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Abbreviations and symbols

e APU : Auxiliary power unit

e ATC : Air traffic control

e BSCU : Brake and Steering Control Unit

e CG : Center of Gravity

e DH : Decision Height

e DOF : Degree of Freedom

e DOW : Dry Operating Weight

e ICR : Instant center of rotation

e KTS : Knots, nautical miles per hour (1kts = 1.852 km/h = 0.514 m/s)
e DG : Landing or landing gear

e LVP : Low Visibility Procedure

e MAC : Mean Aerodynamic Chord (see definitions)
e MTOW : Maximum Take-Off Weight

e NWS : Nose wheel steering

e PM : Permanent Magnet

e RVR : Runway Visual Range (see definitions)

¢ RWY : Runway

e TWY : taxiway

e ULD : Unit Load Device or aircraft containers

e VHF : Very High Frequency

Definitions

e Aircraft : Airplane.

e Mean Aerodynamic Chord : The average distance between the leading and trailing edge of
the wing.



Nose Datum : On commercial aircraft, all positions are based on an aircraft reference point
called the datum. It is most of the time positioned at the front end of the aircraft nose.

Pushback (truck) : The truck pushing the aircraft out of its parking position. It is also
used to tow an unused aircraft from one position to another on the airport (e.g. for parking
space optimization or to bring it into the hangar).

Runway Visual Range : visibility measured in the runway axis direction,
Runway 25 : Runway axis aligned with the heading 250° in regard to the Magnetic North.
Taxi (verb) : To follow the taxiway.

Taxiway : The road between the runway and the gate/stand at the terminal.
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Introduction

Nowadays, commercial flights are close to a full automation while several means of transport
already made the move (e.g. metro, train). Civilian transport airplanes offer the possibility to
fly in a fully automated mode from a few seconds after take-off to the exit of the runway - down
to 60 knots- after landing. However, three flight sequences are not covered yet by an automated
solution : the take-off, the taxi and the pushback.

While passenger traffic increased from a few million passengers in 1950 to 3.7 billions in 2016
at worldwide level [33, 34], this trend is expected to continue with forecasts ranging from 4.1%
annual growth by 2034 (IATA) [35] to 4.5% by 2042 (ICAO) [36]. Besides passengers, freight
traffic is also growing with an estimated 4.2% annual growth rate by 2042 [36]. To cope with
this rising demand, airports expand their infrastructures where possible but most airports being
nearly saturated and nearby cities, they firstly look at new ways to run their air activities.

Further, another concern for airports and aviation in general is to relentlessly enhance safety
on the ground and in the air. When looking at detailed figures, we observe that the first source
of accidents relates to the runway safety, which was responsible for more than 50 accidents in
2016 [37]. Combined with ground safety it represents about 2/3 of the accidents [37].

Finally, each year flights are delayed, cancelled or diverted to alternate airports because
weather conditions are so bad that airports cannot ensure a safe taxi on the ground. This im-
pacts global traffic and causes revenue losses, that could be avoided if taxiing was allowed in any
weather conditions.

The subject of this work, being the automation of taxi and pushback, perfectly fits with this
overall need for an optimized aircraft ground traffic sequencing at existing airports, via a better
control of time spacing between planes. It also brings a potential answer to the other objectives
like enhanced safety requirements, air traffic continuity in low visibility weather conditions and
can even contribute to ecological concerns.

This work is a global approach of the subject and will give an overview of basic aviation no-
tions, vehicles dynamics, 3D-modelling with Robotran, controls on speed, direction and electrical
motors and finally, it will review several other operational impacts. It should be understood as
a working base for future potential studies.

1t’s time to leave, please fasten your seat belts and prepare for take-off...
We wish you a very pleasant flight.



Chapter 1 : Fundamentals of aircraft
ground operations

As a passenger on a commercial flight, you arrive at the airport via the landside part. This
includes the road or railway station you took to reach the airport, the terminal where you need
to check in and any other place like shops, restaurants or leisure areas where you can get to
before being subject to a security control. The landside part of the airport can thus be accessed
by anyone, being a passenger or not.

After security clearance, you get into the part of the airport called airside. This is a highly
secured area of the airport, including again a series of shops, restaurants and lounges where you
can walk while waiting for your flight as a passenger. More importantly, the airside also consists
in all the activities and areas relating to airplane operations, where planes park, taxi, take off
and land and where personnel members and crews operate a series of missions to run the airport.

In this chapter, we will focus on a number of aviation fundamentals to master in order to
understand the developments done in this work. Therefore, we will introduce the organization
set up at the airside, the way aircraft traffic is managed, the procedures applied in case of low
visibility and two other notions which will be useful in the scope of this project.

1.1 Airport airside organization

The airside of any airport is divided into 3 main areas :

e The Apron, which refers to the area where aircraft' park. Parking stands are mostly
foreseen around terminals but also exist on specific (bigger) platforms built further away.

e The Runway, which refers to the road where planes take-off and land and is used in both
directions depending on the wind direction and the wind tolerance of the wings.

e The Taxiway, which refers to any path connecting the aprons with the runways. The
taxiway is characterized by its yellow line on the ground, guiding pilots through the airport.

Each of these areas is under the supervision of dedicated air traffic controllers (ATC), having
a specific radio frequency (VHF) and an exclusive call-sign. The call-signs for these 3 areas are
respectively Apron, Tower and Ground but on most airports, the aprons and the taxiways are
controlled on a single VHF frequency with the unique call-sign Ground. These call-signs are used
by pilots to call out to controllers and to communicate with them (see section 1.2).

IPlural of aircraft = aircraft



1.1.1 Apron

Being the area where planes park, the apron is at the same time the place where most activities
around the plane can take place. Many vehicles move in the apron within the aircraft close vicin-
ity to accomplish several missions : refuelling, providing catering, servicing toilets or operating
plane maintenance. This is without considering ground operation cars (e.g. going to check the
runway state), crew and passenger buses or high loaders and tractors with dollies used to bring
cargo containers and passenger luggage to the aircraft.

In brief, this area is very busy and needs to be carefully managed in order to avoid accidents.
For that purpose, namely to avoid any unintended incursion of vehicles aforementioned when the
aircraft is moving or has its engines running, a safe area is defined. This area is delimited by red
lines painted on the tarmac (1.1) and a complementary sign is given by the red beacons - the
red flashing lights at the top and the bottom of the airplane fuselage - which when switched on,
indicate to the ground personnel that the aircraft has its engines running or is moving and, in
other words, represents a potential hazard (Figure 1.2). In this latter case, no vehicle nor person
is allowed to enter the safe area.

.
i
=
:

Figure 1.1: B777 surrounded by ground
equipment. The dollies with containers are
placed behind the safety area red limit lines|1]

Figure 1.2: B787 beacons warn ground crews
that the aircraft is under motion and/or taht
engines are running [1]

1.1.2 Runway

Used by planes to take off and land, each runway has intrinsic characteristics defined when cast
which determine the types of aircraft that will be welcomed on it. Both the type of floor and the
length of the runway define which planes can use it. For very light aircraft (propeller aircraft),
grass or soil is sufficient to support the plane and the runway length ranges from 600m to 1km.
For jet aircraft, asphalt or concrete is used to cover the ground and these aircraft require average
runway lengths of 2.5 to 3,5km.

To reach the runway or to vacate it, aircraft need to follow taxiways. As for all movements
on the airport, a clearance needs to be granted by the Tower for the aircraft to be authorized
to enter the runway. In the meantime, the plane waits at a specific place on the taxiway called
the holding point. To confirm the oral answer of the controller and avoid runway incursions
potentially resulting in some fatal accidents, a red line of directional lights has been installed at
most airports. When illuminated, pilots cannot cross them, when they disappear, this means
they got the authorization to proceed.

Some specific procedures need to be applied to get to the runway in case of low visibility
weather (i.e. fog, mist). In these situations, the holding point is moved backwards to a point
which is more remote from the runway, the so-called CAT II/III Holding point. This is a safety



margin but also a way to avoid interferences with the radio navigation system guiding the airplane
to the ground, that has to provide high accuracy in such weather conditions for the ILS signal
(i.e. Instrument landing system signals VHF). More information will be provided in section 1.2.3.

In Figure 1.3, the runway is at the top right corner. You can observe several lines of red
lights (detailed design shown in Figure 1.4) which inform about clearance (not ok) status.
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Figure 1.3: Runway protected by red light
lines on the normal and high speed taxiways

2]

Figure 1.4: Ground directional lights installed
at holding points, on the taxiway. [2]

1.1.3 Taxiway

All taxiways are marked by continuous yellow central line, which allows to easily recognize them.
This yellow line is the visual indication to pilots to guide them on the ground, letting the nose
wheel travel on it. At regular intervals, green directional lights are placed on this central line to
help pilots seeing it at night or in low visibility weather conditions. Furthermore, the boundaries
of the taxiways are illuminated by blue lights as you can see in Figure 1.3.

As explained in the previous point (4.1.2) taxiways guide pilots to and from runways. Those
are either perpendicular to the runway or secant with an angle of about 45°. Pilots mostly use
perpendicular 90° taxiways to take off, at low speed (max. 15 knots). However, secant 45°
taxiways are often used when landing, to make a quicker runway exit (max. 50 knots allowed).
This is a genuine potential lever of time management on the ground.

1.2 Traffic management

All movements on an airport are strictly codified. Several very detailed procedures need to be
followed, in order to reach the most optimized, safe and clear behaviors from planes, vehicles
and people involved on the ground. These procedures, implying a succession of clearances, have
a main impact on aircraft traffic sequencing, namely distances and time to leave between planes,
and the capacity of an airport to welcome aircraft. Let us have a look at these procedures.

1.2.1 Departure sequence procedure

In commercial operations, the first clearance to request at ATC on the Delivery frequency relates
to the authorization to leave the stand. When this first clearance is granted, pilots contact the
Ground or Apron frequency to receive a push back clearance. Once obtained, they swithc the
beacons (Figure 1.2) on and the aircraft is pushed out of the apron area by the push back truck
onto the taxiway (Figure 1.5). In the meantime, pilots start the aircraft engines.



Once on the taxiway with the engines running and the push-back truck disconnected, pilots
contact the Ground frequency to obtain the taxi clearance. During this step, they receive the
route to follow on the taxiway in order to reach the active take-off runway. This clearance is a
sequence of letters identifying the different taxiways, visible on the airport chart in Figure 1.6).
For a better understanding through the VHF radio’s, those letters are pronounced according to
the aviation alphabet [38| (e.g. from stand 408 in London Heathrow in Figure 1.6, "T-S-SB3":
"Proceed via Tango, Sierra, Sierra-Bravo-3 to hold short from runway 27 Left"). In case of
converging traffic, one aircraft will give way to the other as instructed by ATC. It will stop at
the clearance limit, which can be at the holding point of a runway or anywhere on the airport
in case of traffic sequencing (e.g. "Hold short of taxiway Sierra and give way to Boeing 737 of
British Airways").

The pilots then follow the taxiways, being powered by the engines which are continuously
pushing the aircraft forward (i.e. with the idle thrust). The brakes installed on the main gear
wheels are used to slow down the aircraft when needed and the nose wheel steering is employed
to steer the plane. Let us now deep-dive into the ways to steer a plane on the ground, which we
will need to know for the development of our mechanical part in this work.
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Figure 1.5: two technologies of push-back Figure 1.6: Part of London Heathrow
trucks : pushing with a tow-bar (top) or lifting Jeppesen chart used by pilots [3]
the aircraft nose wheel (bottom) [1]

1.2.2 Arrival sequence procedure

To be authorized to land, a clearance needs to be obtained from the Tower frequency. If it is not
granted, pilots need to turn around following specific pre-defined routes. Once on the ground just
after landing, a plane vacates the runway via a high speed taxiway and pilots switch from the
Tower to the Ground radio frequency. The air traffic controller then provides the taxi clearance
and indicates all the taxiways pilots have to follow to reach their stand.

At the stand, a marshaller (i.e. an airport employee who guides the aircraft into the stand
with his wands-handheld illuminated beacons) guides the pilot up to the nose wheel stop position
that pilots cannot see themselves (i.e. the nose wheel is most of the time a few meters behind the
cockpit). Nowadays, electronic marshalling devices display the distance remaining to the stop
position on a screen as well as a lateral guidance information.



1.2.3 Low Visibility Procedure - LVP Operations

In this section, we will see that procedures are adapted when wheather conditions deteriorate,
which immediately affect aircraft traffic flow on the airport. Both the airport infrastructure and
the crew training determine the possibility to carry on airline activity in such circumstances.

By nature, and coming from the roots of aviation, flying can be done visually which means,
without any guidance instrument. This can be done under very good weather conditions con-
cerning the ceiling (i.e. the cloud base elevation above an airport) and the visibility. More
specifically, nowadays, visual flying is authorized when visibility is higher than 5 km and there
is more than 1500 feet of ceiling. Even if less applicable to commercial operations, small and
leisure aviation use visual flying a lot.

When weather conditions fall down and indicators drop below these minimum thresholds,
pilots have to be qualified to do both the approach and the landing - manually or automatically
- with the help of an instrument guidance system (i.e. pilots need to be instrument rated IR).
This kind of approach is referred as CAT I and is the most used in commercial operations. A
CAT I approach can be started with a minimum visibility or Runway Visual Range (RVR) of
550m and has to be stopped in any case if the runway is not in sight at 200 feet, namely when
the ceiling is below that height. This height is called the decision height (DH), where pilots
need to make the decision to land or not. If the approach has to be aborted, pilots perform a
go-around and climb back at a specific height where they follow a determined track, which can
bring back to the airport within a given time frame (weather conditions could have improved in
the meantime) or divert to an alternate airport .

Guidance instrument: Let us now look at the guidance instruments used in such poor
weather conditions (or at night, when visual flying is of course impossible). The most used
guidance system is called ILS, standing for Instrument Landing System. This system provides
a track and a slope guidance down to the runway. The track signal or LOC signal is sent from
the localiser antenna located at the end of the runway. The slope signal or Glide signal is sent
from an antenna placed abeam the touchdown zone of the runway. The track signal is displayed
to the pilots on their primary flight display (PFD) via an horizontal and a vertical magenta
diamond moving on a fixed doted white scale (e.g. in Figure 1.7, on the PFD instrument we
can see that the aircraft is on track but a little bit below the glide slope, the magenta diamond
representing the position of the slope). The visual indication of the slope is provided by another
equipment called PAPI for Precision Approach Path Indication build with 2x4 directional lights
(i.e. a white and a red light for each of the four positions orientated at different angles from the
ground). Four red lights means too low, Four white lights means too high and two red-two white
means on the glide. The PAPI system is visible in Figure 1.8 on the left hand side of the runway.
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Figure 1.7: ILS signal schematic and the PFD instrument seen by pilots with the localiser and
glide references show through both magenta diamonds [4]



Sometimes the weather is not even good enough for a successful CAT I approach (e.g. heavy
fog). In that case a fully automated approach from CAT II/CAT IIT has to be performed.
The difference with CAT I approaches is that even the flare (inflection point created by going
slightly up just before touching the runway) needs to be done automatically, which is not the
case in CAT I. To be able to proceed to CAT II/III approaches, there are specific requirements :

e The aircraft needs to be equipped with automatic landing capabilities

e The crew - captain and co-pilot - needs a specific qualification. This in order to be able to
take over commands at anytime if a system fails

e The airport needs to have a precise landing system (ILS) and a specific approach light
system (i.e. approach lights forming a carpet in front of the runway like in Figure 1.8)

e The airport needs to have bigger protection zones around the runway in order to avoid ILS
signal distortions, in other words, a second holding-point more distant from the runway
than the normal holding-point (i.e. for CAT I condition). For that reason, this second
holding-point is also referred as to CAT 11/CAT III holding point, visible in Figure 1.3.

In these CAT II/ III fully automated approaches, we still distinguish 4 different types, which
differ in the accuracy and complexity of their related aircraft systems. Going from the lowest to
the highest requirements, 3 approaches are used today : CAT II , CAT IIIA and CAT IIIB. As
explained in CAT I approaches, CAT II/ IIT approaches can start with a proper RVR value and
continued until the DH, minimums varying according to the type of approach (see Table 1.1).
The last approach category CAT IIIC - not available yet - is defined by ICAO as a precision
instrument approach and landing with no DH and no runway visual range limitations [32]. This
approach is purely theoretical as even if it can already be applied in the air, once on the ground,
pilots have to taxi their aircraft manually to the terminal. In a limit case (no visibility), they are
not able to follow the taxiway central line to reach their stand, as the cockpit of a commercial
aircraft is at 3 to 12m above the ground. This is why aircraft need a minimum visibility to land.

Besides categorized approaches and specific related trainings, some additional safety mea-
sures are applied when low visibility is observed. For example, when visibility is below 400m
(LVP operation), an increased distance is foreseen and applied between aircraft on the ground.
One aircraft per taxiway section is allowed to avoid ground collisions. These safety measures
drastically increase delays. In normal circumstances, the separation between aircraft behind each
other is insured visually by the pilots. Unfortunately, it is sometimes difficult to estimate visually
the distance between the wing tip and the obstacles. There are famous ground collisions linked
to that issue (e.g. Air France A380 plane collides with Delta CRJ at JFK - 12/04/2011 - video
[39]).

Approach | minimum DH (feet) | minimum RVR (m)
CAT I 200 550
CAT II 100 300

CAT IIIA no DH 200

CAT IIIB no DH 75

CAT IIIC no DH no RVR

Table 1.1: EASA Approach criteria based on ICAO Annex6,

9'h edition, July 2010 [32]

Figure 1.8: Runway
approach lights approved for
LVP operations. [1]



1.3 The nose wheel steering

There are three different ways to orientate the nose wheel. The schematic is visible in Figure

Al

1. Pilots can use the hand steering wheels (i.e. each of them have an individual handle
placed at each side of the cockpit as seen in Figure 1.12). On earlier aircraft models, a
pulley system was installed as torque multiplier between the handle and the nose wheel
steering actuator. Nowadays with the fly-by-wire system (i.e. replacement of mechanical
transmissions and cables by electrical wires for weight saving) [40], an electrical black box
called Brake and Steering Control Unit (BSCU) is used to control the nose wheel steering
angle through a hydraulic actuating cylinder. When using the hand wheels steering, the
nose wheel can be rotated up to an angle of 75°.[5]
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Figure 1.9: From pilot input on the steering wheel to the nose gear motion

2. Pilots can also use the rudder feet pedals. When pushing on these pedals, they induce
a motion of the rudder (i.e. control surface on the vertical area of the tail to control the
rotation around the yaw axis) but also a very small rotation of the nose wheel. With a full
rudder application, the nose wheel steering can reach a maximum rotation angle of 6°.[5]
This is thus not used solely to direct the plane but as a complementary help in certain
circumstances.

3. A third way to steer the aircraft is used during push-back operations. In this case,
pilots are not controlling the direction but the guidance is rather done by a push-back
team member. Indeed, the plane also needs to be guided when leaving its stand and being
pushed back to the taxiway. In that case, the steering system is deactivated and the
free nose wheel is then controlled by the push-back truck position in respect to the aircraft.



Concretely, the deactivation is initiated
via a lever on the towing electrical box,
placed on the nose landing gear. This
electrical box informs the BSCU about
the deactivation. The ground crew (i.e.
the push-back team member which keeps
continuous radio contact with the cockpit
crew during the push-back) blocks the lever
in the towing position with a safety pin until
the push-back is completed (i.e. the lever is
moved as shown in Figure 1.10 to align the
2 holes marked by the blue squares through
which the safety pin will be inserted).
Before the taxi, once the push-back truck
is disconnected and the aircraft is ready
for taxi, the ground crew shows the safety
pin to the pilots to ensure them that the
steering system is back in the active mode.

In this deactivation mode, the nose wheel Figure 1.10: Steering system deactivation
can be turned up to an angle of 95°.[5] electrical box and its lever [1]

The angle values stated in these 3 situations are applicable for the Airbus A320 and are
a function of the ground speed and the origin of the input signal (i.e. pilot’s hand wheels or
rudder pedals) as illustrated in Figure 1.11. An electrical control eases the implementation of
such functions on A320 to avoid an increase in mechanical stress with speed.

NWS N5
ANGLE ANGLE
A
+6° +75° \
\\
\\
\
\
+ + L - + \ -
40 80 150 20 7o
AIRCRAFT AIRCRAFT
GROUND SPEED(KT) GROUND SPEED(KT)
ORDERS FROM RUDDER PEDALS ORDERS FROM HAND WHEELS

Figure 1.11: A320 nose wheel steering angle

e } Figure 1.12: A320 hand wheel steering [6]
limit functions 5]

1.4 Deicing

In this section, we are going to introduce a very specific subject, that as you will see in chapter
8, could have a very useful role in our work.

During the winter, snow or ice can accumulate on the wings and on the fuselage of the aircraft.
This accumulation has a double impact on climb/flight performance : it increases the weight of
the aircraft and it modifies the shape of the wing. For that purpose, a deicing with or without
anti-icing has to be performed [41]. The deicing principle is to remove the accumulation with a
warm fluid (i.e. mix of water and glycol) and anti-icing is to protect the surface for a certain
period of time, the holdover time (HOT) [42]. The HOT varies with the outside temperature,
the type and the rate of precipitation and the type of fluid used. Tables are used by pilots to



see how many minutes they have between the end of the deicing process and the take-off. If the
HOT is passed, a new deicing has to be performed.

This deicing process (Figure 1.13) is either performed on the stand before push back or just
before take-off on a special platform close to the take-off runway (Figure 1.14). This platform
will be particularly interesting later on in this thesis, let us keep it in mind.

Figure 1.14: Deicing platform at Helsinki,
Figure 1.13: B777 on the deicing platform [7] close to runway 22R holding point [8]

1.5 APU engine start

On the parking spot, aircraft electrical systems
are powered by an external generator, the so-
called ground power. Before to be pushed out
of the stand, the pilots start an auxiliary power
unit (APU) which is a small jet engine placed
in the tail of the aircraft (Figure 1.15). The
main characteristic of this jet engine is that its
reduced size permits a start on batteries. Once
started, it powers the aircraft electrically and
supplies hot air to the air conditioning unit.
Thus, the ground power can be disconnected. Figure 1.15: APU inlet and exhaust: A320

During the pushback, the air conditioning is stopped. The air provided by the APU has to
be used to start the main engines. Indeed, those ones are too large to be started on batteries.
Once all the engines are running, the APU is switched off. The air conditioning is switched on
again, but this time the air is provided by the engines.
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1.6 The reasons for an automated taxi and pushback integrated

system

The main objective of this automated taxi and pushback integrated system is to improve the
aircraft capabilities in low visibility operations, e.g. to be able to operate CAT IIIC approaches,
and to reduce aircraft separation on ground.

Other non negligible positive safety, economical and ecological aspects have to be highlighted:

1.

Better traffic flow management on the ground due to precise taxi timing estimation

. Reduction of the waiting time at the holding point with the engines running

Cost and delay reduction by the suppression of push back trucks

Safety improvement and ground collision incidents or accidents reduction

. Reduced workload for pilots, e.g. possibility to start engines during the taxi (in the case

of electrical taxi system)

As for in-flight autopilots, this system should be constantly monitored and easily deactivated
by pilots in case of unattended behavior. It is only an additional tool to be used by the crew to
reduce workload and improve safety, operational performances and fuel saving.



Chapter 2 : Fundamentals of Vehicle Dy-
namics

2.1 Objectives of Vehicle Dynamics

The main objective of Vehicle Dynamics is to analyze the dynamical behavior of ground vehicles.
This can be done with several objectives, among which improving the performance of vehicles,
their stability, their safety and the comfort they can offer to their passengers.

Manufacturers typically define the required levels or thresholds to reach on such criteria. To
achieve this, they notably work on the geometry of some parts of the vehicle, adapt the stiffness
and damping coefficient of the suspensions, change the position of the centres of gravity, the
position of the wheels and adjust their orientation.

Indeed, when the dynamic analysis of a car in quasi-static equilibrium is performed (e.g. in
a constant radius turn at constant speed), the mass transfer, the resulting forces, the vibrations
and the stability can be closely observed. In a second phase, their values are compared with the
ones expected (targets) and corrective actions are taken to compensate when necessary.

In short, all these engineering analyses already allowed great enhancements and continue to
largely improve the efficiency, performance and safety of ground vehicle operations. They also
are the roots of automated systems developed for vehicles such as aircraft (auto-brakes and anti-
skid system illustrated in figure 2.1) or for vehicles most of us drive every day (e.g. ABS, ESP
illustrated in figure 2.2, Cruise control, Electronic brake systems, etc...).

sans ESP

OFF -
RTO—
ANTISKID
Figure 2.1: Aircraft autobrake selector Figure 2.2: ESP behavior studied through
equivalent to ABS [9] vehicle dynamics analysis [10]
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2.2 Ground vehicle definitions and characteristics

In this part of the chapter, the basic mechanical definitions and concepts required to understand
the upcoming sections, applied to aircraft, will be introduced.

2.2.1 Axes, angles and characteristic dimensions

As the aircraft has 6 degrees of freedom, i.e. 3 translations and 3 rotations, three axes exist.
These are set up within the scope of this work as drawn in figure 2.3.

The roll axis : A motion around x axis creates a so-called roll angle ¢. During ground op-
erations, namely pushback and taxi, the variation of ¢ - linked to the turns taken - is the one
passengers feel the most, the intensity depending on the main gear suspensions characteristics.

The pitch axis : A motion around y axis induces a so-called pitch angle ~ which is influenced
by the nose wheel suspension. When the aircraft accelerates, an upward variation of the pitch is
observed and oppositely while braking.

The yaw azis : A motion around z axis initiates a so-called yaw angle ¢ which does not have
a significant influence on ground dynamics.

The wheelbase is the distance along the x axis between the nose wheel and the main wheels
(Figure 2.4). This length has an influence on the turning radius and on the directional control
in case of a differential drive configuration (i.e. a free nose wheel and two sets of driving wheels
on the main gear providing the motion torque and the directional control).

The track is the distance along the y axis between the left and the right main landing gear!.
It has an influence on the roll behavior in turns.

L

Vertical
stabilizer

wheelbase

Figure 2.3: The aircraft axis and angles [2] Figure 2.4: The wheelbase and the track [2]

The caster angle is the angle between the steering axis and the vertical axis of the steered
nose wheel, i.e. between the pivot line and the vertical axis passing through the ground-wheel
contact point. By convention in Vehicle Dynamics, this angle is positive when the extension of
the steering axis crosses the ground in front of the ground-wheel contact point (Figure 2.5) [12].

'The word landing gear or gear is referring to the whole mechanism sustaining the aircraft wheels. It can be
confusing with the engineering meaning of a gear, composed of two toothed wheels, e.g. used in a (speed) reducer.
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A positive caster angle provides an auto-stabilizing effect (e.g. the front wheel of a bicycle).
Indeed, if the wheel is not aligned with the direction of the aircraft motion, a lateral force appears
on the wheel at the contact patch (Figure 2.6). This force acts behind the pivot axis leading to
a self-aligning torque. However, this auto-stabilizing effect increases the force needed to turn the
wheel out of the aligned position so that more force is needed to turn.

In case of a neutral or zero caster angle, a self-aligning torque still exists when the wheel is
rolling because the resulting lateral force is also acting slightly behind the centre of the contact
patch due to the elastic deformation of the rubber tire as illustrated in figure 2.7.

Negative Neutral Positive . y
e Rotational axis
Caster Angle Caster Angle Caster Angle & mz‘i Rl

Resulting
-, aligning ) \
Qf) moment Orientation of
the wheel

| i
& F L Direction of
Direction of motion aircraft motion

Figure 2.5: The caster angle, positive, neutral Figure 2.6: The auto-stabilising effect of a
or negative|11] positive caster angle

2.2.2 Road-tire contact patch

The shape of the contact patch depends on the tire type (Radial or Bias) as illustrated in figure
2.8. Compared to the bias design, the radial tire has a wider footprint but has a shorter length.
This is due to its flexible thinner sidewalls, offering a better grip. The flexibility of the sidewalls
offers a better comfort at high speed by filtering the high frequencies developed by the pavement
irregularities. On the other hand, the bias tire supports higher loads but its smaller contact
patch reduces the grip and is less adaptable for higher power transmissions needed for a high
speed braking phase at landing or during a rejected take-off. For those reasons mainly, most of
today’s aircraft and cars are equipped with radial tires.

When the wheel is aligned with the direction of travel of the vehicle, the contact patch of a
rolling tire is not fully sticking to the road. An area with a mix of adherence and slip is present,
i.e. a mix of pure rolling, where Fjo,y < ki, 2 and pure slip, where Flong = pFy. This longi-
tudinal force is increasing from the front to the back along the contact patch. Once the force
reaches Fj,,g, = puF},, the tire element at that point on the contact patch starts to slip. The slip
area starts from that point up to the back.

When the wheel is not aligned with the direction of travel of the vehicle, the rubber of the
tire within the contact patch can be associated to an elastic material experiencing shear stresses
inducing lateral forces. When the shear stress reaches 7 = po 2, the tire starts slipping and the
tire progressively takes back its initial shape (indicated by the green area in figure 2.7). In a
standard configuration, the front of the contact patch is in full adhesion (Brown area in figure
2.7), the shear stress is starting from zero at the leading point and increases gradually until it

2Coulomb law: Fiong = Fy is the transverse force, p the coefficient of friction and F,, the normal force [43]
3This behavior is the local expression of the Coulomb law F; = Flat = uF,.
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reaches its limit (peak point, indicated by the red line in Figure 2.7).

Due to the shear stress shape, when the tire is not aligned with the wheel centre velocity, i.e.
the direction of the vehicle motion, the resulting lateral force is acting at a point backward of
the contact patch leading to a self-aligning torque (Figure 2.7). The position of Fj,; induces an
aligning torque, the so-called self-aligning torque of the tire M4, regardless of the caster angle
value.

Fiat y

Pneumatic Trail —3

Radial Tyre
Contact Patch

(Aircraft, car)

f | Direction of Heading Bias Tyre
1 T
Slip Angle, 1, Contact Patch
I eg, e
Slip Region  —Contact Patch tion of Traves (motobike)

Figure 2.8: Difference tire type contact patch.

Figure 2.7: The self-aligning torque [12] Aircraft are equipped with Radial tire [13]

2.3 Tire model

The tire is the most important part to be considered in a ground vehicle dynamics analysis or
simulation. Indeed the longitudinal and lateral motion of the vehicle are influenced by the tire
contact forces and torques. Let us describe the 3 forces and the 3 torques applying on the tire:

e [, the longitudinal force e M, the tilting torque
e I, the lateral force e My, the rolling resistance torque
e F,, the vertical or radial force e M., the self-aligning torque

The way to determine those forces and torques can be achieved via an accurate dynamic
friction model. Some of their components can be neglected depending on the desired objectives
(e.g. M, in most cases or even F, on pure longitudinal analysis). In this paper, we will describe
the useful tire models required for the purpose of our study.

2.3.1 Wheel/tire model characteristics

The wheel radius deflects under the aircraft weight (F,). This deflection is referred to as § in
figure 2.9 and equals to the difference between the radius of the uncompressed wheel (R) and
the instantaneous distance between the centre of the wheel and the ground (rs). This deflection
will have an important role in the determination of the forces and torques because the tire can
be reasonably modeled as a spring-damper system in the radial direction.
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Figure 2.9: Deflection illustration [14] Figure 2.10: Complex tire model [15]

Radial spring-damper system

In more complex radial models (i.e. vertical axis), the tire spring-damper system can be divided
into 2 subsystems [15]. One corresponds to the steady state characteristics, the second one
takes the dynamic effects into account. In addition, if the rim is considered in the model, a dry
friction-stiffness model (cpyict) between the rim and the tire acts sporadically, as represented on
the left side of figure 2.10. To simplify this complex model, with the objective to minimize the
computing time, it is a best practice for simulation purposes to only use a simple spring system
and to simply neglect the radial damping.

F, = ko (2.1)

Tire radial stiffness experiments

In order to find k;, some experiments were performed on Airbus A300-600 Dunlop radial tires.
The following assumptions were established :

e The aircraft is equipped with 10 identical tires with identical inflation pressures (200[psi] =

13.79[bar]) carrying each 1/10 of the aircraft load (W in [N]), i.e. F, = o

e The tire inflation is neither subject to atmospheric pressure variations nor to temperature
variations.

e FEach data is the mean value of the deflection measured on 2 wheels from the left main
landing gear (bogie of 4 wheels).

e The measurement accuracy is half a centimetre. This huge assumption is resulting from
the low quality of the measurement tool that could be brought in the vicinity of the aircraft
without any security restrictions.
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Stiffness Dunlop A300-600
T T

Force [N]
IS
T

1+ « Experiments
——Mean value 1.6e7N/m
Curve fitting 1.67e7N/m
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Figure 2.11: Tire stiffness coefficient : Experimental determination on A300 tires

The variations between all measurements are coming from the above-mentioned assumptions.
After data analysis, the average value (blue line) is k, = 1.6 - 107[N/m]. Compared to the value
mentioned in the tire model used by USAF, where k, = 1.75- 107[N/m] for an inflation pressure
of 220[psi] = 15.17[bar] [44], measurements seem to be of the right magnitude order.

2.3.2 Theoretical tire friction models

There were many theoretical tire friction models developed over the years.

Dahl model

The Dahl model is based on the stress-strain curve of the material compatible with the Coulomb
equation noted:

F.=u-F, (2.2)

where F}, is the normal force and p the dynamic friction coefficient. [45]

Dahl models the stress-strain curve by a differential equation with the two following input
variables : the displacement x of the local tire element of the contact patch and the sign of the
velocity v of that tire element in regards with the road [16]. The equation takes into account
the hysteresis phenomena (Figure 2.12). The material under stress has a friction force gradually

dF,
increasing until rupture occurs, i.e when F, is reached, where dtx =0.

dF, dF,dz F, .
— (1 = =2 @ 2.3
gt~z at - O R i)t (2:3)
where F, is the Dahl longitudinal friction force, x is the displacement, o is a stiffness coefficient
and « determines the shape of the stress-strain curve (o = 1 is commonly used).
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Direction of motion

e Slip  Stick
e R
Figure 2.12: Friction force in Dahl’s model [16] Figure 2.13: Bristles illustration

Bristle model

Following the Bristle technique, the behavior of all microscopical contact points between two
irregular surfaces such as the tire and the ground are modeled by bristles. The tire surface can
then be represented by a multitude of radial flexible bristles (Figure 2.13). As the tire moves,
the green sticking bristles act like a spring and their strains increase, developing a friction force
[16]:

Fo=Y 000, (2.4)
=1

with the number of bristles N, their stiffness og, the relative deformation of the bristle . This
model incorporates the random nature of friction through the N parameter. But this model is
too complex and time-consuming for simulations and may end up in oscillatory results due to
the absence of a damping effect on the bristles.

LuGre model

The LuGre model was inspired by the bristle one (i.e. when a tangential force is applied, the
bristles deflect like springs) [46]. The LuGre evolution is that when the deflection reaches a
certain value, the bristles start to slip (orange ones in figure 2.13). This permits to include the
Stribeck effect, i.e. the stick and slip behavior. The average bristle deflection z is determined by
the velocity during a steady-state motion.

dz oolvy]
dz _, _ _oolvrl 2.
T g(vr,vs)z (25)
d
F, = 00z + ald—j + f(v) (2.6)

where g(v) is the Stribeck effect function, f(v) is the viscous friction function usually lin-
earized as f(v,) = ogv, and o9 is called the viscous friction coefficient [47]. Both functions
are illustrated in figure 2.14. The relative velocity v, is the relative speed between the point of
contact (on the tire surface) and the velocity of the wheel centre v, = v — rqw. The Stribeck
velocity vs is a boundary value of v, at which the tire (i.e. the bristles) starts to slip on the
surface. A reasonable approximation of the Stribeck effect is function of the static and Coulomb
friction coefficients respectively pg and pe. [17]

_|vl|0.5
Vs

9(vr,vs) = pc + (ps — pee (2.7)
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The LuGre dynamic friction model is preferred to the dynamic Dahl one (Dahl, 1968) for
aircraft tires because it takes into consideration this Stribeck effect.

The longitudinal slip between the geometrical point of contact and the surface is defined as :

v
N = T (2.8)
Vaircraft
An example of the LuGre friction coefficient (%) related to the slip ratio for the LuGre model
is illustrated in figure 6.9. Around the origin, it clearly defines a linear behavior terminated by
a peak value, which can be associated with the Stribeck velocity.

Stribeck o7
v friction function

0.8

g

m & 05
8

5 0.

= 0.3
i 3

Viscous - oz

v friction function 01 !
/ UU U.:JS 0! 1 El.r15 052 0.r25 O!S U.’SS 0!4 U.:iS 0.5

slip ratio

Figure 2.14: The Stribeck friction function and Figure 2.15: LuGre friction coefficient in
the Viscous friction function illustration [17] regards with slip ratio [14]

2.3.3 Experimental tire friction model

The LuGre tire model is a reasonable choice for aircraft tire modeling under landing constraints
(i.e. shocks) because it is applying the Stribeck effect without being too complex for simulation.
Indeed, it only requires the input of 6 parameters (og,01,02,uc,1s,Vs). However, this model only
depicts the distribution of longitudinal and normal forces and will not suffice for our taxi oper-
ation simulations. In this case, we need to turn to another more complex model that integrates
lateral forces and the (self-)aligning torque as well.

Pacejka-Bakker model

Up to now, all these models were based on physical laws and properties. The next step consists
in developing models based on empirical methods. From experimental data, Bakker used the
Pacejka magic formula to build its tire model by curve-fitting his results. Here is the famous
so-called "magic formula" of Pacejka [48]:

F(y) =D -sin(C -atan[B(1 — E)y + E - atan(B~))) (2.9)

where B (stiffness), C(shape), D(peak) and E(curvature) are fitting constants. F is the nor-
malized force, e.g. lateral Fj,; or longitudinal Fj,,, divided by the normal force F., and is
function of the slip (7).

The Bakker coefficients used in this study are the ones corresponding to a car tire. Therefore,
the model has to be adequately adapted.
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First, we compared the mass supported by each wheel on a conventional car with the one
on an Airbus A320. By approximating the mass of a car equipped of 4 wheels to 1[t] and the
Airbus A320 one to roughly 70[t| mainly distributed among the 4 main landing gear wheels, we
finally get a difference factor of 70. From there, at each time step, the algorithm is taking this
corrective factor into account via 3 steps:

1. The normal force calculated on each wheel (F,, = m - g) is virtually divided by 70.

2. With that reduced normal force and the calculated slip v, the Bakker model computes the
lateral and longitudinal forces acting on the wheel.

3. Those lateral and longitudinal forces (corresponding to a car wheel) are finally multiplied
by 70 to be used in our aircraft model.

s Normalised Flong (slip) . Normalised Flat (slip) 1500 Mz Aligning moment
R
! 1000
0.5
= 05 =
£ —
5 13 g 500
2 s z
w 0 o 0 =
< N
g k] = 0
u -05 w
0.5
4 -500
—
15 -1 -1000
-10 5 0 5 10 -10 5 0 5 10 -10 5 0 5 10
slip [rad] slip [rad] slip [rad]

Figure 2.16: The Bakker’s car coefficients applied to the aircraft weight.

The results of the normalized forces are visible in Figure 2.16. The Stribeck effect is still
visible although it is an experimental approach. This means that the LuGre model approximates
the reality quite well for longitudinal forces.

2.4 ICR steering geometry

In a constant radius turn R, at constant speed V = w - R,, the objective of the vehicle is to
stay on the curved track with each wheel rolling without slipping (Figure 2.17). This track is
similar to a circle with a defined radius R,, around a reference point /CR (i.e. Instant center
of rotation). As the main wheels are on the left and right sides of the longitudinal axis of the
aircraft, they travel around the ICR on different circles of radius R; (i=1,2,3,4). As the rotational
speed w around the TCR is the same, each wheel has to travel at a different speed V,,; # V with
(i=1,2,3,4) to avoid excessive longitudinal wheel slip.

Qu = — (2.10)

As seen in figure 2.17, each wheel has to be perpendicular to the vector joining ICR and the
center axle of the wheel to avoid wheel side slip.
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Chapter 3 : Modeling method of the Air-
bus A320

In this chapter, we explore how to model an aircraft using a specialized software such as Robotran.

3.1 Fundamentals of Robotran

Robotran [49] is a symbolic generator of multibody models. An aircraft, like any multibody
system, can be - for the sake of modeling - seen as in a set of distinct bodies linked by degrees of
freedom called joints in Robotran. Some of these degrees of freedom can be controlled in specific
situations via actuators (e.g. the rotation of the nose wheel steering).

3.1.1 Inertial frame

Robotran uses a Cartesian inertial frame whose its orientation can be chosen by the user. In this
case, it was decided to respect the conventional aviation frame defining z as the longitudinal axis
of the aircraft positive in the forward direction and z as the vertical one positive in the upward
direction. Consequently, y points to the left (Figure 2.3).

3.1.2 Bodies and inertia

Hypotheses All bodies are considered as rigid. In other words, this means that the charac-
teristics of elasticity and plasticity of aircraft materials are not taken into account.

Each of those body has a mass, a center of mass (x,y,z location) and an inertia matrix (3x3).
This last element defines the masses distribution around the center of gravity. It is essential data
to model how the aircraft will behave under movement.

In this study, the inertia matrix is calculated based on simple geometric figures such as
cylinders (C) and rectangular parallelepipeds (R). Indeed, a body can be composed of multiple
sub-bodies, themselves represented by cylinders and parallelepiped (e.g. the aircraft main body
is composed of the fuselage, the wings, the engines and the tail).

The inertia matrix of body assembly, like the main landing gear, is computed via the Steiner
theorem [50].

i
2
Iassembly = Z Isubbody,i + M subbody,i * Dsubbody,i (31)

n=1
where m is the mass of the sub-body (i) and D is the matrix referring to the distance between
the center of gravity position vector of the sub-body (i) (CG;) and the one of the body assembly
(CGg). The matrix D has the form :

21
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0 —d. dy de|
Dsubbody,i = dz 0 _dz dy = CG’L - CGa
—dy dy 0 d;

3.1.3 Joints

A 6 degrees of freedom joint is obtained via the succession of 3 translational (x,y,z) and 3
rotational (x,y,z) degrees of freedom (dof). By constraining certain degrees of freedom, it is
possible to obtain any kind of joint. In Robotran only the two following joints are available and
need to be combined in a sequential manner to obtain the desired degrees of freedom of any real
joint.

e revolute joint (1 dof in rotation)

e prismatic joint (1 dof in translation)

In Robotran, three roles can be given by the user to joints : joints can be independent, depen-
dent or driven. For the two first categories, their existence is linked to the presence of constraints
(e.g. loops described in 3.1.4). The driven joint permits to assign a certain value in position,
speed and acceleration to it (e.g. the blocked position of an extend gear of an aircraft, or an
imposed motion of a body).

3.1.4 Tree-like versus closed-loop structures

To describe the so-called topology of the system

[18], i.e. the way bodies are connected, a tree- @ o

like structure is always used as represented in
the green box in Figure 3.1. A tree-like struc-
ture means that the set of bodies and joints ‘o o
cannot create any closed-loop (red box in Fig-

ure 3.1). Unfortunately, many multibody mech- Q ‘
anisms are forming some (e.g. the landing gear
mechanism). To take those loops of bodies into
account, we have to assure that each body only
has one parent body but the number of child

0

bodies is not restricted. This means that a par- o

ticular procedure has to be used to virtually o e
transform those close-loop structure into a tree- el o
like one. In Robotran, three different ways to ' @ a .
cut a loop exist to obtain the tree-like structure: ° g

[}

e Cut in a body;

e Cut in a ball joint; Figure 3.1: The multibody can have a tree-like
(green) or a closed-loop structure to which

e Cut in a connecting rod; cuts are applied (red) [18]



If closed-loop mechanism are described in
Robotran, e.g. the landing gear visible at Fig-
ure 3.2, the independent and dependent joints
take on their full meaning. Indeed, we can
imagine to set the prismatic joint of the nose
wheel suspension as independent and the revo-
lute joint connecting the two rods as dependent.
Once the suspension is travelling up or down-
wards, a dependent motion of the revolute joint

will be induced. Figure 3.2: The nose wheel suspension joints
[19]

However in this study, to reduce the computation time, we simplified each landing gear
mechanism to avoid any loops, as mentioned in the coming section 3.2.

3.1.5 Forces and torques

In Robotran, a distinction is done between external forces and torques (e.g. wind blowing on the
aircraft, tire contact on the road) and internal ones (e.g. motor torque applied to the wheel).
Joint forces and torques

These forces and torques (noted Q° for joint i) contribute to the motion equations and acts within
the joint.

External forces and torques

In addition to the gravity and to the joint forces and torques, there exists external forces and
torques, noted fest,tert, acting on the bodies. In Robotran, in case of multiple external forces
(or torques) applying on the same body, a single resultant force and pure torque is calculated,
with respect to the center of mass of the body.

3.1.6 Dynamical solution

After representing the multibody system as a collection of joints and bodies submitted to possible
constraints (loop, user,...), Robotran symbolically calculates the dynamical equation [49] :

M(q)§ + ¢(q, G, fexts teat, 9) = Qg,d) + J ()T (3.2)

These equations allow to calculate the joint accelerations ¢ for a given configuration (deter-
mined by joint position ¢ and speed ¢) while forces and torques (fest, test, g, Q) are applied. This
computation method is called Direct Dynamics.

In equation (3.2) :
e M is the mass matrix (symmetric, [n * n]).

e c is the non linear dynamical vector [n % 1]. All the gyroscopic, centrifugal and gravity
terms, as well as the external forces (feyt) and torques (teyt).

e ¢ is the vector of the generalized coordinates, referring to the relative motion in the joints
of the system.

e () is the vector of joint forces and torques.
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Oh

oqt

e J is the constraint matrix [m x n| ie. J =

e )\ represents the Lagrange multipliers associated with the constraints (dimension : |[m x*

1)).

The physical and geometrical constraints can be induced by loops (h;) in the multibody
system or can be introduced by the user for a specific reason (hyser). All the constraints have to
be satisfied at any time, i.e.

hi(q) }
h(q) = =0 m*1 3.3
=, m 1) 33)

which amounts to solve the dependent variables in terms of the independent ones.

However in our aircraft model, there are no loops and thus no dependent joints. The con-
straints h(q) are nonexistent and so are the Jacobian J and the Lagrange multipliers A.

The system equation (3.2) simply reduces to :

M(Q)Q+ C(Q7é7fextatea:tvg) = Q(Q7 Q) (34)

This differential system is solved using the initial values of the generalized coordinates ¢(t = 0)
and ¢(t = 0). Once accelerations are obtained, velocities and positions of the next time step are
calculated by time integration that iterates until the first time is considered resolved.

In terms of numerical solver, when Simulink is used as interface to Robotran (see 3.1.8), an
automatic choice is made between 8 options. However, for our aircraft model, the two auto-
matically selected solvers were: ODE45, a Runghe Kutta of order 4 crosschecked with an order
5 expansion, and ODE15, which is more adequate for stiff problems (e.g. when the aircraft is
turning at low speed, the problem becomes stiff) [51]. We also kept the time step setting to
variable to allow for stiff problem resolution.

3.1.7 Driven variables

A driven joint 7 can be assigned in position, velocity and acceleration. The symbol used for those
driven generalized coordinates are ¢’ instead of ¢’

= ft)ci = f(t);et = f(t) (3.5)

When driven variables (joints) are used in addition to independent ones, a special attention
needs to be paid when solving the motion equation. Indeed, driven variables cannot be time
integrated. A split of the independent and driven variables are thus made prior to the system
resolution. The generalized coordinates are separated in ¢, and ¢, respectively independent and
driven variables [18]:

q:Bﬂ (3.6)

Equation (3.4) is partitioned accordingly using the Lagrange multiplier technique [52] by
defying I S Q, it then becomes:

My Muc] [iju] |:Fu:| [0]
.|+ = 3.7
|:Mcu M. qc Fe A€ ( )
The A€ contains the Lagrange multipliers associated with the driven motion constraints 3.5.

This A\ represent the torque or force joint, depending on the joint characteristic (revolute or
prismatic) [18].
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N = Mchu + Mccdc + Fc

The dynamical equation to be solved instead of equation 3.4 becomes :
MuuQu + (Fu + Mucél.c) =0 (38)

3.1.8 The Simulink interface

The symbolic models generated by Robotran can be easily interfaced with the block diagram en-
vironment MATLAB/ Simulink® . Simulink is a multi physics modeling system software (Math-
works) with a graphical interface using blocks to design and implement controllers and to simulate
any kind of dynamical systems.

A Robotran/Simulink modeling process can be represented by a three consecutive step.

Plot results
‘l MATLAB
Generic User specific Simulation,
Multibody model & Analysis & G
Model ‘ Compilation ‘ Control ‘
Robotran g Visual Studio SIMULINK U
3D Movie

R; MBsysPad
<4

Figure 3.3: A Robotran/Simulink process

Once the multibody model is designed in the graphical editor MBsysPad (Figure 3.4), Robo-
tran generates symbolically all the kinematic and dynamic equations under the form of C-
functions with all the data and equations needed to solve the dynamics.

Secondly, certain C-functions can be filled in by the user to implement specific features such
as the external and joint forces and torques (e.g. for the aircraft, the suspensions, the electrical
motor torque), the driven joint time function. Then All the C-functions of the project are com-
piled providing a ready to use executable (Visual Studio).

e soot [T

Figure 3.5: The results viewed via the
Figure 3.4: Model Building in MbsysPad animation module
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Finally, the control of the system (e.g. the control of the wheel torque to adjust the speed of
the aircraft), the extraction of the results and the launch of the simulation is done with Simulink,
in which the model is represented as a block with inputs and outputs allowing a controlled design.

During the simulation, an animation file is created and updated to visualize the results under
the form of a 3D movie (Figure 3.5).

3.2 Modeling the Airbus A320

The modeling of the Airbus A320 was carried out on the basis of the A320 Neo technical in-
formation found in the technical [53] and pilot manuals [54]. However, some information was
missing or confidential and thus inaccessible. In order to cope with those missing data, some
comparisons were realized with other aircraft or vehicles (e.g. the Airbus A300-600).

General hypotheses

1. The modeling is based on an aircraft at maximum take-off weight (MTOW) with all the
fuel tanks full (i.e. completely filled in). Its total mass is 73 900 [kg].

2. The aircraft is divided into four major multibody sub-systems.

e The fuselage with the wings, the engines and the tail

the nose landing gear (simplified design, no loops)

the left landing gear (simplified design, no loops)

the right landing gear (simplified design, no loops)

Those design simplifications allow for a better computational efficiency by keeping a tree-
like multibody structure (referring to section 3.1.6), while preserving the goals of the current
work. Each landing gear is modeled by a single shaft (i.e. the leg) equipped with a
suspension and connected to a rim rod. The wheels are then simply linked to this rod
through a revolute joint.

3. The geometry of all parts and sub-parts is approximated by cylinders (C) or rectangular
parallelepiped (R) shapes in order to calculate their inertial matrix (section 3.1.2). The
simplified model is illustrated in Figure 3.7.

Figure 3.6: The A320 subdivided for Figure 3.7: The model in Robotran with a
inertial matrix calculation single fuselage body

4. The mass distribution was approximated through the following waterfall sequence, as all
the needed information could not be found precisely [54, 5, 55|. A summary of all the
resulting values can be found in Table (3.1).

(a) The known Maximum Take-Off Weight! (MTOW) of the A320 Neo equals 73 900 [kg]

'In aviation, the term weight is used but refers to the mass in kg.
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(b) The Dry Operating Weight (DOW) given as reference is 44100 [kg]?

(c) The total fuel capacity of all the tanks is 18 728 [kg| : 12 252 |kg| stored in the wings
and 6476 |kg| in the center tank placed in the fuselage at the wing root level

(d) The maximum load (i.e. passengers and cargo) is obtain by subtracting the DOW and
the fuel from the MTOW : 11 072 |kg|. This mass has to be added and distributed
along the fuselage

(e) The total mass of the landing gear (LDG) is around 4% of the MTOW : 2900 [kg|
(f) Each LEAP engine has a mass of 3000 [kg]

(g) So the remaining mass for the wings, fuselage and tail is :
DOW — LDG — 2 - Engines : 35200[kg|

(h) Due to confidential data, an approximation has to be made for the mass distribution
between wings and fuselage. A mass ratio of 1/4 for wings and of 3/4 for the fuselage
was roughly estimated giving wings mass of 8800 |kg|]. The fuselage and the tail have
together a mass of 26400 |[kg|. The load is also added to the fuselage, giving a final
value of 37472 |kg|.

5. The mass estimated for the landing gear (2900 [kg]) is further subdivided into three main
sub-parts (Figure 3.8). The only available data was the mass of each tire [56].

(a) Because the main landing gear is de-
signed to absorb the landing shock, we
can reasonably assume that it has a
heavier mass than the nose gear. Thus,
we decided to estimate the nose land-
ing gear at 772 [kg| and each main gear
at 1064 |kg|.

(b) Each nose wheel tire weights 23.5 [kg].
The remaining mass was split as fol-
lows : 500 |kg| for the shaft of the leg
with the suspension and 225 [kg| for
the rim (no brakes installed on the nose
wheel).

(c) Each main wheel tire has a mass of 82
[kg]. The leg shaft was estimated at Figure 3.8: The simplified landing gears of
600 [kg| and the rim (equipped with the A320
brakes) at 300 |kg].

2Bach A320 has a different DOW and is generally regularly weighted to update its actual value. This is an
important value for take off performance calculations, e.g. to determine the runway length needed for a specific
loaded aircraft.
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Parts Unit | Weight [kg| | Simplified shape Dimensions |m]|
Fuselage + tail + load 1 37 472 Cylinder® h= 3757 r=4.14
Wings with fuel 1 27 528 Parallelepiped | x=4.2 y=35.8 z=0.3
Engine 2 3 000 Cylinder h= 3.328 r= 1.2
Main gear main shaft 2 600 Cylinder h= 2.4 r= 0.25
Main gear rim block 2 300 Cylinder h= 0.9271 r= 0.25
Main gear wheel 4 82 Cylinder h= 0.4318 r= 0.5842
Nose gear main shaft 1 500 Cylinder h=24r=0.25
Nose gear rim block 1 225 Cylinder h= 0.5 r= 0.25
Nose gear wheel 2 23.5 Cylinder h= 0.2235 r= 0.381

Table 3.1: Mass distribution of the 73.9 tons

3.2.1 Bodies

The fuselage with the wings and the engines

The fuselage including the tail, the wings and both engines? are merged into a single body in

Robotran. According to section 3.1.2, its inertia matrix Igjrerqpe is obtained via the Steiner
theorem, i.e. the assembling of each element inertial matrix around a common center of gravity
(CG) (equation 3.1). Due to the shape simplification of each element, some hypotheses regarding
the position of the center of gravity of each element were necessary (Table 3.2). Those hypotheses
were made in order to obtain a final CG value within the limit of the aircraft [54]. Moreover, it
was decided to target a value in the x axis corresponding to 26.5 % of MAC (Mean aerodynamic
chord), i.e. a position distant from the leading edge of the wing equalling to 26.5% of the mean
wing width. Due to this choice, the CG position is at a distance of 1.4|m| from the middle of
the aircraft (the reference used in our model instead of the nose datum® for Robotran design
simplification).

Simplified element | CG (x) [m] | CG (y) [m] | CG (z) |m]
Fuselage 1.7368 0 0
Wings 4.2 35.8 0.3
Engine 1 5.981 5.75 -2.13
Engine 2 5.981 -5.75 -2.13

Table 3.2: Center of gravity of each aircraft element in our simplified design

The landing gears

As mentioned in section 3.2, each landing gear mechanism is simplified to an assembly of four

sub-bodies.

1. the leg shaft equipped with a suspension

2. the rim rod

3. the left wheel.
4. the right wheel

Each of those sub-bodies has its own inertial matrix, its own related CG and its own mass.

3Ideally, the fuselage should be seen as an hollow cylinder filled in with few complex shapes (e.g. seats) and
vacuum. However, as the aircraft is supposed to be full loaded, we can reasonably approximate a filled in fuselage
with full passengers, seats, luggage and cargo containers to a filled cylinder.

4The numbering of the engines are always done from the left hand side wing tip up to the right hand side
wing, i.e. from captain to copilot side.

50On commercial aircraft, all positions are based on a aircraft reference point called the datum.
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3.2.2 Joints

Hypothesis All the joints are considered as perfect joints without any internal parasitic forces
or torques. They are two types of joints used, translational (T') and rotational (R) ones.

The fuselage with the wings and the engines

The aircraft has 6 degrees of freedom (dof) represented by 3 translational joints and 3 rotational
joints. They are connecting the inertial cartesian frame (fixed to the ground) and the aircraft
body (fuselage) through the following sequence (Figure 3.9).

1. Forward (T1 in the x-axis)
2. Side-way (T2 in the y-axis)
3. Upwards (T3 in the z-axis) {\ \ -

4. Yaw (R3 around the z-axis) o

T3 ::
T2 R3
T1 \

— 6° of freedom

5. Roll (R1 around the x-axis)

6. Pitch (R2 around the y-axis) GROUND

Figure 3.9: 6 dof illustration

The landing gear

The design of the main gears and the nose gear

are similar, only the values of the elements are Aircraft Fuselage Airoraft Fuselage

adapted. However the connection to the air- I = v R

craft body (fuselage) respects the orientation \, J

of the landing gear retraction (and extension). E L

Indeed between the fuselage and the main gear € G

legs, a gear retraction joint is installed around - 15} § -

the x-axis (R1) because the main landing gear n n ﬂ= =ﬂ

retracts into the fuselage for the flight phase. ROD U ROD U

In opposition, the nose gear retraction is longi- g U - i .

tudinal, inducing a rotation around the y-axis - —— Nose Landing gear
. with nose wheel steering

(R2) to be stored in the nose of the fuselage

with the wheels in front of the gear leg. Figure 3.10: MBSysPad landing gear design

The suspensions connecting the legs with the rim blocks are modeled via a translational joint
in the z-axis (T3) for all landing gears (Figure 3.10). Each wheel is connected to its rim block
through a rotational joint in the y direction (R2).

Regarding the control wheel steering, a rotational joint was added between the suspension
and the rim block of the nose wheel in order to allow the wheel to be turned around the z-axis

(R3).
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3.2.3 Forces and torques

Joint forces and torques

Suspension : The suspension forces have to be implemented for each landing gear. They are
inserted as joint forces and torques in the symbolic C-functions generated by Robotran. The
suspension force equation is based on a spring and a damper element as described by :

Fsuspension = Kspr'mg ' (q - lO) + Ddamper ’ q (39)

with Kgpring the stiffness of the spring, Iy the initial length of the spring, ¢ the actual length of
the joint, Dggmper the damping coefficient and ¢ the actual velocity of the joint. The Kyping and
D gamper coefficients, being confidential data, had to be respectively estimated through equilib-
rium (i.e. static analysis) and constant speed turn scenario (i.e. quasi-static analysis) simulations.
The objective was to obtain realistic values of the suspension margin length at its maximal com-
pression, i.e. the visible part of the piston which is about 10 [cm| (Measured on the A300-600).
The final values obtained are the ones visible in Table 3.3.

Landing gear | Kgpring [kKN/m| | lo [m]| | Dagmper KN s/m]
Main 800 0.469 90
Nose 500 0.43 80

Table 3.3: Suspension coefficients for each landing gear based on model simulations

Electrical motor output : In the case of an electrical motor on the main wheels, the torques
extracted from the gear reducer is added as a joint torque via the Simulink interface.

External forces and torques

Engine thrust : While the aircraft has its engines running, even being in idle, a certain
amount of thrust is delivered. It has been inserted as external forces via the Simulink interface.
The application point of these forces were defined via a sensor point in MBsysPad that allows
to precisely locate a resultant force.



Chapter 4 : Specifications

Following the modeling of the current Airbus A320 design, we will define the specifications of an
autonomous taxi and pushback system to enhance the A320. In respect with those specifications,
we will then define viable aircraft configurations.

4.1 Specifications

The objective is to identify the most appropriate technology assembly for an autonomous taxi
system for the Airbus A320, i.e. the best mix of mechanical, automation and electrical designs,
to allow the automated aircraft to respect current ground operations constraints and aviation
standards. Those essential functions and constraints are identified in the specifications brief here
under. They are separated into two categories': the main functions (Table 4.1) and constraint
functions (Table 4.2).

Index Main functions
MF1 Move autonomously on the ground.
MF2 Follow a specific trajectory in an autonomous way.

MF3 Regulate the taxi speed.
MF4 Estimate travel time

Sub index | Criteria and levels of main functions

1.1 Based on the Airbus A320 characteristics and design.

1.2 User can monitor the system at any moment in time.

2.1 Trajectory is defined by geographical coordinates (e.g. N50 54.2 E 004 29.0).

2.2 Trajectory is most of the time marked on the ground by yellow painted lines (width 0.30[m])
with black painted edges.

2.3 Trajectory is sometimes indicated by taxiway lights spaced by 15 [m)].

2.4 Maximal deviation from track : 1 [m| on straight line, 2 [m| on curved line.

2.5 In low visibility conditions with 3 [m] visual range.

2.6 On snow covered taxiways : up to 0.1 [m] snow.

3.1 Accuracy of 5% required.

4.1 Estimate precisely time of travel to a specific point along a track.

4.2 Communicate automatically travel time to ATC.

Table 4.1: Functional specifications of the autonomous system : main functions

!Those two categories are usually assembled in one document. For document layout it was decided to separate
them into two tables.
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Index Constraint functions
CF 1 User can activate and deactivate the system.
CF 2 System working on every airport.

CF 3 Keep A320 current fuselage structure.

CF 4 Integrate system into the aircraft.

CF 5 Able to stop whenever it is required.

CF 6 Respect current used taxi speeds.

CF 7 Adapt speed to reach target time at a specific target position.

CF 8 Assure comfort of passenger.

CF 9 Minimize fuel consumption.

CF 10 Minimize additional maintenance cost.
CF 11 Track design is a continuous function.

Sub index | Criteria and levels of constraint functions

1.1 Reaction time : 1[s].

1.2 Deactivation by a push button.

1.3 Deactivation by manual brake application.

2.2 Airport respecting ICAO airport rules [57].

4.1 Use aircraft power only.

4.2 No external device connected to the aircraft.

5.1 When the last point of trajectory is reached.

5.2 When a red stop bar is detected (see Figure 1.4).

5.3 When obstacle in front of the aircraft, engines or wings : stop before obstacle.
5.4 When obstacle is behind the tail (backward motion) : stop before obstacle.
6.1 Max speed on straight track : 30[kts].

6.2 Max speed on curved track : 15[kts].

6.3 Min speed capability : 20[kts].

7.1 Target position and time introduced by the user.

8.1 Respect general transport comfort criteria.

11.1 The 1% and the 2"¢ derivative of the track function is continuous.

Table 4.2: Functional specifications of the autonomous system : constraint functions

4.2 Potential aircraft configurations
In respect with those specifications, we identify three possible configurations :

1. An A320 with a directional nose wheel and with 4 electrical motors powering each main
gear wheel.

2. An A320 also with a directional nose wheel but with the thrust being provided by the
turbojet engines of the aircraft.

3. An A320 equipped with a free nose wheel and with 4 electrical motors powering each main
gear wheel. This configuration is the so-called differential drive configuration.

In the following chapters, we will carefully analyze the mechanical aspects linked to those
configurations, implement automation and define the controlled powering electrical equipment
required. Finally, by combining all those elements, we will be able to compare them, identify po-
tential improvements and determine the operational impact on actual aviation ground operations.



Chapter 5 : Mechanical aspects

Since three potential aircraft configurations were highlighted, let us analyze the mechanical as-
pects and the required modifications for each of them.

5.1 The A320 with the directional nose wheel and with 4 electri-
cal motors powering each main gear wheel

In this configuration, the current A320 nose wheel steering design is reused (section 1.3). There
are no mechanical modifications, the only work be to done is to insert a trajectory controller
upstream of this electronic box, i.e. to replace the inputs coming from the pilots.

The 4 main wheels have to be adapted to allow the placement of an electrical motor. The
type of motor used will be discussed in chapter 7. Nevertheless, an adaptation of the rim rod
mass has to be done on our A320 model. The mass of the electrical motor used in a previous
similar project was about 150|kg| per wheel [58].

Indeed, this power supply configuration was al-
ready tested by EGTS (Electric Green Taxi
System), a joint venture between Safran and
Honeywell created in 2011 [59]. The goal of
this project was to reduce the fuel consumption
during taxi and pushback operations. However,
the system was not autonomous, pilots having a
joystick to control the nose wheel position and
speed. Unfortunately, due to the drop in oil
prices over the last years, the project did not
encounter the expected success and was aborted
before the commercialization phase (initially
planned to be in 2018 [60]). Figure 5.1: EGTS : Main wheel electrical
motors [20]

Source : Groupe SAFRAN

5.2 The Airbus A320 with the directional nose wheel and with the
thrust being provided by the turbojet engines of the aircraft

This configuration is the replica of what is manually done by pilots nowadays. No mechanical
adjustments are needed. However, an important challenge involves the braking control. Indeed,
the turbojet engines while running at idle power, i.e. the lowest regime possible, are still providing
a certain thrust. Nowadays, pilots are braking to reduce their taxi speed even with engines in
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the idle position. Consequently, on the autonomous aircraft taxi system, the speed has to be
controlled by both the thrust and the brakes.

5.3 The Airbus A320 equipped with a free nose wheel and with
4 electrical motors powering each main gear wheel.

The so-called differential drive configuration is
the common one used in robotics, e.g. cleaner
robot, grass-cutter robot, due to its sharp
turn ability and simple control implementation.
However most of those robots are equipped with
a castor wheel at the rear (Figure 5.2). To re-
spect the specifications of chapter 4, a move
of the nose wheel to the rear of the aircraft
without affecting the fuselage design cannot be
done. We will thus have to study the feasibility
of a front free nose wheel. Figure 5.2: Differential drive illustration [21]

In the standard A320 geometry, the nose wheel has a positive caster angle of 0.157rad,
that we can assimilate by intuition to a positive self-aligning effect. However, this advantage
theoretically induces a greater force for turns involving more torque to be delivered by the
electrical motors installed on the main gear wheels. A confirmation of this theoretical intuition
by some simulations is necessary. In the meantime, a comparison between different landing gear
designs can be performed.

5.3.1 Mechanical analysis of the free nose wheel

In respect to the specifications of chapter 4, we decided to compare the two following landing
gear designs.

1. The current A320 landing gear design with its positive nose landing gear caster angle.

2. A modified nose landing gear with a neutral or close to zero caster angle, i.e. a perpendic-
ular nose wheel leg.

Because most robots are using castor wheels, it may be interesting to see the impact of this
kind of wheel on the two landing gear designs mentioned above. For this study, the determined
wheel-ground contact point is situated behind the nose gear leg at a distance equivalent to half
the nose wheel radius (i.e. 38.1 [cm]) (Figure 5.3).

9 fﬁ L‘“"‘Qv
£ Y / \}
f A | \
| | | %
l‘g‘ ‘f ‘aQ ;’
\”«k._‘_;y/ E> \‘m,,,_ — r E:>
Positive Caster angle Positive Caster angle Neutral Caster angle Neutral Caster angle
Conventional wheel Castor wheel Conventional wheel Castor wheel

Figure 5.3: The different designs [21]

In all those mechanical designs, the orientation of the aircraft is controlled by the driving
wheels based on the turn radius the aircraft plans to follow. This technique is using the ICR 2.4
to adjust the speed of each driving wheel.



35

First analysis : Stability of the nose wheel steering in straight line

The first comparison criteria is the stability of each configuration while applying a torque per-
turbation of 1.5 [kN] on both right main wheels between 2 and 2.4 [s|. No aerodynamic drag,
wind or any external factor are implemented. The speed of the aircraft is set at 6[m/s|.

Positive caster angle : As we see in Figure 5.4, the A320 with its positive caster angle and
conventional wheel is stable, as expected, due to both the self-aligning moment of the caster angle
and the one of the tire included in our Bakker model. To confirm the influence of the caster angle
with the same landing gear design, we compare the conventional wheel with the castor one. The
result shows a greater initial amplitude however the damping of the oscillation is quicker (5.4).
To really understand the influence of the caster angle, let us continue by analyzing the neutral
one with the conventional and the castor wheel.

NWS stability analyse (perturbation btw 2-2.4[s] - caster angle 0.157 [rad])
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Figure 5.4: Stability analysis for the positive caster angle

Neutral caster angle : Once the caster angle is reduced to zero, the conventional wheel de-
sign becomes unstable (Figure 5.5). Moreover, the wheel initially starts to turn in the wrong
direction before spinning in the right one. This behavior looks similar to the one observed on
shopping caddies front wheels when the normal force acting on them is too small. Similarly, on
the Airbus A320, the center of gravity is close to the middle of the aircraft, inducing that the
normal force on the nose wheels is significantly lower than the one on the main wheels.

To confirm the influence of the normal force, a progressive forward center of gravity shift was
realized!. With a 1m and 2m shift, the nose wheel is still turning in the wrong direction but it
stabilizes itself to an non neutral position. With a further forward load shift, the wheel finally
turns in the right direction, nevertheless it quickly becomes unstable.

When a neutral caster angle is kept but the nose wheels are replaced by castor ones, the same
outcome is observable.

! The nose wheel suspension was consequently adapted
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From those results, a too small normal force on the nose wheels can explain the unstable
attitude. However, it seems that another unknown element of the Airbus design or a model
simplification induces instability too.

straight NWS CG forward shift(perturbation btw 2-2.4[s] - zero caster angle)
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Figure 5.5: Stability analysis : neutral caster angle

Close to zero caster angle : To further understand the roles of the center of gravity position
and the caster angle, a positive angle of 0.01 [rad] with different center of gravity (CG) shifts
were applied. The results (visible in Figure 5.6) show that this caster angle associated with the
initial CG position results in instability. As soon as the CG is shifted forward, the system gains
in stability. To keep a stable system, if the CG envelope is moved rearward, the caster angle
has to be increased. Nonetheless, when reaching a certain level of CG shift, the gain in stability
becomes less significant (e.g. between 2m and 3m shift).

However, it is important to keep in mind that the CG envelope is determined by the aero-
dynamic properties of the aircraft in flight. The only way we could increase the normal force
on the nose gear without affecting flying performances is to move the complete nose gear to the
back and this is not allowed by the specifications (chapter 4).

The castor wheel does not bring any advantage at a small caster angle (Figure 5.7) compared
to the difference seen with the normal positive caster angle of 0.157 [rad| in Figure 5.4.
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Straight NWS CG forward shift(perturbation btw 2-2.4[s] - caster angle 0.01 [rad])
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Figure 5.6: Stability analysis : close to zero caster angle (0.01 [rad]
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Figure 5.7: Same results observed between Straight and Castor wheel design with a caster
angle of 0.01 [rad|

Observations : Those results highlight the importance of the positive caster angle on the
A320 nose landing gear, which is not to be found on larger aircraft such as the A330 or the A380
having a neutral or even a negative one. This could be explained by the design and the center
of gravity envelope position on the A320. However, it could also be influenced by the many
assumptions done for the implementation of this model.
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Second analysis : Ability to follow a specific turn radius

The second comparison consists in testing the ability of obtaining the right orientation of the
nose wheel when differential torques are applied on the main wheels. The speed of the aircraft
is set at 6[m/s|]. The torque application is commanded in a way to respect the IC'R criteria on
a radius turn of 8)m| (Ry in Figure 2.17). It is important to realize that this radius turn is the
one followed by the aircraft CG. The nose wheels are travelling along a 15|m]| curve. The nose
wheel steering should then reach a 60° (1[rad]) position.

However, the results obtained are under expectations. None of the different designs could
achieve the target position (Figure 5.8). The positive caster angle landing gear is the worst
responding one. The castor wheel has a lower achieved position than the conventional one. This
could be expected due to the higher stability of the designs observed previously (Figure 5.4) and
explained by the influence of the self-aligning torque of the positive caster angle.

Although the close to zero caster angle landing gear design was unstable with the normal CG
position, it seems strangely stable enough in this scenario. The instability observed previously is
probably not strong enough to have the time to establish itself and be visible here. Nevertheless,
the achieved nose wheel steering position is the best one. Indeed, with a small forward CG shift
(1m), the reached position is slightly lower, as expected due to the increased stability effect.

All the maximum values of the main wheel torques and the NWS joint rotation are indicated
in Table 5.1.
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Figure 5.8: The nose wheel steering orientation on a turn track of 15|m| radius for the various
NWS design (top). The torque applied on the main wheels of the original aircraft design, to
respect the CIR criteria (below).
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Design Max torque on wheels [Nm| | Max NWS rotation |deg]
Original design Ted 15.05
Castor (caster angle 0.157) 5.87e4 14.98
Straight (caster angle 0.01) 4.53e4 33.48
Castor (caster angle 0.01) 4.53e4 33.48
Straight CG shift 1m (caster 0.01) 3.98e4 31.54
Straight CG shift 3m (caster 0.01) 5.02e4 30.00
Target value - 57.3

Table 5.1: Maximum torque and nose wheel orientation during on a targeted turn of 15m
radius at a speed of 6m/s.

Conclusion

Based on these two upward analyses, we can conclude that the differential drive configuration is
not a viable solution for the Airbus A320. The CG position and the caster angle are significant
parameters in the nose wheel steering position stability, however they also prevent an easy ori-
entation control. Besides those elements, the wheelbase? could be a factor in this unsuccessful
design.

In the following chapters concerning the automation and the electrical powering equipment,
the free nose wheel design will thus not be considered anymore.

*Distance between the main wheels and the nose wheels (Figure 2.4)



Chapter 6 : Automation with speed and
trajectory control

After the mechanical comparison and analysis, the implementation of the automation will be
described in this chapter. As from now, the two remaining viable aircraft configurations are:

e The A320 with a directional nose wheel and 4 electrical motors powering each main gear
wheel.

e The A320 also with a directional nose wheel but with the thrust being provided by the
aircraft turbojet engines.

To follow the prescribed track, the steered nose wheel has to be controlled. Further, at power
level, each system has its own characteristics that have to be implemented. The electrical motor
equipped design can accelerate and brake using the motors. On the contrary, the jet engine
equipped design has to use a mix of automatic braking and jet engine thrust reduction to control
its speed.

The common trajectory control system working at a given speed will be discussed first,
followed by the speed control systems. The comparison between the different aircraft behavior
will be analyzed in chapter 8 in order to take into account the electrical aspects of chapter 7.

6.1 The common trajectory control system

The trajectory controller has to adjust not only the orientation of the nose wheel steering but
also the orientation of the aircraft around the yaw axis (i.e. vertical z-axis).

To mathematically design this controller (i.e. to find the appropriate control equations and
factors), it is necessary to temporary work on a further simplified aircraft model compared to
the one conceived in Robotran. For that purpose, bicycle inspired steering dynamics are used.
Indeed, like for a bicycle, the nose wheel steering is actuated to cause a change in the aircraft
orientation and is comparable to the front wheel of a bike.[61]

In this simplified model it is important to note that the position of the aircraft (x4, y4) is
expressed as the position of the center of gravity (CG) of the Airbus in the inertial frame. It
can be compared to geographic coordinates (z,, y, similar to latitude and longitude) relative to
a geographic airport reference point, e.g. the central position of the airport defining the origin
of our inertial frame, O=(X=0, Y=0). The illustration of the frame is visible in Figure 6.1 with
the red bullet indicating the center of gravity positioned in the XY inertial frame.

The following assumptions are made to keep the model mathematically simple in order to
design the controller.

1. The rolling without slipping condition applies for each wheel.
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2. The main landing gear wheels (i.e. rear wheels) are approximated by a single wheel at the
center of the aircraft.

3. The nose landing gear wheels are approximated by a single wheel placed on the longitudinal
axis of the aircraft.

4. The simplified main landing gear wheel velocity is vg and v stands for the specific forward

speed of the CG.

Figure 6.1: Aircraft steering dynamics simplified to a bicycle model

in regards with those assumptions, the model uses the following variables: ¢ the steering
angle, a the distance between rear wheels and CG, b the wheel base!, 6 the yaw angle?, o the
angle between the velocity vector and the longitudinal axis of the aircraft and Ry, the radius
of the turn.

With all those assumptions and notations, we can now define the state equations. The
objective is to obtain a linear automatic system which is mathematically easier to work with in
order to design the controller.

6.1.1 State equations
Initially, by trigonometry (Figure 6.1), the following relationship between o and § can be found

by knowing that b = Ry, - tan(d) and a = Ry, - tan(a) leading to tan(a) = %tan(é).

o =tan™? (‘W) (6.1)

Dynamics equations

0 .
The aircraft speed at the CG is v = O $o that the velocities Zq, Yo and O are given by :
cosa

dre _cos(a+0)
ol veos(a + 0) = Vo (6.2)
dya . _ sin(a+0)
i vsin(a+60) = vy osa (6.3)
do
=0 Wyns (6.4)

dt  Ryurn b
Hongitudinal distance between front and rear wheels
2QOrientation of the aircraft in the track frame
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Linearization around the equilibrium point

To linearize those equations, a specific target condition is chosen so that the differential equations
equal to zero, i.e. a condition where no variation exists anymore: the equilibrium point.

dr,  dy, df

At dt dt

Here, the equilibrium point is defined so that the aircraft is travelling along a straight line

track aligned with the X axis and has a certain velocity so that vg # 0. At the equilibrium point,
we have § = 0 and § = 0 which means that o = 0 as well.

(6.5)

However if we look at the two first dynam-
ics equations (#,, ¥,) we can never reach
equilibrium because at the equilibrium point
we end up with &, + 9y, = vg # 0. There-
fore we have to consider to work only with
the lateral deviation from the track. The
goal becomes to cancel the lateral deviation
and obtain g, = 0 aligned with the track.[61]

Nevertheless, the track can be oriented at any
angle 0, in frame X,Y. This means that a
frame change has to be made in order to reset
0; = 0 when the yaw of the aircraft is aligned
with the track (Figure 6.2). To simplify the no-
tation in the following explanations, the lateral
deviation will be expressed as y, referring to the
distance between the CG of the aircraft and the
track X; axis. Figure 6.2: Frame alignement with the track.

The objective becomes to cancel the lateral

deviation

The system is then limited to the variations of the lateral position y and of the yaw angle

;. The state variables are X = (y,6;). The single input variable U is the nose wheel steering

angle 6, U = §. Here, we assume that those state variables data are provided by the dynamics

computation of the elaborated model implemented in Robotran. The state functions can be
written as :

v-sin(a(U) + X2) )

hMX,U) =X, (6.6)

f(X,U) = < 0
?Otan(U)

-tan(U
with a(U) = tan~" (%)
The linearized system is described by the state equation X = AX + BU and the output
equation Y = CX + DU. The matrices A,B,C,D are found by deriving f(X,U) and h(X,U)
around the equilibrium point (X = (0,0),U = 0).
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a
Caf, (0w o, [ v
A= aiX‘equil - < 0 0 > B = wLaquil - Uol
b
oh
C=—= o=(1 0 oh
X ‘equzl ( ) D= %{equil =0

Normalized linear model

To obtain a linear system with only one parameter, we can further simplify the model: the wheel

’ibo. 61] The

X
normalized state z becomes z = (71, Xs2) and the input notation u = §. The state equations

base b becomes the length unit and the time to travel b becomes the time unit 7 = ¢

a
with v = 3 is then written 3:

u

5= < 2t ou > (6.7)

The linearized system is now described by the state equation Z = Az + Bu and the output
equation y = Cz + Du. The matrices A,B,C,D are the following:

4=(1 ) =(1)

C=(10) D=0

6.1.2 Reachability or controllability

Before implementing a controller, we have to ensure that the system is controllable or reachable
by checking that the matrix W, of the system is of full rank, i.e. that its determinant is not zero:

1
det(W,) = |B AB| = "ly 0' = —1#0
In the present case, the system is controllable.

6.1.3 State feedback Controller

From the system just described and linearized?, we will now implement a controller that would
be able to follow a prescribed trajectory. The first step will be to follow any straight track
but we will see afterwards that the track can become more elaborated to finally represent a
real taxiway with its curves. The controller will be a state feedback controller because we can
reasonably assume that the aircraft sensors® can provide data on the two specified state variables.

The objective of the controller is to reach and keep a zero lateral deviation Ay = 0 and the
correct yaw angle 0,y corresponding to the track orientation in the reference frame. The control
law of the linear feedback is function of the state variables (z) and the reference value (r). The
negative sign of K indicates the negative feedback.

u=—K-z+k.-r (6.8)

34 and b defined in Figure 6.1

4Under the assumption that the aircraft was travelling at constant speed with an equilibrium point corre-
sponding to a straight line

5The aircraft is equipped with inertial platforms providing magnetic heading and geographic position to the
aircraft.
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The closed loop system with the feedback becomes:

2=(A-B-K)z+B-k.-r (6.9)

To define the value of the feedback gain K, the determinant of (sI-A+BK) has to be calculated
(v= % see Figure 6.1).

det(sT— A+B-K)y= TR 1=kl oo e (6.10)

—k —ks

By comparing this polynomial with the general characteristic polynomial p(s) = 52 +2¢wy,s+
w2, the factor K can be estimated.

k1 =w? | ky=2Cw, — w2 (6.11)

where k, is not affecting the stability of the system (i.e. this is the reason why it was not
included in the polynomial found above) but does affect the steady-state output. It can be found
by the following formula and in this case k, = k; = w2 [61]:
fr = ! (6.12)
" C(A-BK)''B '

Thus the controller has the following final shape :

u = k1(Ay) — ka(Ayaw) (6.13)
D
The values of the general characteristic polyno- us 7 7T B
mial factors (( and wy) can be found in tables 7] / : i | i
(Figure 6.3) and determine the overshoot per- v S | et
centage (D) and the time response for a step in- i L 0.5 | 18%
put that we desire for our system [22]. The time 0.6 | 10%
response is defined as the time from the start of 0<c<1 1<¢ 0.7 | 4.5%
the step input until the response remains within [ 1 o il s
2% of its final value and this happen when [62]: e =) el
“on
D | 100 exp (m) 0

e=rTr <002 = Cw,Tr =4  (6.14)

Figure 6.3: Polynomial characteristic factors
determination tables [22]

First, the overshoot percentage is chosen providing the value of {. w,, is then deduced by the

: 4
targeted time response, t, = C— when 0 < ¢ < 1.
w

n

A 320 trajectory controller factors and results: During real taxi operations, the aircraft
speed can reach a maximum of 15m/s| in a straight line and usually a reduced speed of 7.5[m/s|
in a curve to avoid nose wheel skidding and slipping. To wisely choose the appropriate value for
¢ and t,, a first analysis is performed in straight line starting with a lateral deviation of 1|m)].

Nowadays, pilots tend to smoothly align the aircraft with the taxiway center line. This be-
havior can be associated with a 0% overshoot corresponding to a ¢ = 1. The time response
choice is then made based on the analysis of Figure 6.4 (top). The most appropriate time re-
sponse seems to be t, = 8.
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However, we can imagine that some pilots are more dynamic than others and have a tendency
to slightly overshoot the line before coming back to a perfect alignment of the aircraft on the
taxiway. For that purpose, a second analysis was realized with ¢ = 0.7. We see in Figure 6.4
that the main difference with the case when ¢ = 1 is the overshoot and the shorter rising time
(i.e. the time needed to go from 10% to 90% of the step value [62]). Below a certain value of
time response, the overshoot percentage is increasing (e.g. ¢, = 5 has an overshoot of nearly
20%). Moreover, with a smaller time response, the tendency is to perform a damped oscillation
of larger amplitude (e.g.t, = 5 curve) than the others (e.g.t, = 10 curve). For those reasons, the
time response of ¢, = 10 looks to be more appropriate to simulate the so-called dynamic pilot
attitude.
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Figure 6.4: Step input of 1m lateral deviation with ¢ =1 (top) and ¢ = 0.7 (bottom).
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Figure 6.5: System eigenvalues

For passengers’ comfort, the nose wheel is usually rotated from 0° to 45° in about 3 seconds
meaning a rotational speed of about 0.26 [rad/s|. This data is an approximation of what pilots
manually do. Up to now, our current system model was not limited to a specific rotational
speed. Logically, the implemented feedback loop controller in association with a continuous
track (straight lines and realistic curves) is not leading to excessive nose wheel steering posi-
tion variations. Nevertheless, a rotational speed limiter was implemented to ensure the system
never exceeds a rotational speed of 0.26|rad/s|, e.g. in case the aircraft receives an inadequate
90° abrupt track change. This limiter is acting on the slope (i.e. the derivative) of the output
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nose wheel controller signal. Every time the derivative of the position exceeds this 0.26 value,
the limiter restrict it to that value. The NWS position output signal of the limiter becomes
NW Sposition,t—1 £0.26 - dt, with dt the time step and NW Sposition,t—1 the previous nose wheel
position. In addition, the nose wheel steering speed limiter also ensures, from an electronic point
of view, that the position command signal sent to the aircraft system never exceeds the mechan-
ical stop position of the nose wheel steering (i.e. 75° [5])

In the case of the 1|m] lateral deviation input, the results obtained when the limiter is active
(continuous lines) are compared with the ones without the limiter (dash lines) (see Figure 6.6).
As expected, the addition of a limiter behind the controller induces a small delay. The delay
is influence by the rising time observed, thus by the response time and a low (. However, the
stability is not affected in this specific case.

Lateral deviation from track [m] - Zeta = 1 - Rotational speed limiter active 0.26[rad/s] - 15[m/s]
T T T T T T

02
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Figure 6.6: Activation of the rotational speed limiter for a step input of 1m lateral deviation
with ¢ =1 (top) and ¢ = 0.7 (bottom). Comparison with the unlimited version in dash lines

6.1.4 Identification of the needs to handle the trajectory controller

After this controller definition and the nose wheel steering speed limiter analysis, the two inputs
required to this control system are

e the lateral deviation Ay

e the angle between the track and the longitudinal axis of the aircraft Ayaw

However, as we have discussed before, we need to handle the case where the track direction
is not aligned with the inertial reference X axis. This block would receive the track information
based on a reference point Z,.f, yYrey and an orientation yaw,.r. With the current position of
the aircraft, it would be able to provide Ay and Ayaw to the controller.

In accordance with the specifications, we know that each taxiway (i.e. the tracks) is based
on 4 coordinate points. An additional block is thus required to draw the track based on those

points and identify which reference point to choose to provide x,.f, yref and yaw,.s to the next
block.



47

Finally, a selection has to be made in the database to create a sequence of several taxiways
and to properly send the 4 right coordinate points to the block mentionned just before.

6.1.5 Controller sequence and process

Based on the identification done in subsection 6.1.4, the controller implemented in Simulink is
composed of 4 different subsystems visible in Figure 6.7.

SEQUENCE UPDATE SIGNAL

DATABASE to TRACK REFERENCE SUBSYSTEM FRAME CHANGE
TRACK SEGMENT CONTROLLER
+
X1 X1 LIMITER
Y1 ¥1 Sequence_nb_updats
%2 2
Y2 Y2
q ce_update X3 X3 X_ref Ref
3 Y3 v o
e _ X
Y4 b3t g OUTPUT SIGNAL
Speed, —X._mes YAW yaw_ref )
[ mes NWS_command
| ._meas
)E:m ‘ ErES Dyaw;
0
¥ m | _mes
iz
Yaw_m -
MEASURED INPUT SIGNAL Speed_ref

Figure 6.7: All the blocks constituting the full trajectory control process

From database to track segment subsystem

In this subsystem, a sequence of taxiways, each

composed of 4 different geographic coordinates af——D
and a speed reference, is extracted from the l
database. Only one taxiway segment (i.e. the o o i P
4 points) is provided at a time to the next Crteses sakcin e
block. The appropriate taxiway is selected . S E——
in regards with the sequence update signal re- S
ceived from the track reference subsystem (sub- G~ oy e . e T—
section 6.1.5). A sequencing number is gener- S i I
ated by a counter reacting to the signal (i.e. — Spaed re
every time the aircraft is approaching the end e

of the actual taxiway segment, the sequencing

number increases) (Figure 6.8). Figure 6.8: Simulink diagram of TWY

sequencing subsystem

In this study, the assumption is made that the first segment of the taxiway sequence corre-
sponds to the segment on which the aircraft is. When the last segment in the sequence is reached
and the counter is incremented one more time, the last segment information is still sent but the
reference speed is forced to zero.

Indeed, for each segment, a maximum speed is defined. This information is directly forwarded
to the speed controller system (section 6.2).
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Track reference subsystem

This subsystem receives the track segment defined by 4 points (x;,y; with i =1,2,3,4). To simplify
the building of the entire track, the first point (x1,y;1) and the last one (z4,y4) are the edges of
the track segment. From those, an appropriate reference point and angle (Zref, Yref, YaWrey)
are defined by transforming the track points into a mathematical polynomial.

It is a 4 steps process:

1. Development of the track polynomial y = a123 + as2? + azx + a4. It is important to check
the orientation of the track. If track is going north or southbound, a rotation of the axes
by 7/2 is necessary (i.e. change of x; into y; and y; into z;) as illustrated in Figure 6.2.

2. Search for the cubic polynomial coefficients values (aj,a2,a3,a4) passing through the four
points defined track.

3. Identification of the closest point of this track polynomial in regards with the actual aircraft
position, i.e. tracking the smallest distance separating the aircraft and the track :

(a) The equation of the distance is determined by :

fun = \/(xa — Tirack)? + (Yo — (alemck + agxfmck + a3Zirack + a4))?

(b) The extraction of z,.s ¢ from the distance equation is done by using fminbnd function
in Matlab.|63]

¢) Yrer is calculated by replacing zrqcx by Zrer in the equation :
Yref y rep g Y Zref q
Yref = alm?rack + a2$?rack + a3%¢rqck + Q4

In case the track was detected as north-southbound (as mentioned in first step), the values
need to be replaced in the inertial frame, i.e. rotate the axes back by —m/2.

4. The last step is to calculate the yaw,.s through the derivative of the polynomial at the
point of reference, i.e. the slope of the track in the inertial reference. To obtain the angle,

(a) Calculate the arctan of the slope
(b) Analyze if the aircraft wants to travel the track east, west, south or north.
(c) Apply appropriate correction to proceed in the right direction, e.g. adding or sub-

tracting = or 7/2.

Once the system detects that the aircraft is approaching the end of the taxiway segment, the
sequence update signal is sent to request the next taxiway segment.

Frame change subsystem

As the objective of the controller is to follow any track and not only straight lines, it means
that the yaw,es (i.e. the direction of the track or ¢ in Figure 6.2) could be different from 0
depending on the reference point chosen along that track. On top of that, the lateral deviation
Ay is also dependent on yaw,.s. By definition the lateral deviation is always perpendicular to
the direction of the track.

This complexity was solved by creating a new reference frame (Xy,Y;) with its origin (Oy)
placed on the reference point along the track(zycf,yrer), visible in Figure 6.2.

Sthe value of Tyrqer that minimises the value of fun)
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This subsystem is calculating the lateral deviation Ay between the position of the aircraft
(x,y) and the reference point along the track (Zref,yrer) as well as the angle difference Ayaw
between the actual yaw and the reference yaw,.r. Those values are feeding the Nose Wheel
Steering Controller subsystem.

Nose Wheel Steering Controller with the rotational speed limiter subsystem

The algorithm implemented in this subsystem is the one explained here above where the nose
wheel steering position, ©u = § = k1 - Ay — ko - Ayaw, is sent to the aircraft model via the nose
wheel steering velocity limiter.

Due to the assumption that the inertia of
the nose wheel steering is small compared to

the one of the aircraft, the velocity and the
acceleration are not provided to the model.
Only the position is provided to the driven
joint by the controller. As a consequence, _|
to avoid unrealistic and abrupt changes, the B i I

position command of the controller is limited S, Cobtroker s, Fomnaid

dy

in speed.

NWS Speed limiter

NWS_Controller

In the rotational speed limiter block, the instant

slope is analyzed by calculating the derivative  Figure 6.9: Controller and rotational speed
of the position command function. This value is limiter

reduced to a maximum of 0.26 [rad/s|. This cor-

responds to a normal manual pilot input nowa-

days (i.e. a 45° variation in 3 seconds).

6.1.6 A320 pushback

During the pushback procedure, the system has to deal with negative aircraft speeds. The con-
troller remains basically the same. Only minor changes were required so that the system could
understand that the aircraft was traveling backwards, e.g. inverse the deceleration and acceler-
ation limitation values.

The major challenge was to keep the 6,.ef in the forward direction and not in the travel
direction. Some modification were required in the frame change subsystem to turn the 8,.ef by
m when the system detects a negative aircraft speed.

As visible in Figure 6.10, based on the results obtained by the simulations done before, the
decision was made to choose the value of ¢, = 10 and ¢ = 1 for smoother interception.
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; Pushback : Lateral deviation - step of 1[m] left - speed 2 to 4 [m/s]
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Figure 6.10: Lateral deviation step during pushback. ( comparison

This procedure is only available with the electrical motor equipped aircraft because the jet
engine cannot be used for backward motion.

6.1.7 Evaluation of the system under extreme scenario

In order to better evaluate the influence of the delay on the speed stability imposed by the nose
wheel steering speed limiter, the aircraft is tested in an eztreme case where some assumptions
made previously are not fully respected anymore. Indeed, the system was initially linearized
around an equilibrium point with the assumption that the state variables variations were small.
A generalization of the system usage was then established in order to follow curved lines (e.g.
continuous taxiways). The objective of this analysis, where the imposed variations are impor-
tant, is to add a safety factor to our system. Moreover, if the system is proven to be stable in
this scenario, it would be stable in any conventional ones.

In this extreme case, the aircraft speed is set
to 9[m/s| slightly above the usual turn speed of
7lm/s| (i.e. a safety factor of 1.2). The track
is made up of two straight lines perpendicu-

lar to each other as illustrated in Figure 6.11. Nose wheel position

Aicraft CG
The aircraft is travelling on the first track and
receives the information about the next track — m
19[m|"before the intersection of the two track E>
lines (9 sec after the start of the simulation). Track 1

This means that the nose wheel is 7m in front

of the intersection point. It also means that

the cockpit just passed (1 second earlier®) the 1
start of the normal curve painted on the ground

(Figure 6.11). This is thus the most realistic ~Figure 6.11: Illustration of the track used to
scenario where pilots lately realized that they  test the influence of the induced delay onto
had to turn. However, in that case, pilots will the trajectory stability.

strongly brake to reduce the aircraft speed be-

fore turning but in our simulation the speed is

kept high and constant.

Track 2

8This distance was chosen because most of the taxiway curve have a radius of 15[m].
8The 1 second decision time is a standard in aviation (e.g. reaction time after an engine failure during take-off
roll).
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The results of the lateral deviation are shown in Figure 6.12. When ¢ = 1 (top), the most
appropriate response is done with ¢, = 8 and ¢,, = 10. The first one, shown in green, is correcting
quicker than the second one, shown in magenta, but has a tendency to overshoot the second track
before stabilizing. With a time response of ¢, = 5 shown in blue, the system is over correcting
and becomes unstable. This is due to the greater delay already spotted in Figure 6.12. In the
same way, when ¢ = 0.7, the time response ¢, = 10 (magenta) becomes the only stable case
in this extreme scenario. As previously observed, this scenario also shows the smallest delay
compared to the two others.

2 Deviation from track [m] 90° abrupt turn at 9[s] - zeta = 1 - limiter active 0.26[rad/s] - 9[m/s]
T T T T T
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2 Deviation from track [m] 90° abrupt turn at 9[s] - zeta = 0.7 - limiter active 0.26[rad/s] - 9[m/s]
T T T T T

40 - -

Lateral deviation [m]

zeta=0.7, tr=5
60 - zeta=0.7, tr=8

— zeta=0.7, tr=10

80 ! ! !
0 5 10 15 20 25 30

Time [s]

Figure 6.12: Active speed limiter for a step input of 1m lateral deviation followed by a 90°
sharp turn, with { =1 (top) and ¢ = 0.7 (bottom).

In Figure 6.14, a closer view of the stable
results extracted from Figure 6.12 is shown.

90° abrupt turn trajectory tracking

The overshoot of ¢ = 0.7 with ¢, = 10 (ma- Qoﬁ

genta) is less important than the one of ¢ =1 wl

with ¢, = 8 (green) and, in addition, reached E wf

quicker a stabilized position. The ¢ = 1 with % oo

tr = 10 (blue) is slower to react but never < o0}

overshoot the track again. Depending on the 120 [ w0

desired behavior, the two remaining candidates 1o jTikﬁ”.‘a"’

are ( = 1 with ¢, = 10 for smooth but slower e,
trajectory tracking and ¢ = 0.7 with ¢, = 10 ¥ posttont

for a more dynamic attitude (Figure 6.13). Figure 6.13: The aircraft following the track

(black dash lines) for each stable configuration.

To finally choose between those two behaviors, an analysis of the nose wheel steering com-
mand signal during the scenario is carried out. In Figure 6.15, a comparison is made between
the signal provided by the controller to the NWS speed limiter (dash lines) and the output of
the NWS speed limiter sent to the aircraft system (continuous lines). The speed limitation is
clearly visible through the slope of the continuous line. To be stable, i.e. not influenced by the
induced delay, the two signals (dash and continuous lines) have to merge before passing through
zZero.
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From another point of view, compared to ¢ = 0.7, it is interesting to see that the NWS
command signal from the controller of ( = 1 has a larger initial amplitude (Blue dash line in
Figure 6.15). This is explained by the difference in ko which is function of ¢ (equation (6.11)).
Because Ayaw is significantly larger than Ay, ks has a larger influence on the output result (see
equation 6.13).

Because the difference in final NWS position amplitude (continuous lines) is not significant
and the time to be stabilized on the track is shorter with ( = 0.7 (as seen in Figure 6.14), our
decision is to choose for ¢ = 0.7 with ¢, = 10 coefficient for our controller.

s Close view [9-30s] : Deviation from track [m] 90° abrupt turn at 9[s] - 9[m/s]
T T T T T T

Lateral deviation [m]

-10

zeta=1, tr=10, limiter active ||
zeta=0.7, tr=10, limiter active
zeta=1, tr=8, limiter active
— — Zero deviation line
20 I I I I I I I I 1 1
10 12 14 16 18 20 22 24 26 28 30
Time [s]

Figure 6.14: Closer view [9 to 30 seconds| of the stable results shown in figure 6.12

02 Close view [9-30s] : NWS controller vs limiter output - 90° abrupt turn at 9[s] - 9[m/s]
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Figure 6.15: Difference between NWS controller output and rotational speed limiter output
during the 90° sharp turn scenario



93

6.2 Speed control

Before exploring the differences between the electrical motor equipped aircraft and the jet engine
powered aircraft on the ground, a common introduction of speed control is developed.

The speed control of the aircraft on the ground can be associated with a car cruise control.
However, the speed range is different and is defined by the actual speed limit daily used while
taxiing with an airliner? : -10 to 30 kts (-5,14 to 15,43 m/s).

6.2.1 Introduction : The physical equations behind the speed control

The equation of motion of the aircraft on the ground is

— =F - F, 1
mdt P (6.15)

The force F is the one generated by the aircraft through the torque of the electrical motors
installed on the main wheels (or the thrust of the jet engines). The force F is the disturbance
force composed of the gravity force Fj taking into account the slope of the taxiway, the rolling
friction force F), and the aerodynamic drag Fj.

For electrical equipped aircraft, the force equation can be written as:

F= 4%Tm(w)

with n the gear reducer factor, R the main wheel radius and T the torque per electrical motor.
For the jet engines taxi, F' equals the thrust provided by the aircraft.

In both case, the disturbance force is developed as follows [61]:

Fy= fy+ Fr+ F, = mg - sin(®) + p - mg - sgn(v) + 1/2pCyAv?

with g, the rolling friction coefficient (0.01 for a heavy truck on concrete [12]), Cy the
aerodynamic drag coefficient and A the frontal area of the aircraft. The rolling friction force is
included in the Bakker model. The aerodynamic drag is not included in this study because of
the unknown and complex frontal area of the aircraft. The aerodynamic shape of the nose of the
aircraft could be analyzed through fluid mechanics but this is outside of the scope of this global
approach. Once A is determined, the implementation of this aerodynamic drag in the system is
done by creating an external force into the MBSysPad of Robotran. The position of this external
force can be set either at the nose position of the aircraft, either at the center of gravity. The
force equation is then implemented through Visual Studio in C language and linked with the
forward speed of the aircraft.

State equation

To design our controller, we simplify the model by working on a zero slope taxiway, without any
aerodynamic drag and with an aircraft travelling forward. The state equation becomes :
. F Fd F
b=—— =" —gu (6.16)
m m m

The state variable and the output variable are both the speed v and the input is the force F'

9Large passenger aircraft
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Controller general shape

The controller is a proportional-integral feedback controller. The general shape of the controller
looks like :

u(t) = kp(vrep —v(t)) + ki/o (VUrep —v(T))dT (6.17)

6.2.2 The speed controller for an electrical motor equipped aircraft

The speed control system can be divided into three different levels (shown in different colors in
Figure 6.16).

1. High level control (green box)
2. Low level control (magenta box)
3. Electrical motor control (blue box = the subject of next chapter)

In summary, the aircraft speed reference is sent to the high level control which analyzes and
adjusts the signal to respect to the different criteria (e.g. comfort, IC'R). Once corrected, the
signal is subdivided for each main wheel and sent to the low level control which transforms the
speed command into controlled torque reference signals. Those resulting signals are transferred
to the electrical motor to deliver the requested torques and to obtain the requested aircraft speed.

High level Control Low level Control To Electrical Motor Control
Lwt
D) i detla_LW1_spi delta_LW1_Speed  RW2_Torqua_raf »( 4
NWS_m RW2_Torque_ref
della_LW2_spes delta_LW2 Speed  RW1_Torque_ref »{ 3
2) ¥ Aircraft_speed_m it RW1_Torque_ref
Alreral_speed_m detla_RWW1_spes delia_RW1_Speed  LWZ_Torgue_ref »{
_ LW2_Torque_ref
Aircraft_speed_ref  yoys mw2 spe delta RW2 Spesd  LW1_Torque ref » 1)
V_mes
& LWA_Toreue_ref
CIR_Computer Low Level_Controller
V_ref_lin
3 ) \_rat_sactar
Airerafl_speed_ref
Acceleration limiter

Figure 6.16: The different levels of speed controller for the electrical motor equipped aircraft

Low level control

FEach main landing gear wheel is equipped with an electrical motor providing torque to the wheel
and consequently inducing its rotation. Thanks to the design of the trajectory control and the
respect of the ICR criteria, the speed of each wheel can be different. The speed control has
accordingly to be duplicated for each wheel and has to work separately. The speeds of equation
6.17 (vres and v(t)) naturally refer to the selected wheel reference speed and measured speed
(Figure 6.17). The output of the controller is the reference torque to be sent to the electrical
motor controller developed in the next chapter.
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Wheel speed actual (corrected base on the aircraft speed)

Figure 6.17: Structure of the wheel speed controller on an electrical equipped aircraft (low level
control with the electrical motor and the aircraft model illustration)

The coefficients kp and ki are equivalent for each wheel speed controller and were found via
a trial and error approach to get a maximum overshoot of 5% and a time response of about
5 second for a step on the speed (1m/s). To easily fine-tune the controller coefficient, it was
decided to already apply a gain of 4.5e3 at the controller input. With a kp = 4, a ki of 0.9 was
finally chosen for the good compromise between overshoot and steady state error correction as
seen in Figure 6.18.
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Figure 6.18: Overshoot choice to keep it below the 5%

High level control

Acceleration limiter : To handle larger steps up to a maximum speed keeping the same
overshoot criteria, an acceleration limiter was installed upstream of the low level control. A
research was made to establish a realistic value of acceleration and deceleration that could be
handled by seated passenger and walking cabin crew. The choice was made to look at the train
and tram industries because the passengers can either be seated or can be walking during the
journey. The values found are 1.3 m/s? for a normal acceleration, —1.5m/s? for normal braking
and —3.3m/s? for emergency braking [64].

To apply those criteria, a reference slope has to be implemented in regards with the ampli-
tude of the speed (reference) step. By knowing this amplitude and the acceleration criterion, a
corresponding time can be deduced.

At = BUres
Qeriterion

By using memory boxes, the end of the time ¢ can be monitored to level off the reference
slope. In the current design, the acceleration limiter does not reconsider any reference speed
change before the end of the time t. As the assumption is made that the system is only following
the maximum appropriate speed and not pilots’ inputs (referenced in 6.1.5), we consider that
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the aircraft has the time to stabilize its speed before dealing with a new speed change.

The acceleration limiter for a step from 2 to 15m/s is shown in Figure 6.19. The magenta
line slope is the acceleration criteria of 1.3m/s?. The actual aircraft speed slope in blue never
exceeds the speed limiter one and is also visible in term of acceleration in the lower part of the
figure. The actual vertical accelerations are also visible in green in this figure and do not exceed
0.05m/s%. However it is inherent to the suspension stiffness and damping factors implemented
in the model.
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Figure 6.19: Acceleration limited to 1.3m/s? in a positive acceleration.

The emergency braking is applied when the aircraft reference speed sent to the acceleration
limiter module does a negative step of more than 8m/s. The deceleration rate becomes 3.3m /s>
and as seen in Figure 6.20, the greater vertical acceleration (up to +/ — 0.12m/s?) is induced
by the higher compression rate of the nose landing gear suspension. Indeed, as the deceleration
increases, the forward mass transfer becomes more important.
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Figure 6.20: Emergency deceleration limited to 3.3m/s?
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For smaller reference speed step (less than 8m/s), the deceleration does not exceed 1.5m,/s?
as visible in Figure 6.21.
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Figure 6.21: Normal deceleration for a smaller speed step limited to 1.5m,/s?

x104 Torque during Speed Step with the acceleration limiter
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Figure 6.22: The torque applying to each wheel in all 3 acceleration/deceleration scenario’s.
The brakes are applied below the electrical motor negative torque limit (cyan).

With the acceleration limiter, we can observe that the maximum torque necessary to accel-
erate the aircraft up to its taxi speed is 14.3[kINm| per wheel (Figure 6.22).
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ICR Computer subsystem : The objective of this subsystem is to adjust the speed of each
wheel in regards with the angle of the nose wheel steering, i.e. with the instant turn radius that
the aircraft is following (Figure 6.23).

In addition to the nose wheel steering angle
data, the subsystem receives the aircraft speed
(v) and the reference speed vector (vyef).
Both values are used to define the actual
and reference rotational speed of each wheel
(Ww,actual Ww,ref respectively). The difference
between those two speeds is sent to the low
level control of each wheel.

If, a comparison was made between the ref-
erence calculated wheel speed w,, .y and the
real measured rotational speed of the wheels

W, measured, & static error would be observed.  Figure 6.23: ICR criterion inducing difference

This error comes from the necessary longitudi- in wheel speeds
nal wheel slip used by our ground-tire model.

Dispatcher

For the negative torque induced by deceleration as observed in Figure 6.22, the electrical motors
cannot absorb all the energy. A coordination between electrical motors and brakes is required.

As seen in Figure 6.24, a dispatcher could be implemented between the low level control and
the electrical motor control to allocate maximum torque to the motor and the remaining torque
to the brakes.

However, in our model, this dispatcher is not implemented for computation performance rea-
sons and because both outputs would be added before being sent to the Joint Torque aircraft
model input (as illustrated in Figure 6.24). The only advantage to use a dispatcher in our model
would be the possibility to have different controllers behaviors for brakes and electrical motors.

The energy produced by the electrical motors could be used to recharge the on-board batter-
ies or should be dissipated through resistances. However, this is out of the scope of our study.

Electrical
Motor
Control

Low Level Control

Tmotor P system

Electrical motor
GO——ore 4

Torque_reference Dispatcher
from low level control

Torque sent to
Joint Torque

Tbrakes P system

Brakes

Dispatcher

Figure 6.24: Deceleration Torque dispatch between brakes and electrical motor (for each of the
4 wheels)
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6.2.3 The speed controller for the jet engine thrust taxi

The speed control of the jet engine aircraft is only divided into 2 different levels of control (shown
in different colors in Figure 6.25).

1. High level control (green box)

2. Low level control (magenta box)

As for the electrical motor equipped aircraft, the aircraft speed reference is sent to the high
level control which analyzes the signal to respect comfort criteria and compare it to the measured
signal to dispatch it between brakes and the jet engine. Once dispatched, the signal of the brakes
is subdivided for each main of the 4 wheels and together with the jet engine signal, they are sent
to the low level control. Up to now the signal is just a speed (i.e. deviation between reference and
measured aircraft speed). The low level control transforms them respectively into brake torques
and jet engine thrust controlled signals. Those resulting signals are sent to the aircraft model to
be respectively applied as joint torques and external forces.

High Level Control iLow Level Control
Jat_dv P Jet_delta_speed RW2_Torque_ref »{( 4 )
RW2_Torgue_ref
@ AIfersll_spaedlm brakes_dv1 »{delta LW1_Speed  RW1_Torque_ref »(3 ) z
Aircraft_speed_m RW1_Torgue_ref
brakes_dv2 P delta_LW2 Speed  LW2_Torque_ref 2 ) = =
LW2_Torque_ref
brakes_dv3 Pldelta RW1_Speed  LWA1_Torque_ref = = @
Aircraft_speed_ref LWA_Torque_ref
»V_mes brakes_dvé P delta RW2_Speed Jet_thrust_ref - -
- Delta_speed dispatch Low level
V_ref_lin Speed Control a
Gal Jet_torque_ref
V_ref_sector =
Aircraft_speed_ref
Acceleration limiter

Figure 6.25: The different levels of the speed controller for an electrical motor equipped aircraft

High level control

Acceleration limiter : The acceleration limiter used in the high control of the electrical motor
equipped aircraft was duplicated in this high level control level because the same acceleration
criteria linked to passengers’ comfort still apply.

Speed signal dispatcher : The objective of this subsystem is to dispatch the differential speed
signal between jet engines and brakes to only use jet engine thrust when aircraft acceleration
is needed and brakes when deceleration is needed. This avoids any thrust application simulta-
neously with activated brakes, i.e. transforming jet engine energy into brakes heat. However,
it is important to remember that jet engine thrust cannot reach a zero value. At idle, i.e. the
lowest regime possible, a small amount of thrust is created. In this model, we assume that the
idle thrust is about 3450[N| per engine (Figure 6.26). Those 3450|N| representing 2.5% of the
maximum engine thrust, is an arbitrary value due to the absence of this kind of information in
the datasheet of the engine [55]. This constant minimum engine thrust induces constant brake
use which may lead to rapid brake disk wear.
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In this configuration, both jet engines are synchronized, i.e. differential thrust is deacti-
vated, because during airline operations differential thrust is rarely used. In addition, to avoid
disruptions in the trajectory control, all the brakes are applying the same negative torque.

Jet Thrust during 1[m/s] step) 2O%rakes Torque during 1m/s step acceleration (ki motor = 12)
T T T T T T T T T T T T T T

18000 T T T
Brake Torque Wheel 1
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-200 [~ T
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= 8000 S ool ]
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Figure 6.26: The thrust per engine and the torque per brake during a 1[m/s| acceleration step!®

Low level control

The low level control is separated into 2 components: on one side the control of the engine thrust
used during accelerations (green) and on the other the control of each wheel brake used during
deceleration (red in Figure 6.27). The signal stating which one has to be used is sent by the high
level control (Speed signal dispatcher).

Acceleration : JET ENGINE

ref P+
P-K- ; P PID(s) P system
Aircraft = al |// Bl SR oo "
Speed Reference add Pl Jet Aircraft Model

Aircraft speed measured

Deceleration : BRAKES

ref P+
B-K- —» PID(s) »| system
Aircraft B V Brake_delta_v Torque_ref :
Speed Reference add Pl Brake Aircraft Model

Aircraft speed measured

Figure 6.27: Structure of the aircraft speed controller with the separation between engine
thrust and the 4 brakes torques
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In case of a step acceleration, both system are working sequentially as seen on 6.26. The fact
that the two series of PI controller are independent and working sequentially, in the case of a
1|m/s| aircraft speed step, the overshoot can be drastically reduced as seen in Figure 6.28. For
that purpose, the PI controller coefficients of the jet engine are k, = 4, k; = 0.5 while the ones
for the brakes are k, = 40 and ki = 12. The integral coefficient of the brakes PI was chosen to
get back to the target speed as soon as possible even if the torque applied on the brakes would
be larger. It seems better for brake heat to brake harder but during a short period of time, than
softer during a longer period. So, after a comparative analysis of different simulations, it was
decided to choose k; = 12 (Figure 6.28).

a2 Measured Speed in Jet engines + brakes configuration
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Figure 6.28: Structure of the aircraft speed controller with the separation between engine
thrust and the 4 brake torques

As we can see in Figure 6.28, the maximum
acceleration limit shown in magenta dashes is
not closely followed by the measured aircraft
speed. This behavior depends on the controller
coefficient of the jet engine PI. It was decided to
set low factors to keep the jet thrust below 15%
of its maximum take-off thrust i.e. less than
20kN. During taxi operations, the thrust has
to be minimized as well to reduce the risk of jet
blast hazards. Figure 6.29 illustrates the result
of a jet blast as experimented by the BBC Top
Gear team (full video sequence visible at the Figure 6.29: A 2CV car passing behind a
following link [23]) Boeing 747 jet engine (BBC Top Gear
experience)[23]




Chapter 7 : Electrical motors and con-
trol

In this chapter, another set of objectives will be taken up, namely the study of the electrical
motor equipment. To define the appropriate motor and its control, we will first briefly navigate
through the existing technologies before choosing the most relevant one for this project. A suit-
able controller will further be implemented in order to provide the required torque obtained in
the mechanical analysis.

In this model, the aircraft can move thanks to two different force means: the thrust provided
by the jet engines or the torque provided by four electrical motors. Fach of those motors are
connected individually to a main gear' wheel. Those electromechanical converters need to provide
a nominal torque of 14.3|kNm| at a speed of 15m/s (25.6rad/s). The power required is thus
P =T, w=366kW. But which kind of electrical motor has to be chosen ?

7.1 The different electrical motor types

In this section, the objective is to define which type of electromechanical converter best fits the
A320 autonomous taxi application. Nowadays, 3 different types of electromechanical converters
exist :

1. DC motors
2. Induction machine (i.e. asynchronous)
3. Synchronous machine

Let us describe these three types of converters, with a focus on their advantages and draw-
backs, leading to a choice for this project.

'In aviation, the gear refers to landing gear, i.e. the undercarriage of an aircraft
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7.1.1 DC motor

In the DC motor, the stator magnetic field is
obtained tanks to magnets or electromagnets
and is illustrated by the green arrow B in
Figure 7.1. This magnetic field is static relative
to the stator.

The rotor, composed of wires in which DC cur- rotation of loop m
rent flows, interacts with this magnetic field.

Indeed, by Lorentz force equation?, due to the
current ¢ in the winding placed inside the mag-
netic field B, a force F' perpendicular to them is
generated (equation 7.1.1 [65]. The two forces
F on each side of the rotor winding generates
the motor torque, e.g. this torque will be trans-
mitted to the wheel of our aircraft through a
reducer.

commutator

F=ixB

DC power supply
To conduct current into the rotor windings from
a static source, the DC motor is equipped with Figure 7.1: DC motor schematic with the
brushes and commutators. The brushes, mostly ~— stator magnetic field B, the current 7 in the
in carbon, are static and the commutators are rotor inductance and the reactive force F' [24]
placed on the rotor. Unfortunately, those ele-
ments are expensive and subject to wear [66].
Moreover, the current flowing at the intersec-
tion can create some spark leading to electrical
losses.

Brushless DC motors (BLDC) also exist. These motors require few maintenance and have less
shaft friction, leading to a better torque-weight ratio. At equivalent performances, a smaller size
can be reached with a BLDC motor. However, it needs more complex electronic control to get a
precise speed regulation. Its operating mechanism is closer to a synchronous machine than a DC
motor. The heat generated by a brushed DC motor is coming from the joule losses created by
the current flowing into the rotor windings. It is thus more difficult to cool the whole motor down.

DC motors are often used for electrical windows, seats, and other in-cabin designs in auto-
motive vehicles, due to their low production costs and their simple design. They are less suitable
for high torque and high speed applications [24]. For these reasons, it is important to look for
another kind of electromechanical converter for the aircraft motion.

7.1.2 Induction machine

In the induction machine, a rotating magnetic field is generated in the airgap, the so-called stator
magnetic field, and is induced by triphase alternative current flowing in triphase stator windings.

The rotor is composed of short circuited windings or equivalently. Indeed most of those
rotors are composed of a simpler mechanical design called the squirrel cage, i.e. a barrel metallic
structure with longitudinal bars connected together at their extremities as seen in Figure 7.2.
When there is a speed difference between the stator magnetic field and the rotor physical motion,

?In reality is not all the time the Lorentz force which applies on the rotor, however this explanation is one of
the method used to describe the DC motor operation.
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each longitudinal bar on this structure feels a variation of the stator magnetic field. Those
variations induce currents in the bars that will consequently generate forces F', as illustrated by
magenta arrows in Figure 7.3.

Figure 7.3: Squirrel cage with the turning
stator magnetic field (yellow), induced
currents i, (blue) which induce forces F

(magenta). [26]

Figure 7.2: Induction machine with the
squirrel cage rotor and the 3-phase stator
windings [25]

In terms of advantages, the induction machine is cheap to produce because it does not have
any permanent magnets. It is robust, it does not require much maintenance and is a self-starting
machine [67]. With the assistance of power electronics, many disadvantages of the induction
machine have disappeared, e.g. the variation of speed function of the load torque. However,
the main drawbacks that remain are the higher weight and the larger size of those machines
in comparison with the synchronous ones [68]. Unfortunately, those points are essential in our
aircraft application.

7.1.3 Synchronous machine

The synchronous machine is an AC motor and has the same stator configuration as the induction
machine. However the rotor is different : the rotor can be wounded to create an electromagnet
with a DC current source flowing through the windings or it can be equipped with permanent
magnets (PM).

The consequence of the synchronous machine is
the need to obtain a rotational rotor speed (wyy,)
synchronised with the rotational speed of the
stator magnetic field, i.e. with the frequency of
the stator current (ws = 27 f5).

w
Wm = Wsynch = f (71)

At synchronous speed, without any load applied
on the motor output shaft, the poles of the rotor
are aligned with the turning poles of the stator
(i.e. p pairs of poles), i.e. magnetic lock po-
sition where the magnetic attraction between Figure 7.4: PM poles on the rotor attracted by
those poles is maximal (Figure 7.4). When the turning stator magnetic field (yellow) at
load is applied, a small deviation between those synchronous speed [27]

poles exists but the main advantage is that the

rotor speed remains constant regardless of the

load.
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However at start up, the turning magnetic field is too fast and the locking position cannot
be reached. There are two solutions to cope with this problem at the start. Either power elec-
tronics are used to adjust the frequency of the stator current wy to values different from the grid
frequency ws = ws. Or a squirrel cage (or damper winding) is added onto the rotor to act as an
induction motor during the start until attaining the synchronous speed. The last solution being
to use control electronics, which is the case for our application. This is thus not an issue.

Nevertheless, the synchronous machine can stall out of synchronous speed due to motor over-
load or low voltage supply or low excitation voltage (in case of wounded rotor).

The surface mounted permanent magnet synchronous machine is simpler than the wounded
one and does not require much maintenance. Other PM synchronous machine configurations
exist, such as interior magnets or radially inserted magnets, but as it is not the subject of this
paper, we will not develop these.

The main advantages of a synchronous machine are its high efficiency, its size and its lower
weight compared to the induction machine. Moreover, the not self starting characteristic can be
handled by control electronics.

7.1.4 Motor selection for the A320 application

For all those reasons, the decision was made to implement a synchronous machine on each

driving wheel of the Airbus A-320.

7.2 Control of the synchronous machine

The objective of this section is to detail how to implement a controller to reach any operational
speed and torque for the synchronous machine.

7.2.1 General structure

The synchronous machine is powered by a 3-phase voltage source. The torque and speed are
delivered to the aircraft wheel by connecting the rotor to the wheel shaft directly or through a
gear reducer (Figure 7.5).

Voltage source: On the Airbus A320, this voltage source could be the 28V DC batteries of the
aircraft providing AC voltage through an inverter (i.e. transformer from continuous current DC
to Alternative current). However, the power capacity of those batteries is limited to 1 KVA [69].
The other electrical sources of the aircraft are the external power (i.e. a gasoline power generator
connected to the aircraft while parked), the generators of each jet engine and the one of the APU3.
Though, the external power cannot be used while moving. As the objective of electrical motors is
to reduce fuel consumption, the jet engines should be considered as extinguished. The remaining
potential source of energy is the APU providing triphase 115V 400Hz voltage and can provide
up to 90 kVA [69], which seems powerful enough to power synchronous motors.

Physical input: Due to the fact that the APU is providing triphase voltage at a frequency
of 400Hz and that the synchronous motor needs an adapted frequency fs linked to the desired
rotor rotational speed wy, (equation 7.1), a frequency converter (power electronics) has to be
inserted between the source and the machine. Without this converter the synchronous machine

3 Auxiliary power unit: a small jet engine that can be started on battery power and which is stowed in the tail
of the aircraft.
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cannot be controlled. The objective of this control electronics is to perform vector control. By
adjusting the amplitude and the phase of the voltage we will control the amplitude and the phase
of the currents flowing into the stator windings. Those current changes induce an adjustment of
the amplitude and the phase of the stator magnetic field and consequently a modification of the
output torque.

Physical output: The torque obtained at the output is thus indirectly linked to the controlled
voltage amplitude and phase at the output of the control electronics. The output speed depends
on the torque delivered and on the load applied to the machine.

Torque Controller: The controller analyses the measured physical values (i.e. the currents,
the rotor position) to deliver a reference voltage in amplitude and phase to the power electronics
as illustrated in Figure 7.5.

u=115V u = (controlled)

i = (required) i = (adapted)
Jet fuel f = 400Hz f = (adapted)
- Power electronics
Synch.
Voltage Measured Sj;nmm
reference currents (i) :
(u_ref)
Controller

.____@.

Torque

reference
(T_ref)

Rotor Position + Velocity

Figure 7.5: The physical connections of the synchronous machine

7.2.2 Controller implementation objectives

The next step is the implementation of a controller to obtain the precise torque reference value
requested by the upper level controller, i.e. the speed controller (section 6.2). As described
further down, the control of the torque based on the equations written with the physical current
(1a,ip,ic) is complex (equation 7.2). A mathematical simplification is necessary but is completely
virtual. It does not affect the controller physical values input. The way it is done is the following

1. Measure the physical values (iq,ip,ic)
2. Convert them mathematically into virtual values more adequate to control (ig4,i4)

(a) Compare virtual measured currents with virtual reference currents needed to reach
the reference torque

(b) Calculate the virtual reference voltage that will induce those currents adjustments
3. Mathematically convert the virtual reference voltage into a physical reference voltage

4. Send it to the power electronics
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However, due to the global approach of this master thesis and the high demanding processor
resources needed to simulate the mechanical and electrical model together, we only work in the
virtual reference frame without performing all the mathematical transformations. The reason
behind this is the fact that the only data useful for the mechanical model is the torque extracted
from the electrical model. A full "physical to virtual" conversion for voltage and current would
indeed drastically slow down our simulations without providing significant additional information
for our global goal. Nevertheless, we still extract the values of the measured physical currents
and voltages to observe any machine over-current or over-voltage.

In the coming subsections, we will go through all the mathematical simplification steps to
finally obtain the machine controller equations, to implement in Simulink, but expressed in the
virtual frame.

7.2.3 Torque equation and the virtual reference frame change

In the 3-phase reference frame a,b,c (left in Figure 7.6), the torque equation of the synchronous
machine is written:

2 1
Tom = —p <Mfsin9@iai 4+ Mysin(0. — %)ibi 4+ Mysin(0. — gzz f) r (7.2)

My, iy are the mutual inductance and the current of the rotor windings, e, is the position
angle of the rotor.

However it will be easier to work in a 2-phase reference frame instead of the a,b,c 3-phase
one. Through Concordia transformation (T'), the reference frame becomes the virtual o, 8 frame
(with the hypothesis that the homopolar component is null). The physical values (i4,ip,i.) are
not changed as mentioned previously. The torque equation becomes :

Ter, = pMOfo (—sinﬁeia + COSQeilg) (73)

A further simplification is done by virtually aligning the stator windings with the rotor ones
in order to reduce the number of mutual inductances (i.e. to see the magnetic field of the stator
align or perpendicular with the rotor one). A virtual rotation of angle £ is applied. To fix the
frame dq to the rotor one and to align the d-axis with the rotor magnetic axis, we impose &, to
be zero, i.e. £ = O¢p, (Figure 7.6). The rotational adjustment is called the Park transformation.

The resulting torque equation is :

Tem = p (Moyigiq + (La = Lg)iaiq) (7.4)

L, and L, are respectively the virtual inductance aligned with the g-axis and the d-axis. It
can be rewritten with K; the torque constant, mostly mentioned in the data sheet of the machine.
Tem =p (Ktiq + (Ld - Ll])idiq) (75)

As a surface mounted permanent magnet synchronous machine is chosen for further simpli-
fication, Ly ~ L, and the equation simplifies to Tep, = p(Kiig).



68

) ‘x.\ . Xso "-.l \ &
A TN Loy | = Vo
Lrb \rn [.r_“ﬂ.:-.", Es-::. ﬁcm KXoy ! A el 'Ec*m I|
'\‘-U-' || — Tl — ! p X > | VH / :
Voo g o - - ro ra\ |
o S tra | = PHENT 2 | \
e Xry Xre S
Vsc}_r‘ix_‘;%;- where &, = §5 — By
=
.r'f ;’sv i
A T
lge cosé —siné 1 cosf siné UIUREER
P() = (siuf cosf ) P = (— siné msf) L)
1 0 "
T- \E “1/2 V32 | — -1 F(l = ) Al
I 30 V32 —Vap o
ro

Figure 7.6: Illustration of the Concordia (T) and Park (P) transformation from abc to uv (qd)
28]

7.2.4 Control in dq reference frame

The reason behind the use of the dq frame is that the quantities to be controlled will not vary with
the angular speed of the rotor movement. In addition, the dynamics of the mechanical system
are assumed to be slow compared to the dynamics of the current controller. The main controller
operates by considering the electrical machine as a torque source. So a torque reference 7.5 is
provided to the controller by the upper level controller (Figure 7.5). The controller transforms
this reference into an current reference iq,.r and i, ..y to produce a reference voltage u,.; for
each ugq, up, u. component, as mentioned in subsection 7.2.2. The u,.y is then sent to the power
electronics.

General equations of the system in the dg reference frame

A star-connection is imposed to the machine so that the current of the homopolar axis is physi-
cally constrained to be at zero. The voltage equations in the qd reference frame are :

) di )
ug = Rgig + Losd—td — WemLostq (7.6)
) dig )
ug = Rsig + LOSE + wWeLostq + Wem K (7.7)

where L,s = Ly — My is the stator winding inductance, R is the equivalent resistance of the
stator windings. Those 2 values are important to know for the selected machine because they
will be used afterwards in the controller.

It is important to set the current ¢4 to zero in the torque equation 7.5. This is not so
easy to impose physically because the current ¢4 is not a physical value but a mathematical
transformation resulting from three different physical current values. There is thus a need to
control it virtually to zero to impose a correct set of physical currents.
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Controller block diagram

Current loops: From the equations 7.6 and 7.7 in the dq reference frame, the block diagram
of the machine and its controller can be constituted (Figure 7.7). The main complexity comes
from the coupling between d and q circuits. The angular position of the rotor 6., is obtained
by position sensors.

_ — —— Uaraf
Igrep =0 i g, ref| Ug,ref]
——<0r el Uprer | PWM [ | .
laref . Control lgref P(0em) Ugref T Inv. T ug P (Bem)
Fa Ueref II_C
Tl”jﬂ
Kr |~—-
Wem W,
LP ]
i . Tomes |
Ld,mes Lames 3 .'Sensors i
Ty mes|
. -1 . o i H i
ig.mes P (o) ig mesg T H i P(6em) |ig
1 lemes H
.:: 89"1 .:: )

Machine = physical system to be controlled
Measured values

Figure 7.7: Block-diagram of the machine and its currents control loops in the dq reference
frame. [29]

In order to simplify this block diagram and to decouple the ¢ and d axis, we need to make
some assumptions [29]:

1. The power electronics converter is assumed to be an amplifier gain G,
2. The current measurement is ideal and equivalent to a pure gain G;

3. The Park transformation and its inverse are considered as perfect and perform in a contin-
uous way.

4. The inductance L is perfectly estimated.
5. The measurement of the rotational speed of the rotor is considered as ideal.

Once the g and d axis are decoupled, the block diagram can be separated into 2 independent
control loops, one for each axis. The result is visible in Figure 7.8.
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Figure 7.8: d and q axis decoupled control loops. [29]

By a compensation of the g-axis back EMF we,, K¢ and under the assumption that the torque
constant k; is perfectly estimated, the g axis block diagram can be further simplified (Figure 7.9).
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Lg.re X Ugre U 1 I
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gmeas [ q
G,
L |

1

Tem

il

Figure 7.9: Simplified g-axis control loop by Kt perfectly estimated assumption. [29]

As mentioned earlier, the virtual reference voltage values extracted from our simplified control
loops first have to be mathematically transformed back to physical voltage values before sending
them to the PWM. This transformation has to be done in 2 steps:

1. From [ug,ref’ u:i,ref] to [uq,ref7 ud,’l’ef]

2. From [uq,refa ud,ref] to [ua,’/‘efa Ub,ref) uc,ref]

The first step is done by applying some compensation terms corresponding to the inverse of
the simplifications done to obtain the decoupled current loops :

Wem Lost
Udref = uil,ref - W (78)

WemLosid,mes Wem Ky

"
Ugref = Ugref + GuGi Gu (7.9)

The second step is the application of Concordia and Park to come back in the physical
reference frame (a,b,c).

Uq,ref ug
Ub,ref = TP(Qem) = < u ,re; ) (7'10)
Ue,ref ore

Current controller: The controller box inserted in the current loops is a PI one (Figure
7.10). The structure is similar for the d and q current controller although the proportional kp
and integral ki factors are different.
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Figure 7.10: PI Controller box for the current loop

7.2.5 Synchronous machines and controller on the Airbus A320

As the objective of this master thesis is a global approach to the autonomous concept of an
Airbus A320 on the ground, the choice of a specific synchronous machine is outside of the scope
of this work. However a research of plausible machine was realized, performance wise only, to
implement a model with realistic behaviors.

As expressed at the beginning of this chapter, the mechanical multibody simulation revealed
that each electromechanical converter installed on each main wheel needs to provide a nominal
torque of 14.3|kNm| at a speed of 15|m/s| (wwheet = v/ Ruheer = 15/0.5842 = 25.676[rad/s]).
The power required is P = Tep, - w = 377[kW]. We have also seen that the power source for
those four motors should be the APU providing 90kVA. Unfortunately it is impossible to find
an synchronous machine of minimum 377kW that could respect the electrical power delivered by
the APU.

A comparison with the green electrical taxi implemented on a A320 by EGTS, a partnership
between Safran and Honeywell, shows a large difference in the specifications. The EGTS system
is powered by 50kW electrical motors and is limited to a taxi speed of 20[kts| (10.29 [m/s| or
17.55 rad/s) translating into a torque of 2.85[kNm| per wheel [58]. This 7 times less than the
torque required by the developed system. Moreover, most of electrical car synchronous motors
have a rated output power at around 60 [kW]. It means that compact synchronous motors of
those range of output power can be easily found on the market. [70]

After those research results, it was decided to modify our initial specifications based on the
acceleration comfort criteria and to reduce the acceleration limit of 1.3[m/s?] by a factor 7 to
a value of 0.1857[m/s?] to respect the APU power source capabilities. In addition, by reducing
the speed to 20[kts| as the EGTS model, we see in Figure 7.11 that the torque needed does not
exceeds 2|kNm|. The needed output power becomes 35.1|kW| which is even lower than the EGTS
50|kW| motors. Nevertheless, it takes more time to reach the reference speed in acceleration,
hopefully in the deceleration phase the brakes are taking over.
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Speed with the reduced acceleration : Step 2 to 10.3 [m/s]
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Figure 7.11: Speed and Torque curves of a reduced acceleration limit of 0.1857[m/s?]

Machine data

The chosen reference machine for the simulation is the SS13-236-4 with a nominal power of 37kW
turning at 1500 [RPM] (157.08 |rad/s|) as seen in Figure 7.12. To adapt those motors onto the
aircraft, it would be important to consider the following additional items :

1. A reducer 1:9 will be necessary to obtain a nominal speed of 17.45 [rad/s| (corresponding
to 20[kts|) from the machine output shaft speed. The torque of the motor is multiplied
by the reduction factor 9 to achieve the nominal wheel torque of 2.12 [kN]. The reducer
induces mechanical power losses and its efficiency has to be considered.

2. A power electronic transformer is required by the machine to adjust the 115 V from the
APU to the 350V.

3. Some saturation blocks are needed to avoid any overcurrent.

4. An improved APU generator power output is expected. The 4 electrical motors at their
nominal power use 87.5 kVA of the 90kVA of the APU which does not leave much power
for the remaining electrical components of the aircraft (e.g. the pilot instruments, the oven
and the fridge in the cabin,...).

The data of the motor are represented in Figure 7.12 and are implemented in the model.
Those data are used to implement the circuits illustrated in Figure 7.9 and 7.8. Even if we can
consider the terminal motor resistance of 215m{2 as R, the inductance data L,; = Ls — M
is missing. Because the value of terminal motor inductance is close to the generic L,s [28],
we decided to take it as the L,s value, 4.675|mH]|. In addition, the electrical time constant

os

Te = = 0.0217 [s] remains low compared to the mechanical time constant of order 10! [s] as

shown isn Figure 6.22 of previous chapter.
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Technical Data Code Name|  Unit | 5132364 | $513-1774 | $513.2154
normal gpeed M Ipm 1500 2000 2000
Ex kW £ £ 4

normal torgue b Nm 235.57 176.68 Sl BHEXT
normal voltage Va i 350 3250 250
normal current [n Amp 625 62.8 764
max. speed Nimax tpm 1750 2250 2250
zero speed torque e Nin 25265 190.67 240,12
voltage constant Ezx VI pm 170 22666 170
torgue constant Er Nm/Amp ENL] 251 281
terminal motor tesistance Ezh ohimn 0.215 0171 .14
terminal motor inductance Lzgh mH 4575 3674 3.191
Technical Data Code Name|  Unit | $513.2364 | $513-1774 | $8132154
feedback device . 2 Resolver Eesolver Eesolver
arnbient temperatire . = QA J~40 e,
insulative class 2 — H H H
humidity - % =90 =90 <90
Dimensicn Code Name|Measurement| $513-2364 | $513-1774 | $s13-2154

| motor length K min 5o5 280 731

| rotor size D T 42 55 55

_shaft keys width M mm 12 16 16

Figure 7.12: Datasheet synchrone machine SS13-236-4 [30)|

Considering the power electronics converter and the current measurement as ideal, the am-
plifier gain G, and the pure gain G; are set to 1. This is also true for the power electronics K
values in Figure 7.10.

7.2.6 Simulation Results

Machine controller adjustment

The controller used is a PI controller following the shape C(s) = kp + @ The coefficients kp
S

and ki are respectively 14 and 24 for the d-axis and g-axis current controllers. Those values were
chosen to avoid any zero speed torque overshoot by the electromagnetic torque Cep,. The time
response is of order 1072 seconds (in Figure 7.13). The integral coefficient ki helps to correct
any steady-state error, the overshoot is corrected very quickly as seen in the virtual current i,
in Figure 7.13).
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Figure 7.13: Zoom on the machine output torque (top) and the complete view of the virtual
currents during an acceleration from no speed to full power, no torque situation

The virtual currents i, and ¢4 are mathematically converted to physical values (iq,i, and i.).
The voltages are also converted, as explained earlier, and take the rotational speed of the rotor
into account. The voltage amplitude is thus following this increasing speed behavior (Figure
7.14). In addition, the frequency of the currents and the voltages (amplitude and frequency too)
is increasing all along the machine acceleration.
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Figure 7.14: Physical currents and voltages in an acceleration from 0 to full power with the

following speed step

Machine integrated in the aircraft model

The implementation of electrical motors in the Simulink model with the complete model is af-
fecting the computation performances.

Nevertheless, the results obtained for a speed step from 6 to 7[m/s| on a straight track follows
the correct speed slope as visible in Figure 7.15.
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Physical currents - reduced acceleration 0.1857[m/sz] : Step 6 to 7 [m/s]
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Figure 7.15: Physical currents and voltages during aircraft acceleration from 6 to 7|m/s.
Aircraft speed following

The torque (Figure 7.16) has an average value below the maximum one. Due to the quality of
the results, this can be confirm by analyzing the torque reference in Figure 7.17 which is indeed
below the maximum value. This can be done with the reasonable assumption that the controller
acts in the same way as it was tested in subsection 7.2.6 (i.e. the torque reference is well followed
by the controller).

Unfortunately, the physical currents are slightly exceeding their nominal values. To identify
the cause, we can look at the reference torque after reducer and the rotor speed (both in blue
in Figure 7.17). They never exceeds their limits which prove that the motor system receives the
correct input. On the other hand, if we observe the shape of i, in Figure 7.16, the quality of the
results are not impressive. Because the physical currents are calculated from this virtual current,
this could be the reason of the nominal current excess. This could also explain the higher than ex-
pected voltage values in comparison with the results obtained at maximum power in section 7.2.6.

Several attempt were made to improve the quality of the current i, and the torque Cey,
without success. Among other things, the maximum time step of the simulation was reduced up
to le-5[s|, different solvers were used (e.g. ODE45,0DE15s).

Anyway, the implementation of the electrical motors control system on a Robotran/Simulink
is working and do not affect the Vehicle Dynamic output.
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Figure 7.16: Physical currents and voltages in an acceleration from 0 to full power with the
following speed step
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Figure 7.17: Reference torque (left) and rotational speed in RPM (right) before and after the
reducer. The electrical motor limit values are indicated by the magenta dash line



Chapter 8 : Model analyses and opera-
tional consequences

In this chapter, a global summary of the results for the different models will be delivered, with
their strengths and weaknesses and the impact these autonomous taxi and pushback systems
have on current operations. A development is done on further potential improvements.

8.1 Model analyses

8.1.1 Model limitations

The biggest challenge to build this A320 model was the shortage in available non confidential
data. This had an impact on the dynamic through the approximated mass distributions, bodies
geometry and inertial matrices. Moreover, landing gears were simplified to dense cylindrical legs
equipped with rim rods and wheels to improve computation performances.

In addition, the model does not include any parasite torque in the joints. In the physical
world, any mechanical assembly has some. Neither is the aerodynamic drag implemented due to
the complex shape of the aircraft. A full fluid mechanics analysis would be required.

Furthermore, the ground-wheel contact model of Bakker is not specific to aircraft tires. This
car tire model was adapted to the aircraft mass.

Those model limitations have to be kept in mind while comparing mechanical, automation
and electrical aspects of each aircraft design.

8.1.2 Comparison between designs
Trajectory capacities

In the current models : the directional nose wheel steering controlled system is a key factor
for the Airbus A320 autonomous taxi and pushback. It should provide stability, robustness and
controllabilty.

The trajectory controller mentioned in this study was designed for a directional nose wheel.
Therefore, the implementation was the same on the electrical motor equipped aircraft and the
jet engine one (i.e. first and second configurations).

However, a distinction can be done between the influence of the two propulsion technologies
on the path tracking. On the one hand, the electrical motors are applying different torques on
each main landing gear wheel in respect to the ICR. On the other hand, both jet engines are
providing equal thrust at all time. Nevertheless, the influence is not significant as seen in Figure

7
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8.1. Even with right engine shut down, the jet aircraft still follows the same track as the others.
The trajectory system compensates for those perturbations.

Track precision comparison
T T T

Elec
— Jet 2 engines
Jet 1 engine

/
/

X position [m]

20~ \
P \
-30 (-

-35 —

1 1 1 1 1 1 1
-15 -10 5 0 5 10 15
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Figure 8.1: Speed and acceleration curves comparison for a 1|m/s| positive step

Concerning the free nose wheel equipped aircraft, unfortunately the mechanical analyses
showed majors constraints for the implementation of a trajectory controller. Even with a castor
wheel, the results were not significantly different. However, it was interesting to observe the
caster angle influence on the stability. Another influencing factor is the center of gravity position
which determines the normal force acting on the nose wheels.

For potential future developments :

1. The implemented track drawing based on a
function of 4 points could be improved as it
can be observed in Figure 8.2. A comparison
is made between a polynomial of second { Comparison of reference track drawing methods
order and another one of third order (as
implemented in our system). We see that
our system is better than the other one,
however, we are still away for the perfect
circle.

distance [m]

Because taxiways are a set of straight lines
and curves, a better and simpler method
would be based on a database containing
only 2 points (i.e. the start and the end
of the track segment), an information about
the curve radius and the center point of that Figure 8.2: Comparison of draw track
curve. With those information and the equa- methods

tion of the circle, we could easily draw the

black dashed line of Figure 8.2.

distance [m]
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2. In our model, the aircraft is comparing its current position with a reference position, the
closest position on the track. This lateral deviation and the orientation error are used by
the controller to come back on track. The system could be improved by implementing a
feedforward system. The aircraft could determine which position he would reach at the
next time step by assuming he is on the track. He could adjust the nose wheel orientation
accordingly. The feedback loop, similar to the one implemented in our model, would inform
the aircraft about its current error in position. The orientation of the nose wheel to reach
the next point would use this information to correct the error [61]. This technique would
normally improve stability due to its anticipation behavior and would potentially avoid
rapid movement of the nose wheel.

3. To test the differential drive aircraft config-
uration (i.e. the free nose wheel design), an-
other aircraft type should be used. It should
be equipped with a classical landing gear
type, i.e. with the main landing gear at the
front and a free wheel under the tail (e.g.
the DC3 in Figure 8.3). With this type of
aircraft, the influence of the type of wheel,
conventional or castor wheel, would be easier
to study. Figure 8.3: A classical landing gear more

appropriate for differential drive design [2]

Speed controller

In the current model : even if the objective to keep a constant speed is identical, the con-
trollers results of the first and the second configured aircraft are different. Indeed, due to the
electrical power supply limitations of the APU, the acceleration of the electrical motor equipped
aircraft is limited to 0.1857[m/s?] (in red in Figure 8.4). The jet engine powered aircraft accel-
eration is also affected due to the thrust restriction imposed to avoid potential jet blast hazards.
The acceleration is increasing slowly but reaches a higher final value of about 1.4[m/s?] in re-
gards with the initial 380[kW]| high power electrical motor equipped aircraft curve (black) (i.e.
the optimal electrical configuration that cannot be implemented due to APU power restriction).
A value of 1.4[m/s?] is still reasonable for passenger comfort|[64].

Consequently to the acceleration capability, the speed variation of the electrical aircraft is
significantly slower than the jet engine one. If the objective is to have a comparable alternative
to jet engine aircraft in regards with speed and acceleration, a research has to be done to provide
high power electrical motors.



80

Comparison of acceleration during speed step (2 to 15 m/s)
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Figure 8.4: Acceleration and speed comparison between jet engines (blue), 37[kW| electrical
motors (red), 380[kW] electrical motors (black).

It is interesting to observe the two step deceleration of the jet engine aircraft. The first step
corresponds to the engine travelling to idle power, the second one highlights the activation of the
brakes. These sequence is clearly visible in Figure 8.5.
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Figure 8.5: Thrust and torque comparison between jet engines (blue), jet brakes (cyan), 37[kW]|
electrical motors (red), 380[kW]| electrical motors (black). The torques are all wheels combined.

As shown in Figure 8.5 on the right hand side of the graph, the jet engine aircraft is con-
stantly using the brakes to maintain its speed constant (cyan). This is due to the constant thrust
provided by the jet engines at idle thrust (blue). It means that the brake wear will become sig-
nificant and that it could become a major maintenance and economical issue.

In opposition, the electrical motor equipped aircraft uses the brakes only for important de-
celerations. In other circumstances, its speed is maintained by the adjustment of the electrical
motors torque. Due to the ability of the motors to turn both ways, the aircraft is also able to
realize its pushback autonomously.
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For potential future developments :

1. The acceleration limitation on the electrical motor powered aircraft is mainly due to the
electrical output of the APU, 90kVA. Potential solutions to improve this acceleration con-
straint could be either to find higher performance 3-phase synchronous motors or to find a
more powerful APU.

2. As we have seen, the brakes on the jet engine aircraft are often used in a continuous way.
This would lead to significant wear and risk of overheat. Thus, another speed control
system should be implemented. Nowadays, to avoid continuous brake application during
taxi, pilots let the aircraft accelerate up to the maximum taxi speed (30[kts| in straight
line) and then brake to slow down the aircraft until reaching a speed of around 10[kts|. To
still be autonomous with that kind of braking method, a bang-bang speed controller could
be implement, i.e. controller correcting the system when the upper or the lower limit is
reached. However, the disadvantage of such a system is its constant speed variation which
complicates ground traffic management on airports as it will be discussed in section 8.3.1.

8.1.3 Comparison summary

The major differences between the two viable aircraft configurations are the fuel consumption,
the speed and acceleration performances and the ability to keep a constant speed. The other
aspects are briefly stated in Table 8.1 and 8.2.

Advantages Disadvantages
Aircraft jet engines not required APU required
Less fuel consumption, less pollution, less noise | Complex power electronics (APU to motors)
Aircraft design untouched Increased aircraft weight
Motors braking capability Steering actuator to fit on actual system

Table 8.1: Electrical motor equipped aircraft : advantages and disadvantages

Advantages Disadvantages
APU not required Turbojet engines running
Lighter aircraft High fuel consumption
Adaptative on older aircraft Brake-Thrust controller
Aircraft design untouched | Steering actuator to fit on actual system

Table 8.2: Jet engine aircraft : advantages and disadvantages

8.2 Other possible next steps developments

8.2.1 Enhanced position determination

Up to now, the model presented is supposed to work with GPS localization (e.g. following a track
which is a succession of geographic coordinates). This allows for a good level of accuracy - the
US government guaranteeing an average user range error of <7.8m with 95 percent probability
- but this precision is insufficient in the case we handle, even though Galileo system promise
better performances [71].
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As for smaller robots, it is good practice to compare data provided by different sensors to
improve position accuracy. This comparison could be realized with a Karman filter! [72, 73].

A potential useful sensor (e.g. a camera) could detect the yellow line of the taxiway as well
as the green and red led lights placed along the taxiway (see chapters 1 and 4). This sensor could
be placed on the nose landing gear, between the two wheels, to be able to see the taxiway even
in case of low visibility operations (i.e. to respect specifications of 3[m]| visual range).

8.2.2 Collision avoidance

With the automated aircraft system developed in this project, a small step has to be made to
implement a collision avoidance system.

Nowadays, this optimal awareness cannot be brought by human interventions, like visual
controls, as pilots have difficulties estimating distances from the cockpit around them (e.g. wing
tips) or even do not see parts of the aircraft from the cockpit (e.g the engines, the nose landing
gear,...) [74, 75]. A famous example illustrating this fact is the collision that happened on a
taxiway between an Air France A380 and a Delta Airlines regional jet. The left wing of the
Airbus hit the backside of the small jet, which consequently did a 90° turn. Fortunately, only
material damage occured and passengers were not wounded. [76, 77|

We thus need to integrate adequate sensors
that allows to obtain a more accurate view
of the position of the aircraft towards other
ones, other ground vehicles and buildings.
These information will then be processed to
finally be used by our system, in order to
automatically take corrective actions such
as activating automatic emergency braking,
following an avoidance track or adjusting speed.

Figure 8.6: Potential wings sensors [31]

This collision avoidance capability would be essential for improved traffic management during
low visibility operations as we will discuss later on.

8.2.3 Interface pilots - autonomous system

All these additional information would need to be displayed to the pilots to be able to monitor
the system and to intervene in case of emergency or system failure. Further, pilots should be
able to give a taxi reference speed as they currently do with the in flight autopilot. The system
could calculate the time the aircraft needs to reach a certain position along the track and even
directly send it to ATC.

In this project we assumed that the taxiway database was providing a maximum taxiway
reference speed. The pilot input would then be compared to that maximum speed and the
lowest one would be taken.

8.2.4 Another energy source to power up the aircraft

If we go for the electrical motor solution, then the APU powers up the aircraft as it exists
nowadays. However, some research is relentlessly carried on on new battery technologies. 78] It

The Karman filter is an algorithm using several measurements which contain inaccuracies. It produces more
accurate final value than the one captured by a single sensor.
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will certainly tremendously evolve in the coming years and we can imagine that batteries will be
able to store and provide more energy for aircraft along with retrieving and accumulating energy
at landing for example.

8.3 Operational consequences on ground operations

An autonomous system, as described in this project, has multiple impacts on current ground
operations that sometimes require some procedure adjustments. In the following section, we will
quickly discuss some of them.

8.3.1 Enhanced traffic flow management

One of the major advantages of autonomous
taxi operations is the reduction of waiting
queues at the holding point (i.e. waiting at the
beginning of the runway as shown in Figure
8.7). By knowing the exact time needed for
taxiing, ATC could better manage traffic flow.
The pushback clearance (or taxi clearance) can
be given at a more appropriate time.

This solution can have a very strong impact if
all aircraft on the airport are equipped with a
taxi speed regulator.

Figure 8.7: London Heatrow traffic at the
holding point [2]

8.3.2 Reduce delays and cancelled flights during low visibility operations

The collision avoidance system, with all the required sensors, increases safety drastically. It even
offers the opportunity to decrease the distance between taxiing aircraft during low visibility op-
erations. Nowadays, in such weather conditions, only one aircraft per taxiway section is allowed
leading to important delays on busy airports (e.g. London Heathrow working at over 98% of its
capacity during normal operations [79]).

Furthermore, the autonomous taxi system could allow to lower the landing minimum visibility
from 75[m] to a few meters (e.g. 3|m| as mentioned in the specifications). This would reduce the
number of in-flight diversions (i.e. change of destination airport in flight) and of cancelled flights.

8.3.3 Engine start before the flight

Nowadays, the engines are started during the pushback or on the parking stand to allow the
aircraft to move on its own power for taxi. With our electrical powered aircraft, the taxi can be
instantaneously done providing a gain of time (e.g. pushback and engine start up procedure takes
about 5-10[min|). However, a minimum warm up time of 3 minutes is required before applying
full take off power on the jet engines. This constraints us to start the engine during the taxi.

In case of jet engine start problem, the aircraft should be able to find a parking spot away
from the departing one where maintenance personnel can assist pilots . One of the solution could
be to use the de-icing platform, located close to the holding point on most of the airports.
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Moreover, our system should be able to sustain the differential thrust provided during the
sequential jet engine start (Engines are started one after the other) and the jet engine idle thrust
while engines are started.

8.3.4 Positive ecological impact and fuel reduction

With the electrical motors, the engine fuel consumption will be reduced to an equivalent of 3|min|
operation. To compare the electrical solution and the jet engine one on the base of a 15 minutes
taxi time, we picked up data from another aircraft. We will also make the assumption that the
whole taxi is done at idle power.

The airbus A300-600, an older and more pow-
erful aircraft, has a jet engine fuel consumption
of about 1.4[t/h] at idle power?. Thus, we ob-
tain a fuel burned difference of 272|kg|, which
is equivalent to 340[L]. However, the APU con-

sumption on this type of aircraft is about 284 ‘ i - Aano
|[L/h] and has to be taken into account for the : B F'G'L'B:lm; /
electrical motor equipped aircraft. We have to > e

deduct an APU consumption of 71|L|. The dif-
ference between these two configurations is still  Figure 8.8: A300-600 : Fuel flow indicated by
269[L]. the arrows (x1000[1b/h]

Even if we approximate that the Airbus A320 consumption is half of the A300-600 one, the
gain is still 134.5|L]. This has to be multiplied by the number of time the aircraft is taxiing
(roughly 8 times per day for a short/medium haul aircraft).On top of that, with an improved
traffic management, the fuel consumption can be further reduced by shorter taxi period and
waiting time.

The EGTS program was announcing fuel saving up to $200,000 per aircraft per year with
carbon emissions reduction by 75% and nitrogen oxide emissions drop by 50% [58].

2Data picked up directly from real cockpit information. See Figure 8.8.



Conclusion

Across the various aspects studied in this work, we come to the conclusion that automating an
Airbus A320 for its taxi and pushback sequences is possible. This also means it could potentially
be extended to any kind of existing plane.

Among the three potential aircraft configurations initially introduced, two emerged as be-
ing really viable for the automation purposes we had. The first one, called the electrical motor
equipped aircraft, is a directional nose wheel complemented by 4 electrical motors powering the
main gear wheels. The second one, referenced as the jet engine equipped aircraft, is constituted
by a directional nose wheel as in the first solution, but where the necessary thrust is provided
by the turbo jet engines of the plane.

Both solutions have their advantages and drawbacks. Only the electrical option allows for an
automated pushback. However, this solution currently constraints the aircraft ground accelera-
tion as it would be served by the on-board electrical power source, the APU, limited to 90kVA.
As an immediate effect, the speed would also be limited to 20[kts| max. This first configuration
would also require mechanical adjustments to install synchronous machines on the main landing
gears, the modernization and optimization of procedures and an intensive user training. Main
advantages are clear on this side : fuel saving and C02 emission reductions.

On the other side, the jet engine configuration does not require many mechanical adjust-
ments, the total mass of the aircraft and impact on ground operations would not be significant.
For those reasons, we could expect this option to be less expensive than the first one, opening
opportunities for existing planes to test it in the short run. However, as a constant speed control
is not recommended due to the constant brake applications counteracting the idle thrust of the
jet engines, this thus limits the potential traffic management improvements.

Generally speaking, these 2 solutions already offer a common ground of benefits which en-
compass the continuity of air traffic in low visibility conditions, an improved air traffic sequencing
and enhanced safety results, by a better control on the flow of planes navigating through airports.
Because a conversion towards the electrical motor option is hard to imagine on existing planes,
both configurations could be exploited, respectively for existing and new planes to come.

As we have seen, managing air traffic and flow on the ground have become key levers for
airports to answer to the rising demand of carrying passengers and cargo. This automation
of part of usual flight sequences could contribute to answer this need. However, before going
further in the implementation of such a solution, we would advice to dig into several subjects in
more details, including in-depth cost/benefit analyses, automation fine-tuning, electrical design
options on the market and interest from the manufacturers and airports.

We hope you enjoyed the flight... And thank you again for flying UCLouvain!
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Appendix

A.1 Nose wheel steering logic Airbus A320
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Figure A.1: Nose wheel steering schematics Airbus A320 [5]
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