Ackerman angle, being calculated by the controller according to the steering
angle, with respect to the second axis of rotation such that all vehicle wheel axes |
intersect at the pivot point, whereby the in-phase position is maintained.

- The controller can receive a signal indicative of an out-phase position of
the vehicle relative to the airplane, in which there is deviation from the parallel
disposition of the vehicle longitudinal axis with respect to the airplane
longitudinal axis, and to correct, in response to the signal, the deviation by
turning at least part of the vehicle wheels so as to return the vehicle to the in-
phase position.

The éontroller can be configured to operate all the vehicle wheels such
that their wheel axes intersect at an intermediate point which is different from the
pivot poiﬁt, and, only when the deviation disappears, and to turn all the vehicle
wheels to their Ackerman angles for maintaining the in-phase position of the
vehicle.

According to one case, in which the deviation from the parall'el disposition
of the vehicle longitudinal axis relati{/e to the airplane longitudinal axis is such
that the vehicle longitudinal axis is diverted towards the pivot point, the
intermediate point being located farther from the airplane longitudinal axis than
the pivot point. \

According to another case, in ,{Nhich the deviation from the parallel
disposition of the vehicle longitudin.al axis relative to the airplane longitudinal
axis 1s such that the vehicle longitudinal axis is diverted away from the pivot
point, the intermediate point is located closer to the airplane longitudinal axis
than the pivot point. '

The vehicle wheels can Comprise front and rear wheels, and the controller

can be configured to operate the front wheels to be turned 1n one direction from
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their Ackerman angle, and to operate the rear wheels to be turned in another,
opposite direction from their Ackerman angle, to yaw the vehicle until brought to
the in-phase position with the airplane. -

‘ According to one case, in which the deviation from the parallel disposition
of the vehicle longitudinal axis relative to the airplane longitudinal axis is such
that the vehicle longitudinal axis is diverted away from the pivot point, the
controller 1s configured to correct the deviation by turning the front wheels
towards the airplane longitudinal axis, and by turning the rear wheels away from
the airplahe longitudinal axis. The tumi‘ng":' of the tront wheels towards the
airplane longitudinal axis can be provided such that the angle between the axis of
each front wheel and the second axis of rotation is a sum of the Ackerman angle
of each wheel and a correction angle, and the turhing of the rear wheels away
from the airplane longitudinal axis is provided such that the angle between the
axis of each rear wheel and the second axis of rotation is a subtraction of a
correction angle which is multiplied by a wheel base ration A from the Ackerman
angle of each wheel, when A is associated with the location of the ndse landing
gear on the vehicle and the distance of the vehicle wheels therefrom.

According to another case, in which the deviation from the parallel
disposition of the vehicle longitudinal axis relative to that of the airplane is such
that the wvehicle longitudinél axis 1s diverted towards the pivot point, the
controller 1s configured to correct the deviation by turning the front wheels away
from the airplane longitudinal aXis, and by turning the rear wheels towards the
airplane longitudinal axis. The turning of the front wheels away from the airplane
~ longitudinal axis can be provided such that the angle between the axis of each
front wheel and the second axis of rotation is a subtraction of a correction angle
from the Ackerman angle of each wheel, and the turning of the rear wheels
towards the airplane longitudinal axis is provided such that the angle between the
axis of each rear wheel and the second axis of rotation is a sum of the Ackerman "

angle of each wheel and a correction angle which is multiplied by a wheel base
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ration A that is associated with the location of thé nose landing gear on the
vehicle. |

The correction angle can proportional to a deviation angle formed between
the vehicle longitudinal axis and the airplane lohgitudinal axis, and the
proportion between the correcﬁon angle and the deviation angle can be
associated with the speed at.which the deviation is to be corrected.

The vehicle can further comprise a sensor configured for sensing at least
indirectly the steering angle which is associated with the angle between the at
least one front wheel of the airplane and the airplane longitudinal axis, and
generating the signal to the controller.

The vehicle can further comprises a sensor configured for sensing at least
indirectly a deviation angle formed between the vehicle longitudinal axis and the
airplane longitudinal axis, ahd generating a signal to the controller indicative of
the deviation angle. ‘

The turning of the .whee‘ls front and the rear wheels to different direction
can be configured to cause the vehicle to perform yawing of with respect to a
‘longitudinal axis of the nose landing gear Being received upon the vehicle.

According to a still further aspec't. of the presently disclosed subject matter,
there is provided a method for directing operation of a vehicle configured to tow
an airplane by receiving thereupon a nose landing gear of the airplane having an
airplane longitudinal axis, the vehicle having a vehicle longitudinal axis and
being configured to tow the airplane along a straight or curved path and
comprising a controller, the method comprising steps of: directing the operation
of the vehicle: and maintaining the vehicle's in-phase position in which the
vehicle longitudinal axis is parallel to the airplane longitudinal axis.

The vehicle, according to this method, can comprise a controller and a
plurality of wheels each configured for rolling 'aboukt an axis of rotation, the
method further comprising steps of: -

e turning the airplane about an airplane pivot point which lies on an axis of

its main landing gear wheels;
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o directing, via the controller, all the wheels of the vehicle, during turning
of the vehicle, to maintain their axes of rotation so as to intersect at the
airplane pivot point.

The method can further comprise steps of receiving, by the controller, a first
signal indicative of an angle between at least one front airplane wheel of the nose
landing gear and the airplane longitudinal axis, .indicative of a steering command
of the airplane for calculating the location of the airplane pivot point, and a
second signal indicative of an angle between the wvehicle and airplane
longitudinal axes and directing, via the controller, the operation of the vehicle so
as to turn about the airplane pivot point, thereby causing the vehicle be in the in-
phase position with the airplane.

The nose landing gear of the airplane can have at lcast one front airplane
wheel having a first axis of rotation, the airplane having main landing gear
wheels with a common second a);is of rotation such that, the first and the second
axes of rotation intersect in a common airplane pivot point about which the
airplane 1s to turn; and wherein the vehicle comprises a plurality of vehicle
wheels, each having a vehicle wheel axis of rotation; the method further
comprising step of calculating, via the controlier, the location of .the pivot point
of the airplane according to a steering angle between the first and the second axes
of rotation, and controlling, each vehicle wheel to be turned at its Ackerman
angle, being calculated by the controller according to the steeriﬁg angle, with
respect to the second axis of rotation such that all vehicle wheel axes intersect at
the pivot point, thereby maintain the in-phase position of the vehicle.

The method can further comprise steps of: receiving, by the controller, signal
indicattve of an out-phase position of the vehicle relative to the airplane, in which
there 1s deviation from the parallel disposition of the vehicle longitudinal axis
with respect to the airplane longitudinal axis, and correcting, by the controller, in
response to the signal, the deviation by turning at least part of the vehicle wheels

so as to return the vehicle to the in-phase position.
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The method can further comprise steps of operating all the vehicle wheels to
be turned such that their wheel axes intersect at an intermediate point which 1s
different from the pivot point, and, only' when the deviation disappears, turning
all the vehicle wheels to their Ackerman angles for maintaining the in-phase
- position of the vehicle.

According to one case, in which the deviation from the parallel disposition of
the vehicle longitudinal axis relative to the airplané longitudinal axis 1s such that
the vehicle longitudinal axis is diverted towards the pivot point, the intermediate
point being located farther from the airplane longitudinal axis than the pivot
point.

According to another case, in which the deviation from the parallel
disposition of the vehicle longitudinal axis relative to the airplane longitudinal
axis 1s such that the :Vehicl;_e longitudinal axis is diverted away from the pivot
point, the intermediate point is located closer to the airplane longitudinal axis
than the pivot point.

The vehicle wheels can comprise front and rear wheels; and the method can
further comprise steps of operating, by the controller, the front wheels to be
turned in one direction from their Ackerman angle, and operating the rear wheels
to be turned in another, opposite d-irecti'on from their Ackerman angle, thereby
yawing he vehicle until brought to the _in-phase position with the airplane.

According to one case, in which the deviation from the parallel disposition of
the vehicle longitudinal axis relative to the airplane longitudinal axis 1s such that
the vehicle longitudiﬁal axis is diverted away from the pivot point; the method
further comprising step of correcting, by the controller, the deviation by turning
the front wheels towards the airplane longitudinal axis, and by turning the rear
wheels away from the airplane longitudinal axis. The turrﬁng of the front wheels
towards the airplane longitudinal axis is provided such that the angle between the
axis of each front wheel and the second axis of rotation is a sum of the Ackerman
angle of each wheel and a correction angle; and wherein the turning of the rear

wheels away from the airplane longiiu_dinal axis is provided such that the angle



CA 02801626 2012-12-04
WO 2011/154952 PCT/IL2011/000457

_8.-

between the axis of each rear wheel and the second axis of rotation is a
subtraction of a -corr¢ctibn angle which is multiplied by a wheel base ration A
from the Ackerman angle of each wheel, when A is associated with the location
of the nose landing gear on the vehicle and the distance of the vehicle wheels
therefrom. -

According to another case, in which the deviation from the parallel
disposition of the vehicle longitudinal axis relative to that of the airplane is such
that the vehicle longitudinal axis is diverted towards the- pivot point; the method
further comprising step of correcting, by"the controller, the deviation by turning
the front wheels away from the airplane longitudinal axis, and by turning the rear
wheels towards the airplane longitudinal axis. The turning of the front wheels
away from the airplane longitudiﬁal axis can be provided such that the angle
between the axis of each front Wheel' and the second axié of rotation is é
subtraction of a correction angle from the Ackerman angle of each wheel; and
wherein the turning of the rear wheels fowards the airplane longitudinal axis is
provided such that the angle between the axis of each rear wheel and thé second
axis of rotation is a sum of the Ackerman angle of each wheel and a correction
angle which is multiplied by a wheel base ration A that is associated with the
location of the nose landing gear on the vehicle.

The ,correction angle can be proportional to a deviation angle formed
between the vehicle longitudinal axis and the airplane longitudinal axis, and the
proportion between the angle of correction .and the angle of deviation is
associated with the speed in which the deviation is corrected.

T'he method can further comprise steép of sensing by a sensor of the vehicle,
at least indirectly the steering angle which is associated with the angle between

- the at least one front wheel of the airplane and the airplane longitudinal axis, and
generating the signal to the controller. -

T'he method can further comprise step of sensing by a sensor of ‘the vehicle,

at least indirectly a deviation angle formed between the vehicle longitudinal axis
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and the airplanc longitudinal axis, and generating a signal to the controller
indicative of the deviation angle.

The turning of the wheels front and the rear wheels to ditferent directions
with respect to their Ackerman angles can be configured to cause the vehicle to
perform yawing with respect to a longitudinal axis of the nose landing gear being
received upon the vehicle.

According to a still further aspect of the presently disclosed subject matter,
there is provided a system including an airplane having a longitudinal axis and a
vehicle, for towing the airplane.

There is provided a vehicle for towing an airplane by receiving thercupon a
nose landing gear of the airplane having an airplane longitudinal axis, said nose
landing gear of the airplane having at least one front airplane wheel with a first
axis of rotation, said airplane having main landing gear wheels with a common
second axis of rotation such that, the first and the second axes of rotation
intersect in a common airplane pivot point about which the airplane 1s to turn,
said vehicle having a vehicle longitudinal axis and being configured to tow said
airplane along a substantially straight or curved path, said vehicle comprising: a
controller for directing operation of the vehicle, including maintaining the
vehicle's in-phase position in which said vehicle longitudinal axis is substantially
parallel to said airplane longitudinal axis; a plurality of vehicle wheels, cach
having a vehicle wheel axis of rotation; and wherein the controller is configured
to calculate the location of the pivot point of the airplane according to a steering
angle between the first and the second axes of rotation, and to control cach
vehicle wheel to be turned at its Ackerman angle, which is calculated by the
controller according to the steering angle, with respect to the second axis of
rotation such that all vehicle wheel axes intersect at the pivot point, whereby said
in-phase position is maintained.

There is further provided a method for directing operation of a vehicle
configured to tow an airplane by receiving thereupon a nose landing gear of the

airplane having an airplane longitudinal axis, said nose landing gear of the
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airplane having at least one front airplane wheel with a first axis of rotation, said
airplane having main landing gear wheels with a common second axis of rotation
such that, the first and the second axes of rotation intersect in a common airplane
pivot point about which the atrplane i1s to turn, said vehicle having a vehicle
longitudinal axis and being configured to tow said airplane along a substantially
straight or curved path and comprising a controller, said vehicle comprises a
plurality of vehicle wheels, each having a vehicle wheel axis of rotation, said
method comprising: directing the operation of the vehicle; maintaining the
vehicle's in-phase position in which said vehicle longitudinal axis 1s substantially
parallel to said airplane longitudinal axis; and calculating, via said controller, the
location of the pivot point of the airplane according to a steering angle between
the first and the second axes of rotation, and controlling, each vehicle wheel to be
turned at its Ackerman angle, which is calculated by the controller according to
the steering angle, with respect to the second axis of rotation such that all vehicle
wheel axes intersect at the pivot point, thereby maintaining said in-phase position

of the vehicle.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to understand the invention and to see how it may be carried out
in practice, an embodiment will now be described, by way of a non-limiting
example only, with rcference to the accompanying drawings, in which:

Fig. 1 is a schematic illustration of a vehicle and airplane when the
airplane is town by the vehicle along a straight path;

Fig. 2 is a schematic illustrated of the vehicle and airplane illustrated in
Fig. 1, demonstrating a parallel disposition between the airplane and the vehicle
while turning, while an Ackermann steering geometry is applied;

Fig. 3 illustrates a maximum deviation of intersection point of the axes of

rotation of the wheels of the vehicle from the desired airplane pivot point of

turning of the airplane;
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Figs. 4a and 4b 1llustrate one example of a technique for correcting the

deviation between the vehicle and airplane while in turn; and

Figs. 5a and 5b illustrate another example of a technique for correcting the

deviation between the vehicle and airplane while in turn.

DETAILED DESCRIPTION OF DRAWINGS

As 1llustrated 1n Fig. 1, there 1s provided a vehicle 10 configured for
towing an airplane 20 having a longitudinal axis M, along a curved or a straight

path, by receiving thereupon a nose landing gear (not shown) of the airplane 20.
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The vehicle 10 comprises six wheels 11, 12, 13, 14, 15, and 16, and has an
assoclated vehiclé longitudinal axis N. The wheels 11-16 can be independently
~ steerable, and independently drivable. This means that each wheel may be
steered at its own angle with respecied to the vehicle longitudinal axis N, and
also rotated (for driving the vehicle) at its own speéd. The vehicle 10 comprises a
controller (not shown) configured to direct the operation of the vehicle 10, and
particularly its steering. For example, the controller can receive the desired angle
at which the airplane 10 should be rotated- (the angle can be received according to
a steering command provided by the pilot of the airplane which uses the tiller of
‘the airplane for stéering the nose landing gear), and operate its wheels 11-16
accordingly (e.g., by turning them at a predetermined angle with respect to the
vehicle longitudinal axis N). As part of the controller's operation, it 1s responsible
for maiintaining the vehicle 10 in an in-phase position with the ziirplane 20, while
the vehicle longitudinal axis N is parallel to the airplane longitudinal axis M all
the time, both during straight motion_thereof, as well as during turns. In this
position, the vehicle 10 and the airplane 20 are in-line with each other, and the
airplane 20 1s towed by the vehicle 10 at the éame path as it would have been'
transported when using its own wheels (without the vehicle 10).

 The term 'in-phase position' refers hereinafter to a position in which the
wheels of the vehicle 10 have to be steered 'such that, during turns of, the
pivoting points of the vehicle 10 and the airplane 20 are identical, and the desired
steering of the airplané (e.g., by a pilot) 1s achieved. The desired steering can be,
tor example, a steering in which the airplane turns at an angle at which the pilot
wants and commands it to turn.

The term 'out-phase position' refers hereinafter to a position which is
different from the 'in-phase position", such.that the pivoting points of the vehicle
10 and the airplane 20, during turning thereof, are different.

The term ‘out-phase stecering' refers hereinafter to a mode of steering
which is provided by the vehicle. In this mode, the wheels of the vehicle 10 are

steered so as to correct a situation in which the longitudinal axis of an airplane is

(
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not parallel to the longitudinal axis of its towing vehicle (i.e., the vehicle and te
airplane are not in-line with each other). The out-phase steering is performed in
order to return the vehicle and the airplane to the in-phase steering, and to
provide the desired steering of the airplane (e.g., by a pilot).

It will be appreciated that all references to axes or directions of axles
herein the speciﬁcation and claims mmplicitly refer to their perpendicular
projection on the ground. Thus, two axes which are described as being,
“parallel”, or “intersecting” with‘ one another may 1n fact be separated from one
another, while their perpendicular projections on the ground are paraliel, or
intersecting.

Fig. 1 shows one example, in which the airplane 20 1s steered by the pilot
to be town by the vehicle 10 along a straight path. According to this example,
front airplane wheels 22 of the nose landing gear are parallel to the airplane

~ longitudinal axis M, and the controller dir\ects the wheels 11-16 of the vehicle 10
to be also parallel to the vehicle longitudinél axis N (as shown in Fig. 1), so as to
provide movement of the airplane 20 together with the vehicle 10 along a straight
path.

Fig. 2 shows another example, in which the airplane 20 is steered by the
pilot to be town along a curved path, and particularly to turn- about an airplane
pivot point 30. In this‘e'xample, the controller maintains the in-phase pdsition of
the vehicle with respect to the airplane 20, such that the vehicle longitudinal axis
N 1s substantially always parallel to the airplane longitudinal axis M, so called
Ackerman steering. If these axes are not parallel to each other, for example,
during the turn, the controller's goal is to correct the deviation, so as to bring the
vehicle 10 to the in-phase position with the aifplane 20. This correction may be
performed 1n real time, 1.e., as soon'aS such a deviation occurs or as soon as it
reaches a predetermined threshold (e.g., a predetermined deviation angle). In
order to 1dentity deviations, a sensor (not illustrated) can be provided with the
vehicle to detect the relative angle between the two longitudinal axes M and N,

and to be in communication with the controller to provide a signal indicative of
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this information. The sensor 1s éonﬁgured for sensing at least indirectly the
deviation, and generating the signal to the controller. Th'i's sensor can also detect,
at least indirectly, a deviation angle pu (shown, for example, in Figs. 4a-b and Sa-
b) formed between the vehicle longitudinal axis N and the airplane longitudinal
axis M, and generating a signal to the controller indicative of this deviation
angle.

Reference is now made to Fig. 2, in which shown the front airplane
wheels 22 of the airplane 20, being rotated by pilot command with respect to the
airplane longitudinal axis M. In this position, the pilot desires to rotate the
airplane 20 about the airplane pivot point 30. The front airplane wheels 22 (nose
landing gear) of the airplane 20 (which are parallel to each other) have a first axis
of rotation 40. The airplane further comprises two main landing gears wheels 24,
with a common second axis of rotation 42. When the pilot rotates the front
airplane wheels 22, the first and the second axes of rotation 40 and 42 intersect in
the common airplane pivot point 30 about which the airplane 20 supposed to
turn, such that an angle o is formed between these axes, also the angle between
the; airplane nose landing gear and the ai_i'plane longitudinal axis M, the pilot
demanded steering command. In ideal conditions (e.g., when there 1s no
deviation between the vehicle 10 and the airplane 20), the airplane 20 will turn
about airplane pivot point 30 at a radius R1 which is the distance between the
airplane pivot point 30 and the airplane longitudinal axis M? and the vehicle 10
will turn about the airplané pivot point 30 at'a radius R2 which is the distance
between the airplane pivot point 30 and a pivot axis of the airplane’s nose landing
gear. |

Each of the vehicle wheels 11-16, illustrated in Fig. 2, has a reépectful
vehicle wheel axis of rotation 51-56, which is perpendicular to each wh_eel. In
order to maintain the in-phase position between the vehicle 10 and the airplane
20, the controller is configured to control each vehicle wheel 11-16 to be turned
at its Ackerman angle with respect to the second axis of rotation 42, such that all

vehicle wheel axes intersect at the airplane pivot point 30. The location of
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airplane pivot point 30 is calculated by the controller according to angle a. The
Ackerman angles of each vehicle wheel 11-16, which are marked as 3,-B¢, are
detined as the angle between each vehicle wheel axis of rotation 51-56 and the
second axis of rotation 42. The angles B;- B¢ are calculated by the controller
according to the geometry of the vehicle 10 and the airplane 20, vehicle and
airplane wheel base geometry and according to the location of airplane pivot
point 30 with respect to the airplane 20. The calculation of the Ackerman angles
31- Bs can be easily performed according to an Ackermann steering geometry,
and 1s obvious to a person skilled in the art. The theory on which based the
Ackermann steering geometry, which 1s implemented by the controller in this
case, refers to position of the wheels which gives rise to Ackermann steering
(i.e., wherein the center points of all of the circles traced by all wheels will lie at
a common point), and is not limited to any particular mechanism. According to
this geometry, the centers of the turning circles for all of the wheels lie on a
single point, which is typically the airplane instantaneous center of turning
intersect with the axel direction of the wheels of the main landing gear. In order
to achieve this, the axes of rotation of all of the wheels (i.e., the axes about which
the wheels spin, which lie along the axel directions of the wheels) must intersect
at a single intersection point (e.g., airplane pivot point 30). In a case, for
example, wherein the vehicle 10 is designed according to the disclosure of

WO 2008/038270, such that the vehicle’s operation vis-a-vis turning 1s directed
by thc rotation of the nose landing gear of the airplane, the controller may be

configured to maintain the nose landing gear in conformation with the

Ackermann steering geometry.

Reference is now made to Fig. 3, illustrating an alternative cxample, In
which a maximum deviation from the airplane pivot point 30 may be predefined
due to deviation of the parallel between N and M. This maximum deviation 1s
illustrated by circle 31. The controller is designed to ensure that the intersection

point of the wheel axes of rotation 51-56 is always within the circle 31. In this
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way, a tolerance is defined wherein the vehicle 10 and -airplane 20 can be
considered to be 1n parallel disposition with one another.

As mentioned above, it is within the scOpé of the presently disclosed
subject matter to disclose different techniques 1n order to correct the deviation
between the vehicle longitudinal axis N and airplane longitudinal axis M, when
the vehicle 10 is in the out-phase position with respect to the airplane 20.

In order to provide this correction, the éontrolle_r 1s configured to receive a -
signal indicative of an out-phase position of the vehicle 10 relative to the airplane
20, in which there is deviation from the parallel disposition of the vehicle
longitudinal axis N with respect to the airplane longitudinal axis M, and to
correct, 1n response to said signal, thé deviation by turning at least part of the
vehicle wheels 11-16 so as to return the vehicle to the in-phase position. This
turning of the wheels results in an out-phase steering which lasts until the
deviation is corrected.

Reference is now made to F 1£5. 4a and'4l:;, which illustrate one example of
a technique according to which the out-phase position can be corrected to the in-
phase position. According to this technique, the cqntroller 1s configured to
operate all the vehicle wheels such that their wheel axes 51—56 intersect at an
Intermediate point 35 (in Fig. 4a) or 37 (in Fig. 4b) which is different from the
airplaﬁe pivot point 30. This operation of the controller will result in
convergence of the airplane pivot point 30 with the intermediate point and
disappearance of the deviation, such that parallel disposition between the vehicle
10 and the airplane 20 is regained. When this happens, the controller can turn. all
the vehicle wheels to their Ackerman angles (acCording to the angle o) towards
airplane pivot point 30 for maintaining the in-phase position of the vehicle with
the airplane.

As 1llustrated in Fig. 4a and 4b, point 35 or 37 can lie at an intersection
point of four quadrants I, II, III, IV. Quadrants I and II and separated from
quadrants III and IV by the axel direction of the wheels of the main landing gear

22, and quadrants I and IV and separated tfrom quadrants 1l and 11l by a line (not



CA 02801626 2012-12-04
WO 2011/154952 PCT/1L2011/000457

- 15 -

designated) passing perpendicularly through the axel direction of the wheels of
the main landing gear at point 24. Qﬁadrants.l and IV are closer to the airplane
12 than are quadrants II and III, and quadrants I and II face the fore of the
airplane while quadrants III and [V face the aft thereof. '

As shown in Fig. 4a, when fhe deviation from the parallel disposition of
the vehicle longitudinal axis N relative to the airplane longitudinal axis M 1s such
that the vehicle longitﬁdinal axis N is diverted towards the airplane prvot point
30, the intermediate point 35 is chosen to be located farther from the airplane .
longitudinal axis M than the airplane pivot point 30. In other words, the location
of the intermediate point 35 can be in quarter II or in quarter Il which are shown
in Fig. 4a.

As shown in Fig. 4b, when the deviétion from the parallel disposition of
the vehicle longitudinal axis N relative to the airplane longitudinal axis M is such
that the vehicle longitudinal axis N is diverted away from the airplane pivot pomnt
30, the intermediate point 37 is located closer to the airplane longitudinal axis M
than the airplane pivot point 30. In other-words, the location of the intermediate
point 37 can be in quarter I or in quarter AY WhiCh- are-shown in Fig. 4b.

Reference is now made to Figs. 5a and 5b, which illustrate another
example of a technique according to which the out-phase position can be
corrected to the in-phase position. According to this technique, the controller is
configured to operate the front vehicle wheels 11 and 14 to be turned to one
direction from their Ackerman angles, and the rear vehicle wheels 13 and 16 to
be turned to another, opposite’ directidn from the thei1f Ackerman angles. This
turning of the front and the rear wheels is configured to cause the vehicle 10 to
perform yawing of with respect to a longitudinal axis of the nose landing gear
being received upon the vehicle, and to bring the vehicle from the out-phase
position with the airplane to the in-phase position there between.

As shown in Fig. 5a, when the deviation from the parallel disposition of
the vehicle longitudinal axis N relative to the airplane longitudinal axis M is such

that the vehicle longitudinal axis N is diverted towards the airplane pivot point
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30, the controller is configured to correct the deviation by turning ‘the front
wheels towards the airplane longitudinal axis (opposité to a direction of the
deviation, indicated as an arrow 6), and by turning the rear wheels away from the
' airplane longitudinal axis (towards the direction of arrow 6).

According to this example, the front wheels 11 and 14 and the rear wheel
13 and 16 are turned by the controller, such that new angles between the front
and the rear wheel axes with the second axis of rotation 42 are provided, 1n the

following manner:

e The angle B, betwee n the front wheel axis 51 and the second axis of

' rotation 42 is a subtraction of a correction angle 3, from the Ackerman
angle P, 1.¢., P1'=P1-Pe;

e The angle B4 between the front wheel axis 54 and the second axis of
rotation 42 is a subtraction of a correction angle P, from the Ackerman
angle f33, 1.€., B4'=P4-P.; .

e The angle (35’ between the rear wheel axis 53 and the second axis of rotation
42 1s a sum the Ackerman angle B3 (frdm Fig. 2) and the of a correction
angle B, which is multiplied by a wheel base ration A, i.e., Bs'= P+ A*Bc;

e The angle 3¢ between the rear wheel axis 56 and the second axis of rotation
42 is a sum the Ackerman angle B¢ (from Fig. 2) and the of a correction
angle B, which 1s multiplied by a wheel base ration A, 1.€., B6'= BT A*Pe;
According to different in the present application, the wheel base ration A is

given by the formula: 2=Y/X, when Y is the lohgitudinal distance (i.e., along the

vehicle longitudinal axis N) between the axis which connects the front wheels 11

and 14 on the one hand, and an éxis F which is perpendicular to N and passes

through the nose landing gear of the airplane on the other hand; and X 1s the

longitudinal distance between the axis which connects the rear wheels 13 and 16

on the one hand, and the axis F on the other hand.

As shown in Fig. 5b, when the deviation from the parallel disposition of
the vehicle longitudinal axis N relative to the aifplane longitudinal axis M 1s such

that the vehicle longitudinal axis N is diverted away from the airplane pivot point
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30, the controller is configured to correct the deviation by turning the front
wheels away from the airplane longitudinal axis M (opposite to a direction of the
deviation, indicated as an arrow 8), and by turning the rear wheels towards the
arrplane longitudinal axis M (towards the direction of arrow 8).

According to this example, the front wheels 11 and 14 and the rear wheel

13 and 16 are turned by'the. controller, such that new angles between the front

and the rear wheel axes with the Second axis of rotation 42 are provided, in the

following manner:

e The angle B;" between the front wheel axis 51 and the second axis of
rotation 42 is a sum of the Ackerman angle §, (from Fig. 2) and a correction
angle 3, 1.e., B,"= Bl+ Bes .

e The angle By" between the front wheel axis 54 and the second axis of
rotation 42 is a sum of the Ackerman angle B4 (from Fig. 2) and a correction
angle B, i.e., i4"= B4+P.;

e  The angle B;" betWeen the rear wheel axis 53 and the second axis of rotation
42 1s a subtraction of a correction angle B, which is multiplied by.a wheel

base ration A from the Ackerman angle B; (from Fig. 2), i.e., B3'= B3~ A¥B,;

e The angle 4" between the rear wheel axis 56 and the second axis of rotation
42 1s a subtraction of a correction anglé B. which is multiplied by a wheel
base ration A from the Ackerman angle [35 (from Fig. 2), i.e., B¢"= Bs- A*B.;
According to one example, the correction angle f3, is proportional to a
deviation angle p (shown in Figs. 5a and 5b) formed between the vehicle
longitudinal axis N and the airplane longitudinal axis M, such that its formula is:
B. = 1 * x, when « is a constant Which can be determined by experimental
'results and analysis thereof, and/or co'mputational' simulations. The value of « is
- mamly defined by how "fast" one wants to correct the deviation from the in-
phase position, for returning the vehiéle and the airplane thereto.
In order to implement the above, the controller needs to be updated with
~information regarding the vehicle wheel base geometry (wheels distance from the

center) and the airplane wheel base (distance between the wheels of the nose
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landing gear and wheels of the main landing gears) and the angle a. All other
information it requires is independent of the type and geometry of airplane being
towed. '

Maintaining a parallel disposition between the vehicle 10 and the airplane
20 has several advantages. For example, if the vehicle 10 is forced to come to a
complete stop in the nﬁddle of a turn, or the aifplane 20 has to move at low
speed, it is easier to resume operation if it is parallel to the airplane than 1f it is
not; such a resuming does not entail pilot induced oscillations, on one hand. In
addition, operation as deséribed above mitigates or eliminates the risk of
jackknifing (inadvertent vehicle yaw) between the vehicle 10 and airplane 20
during high speed taxing operation, on the other hand.

‘Those skilled 1n the art to which this invention pertains will readily
appreciate that numerous changes, variations and modifications can be made to
features of the presently disclosed Subject matter, described above. For example,
the vehicle 10 may comprise any number of wheels. In addition, the controller
may be configured so as to conform only some of the wheels of the vehicle 10 to
an Ackermann steering geometry (this may be especially relevant for the pair of

wheels along whose axis the nose landing gear lies).
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CLAIMS:

1. A vehicle for towing an airplane by receiving thereupon a nose landing gear
of the airplane having an airplanc longitudinal axis, said nose landing gear
of the airplane having at least one front airplane wheel with a first axis of
rotation, said airplane having main landing gear wheels with a common
second axis of rotation such that, the first and the second axes of rotation
intersect in a common airplane pivot point about which the airplane 1s to
turn, saitd vehicle having a vehicle longitudinal axis and being configured
to tow said airplanc along a substantially straight or curved path, said

vehicle comprising:

a controller for dirccting operation of the vehicle, including maintaining
the vehicle's in-phase position in which said vehicle longitudinal

axis is substantially parallel to said airplane longitudinal axis;

a plurality of vehicle wheels, each having a vehicle wheel axis ot

rotation; and

wherein the controller is configured to calculate the location of the pivot
point of the airplane according to a steering angle between the first
and the second axes of rotation, and to control each vehicle wheel

to be turned at its Ackerman angle, which is calculated by the
controller according to the steering angle, with respcct to the
second axis of rotation such that all vehicle wheel axes intersect at

the pivot point, whereby said in-phase position 1s maintained.

2. The vehicle according to claim 1, wherein said airplane 1s configured for
turning about an airplane pivot point which lies on an axis of its main
landing gear wheels; and wherein said vehicle comprises a plurality of
wheels each configured for rolling about an axis of rotation, said

controller being configured to direct all wheels, during turning of the
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vehicle, to maintain their axes of rotation so as to intersect at said airplane

p1vot point.

3. The vehicle according to claim 2, wherein the airplane is configured to
recelve from an operator thereof a steering command resulling in turning
at least one front airplane wheel of the nose landing gear relative to the
airplane longitudinal axis, and wherein said controller 1s configured to
receive a first signal indicative of indicative of an angle to which said at
least one front airplane wheel i1s turned relative to said airplane
longitudinal axis, for calculating the location of the airplane pivot point,
and a second signal indicative of an angle between the vehicle and the
airplane longitudinal axes, and said controller is configured to direct
operation of the vehicle so as to turn the vehicle about the airplane pivot
point, thereby causing said vehicle be in the in-phase position with the

airplane.

4. The vehicle according to any one of claims 1 to 3, wherein said controller 1s
configured to receive a signal indicative of an out-phase position of the
vehicle relative to the airplane, in which there is deviation from the
substantially parallel disposition of the vehicle longitudinal axis with
respect to the airplane longitudinal axis, and to correct, in response to said
signal, the deviation by turning at least part of the vehicle wheels so as to

return the vehicle to said in-phase position.

5. The vehicle according to claim 4, wherein the controller is configured to
operate all the vehicle wheels such that their wheel axes intersect at an
intermediate point that is different from the pivot point, and, only when
said deviation disappears, and to turn all the vehicle wheels to their

Ackerman angles for maintaining the in-phase position of the vehicle.

6. The vehicle according to claim 5, wherein when the deviation from the

substantially parallel disposition of the vehicle longitudinal axis relative to
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the airplane longitudinal axis is such that the vehicle longitudinal axis is
diverted towards the pivot point, the intermediate point being located

farther from the airplane longitudinal axis than the pivot point.

7. The vehicle according to claim 5, wherein when the deviation from the
substantially parallel disposition of the vehicle longitudinal axis relative to
the airplane longitudinal axis is such that the vehicle longitudinal axis is
diverted away from the pivot point, the intermediate point is located closer

to the airplane longitudinal axis than the pivot point.

8. The vehicle according to claim 5, wherein said vehicle wheels comprise tront
and rear wheels, and the controller i1s configured to operate the front
wheels to be turned 1n one direction from their Ackerman angle, and to
operate the rear wheels to be turned in another, opposite direction from
their Ackerman angle, to vaw the vehicle until brought to the in-phase

position with the airplane.

9. The vehicle according to claim 5, wherein when the deviation from the
substantially parallel disposition of the vehicle longitudinal axis relative to
the airplane longitudinal axis is such that the vehicle longitudinal axis 1s
diverted away from the pivot point, the controller is configured to correct
the deviation by turning the front wheels towards the airplane longitudinal
axis, and by turning the rear wheels away from the airplane longitudinal

axis.

10. The vehicle according to claim 9, wherein the turning of the front wheels
towards the airplane longitudinal axis is provided such that the angle
between the axis of each front wheel and the second axis of rotation 1s a
sum of the Ackerman angle of each wheel and a correction angle; and
wherein the turning of the rear wheels away from the airplane longitudinal
axis is provided such that the angle between the axis of each rear wheel

and the second axis of rotation is a subtraction of a correction angle which
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1s multiplied by a wheel base ration A from the Ackerman angle of each

wheel, when A is associated with the location of the nose landing gear on

the vehicle and the distance of the vehicle wheels therefrom.

11. The vehicle according to claim 5, wherein when the deviation from the
substantially parallel disposition of the vehicle longitudinal axis relative to
that of the airplane 1s such that the vehicle longitudinal axis is diverted
towards the pivot point, the controller is configured to correct the
deviation by turning the {ront wheels away from the airplane longitudinal

ax1s, and by turning the rear wheels towards the airplane longitudinal axis.

12. The vehicle according to claim 11, wherein the turning of the front wheels
away from the airplane longitudinal axis is provided such that the angle
between the axis of each front wheel and the second axis of rotation 1s a
subtraction of a correction angle from the Ackerman angle of each wheel;
and wherein the turning of the rear wheels towards the airplane
longitudinal axis is provided such that the angle between the axis of each
rear wheel and the second axis of rotation is a sum of the Ackerman angle
of each wheel and a correction angle which is multiplied by a wheel base

ration A that is associated with the location of the nose landing gear on the

vchicle.

13. A method for directing operation of a vehicle configured to tow an airplane
by receiving thereupon a nose landing gear of the airplane having an
airplane longitudinal axis, said nose landing gear of the airplane having at
least one front airplane wheel with a first axis of rotation, said airplane
having main landing gear whcels with a common second axis of rotation
such that, the first and the second axes of rotation intersect in a common
airplane pivot point about which the airplane is to turn, said vehicle
having a vehicle longitudinal axis and being configured to tow said

airplane along a substantially straight or curved path and comprising a
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controller, said vehicle comprises a plurality of vehicle wheels, each

having a vehicle wheel axis of rotation, said method comprising:

directing the operation of the vehicle;

maintaining the vehicle's in-phase position in which said vehicle
longitudinal axis 1s substantially parallel to said airplane

longitudinal axis; and

calculating, via said controller, the location of the pivot point of the
airplane according to a steering angle between the first and the
second axes of rotation, and controlling, each vehicle wheel to be
turned at 1ts Ackerman angle, which is calculated by the controller
according to the stecring angle, with respect to the second axis of
rotation such that all vehicle wheel axes intersect at the pivot point,

thereby maintaining said in-phasc position of the vehicle.

14. The method according to claim 13, wherein said vehicle comprises a
controller and a plurality of whecls each configured for rolling about an

axis of rotation, said method further comprising:

turning the airplane about an airplane pivot point which lies on an axis of

its main landing gear wheels;

turning the vehicle; and

directing, via said controller, all the wheels of the vehicle, during turning

of the vehicle, to maintain their axes of rotation so as to intersect at

said airplane pivot point.

15. The method according to claim 13 or 14, further comprising receiving, by

said controller, a first signal indicative of an angle between at least one

front airplane wheel of the nose landing gear and the airplane longitudinal

axis, indicative of a steering command of the airplane for calculating the
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location of the airplane pivot point, and a second signal indicative of an
angle between the vehicle and airplane longitudinal axes and directing, via
said controller, the operation of the vehicle so as to turn about the airplane
pivot point, thereby causing said vehicle be in the in-phase position with

the airplane.

16. The method according to claim 15, further comprising receiving, by said
controller, signal indicative of an out-phase position of the vehicle relative
to the airplane, in which there is deviation from the substantially parallel
disposition of the vehicle longitudinal axis with respect to the airplane
longitudinal axis, and correcting, by said controller, in response to said
signal, the deviation by turning at least part of the vehicle wheels so as to

return the vehicle to said in-phase position.

17. The method according to claim 16, further comprising operating all the
vehicle wheels to be turned such that their wheel axes intersect at an
intermediate point which is different from the pivot point, and, only when
said deviation disappears, turning all the vehicle wheels to their Ackerman

angles for maintaining the in-phase position of the vehicle.

18. The method according to claim 17, wherein when the deviation from the
substantially parallel disposition of the vehicle longitudinal axis relative to

the airplane longitudinal axis is such that the vehicle longitudinal axis 1s

diverted towards thc pivot point, the intermediate point being located

farther from the airplane longitudinal axis than the pivot point.

19. The method according to claim 17, wherein when the deviation [rom the

substantially parallel disposition of the vehicle longitudinal axis relative to
the airplane longitudinal axis is such that the vehicle longitudinal axis 1s
diverted away from the pivot point, the intermediate point is located closer

to the airplane longitudinal axis than the pivot point.
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20. A system including an airplane having a longitudinal axis and a vehicle

according to any one of claims 1 to 12 for towing the airplane.
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