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Abstract 
 
This final thesis project is done at the Control Laws EXPERTISE Team at the Auto Flight Control Systems 
Department of THALES Avionics in Toulouse. The division currently works for both aircraft and helicopter 
manufacturers.  
 
An autopilot (AP) for use in commercial aircrafts must be certified by national authorities; in the EU this body is 
named European Aviation Safety Agency (EASA). For landing there are different certification standards. The 
first standard is called CAT I which is used when weather conditions prevents the pilot from seeing the runway 
during the initial approach. The CAT IIIa on the other hand is the standard needed when the weather conditions 
are so adverse that the pilot cannot see the runway markings until 50 ft over the ground.  
 
This project aims to investigate the possibility to upgrade a given aircraft from a CAT IIIa to a CAT IIIb EASA 
certification. The CAT IIIb includes the CAT IIIa with an AP controlled runway rollout. The work includes the 
following: 
 

• System analysis 
• Proposition of a control law 
• Implementation in non linear Simulink model 
• Mock-up: Simulation  visualization with synchronized Flight Mode Annunciator (FMA) and Primary 

Flight Display (PFD) 
 
The primary objective is not to search for the optimal solution for a CAT IIIb upgrade but rather to identify the 
eventual problems that will be encountered due to system architecture and rollout dynamics.  
 
First a system analysis is done. Here important information about the architecture is found. For example there is 
no connection between the nose wheel command and the auto flight system, which will be necessary, and some 
parts in the Fly-By-Wire (FBW) system have to be disconnected during the rollout. Also important is an analysis 
of the ground reaction model made by the client i.e. calculation of friction coefficients and forces. Next step is to 
develop a control law and a linear model for the rollout is therefore made. The absolute speed is supposed to be 
constant and the pitch and roll are supposed to be zero. With the two commands the rudder and the nose wheel, 
we obtain a 2nd degree state space model with the yaw rate r [rd/s] and the lateral speed Vy

 [m/s] (AC -
coordinates) states. 
 
Since the rudder only gives effect at relatively high speeds (over ≈100 knots) and the nose wheel due to stability 
only can be used at low speeds (under ≈50 kn) this can be seen as two different systems and one control law can 
be developed for each command. The commands are then distributed proportionally between these speeds. 
 
The maximal deviation from the runway for the nominal flight case with 15 knots of crosswind is acceptable. 
However, it does not converge until rather late in the rollout. Simulations with stronger crosswind and head wind 
have been made with good results. Wet runways or less landing mass seem to be the most degrading cases.  
 
At touch down a yaw bar appears in the FPD and shows the control target of the AP. The FMA is complemented 
with the mode rollout during that phase. The connection with the simulator makes it possible for the viewer to 
understand the relation between the different phases and the AP logics.  
 
The control law is stable for the nominal case and even for different masses and runway conditions. However, 
when these variables are changed simultaneously unstable behavior appears. The phase just after touchdown 
should be improved. 
 
The FMA and PFD with proper annunciation synchronized with the flight simulator enable the uninitiated to 
understand the CAT IIIb operation. 
 
 
 



 

Toulouse September-2011 3 

 
 

Table of Contents 
 

1 Introduction ....................................................................................................................... 5 

1.1 Context ...................................................................................................................... 5 

1.2 THALES .................................................................................................................... 5 

1.3 Objective ................................................................................................................... 6 

2 Preliminary Study .............................................................................................................. 6 

2.1 Overview ................................................................................................................... 6 

2.2 Certification .............................................................................................................. 6 
2.2.1 Definitions .............................................................................................................. 7 
2.2.2 CAT IIIa Landing Scenario .................................................................................... 7 
2.2.3 Comparison CAT IIIa / CAT IIIb .......................................................................... 8 
2.2.4 Requirements .......................................................................................................... 9 

2.2.4.1 System requirements ...................................................................................... 9 
2.2.4.2 Performance ................................................................................................... 9 
2.2.4.3 Additional Requirements (FAA) .................................................................... 9 

2.3 Hypothesis ............................................................................................................... 10 
2.3.1 Simulation used .................................................................................................... 10 
2.3.2 Flight Case ............................................................................................................ 10 
2.3.3 Lateral deviation estimator ................................................................................... 10 

2.4 System Analysis ...................................................................................................... 11 
2.4.1 Ground Reaction Model ....................................................................................... 11 

2.4.1.1 Friction coefficients ...................................................................................... 11 
2.4.1.2 Vertical forces .............................................................................................. 11 
2.4.1.3 Lateral Forces ............................................................................................... 12 
2.4.1.4 Longitudinal forces ...................................................................................... 13 
2.4.1.5 Brake force ................................................................................................... 13 
2.4.1.6 Conclusion .................................................................................................... 13 

2.4.2 System Architecture ............................................................................................. 13 
2.4.2.1 FBW ............................................................................................................. 15 
2.4.2.2 Nose Wheel Steering .................................................................................... 16 

2.4.3 External System Changes ..................................................................................... 16 
2.4.3.1 Intro .............................................................................................................. 16 
2.4.3.2 FBW ............................................................................................................. 16 
2.4.3.3 Auto Brake ................................................................................................... 16 
2.4.3.4 Nose Wheel Steering .................................................................................... 16 

3 Method ............................................................................................................................. 17 

3.1 Overview ................................................................................................................. 17 

3.2 Linear Model .......................................................................................................... 18 
3.2.1 Equations of motion ............................................................................................. 18 



 

Toulouse September-2011 4 

3.2.2 State Space ........................................................................................................... 20 
3.2.3 Analysis of Linear model ..................................................................................... 20 

3.3 Control Law ............................................................................................................ 21 

4 Non Linear Implementation ........................................................................................... 21 

4.1 Modifications .......................................................................................................... 21 
4.1.1 General oversight ................................................................................................. 21 
4.1.2 ROLLOUT ........................................................................................................... 22 
4.1.3 AC ........................................................................................................................ 22 

4.1.3.1 Interface ........................................................................................................ 22 
4.1.3.2 FBW ............................................................................................................. 22 

4.1.4 FLARE ................................................................................................................. 22 

4.2 Results/Simulations ................................................................................................ 23 
4.2.1 Overview .............................................................................................................. 23 
4.2.2 Nominal Flight Case Results ................................................................................ 23 

5 Visual Demonstration...................................................................................................... 24 

5.1 FMA ......................................................................................................................... 24 

5.2 PFD .......................................................................................................................... 24 

5.3 Flight Simulator Implementation ......................................................................... 25 

5.4 Complete Demonstrator ........................................................................................ 25 

6 Conclusion ....................................................................................................................... 26 

6.1 Technical evaluation .............................................................................................. 26 

6.2 Internship evaluation ............................................................................................. 27 

7 Abbreviations ................................................................................................................... 28 

8 References ........................................................................................................................ 28 

9 ANNEX ............................................................................................................................ 28 

 
 

List of Figures 
 
Figure 1: CAT IIIa landing procedure ........................................................................................ 8 
Figure 2: CAT IIIa/b visual minima ........................................................................................... 8 
Figure 3: AC ground reaction points 1 ..................................................................................... 11 
Figure 4 AC ground reaction points 2 ...................................................................................... 12 
Figure 5: Lateral ground reaction principle .............................................................................. 13 
Figure 6: Sources of friction ..................................................................................................... 13 
Figure 7: General auto flight architecture ................................................................................ 14 
Figure 8: Command architecture of AC ................................................................................... 15 
Figure 9: Inner FBW architecture ............................................................................................ 15 
Figure 10: New architecture ..................................................................................................... 17 



 

Toulouse September-2011 5 

Figure 11: AC coordinates ....................................................................................................... 18 
Figure 12: Open Loop response to 0.5 deg rudder deflection .................................................. 21 
Figure 13: Model Architecture ................................................................................................. 22 
Figure 14: RW trajectory nominal case .................................................................................... 23 
Figure 15: FMA display ........................................................................................................... 24 
Figure 16: PFD ......................................................................................................................... 25 
Figure 17: Long/Lat earth coordinated ..................................................................................... 25 
Figure 18: Video snapshot........................................................................................................ 26 
 
 

1 Introduction 
 

1.1 Context 
 
This project is the final thesis project for my degree in Master of engineering. Since I am a student at both the 
Royal Institute of Technology in Stockholm and at Ecole Nationale Supérieure de l’Aéronautique et de l’Espace 
this report has to be validated by both universities.  
 
Due to confidentiality the company where I have done my internship has asked me to do two reports; one 
technical and one methodical. The technical report contains sensitive information about both the concerned 
aircraft and THALES’ technology. In that report, the work done in this project is fully documented and 
explained. This report, which is the methodical, does not contain any specific information about the aircraft nor 
the solution to the problem. It only describes the objective, relevant physical principles, problems encountered 
and the results in a qualitative manner.  
 
 

1.2 THALES 
 
With 68 000 employers in 50 countries, the THALES group is one of the leading companies in information 
systems and services in the markets of security and defense, aeronautics and transportations. THALES has a 
profound knowledge in sophisticated equipment and large-scale software systems.  
THALES’ core businesses are organized by three market segments: 
 

• Aerospace & Space 
• Defense 
• Security 

 
Aerospace & Space corresponds to about 40 % of THALES portfolio while Defense & Security corresponds to 
as much as 60 %. Despite of the dividing into different segments the company operates as one organization by 
sharing technologies and know-how in order to attain best possible efficiency and products for its customers. 
 
THALES has its origins in a company called Compagnie Française Thomson-Houston (CFTH) which was 
founded as early as in 1893. At this time the company was a pioneer in the emerging market for power 
generation and transmission. In 1968 CFTH merges with another French company Compagnie Générale de 
Télégraphie Sans Fil (CSF), a key player in the early development of broadcasting, short wave, radar and 
television systems.  
 
It is not until the 70’s after the oil crisis the company makes its first major exports. After some financial 
problems in the early 80’s the company is nationalized and some years later when focusing stronger on 
professional and defense equipment the company starts to do well again. In 1998 the company is yet again 
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privatized and a change to the current name THALES is made. In 2009 Dassault Aviation became the biggest 
private stakeholder of the group with 26 % of its shares. The French state remains the biggest stakeholder with 
27 % of its shares. Last year (2010) THALES’ turnover was 13.1 billion euro’s, of that as much as 20 % was 
reinvested in research and development.  
 
The subsidiary THALES Avionics which is one of the world’s leading contractors of avionic suites and systems. 
The company’s partners are all the leading manufacturers including Airbus, ATR, Boeing, Bombardier, 
Gulfstream and Sukhoi.  
 
This project is done at the THALES Avionics site in Toulouse at the Control Law EXPERTISE Team (CLET) in 
the Auto Flight Control Systems Department.  
 

1.3 Objective 
 
An autopilot (AP) for use in commercial aircrafts must be certified by national authorities; in the EU this body is 
named European Aviation Safety Agency (EASA). For landing there are different certification standards. The 
first standard is called CAT I which is used when weather conditions prevents the pilot from seeing the runway 
during the initial approach. The CAT IIIa on the other hand is the standard needed when the weather conditions 
are so adverse that the pilot cannot see the runway markings until 50 ft over the ground. The CAT IIIb standard 
is an extended CAT IIIa which also includes the rollout phase on the runway until safe taxi speed is reached. 
 
This project aims to investigate the possibilities to upgrade a certain aircraft from a CAT IIIa to a CAT IIIb 
EASA certification. This includes a system analysis in order to do a compatibility study and to develop a 
prototype control law. The final step is to make a visual mock-up containing a flight simulation with 
synchronized PFD and FMA displays where the given data comes from the prototype control law. This feature 
enables the uninitiated to understand the phases of a CAT IIIb operation. 
 
 
 

2 Preliminary Study 

2.1 Overview 
 
The first part of this chapter aims to investigate the certification requirements for a CAT IIIb landing. This will 
tell us which performance is necessary. In the second part a nominal flight case will be defined for which the 
control law is going to be developed and primarily tested. The subsequent part is a system analysis of the 
aircraft. This will tell us how the control law can be implemented, which modifications are needed and which 
limitations there are. 

2.2  Certification 
 
Most countries have a National Aviation Authority (NAA) which regulates and oversees all or some aspects in 
the civil aviation. In the U.S. this body is called the Federal Aviation Authority (FAA). In Russia its name is the 
Ministry of Transport, which also regulates other sectors than aviation. The EU has the European Aviation Safety 
Agency (EASA) which in 2003 took over the responsibilities from the member countries. Since EASA is a 
relatively new authority it does not yet certify land based systems. The agency expects to take up this within a 
couple of years.1 
 
The main objective for a CAT III operation is to ensure the same level of safety as other operations but at the 
most adverse weather conditions and associated visibility. In contrast to other operations, CAT III weather 

                                                 
1 http://easa.europa.eu/frequently-asked-questions.php#what-agency-does-not 12-08-2011 

http://easa.europa.eu/frequently-asked-questions.php#what-agency-does-not
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minima do not provide sufficient visual references to allow a manual landing to be made. The minima only 
permit the pilot to decide if the aircraft will land in the touch down zone (CAT IIIa) and to ensure safety during 
rollout (CAT IIIb). 
 
Since the objective is a CAT IIIb certification from EASA, it is their doctrine that has been used as reference. 
However, the FAA doctrine is more explicable than the EASA and it is therefore used as a complement.  
The certification standards are mostly the same for all NAA’s but the certification requirements and processes 
may vary. 
 

2.2.1 Definitions 
Each Category landing is associated with a Decision Height (DH) an Alert Height (AH) and a Required Visual 
Range (RVR) The RVR is the distance to which the pilot can see the runway (RW) surface markings or the 
lights along the RW when the AC is over the RW centerline. There is an obscured distance the pilot cannot see 
due to AC geometry which means that the number of markings which has to be seen by the pilot can be different 
for different AC’s with the same RVR. The RVR is thereby the distance the pilot can see plus the obscured zone. 
 
If the RVR is not met at the decision height, a go-around (canceling of the approach) is mandatory. It is for the 
control tower to decide if the RVR is sufficient or not. 
 
The AH is the minimum height at which the pilot must execute a go-around if a failure occurs in any of the 
redundant systems in the aircraft. 
 

2.2.2 CAT IIIa Landing Scenario 
The following points explain the different phases of the CAT IIIa landing procedure and what will be seen by the 
pilot in the Flight Mode Annunciator (FMA): 
 

1. Initial Approach: When the aircraft is sufficiently near the airport the pilot will activate the mode 
APP3 by pushing the button with the same name on the FCU.  This mode will navigate the aircraft to a 
point in the lateral plane through the mode LNAV in order to find the localizer2. The mode ALT 
ensures the right altitude and the mode SPEED ensures the right speed. At this point the modes LOC* 
and GS*3 will be armed4, as the color indicates. The star means that these modes themselves will make 
the aircraft go in the desired direction i.e. a transition.  

2. Intermediate Approach: The aircraft follows a horizontal track with the specified altitude and speed in 
order to stabilize the approach. When it closes in to the “glide slope line” the mode GS* goes over to 
active, GS*  

3. Final Approach: Once the GS* has put the aircraft on the right glide slope the final approach is 
initiated and GS* is replaced by GS. When the altitude is 400 ft over the runway the modes FLARE 
and RETARD are armed. At 40 ft FLARE is active, this mode makes the AC pitch up to around 6° in 
order to decrease the vertical speed and obtain a soft touch down. At 30 ft the AC will align itself in the 
direction of the RW and instead create a certain roll angle to not follow the wind sideways. At 10 ft 
over the RW the mode RETARD is activated which puts the thrust lever to idle; at the same time the 
AC is going to make the roll angle zero again in order to make the MLG’s touch the RW at the same 
time. What follows is to be specified.  

 
The procedure described above can be followed visually in Figure 1. The black window symbolizes the 
FMA at each point of the approach. At the touch down there are no modes defined since the current AP 
automatically becomes disengaged at that moment. 
 
 

                                                 
2 Localizer: Relies on a high precision instrument for landing called ILS, which gives information about how 
much the AC is deviating from the RW centerline. The ILS only works in a limited area near the RW.  
3 GS: Glide Slope mode, also depends on the ILS.  
4 The arming of a mode (blue color) is to notify the pilot that a certain mode soon will be activated.  
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Figure 1: CAT IIIa landing procedure 

 

2.2.3 Comparison CAT IIIa / CAT IIIb 
Since the goal is to extend a CAT IIIa certified aircraft to CAT IIIb it is convenient to make a comparison of 
these two. The following table shows which are the system fail redundancy requirements for different DH and 
which is the required RVR. At this moment we do not know for which type of CAT IIIb that is desired. But it is 
most likely it is for the one without DH. 
 

 
Figure 2: CAT IIIa/b visual minima 
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2.2.4 Requirements 
After a study of the EASA certification document the following points have been made. A full CAT IIIb 
concerns much more, but these are the vital aspects which differ from the CAT IIIa. 
 
 
2.2.4.1 System requirements 
The list of system requirements is long; the following three are the most important related to this project: 
  

• Automatic ground roll control: A law controlling the roll must be active during the whole rollout.5 
• Anti-skid braking system: Is necessary if no decision height is desired. 
• Autobrake system: Not necessary but recommended. 

 
Furthermore, the pilot must be able to detect steering faults to take over control.6 Account must be taken of the 
effect of the visibility conditions on the ability of the pilot to detect steering faults and to take over control. 
 
 
2.2.4.2 Performance 
The performance must be supported by both simulations and flight tests. The number of tests needed is not 
specified but vaguely defined as “sufficient number of approaches and landings conducted in conditions which 
are reasonably representative of actual operating conditions…”.7 
 
During the rollout the probability must be less than 5% that the point on the centerline between the main wheels 
deviate more than 8,2 m from the runway centerline during any landing. A fail-operational rollout system must 
additionally provide a 10-6 probability for the AC to a point more than 21,3 m from the RW centerline while the 
speed is greater than 40 knots. A flight test program must be carried out to show that there is a 90 % confidence 
level of that these criterions are complied with.8 
 
The following list contains some of the conditions for which this performance must be met according to the CS-
AWO: 
 

• Airport altitude: [0 m, 3300 m]  
• Wind conditions (surface wind reported by tower + half reported gust 

o 25m/s target (commitment 25kt) head wind 
o 10m/s target (commitment 10kt) tail wind,  
o 15m/s target (commitment 15kt) cross wind 

• Mass: Maximal Landing Weight 
• Engine Failure 
• Runway conditions: Dry and Wet (1/2 inch of water) 

 
 
2.2.4.3 Additional Requirements (FAA) 
As mentioned earlier, the FAA is more explicable in the requirement descriptions, and therefore some additional 
requirements will be introduced here. 
 

• When deviated from the RW centerline the AC should smoothly find its way back with a minor 
overshoot. 

 
 
 
 
 

                                                 
5 § CS-AWO 304 
6 § CS-AWO 371 
7 § CS-AWO-331 
8§  CS-AWO-338 
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2.3 Hypothesis 
 

2.3.1 Simulation used 
The point of departure is that the AP is already developed and certified for a CAT IIIa landing, which means that 
it will disengage at touch down. The continuation and development of the AP for a CAT IIIb can not under any 
circumstances change the behavior before this moment.  
 
The analysis and synthesis are going to be made on the existing Simulink model. This is the main source of 
information about AC architecture and data during this project. The model and systems are supposed to well 
correspond to those for the real AC.   
 
 
 

2.3.2 Flight Case 
There are many factors affecting the performance; some of them, for example the mass and the position of CG 
are in this case not available to the AP and can therefore not be used as variable gains in the control loops. Since 
the control law is likely to contain these values a nominal flight case is therefore chosen. 
 
Other factors affecting the performance are the wind strength and its direction. Since the main goal is to define a 
rollout law, lateral wind seems as a more interesting case than headwind or tailwind. Let us therefore consider 
one general case with 15 kt of lateral wind, which is the commitment9 value. Certification also demands that the 
tests are made with an additional turbulence of half of the constant wind speed. This means that the wind will 
oscillate between 22.5 kt and 7.5 kt.  
 
The altitude is another parameter which changes the model considerably. Since the density decreases with the 
altitude and the lift force is proportional to the density the approach speed must be higher to maintain the same 
vertical speed. We consider here simply the RW to be at sea level which leads to an approach speed of about 140 
kt. A higher approach speed will naturally lead to higher instability for the control law. The RW slope is also put 
to zero in both axes.  
 
We have now the following as nominal flight case: 
 

• Mass = nominal [kg] 
• xT = nominal [ % MAC] 
• zT = nominal [m] 
• Longitudinal wind = 0 kt 
• Lateral wind = 15 kt 
• Turbulence: Half the speed of the wind (+-7.5 m/s) 
• RW altitude = 0 ft 
• RW slope = (0,0) 
• CAS = 140 kn 

 
 

2.3.3 Lateral deviation estimator 
The simulations are made with the complete model with one exception; from touch the measured LOC value is 
not used but the real deviation from the simulation. The reason is that the signal to the aircraft is given from an 
emitter in the end of the runway and when calculating the deviation it is supposed that the distance to this emitter 
is much greater than the deviation of the aircraft from the runway centerline. When the aircraft is making the 
rollout this is no longer a valid hypothesis.  

                                                 
9 Minima required for the certification 
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2.4 System Analysis 
 
This analysis is made entirely from the Simulink model. All avionics in this model is directly done in Simulink 
while the physical reactions (kinematics, forces etc.) are written in C code, interfaced through S-function blocks. 
This chapter aims to give the reader a direct overview of important aspects associated with an autoland 
procedure. 
  

2.4.1 Ground Reaction Model 
The ground reaction model includes: 
 

• Calculations of the forces and moments acting from the RW on the AC (normally through the landing 
gears). 

• Command and deflection (steering) of the nose wheel. 
 
 
2.4.1.1 Friction coefficients 
There is several friction coefficients corresponding to different types of frictions, each and every defined for 
different weather conditions and for different ground speeds. Further information can be found in [1] Technical 
report THALES. 
 
 
2.4.1.2 Vertical forces 
The vertical forces must be calculated before the longitudinal and lateral ones. Each gear is modelled with two 
wheels which have variable radius (damping property) and a strut which have both a damper and a viscous 
damper. The force along the strut will be projected into RW axes. The variables for the forces and moments are 
vectors, length 6; 1-2: nose, 3-4:left and 5-6: right strut. Figure 3 and Figure 4 show how the distances and forces 
are defined in the model. 

 
Figure 3: AC ground reaction points, longitudinal 
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Figure 4 AC ground reaction points, lateral 

 
 
 
 
 
2.4.1.3 Lateral Forces 
Let us take the NW as an example. The variable for the NW deflection in relation to the AC longitudinal axis is 
called DK1and the angle between the AC and the velocity vector of the NW is called b1. These two angles are 
defined in opposite directions and will therefore, if added, give the sideslip angle, denoted by and from now on 
called β. 

11 DKbby +=  
Equation 1: NW deflection 

 
Figure 5 illustrates these angles. In this particular case the aircraft has a deviation from the runway and tries to 
align itself by turning the nose wheel to the right. There are two vectors represented in the figure; one of them is 
the velocity vector of the nose wheel, while the other one is the velocity vector of the CG. The latter  is 
illustrated just to give a physical sense. 
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Figure 5: Lateral ground reaction principle 
 
 
The same principle is valid for the MLG’s only that their deflection is only a result of external forces. 
 
 
2.4.1.4 Longitudinal forces 
The ground reaction contributes the following three longitudinal forces to the AC:  
 

• Rolling friction (resistance for the wheel to roll in its own direction) 
• Ground friction 
• Traction friction (braking) 

 
 

 
Figure 6: Sources of friction 

 
 
 
 
 
 
2.4.1.5 Brake force 
Only the main gears have brakes. The brake force is derived from the hydraulic system to the brake blocks and 
further to the brake discs which creates a negative torque on the wheels. This torque is added up with the rolling 
friction acting through the axis on the wheel and the moment created by the ground friction. Together with the 
wheel dynamics (inertia) this will result in a certain rotation speed for the wheels, together with the velocity 
vector the skid (β) is determined and then the table for ground friction is used in order to determine the forces 
from ground. Together with the aero and thrust forces a new velocity is then calculated.  
 
 
2.4.1.6 Conclusion 
The ground reaction model is very detailed and takes many effects into account. The most important information 
for this project might be how the lateral ground friction coefficient depends on the relative skid called β, since it 
tells how much lateral force can be imposed by turning the NW with a certain angle, and thereby how effective 
the steering is. These coefficients depend very much on the weather (see technical report Thales). Unfortunately 
the weather is hard to measure in order to adapt the CL for it. Since the requirements for CAT IIIb only demands 
performance during dry or wet weather conditions the most adverse conditions which are giving the lowest 
friction coefficients don’t have to be considered. However, the difference between a dry and a wet runway is 
significant.  
 

2.4.2 System Architecture 
Modern flight control systems are complex and include many subsystems. This subchapter aims to first give a 
general overview and then to demonstrate the architecture of the AC concerned. The general principle is 
illustrated in Figure 7 below. The guidance target is determined by either the FMS, Flight Management System, 
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or directly by the pilot through the FCU, Flight Control Unit. The FMS makes it possible for the pilot to define 
sequences of modes in a predefined trajectory. In the FCU the pilot can only activate the modes one by one, for 
example a certain speed at a certain altitude with a certain lateral navigation direction, by using the modes: 
SPEED, ALT and LNAV. However, the APP3 mode permitting CAT III landing is only accessible through the 
FCU.  
 
The guidance target (ex: speed, altitude, slope angle) will be the input to the AP outer loop (OL) which normally 
is called Auto Pilot. The control target (ex: vertical acceleration, bank angle) is calculated of the OL as function 
of the guidance target. The control target will thereafter go through the AP inner loop, which is normally the Fly-
By-Wire System (FBW). The FBW then translates this target to orders to the control surfaces e.g. ailerons, 
rudder, elevators. 
 

 
Figure 7: General auto flight architecture 

 
The FBW is always active and it ensures that the AC performs as expected by decoupling commands from 
secondary effects. For example, when the pilot pulls the control stick to the side, it is to give the AC a roll, the 
secondary effect is that the AC’s nose is also going to fall down a bit and the FBW will therefore counteract with 
the rudder to prevent this. Other typical functions exist to prevent the AC from violent behavior, for example: 
 

• Command limiters 
• Rate limiters 
• Speed/angle protections  
• Attitude dampers 

 
The purpose for all these functions is to make the flight safer, more predictable for the pilots and more 
comfortable for the passengers. Figure 8 below illustrates how all commands to the control surfaces goes by the 
FBW in this AC. One thing is interesting to notice, the NW command does not go through the FBW, neither can 
it be controlled by the AP. 
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Figure 8: Command architecture of AC 

 
2.4.2.1 FBW 
The FBW can be said to have “the last word” at giving commands to the actuators. This is why it is so important 
to analyze. Without knowing how the FBW works, it is impossible to know what command needs to be given by 
the AP to obtain a certain actuator position. The first step is to find flags associated with landing (ex. Touch 
down-flags and low radio altitude-flags) and how this will affect the FBW system. The second thing is to see if 
there are any functions in the FBW that might counteract the command eventually given by the ROLLOUT 
control law. This concerns the deflection surfaces: elevators, THS, rudder, ailerons and MFS GS. Surfaces as 
flaps and slats are not concerned and are controlled directly by the pilot. The main architecture of the FBW or 
the Primary Flight Control Unit, PFCU, as it also is called, is illustrated below in Figure 9. The inputs, outputs 
and the connections between the blocks are strongly schematized. First measurements and control commands are 
filtered and then dynamic coefficients for gain scheduling are calculated. These are normally functions of TAS, 
CAS, Mach, and the flap or slat deflections. 
 

 
Figure 9: Inner FBW architecture 

  



 

Toulouse September-2011 16 

 
 
 
2.4.2.2 Nose Wheel Steering 
As noticed earlier in this chapter, there is no link between the nose wheel steering and the flight command 
system. The nose wheel is controlled by a local regulator. The NW can either be controlled with the hand wheel, 
the pedals or both, depending on which mode is active in the regulator. The regulator determines current mode 
and assures the NW deflection. A Simulink model is done in order to analyze the dynamics of the NW steering. 
Particularly important is to know the delay which is determined by giving a ramp signal as input. 
 

2.4.3 External System Changes 
 
2.4.3.1 Intro 
Since the AP is a calculator (computer), changes or extensions can relatively easily be conducted in it. However, 
due to a desired nose wheel command by the AP and changes in the dynamics due to ground effects some 
changes have to be done.  
 
2.4.3.2 FBW 
See [1] Technical Report Thales. 
 
 
2.4.3.3 Auto Brake 
No auto brake system is defined in this model and in order to simulate a landing it is necessary to have ha 
Autobrake system. For the certification desired (CAT IIIb with no decision height) an anti skid system is also 
needed. This is however not developed at this stage. 
 
2.4.3.4 Nose Wheel Steering 
As have been mentioned, there is no connection between the local NW command box and the automatic flight 
control systems. Such a connection must be implemented by the manufacturer. This can be done either through 
the FWB or directly through the AP. During the development this kind of connections can easily be made in 
Simulink and no bypassing the FBW is made. See new architecture in Figure 10. 
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Figure 10: New architecture 

 
 

3 Method 
 

3.1 Overview 
To model a commercial aircraft in flight is a complicated but feasible thing. The main reason to the feasibility is 
that subsonic aerodynamics is very well studied and since commercial aircrafts also are supposed to make slow 
changes in attitude and speed certain linearizations are possible. However, to model an aircraft during landing is 
harder; partly because the AC will be affected by both aerodynamic and ground reaction forces. Imagine for 
example the dynamics at the moment of touch down; it is a violent transition where sudden friction and reaction 
forces are followed by a rapid change in AoA and pitch until the AC has all wheels on ground. Additionally, the 
forces will not be the same during the whole rollout since the aircraft is decelerating.  
 
A linear model will first be derived. This model will help us to understand the nature of the dynamics of the 
system and how linear or non linear it is. If the linear model well represents the non linear model it will be 
possible to draw conclusions on how different parameters affect the dynamics of the system. When this is done, 
a suitable regulator is developed for implementation in the current AP in the non linear model. 
 
Note that the linear model derived in next chapter only includes the rollout phase, i.e. when the AC has all 
wheels on ground.  
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3.2 Linear Model 
 

3.2.1 Equations of motion 
The coordinate system used is fixed to the AC as in Figure 11, where (p,q,r) are the angle rates [rd/s] around 
each axis. 

 
Figure 11: AC coordinates 

 
 
We depart from the equations of motion for a 6 degrees of freedom rigid body which is 
 

𝐹� = 𝑚 ∙ �
𝜕𝑉�
𝜕𝑡

+ Ω� × (𝑉)� 

Equation 2 
 
 

𝑀� =
𝜕(𝐼 ⋅ Ω�)
𝜕𝑡

+ Ω� × (𝐼 ⋅ Ω�) 
Equation 3 

 
where the angular rate- and the velocity vectors are given by 
 

𝛺� = �
𝑝
𝑞
𝑟
� 

 
Equation 4 

 
 

V� = �
𝑉𝑥
𝑉𝑦
𝑉𝑧
� 

Equation 5 
 
Here p is the roll rate, q is the pitch rate and r is the yaw rate [rd/s]. The inertia tensor due to symmetry is 
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𝐼 = �
𝐼𝑥𝑥 0 𝐼𝑥𝑧
0 𝐼𝑦𝑦 0
𝐼𝑥𝑧 0 𝐼𝑧𝑧

� 

 
Equation 6 

 
 
Equation 2 leads to 
 

𝑉�̇ = �
𝑉�̇�
𝑉�̇�
𝑉�̇�

� =  

⎣
⎢
⎢
⎢
⎢
⎡
𝐹𝑥
𝑚
− 𝑞𝑉𝑧 + 𝑟𝑉𝑦

𝐹𝑦
𝑚
− 𝑟𝑉𝑥 + 𝑝𝑉𝑧

𝐹𝑧
𝑚
− 𝑝𝑉𝑦 + 𝑞𝑉𝑥⎦

⎥
⎥
⎥
⎥
⎤

 

 
Equation 7 

 
 
In order to get a linear model, some of these variables must be neglected and since the goal is to keep the plane 
on the right track on the runway it is obvious that both the yaw rate (r) and the lateral speed (Vy) must remain. 
Since there must be a control law assuring stability in roll and the pitch, p and q are supposed to be zero. The 
latter also makes it possible to eliminate the vertical speed (Vz). To get a completely linear model Vx must be 
assumed constant and therefore the longitudinal force Fx is put to zero. By contrast to the other simplifications 
this one violates strongly the hypothesis since the plane has to brake during the rollout. How big this violation is 
we will see when comparing the results with the non linear simulation. The remaining equation for the forces on 
the body is then 

 

 

𝑉�̇� =
𝐹𝑦
𝑚 − 𝑟𝑉𝑥 

 
Equation 8 

 
 
The next step is to solve the equations for the moments, Equation 3, and in order to write it in a state space 
model it is necessary to solve out the derivatives first.  
 

𝜕Ω�
𝜕𝑡

= 𝐼−1�𝑀� − Ω� × (𝐼 ⋅ Ω�)� 
Equation 9 

 
 
With the previous assumptions made in this chapter we now have the two following relations 
 

�̇� = 𝐼𝑧𝑧−1 ∙ 𝑀 
 

Equation 10 
 

𝑉�̇� =
𝐹𝑦
𝑚
− 𝑟𝑉𝑥 

Equation 11 
where M is the moment around the Z-axis. 
 



 

Toulouse September-2011 20 

 
 
 
 
 
 

3.2.2 State Space 
The forces and moments are then considered as effects of ground reaction and aerodynamic reaction superposed 
as 
  

AEROGR

AERO
y

GR
yy

MMM

FFF

+=

+=
 

Equation 12 
 
When these forces are calculated separately the state space model is directly obtained by implementing them into 
Equation 10 and Equation 11. With the two lateral commands θNW (NW deflection) and δn (rudder deflection) a 
state space model on the form as in Equation 13 is obtained.  
 
 

�
�̇�
�̇�𝑦
� = �𝐴11 𝐴12

𝐴21 𝐴22
� �
𝑟
𝑉𝑦� + �𝐵11 𝐵12

𝐵21 𝐵22
� � 𝛿𝑛𝜃𝑁𝑊

� 

Equation 13 
 
  

3.2.3 Analysis of Linear model 
The best way to analyze the linear model is to compare it to the non linear model. In Figure 12 the results of 
simulating these two models (open loop) at the same time is made. The AC has a speed of 140 kn which is near 
the speed at touch down, a very high speed in other words. The command given is 0.5 deg deflection of the 
rudder while the nose wheel is fix. 
 
The initial response (derivative) corresponds well for all variables and the dynamic is almost the same for the 
both simulations during the first 50 seconds. We can see that the AC skidding is quite over estimated for the 
linear model. This is better than the opposite since we want it to be as small as possible for all desired commands 
in yaw. 
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Figure 12: Open Loop response to 0.5 deg rudder deflection 

 

3.3 Control Law 
 
The control law is the algorithm which ensures that the aircraft performs the rollout in the desired manner. 
As already mentioned, this is not part of this report but part of [1] Technical Report Thales. 
 
 

4  Non Linear Implementation 
 

4.1 Modifications 
 

4.1.1 General oversight 
The figure below shows the main architecture of the system. To the left in the light blue block is the AC, its 
sensors, the FBW and other systems. In the turquoise block is the AFCS which contains classical auto flight 
modes as: GS, SPEED, LNAV etc. The green block to the right named FLARE controls the FLARE mode. The 
third AP block ROLLOUT is new. It mainly does two things: performs the rollout and decelerates the AC. 
Changes have also been done in the block FLARE in order to put down the nose wheel after touch down. 
Detailed information on these changes can be found in [1] Technical Report Thales. 
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Figure 13: Model Architecture 

 
 

4.1.2 ROLLOUT 
This block has the following components: 
 

• ROLLOUT activation 
• Outer loop for yaw 
• Inner loop for yaw 
• Autobrake 
• Roll control 
• NW model for deflection estimation  

 
 

4.1.3 AC 
 
4.1.3.1 Interface 
Since the new feature of the autopilot contains different inputs and outputs than the original autopilot the 
interface between the AP and the aircraft must be modified. What these changes are, is defined in [1] Technical 
Report Thales. A new output is for example the nose wheel steering command. 
 
 
4.1.3.2 FBW 
See [1] Technical Report Thales 
 
 

4.1.4 FLARE 
The necessary pitch down control law is unlike the other AP features placed in the FLARE box. This seems 
convenient since it is a control for the vertical movement of the AC. See Technical report Thales. 
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4.2 Results/Simulations 
 

4.2.1 Overview 
We are now going to see what results the developed CL gives when implemented in the NL model. However, it 
could be interesting to not just look at the Nominal Flight Case but to change some other variables one at a time 
just to see how the system will react and how robust the CL is. The following cases are considered to be the most 
interesting and are therefore going to be studied: 
 

• Nominal 
• Maximum Take Off Weight 
• Minimal Landing Weight 
• RW contaminated WET 
• RW contaminated WET + adapted control law 

 
Only qualitative results for the nominal flight case is presented in this report. 
 

4.2.2 Nominal Flight Case Results 
The nominal flight case is the flight case for which the control law is designed; therefore all other masses and 
center of gravities is probable to result in degraded performance when the same external conditions are applied. 
 
In Figure 14 below the curb represents the trajectory of the center of gravity of the AC and the dashed line is the 
RW centerline. On the x-axis 0 m symbolizes the runway threshold. The first dot to the left is the point where the 
aircraft starts to align itself with the RW and compensates this with a certain bank angle. The aircraft then glides 
with the wind before the touchdown (the dot in the middle). A certain correction immediately occurs and the AC 
follows the direction of the main landing gears until the nose wheel is also on the ground (NW TD). Interesting 
here is that the aircraft goes upstream the wind from that moment before falling back more heavily. The 
authorities only tolerate a minor overshoot and that the aircraft is more or less on the runway centerline well 
before taxi speed (40 kt).   
 

 
Figure 14: RW trajectory nominal case 
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5  Visual Demonstration 
 
The visual demonstration is an essential part of this project which aims to show the overall functionality of a 
complete CAT IIIb landing. In order to do so the three following functions have been developed: 
 

• FMA, Auto Flight Mode Annunciation 
• PFD, Primary Flight Display 
• Flight Simulator Video 

 
 

5.1 FMA 
 
The FMA, see Figure 15, informs the pilot of which modes are active and which modes are armed. This is an 
essential feature in order to help the pilot monitor the flight. The display is divided in four columns where the 
first from the left indicates the speed mode for example SPEED or MACH hold. The second is for the lateral 
modes, navigating the aircraft in the lateral plane, such as LOC and LNAV. The third is the flight procedure 
which comprehends modes for a certain procedure such as AT, Auto Throttle, and APP, Approach or if simply 
the Autopilot is on, indicated AP. 
 

 
Figure 15: FMA display 

 
Green text indicates that the mode is active and light blue text indicates that the mode is the next to be active 
when a certain condition is met.  
 
The idea is to reuse the FMA developed for CAT IIIa and extend it to a CAT IIIb landing procedure. 
 

5.2 PFD 
 
The PFD is maybe the most important instrument for the pilot. It displays data as CAS and altitude and shows 
the inclination of the AC  in relation to the horizon. It can also show the control target from the AP. During the 
ROLLOUT  mode such a control target would correspond a yaw-bar (see Figure 16) indicating to orders given 
by the AP to the rudder or/and the nose wheel. The corresponding action of the pilot for this is pushing the 
pedals which is proportional to the change in yaw rate. This is why the yaw-bar position is proportional to the 
yaw rate consign rc. This feature is not demanded by the certification authorities but it gives the pilot important 
information about the actions of the AP. 
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Figure 16: PFD 

 
 
 

5.3 Flight Simulator Implementation 
 
The flight simulator used is X-Plane, developed by Laminar Research. This flight simulator is convenient for 
this type of implementation since it contains a tool where it is possible to upload a recorded flight. A vast 
number of parameters can be simulated: 
 

• Position: Longitude, Latitude and Altitude 
• Attitude : Roll, Pitch and Yaw 
• Surface positions 
• Data input to the cockpit 
• … 

 
In this case we are just interested in the first two since the FMA and the PFD are already developed.  
 
The simulation in Matlab/Simulink gives the position of the aircraft in Euclidian (X,Y,Z) coordinates while X-
Plane require cylindrical coordinates (Long, Lat, Alt). The problem with such coordinates is that the distance for 
1°  Long depends on the lateral position. Figure 17 illustrates this problem. 
 
 

 
Figure 17: Long/Lat earth coordinated 

 

5.4 Complete Demonstrator  
 
Figure 18 below shows a snapshot of the video with also the displays implemented. The AC has just touched 
ground with the MLG’s and the yaw-bar is appearing in the PFD (top left). The FMA (low left) indicates that the 
AP mode ROLLOUT is active. 
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Figure 18: Video snapshot 

6 Conclusion 
 
 

6.1 Technical evaluation 
 
To evaluate the results of this work one must remember the objective which was to investigate the possibility to 
extend the CAT IIIa certified aircraft to a CAT IIIb certification, to propose a CL for this and make a 
demonstrator. Certain modifications of the system have been made and a control law has been implemented. 
Some of these modifications will in the real aircraft be physical (wires which have to drawn etc.) and other 
modifications are in software. This CL prototype has shown both qualities and drawbacks. Positive is for 
example that the maximal deviation from the RW centerline is rather modest and that the relatively slow and 
controlled behavior in the nominal flight case. However, there is not only one considerable overshoot but two. 
Simulations have shown that the AC normally makes one overshoot directly after touch down and then a bigger 
one before slowly converging. This part has to be improved.  
 
The following points contains some general thoughts about the CL:  
  

• Another landing procedure just before touch down could improve the initial rollout performance but it 
could also impose heavy loads on the MLG’s. 

 
• As seen in the simulations, when the AC mass is very low the lateral control law over-compensates the 

commands to the NW and the rudder. The reason is that the inner loop overestimates the moment 
required to obtain a certain acceleration in yaw. Neither does the roll control manage to keep the bank 
angle at around zero as required. 

  
• Since the data for the deviation from the runway centerline does not come from a localizer model but is 

the real value from the simulation, dynamics are neglected. This means that the simulation results are 
too optimistic. How much influence this has on the performance of the system is hard to say, but such a 
model should be implemented as soon as possible in order to have an answer to that.  

 
• Since the mass, center of gravity and inertia are not measurable and a classical control law like the one 

synthesized here is not adaptive for parametrical changes the law must be optimized to work as good as 
possible for all configurations. 
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This control law prototype gives a good understanding of some of what may be the problems when developing a 
control law for rollout. Simulations for statistical purpose have however not been done since the CL needs 
considerable improvements in order to handle other flight cases than the nominal.  
 
 
The demonstrator makes it possible for someone who is less familiar with flight mechanics to get an idea of the 
CAT IIIb procedure and which are the difficulties in making an auto land for it. It clearly shows the alignment 
and flare some 30ft over the ground at the same time as corresponding information in the FMA is showed. This 
is good in both internal and customer purpose. 
 
 
 

6.2 Internship evaluation 
 
The education at SUPAERO has been of great value during this internship. As a result of the aeronautical culture 
and focus of the courses the technical integration at THALES has not been hard. In a domain as the aeronautical 
where many professionals are very passionate about their work I think some kind of aeronautical background is 
necessary. 
 
It has been very interesting to be working in this team during these 6 months. With both aircraft and helicopter 
manufacturers as clients the technical knowledge is vast and I have learned many different things. One of the 
things I have appreciated the most is the team meetings and special technical meetings I have had opportunity to 
participate in.  
  
The most difficulty was met in the beginning of the internship when I did the system analysis. The Simulink 
model was big and very complex. Non commented source code containing iterative calculations had to be 
analyzed. This took a lot of time and it was often hard to know which parts were of essence and which were not. 
However, this has been a very good training in analyzing things in detail and at the same time keeping the final 
goal and the big picture in mind. This is also what I have liked the most about my internship. to do something 
very technical and at the same time consider external factors. The certification requirements for example are not 
always easy to understand and know how to use. This have been some of an intellectual training. The other non 
technical factor is the business aspect which is always present since there are customer relations directly with the 
team. 
 
This internship has given me experiences I will have use of in any future domain. The people I have worked with 
and the professionalism in their work have really inspired me and I am very glad I had the chance to do this 
internship. 
 
Carl-Adam WAHLSTEDT 
 
22 September 2011 
Toulouse 
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7 Abbreviations 
 
AC: Air Craft 
AH: Alert Height 
AoA: Angle of Attack 
AFCS: Auto Flight Control System 
AP: Auto Pilot 
CAS: Calibrated Airspeed 
CG: Center of Gravity 
CL : Control Law 
DH: Decision Height 
FBW: Fly By Wire 
FCU: Flight Control Unit 
FMS: Flight Management System 
GS: Glide Slope 
HW(1,2).Hand Wheel, cockpit steering wheel used by the pilot (1) and the co-pilot (2) to command the NW 
IL: Inner Loop 
kn: knots 
LG: Landing Gear 
MAC: Mean Aerodynamic Cord 
MFS GS: Multi Function Spoiler & Ground Spoiler 
MLG: Main Landing Gear 
MTOW: Maximal Take Off Weight 
MLW: Maximal Landing Weight 
NW: Nose Wheel 
OL: Outer Loop 
TD: Touch Down 
THS: Horizontal Trim  
VTAS: True Air Speed 
WOW: Weight On Wheel 
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