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ABSTRACT 

During the last few years, several concepts 

concerning the delegation to commercial aircraft 

flight crew of some tasks currently performed by the 

air traffic controllers have emerged [3]. Among 

these new ideas, relative guidance has appeared to 

be of some interest to contribute to the 

enhancement of air traffic capacity [1] though it 

rises hard technical challenges. Indeed, this kind of 

maneuver appears difficult to perform manually, 

and may induce an excessive increase of the flight 

crew workload, thus requiring a new on-board 

automated function, as suggested in [7]. This paper 

investigates the design of an autopilot mode 

dedicated to the trailing aircraft  for merging and 

maintaining station keeping behind a leading 

aircraft. The investigated approach is based on 

feedback linearization control. We use a new form 

of relative position error which results in a 

singularity free stabilizing controller. Moreover, we 

take explicitly into account the separation between 

the two aircraft in order to safely manage the 

maneuver. Some properties of such a controller are 

also discussed on the basis of a case study 

including wind.  

INTRODUCTION 
The anticipat ed traffic increase in air traffic 

encourages the design of new strategies to increase 

air traffic control capacity significantly while at the 

same time enhancing safety and flight efficiency.  

So as to meet this challenge, new concepts such as 

the delegat ion to the flight crew of some tasks 

presently performed by air traffic controllers have 

emerged during the last few years [1]. 

A subset of this delegation concept is related to 

relative guidance of aircraft. This concept is 

supported by the European air traffic control 

agency. Indeed the objective of the ‘Enhanced 

Sequencing and merging operations’, which is one 

of the applications described in [3], is to redistribute 

tasks related to sequencing and merging traffic 

between the controllers and the flight crews. In en-

route airspace and terminal area in a radar 

environment, the controller will be provided with a 

new set of instructions directing, for example, the 

flight crews to establish and to maintain a given 

time or distance from a designated aircraft. 

The main challenge for the aircraft relative 

guidance concept is to enhance air traffic capacity 

by decreasing air traffic controller workload while 

at the same time preventing flight crew workload 

increase. To achieve these goals, new automated 

functions onboard aircraft must be developed; 

indeed, nowadays no automatic control mode is 

available on -board civil aircraft to perform this 

task. 

Recent studies have investigated related problems 

for Unmanned Air Vehicles (UAV) and military 

aircraft. In [4] and [10], the control system was 

designed on a linearized model, whereas in [8] the 

proposed feedback linearizing control law exhibits 

a singular point when the desired relative position is 

zero which may result in infinitely large inputs. On 

the other hand, research for civil aircraft in this area 

is in its initial stage: in [1] station keeping is 

performed manually by the flight deck, whereas in 

[6] and [11] the authors consider a proportional, 

integral, and derivative (PID) control to control 

longitudinal station keeping. But very few papers 

concentrates on the automatic control of the 

merging maneuver before maintaining the desired 

position behind the leading aircraft. Indeed, the 

merging maneuver exhibits large nonlinearities 

which can not be handled by linearization. In [9], 

two approaches based on nonlinear control are 

presented: the first one is based on feedback 

linearizing control, whereas the second one is based 
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on optimal control, but for both of them the 

separation between the two aircraft has not been 

taken explicitly into account during the design 

process. This may result in a loss of separation 

between the two aircraft during the merging 

maneuver. 

In this context, this paper focuses on the design of a 

nonlinear controller which enable an aircraft to 

perform merging maneuvers and to maintain station 

keeping behind a designated aircraft. The 

investigated approach is based on feedback 

linearizing control. Such a control is applied to a 

new expression of relative position error. The 

interest of this new approach is that it results in a 

singularity free stabilizing controller. Moreover, it 

takes explicitly into account the separation between 

the two aircraft to safely manage the maneuver. 

The relative guidance controller is confined in the 

horizontal plane. It provides reference values to the 

airspeed hold and heading hold autopilots. As 

others decoupled autopilot functions are available 

for the motion in the vertical plane, the flight crew 

remains free to manoeuvre in the vertical plane in 

case of unexpected situations. 

The paper is organized as follows: in the 

preliminary section, reference frame and aircraft 

model are introduced. This leads to the nonlinear 

state space representation which is used in this 

paper. The subsequent section presents the design 

of the feedback linearizing controller. Then, some 

properties of such a controller are also discussed on 

the basis of a case study including wind. Finally, 

conclusions are raised. 

PRELIMINARIES 

REFERENCE FRAME 

In the following, the along track distance, denoted 

TK, is aligned with the trailing aircraft ground 

speed vector, whereas the cross track distance, 

denoted XTK, is the right handed positive distance 

from the trailing to the leading aircraft. The heading 

angle of the trailing aircraft is denoted by ψ , its 

airspeed by V. Subscript L is added for all variables 

related to the leading aircraft. Since wind is 

considered is this paper, the track angle of the 

trailing aircraft is denoted by χ. 

Assuming that the earth is flat and non-rotating, it 

may be considered as an inertial frame. The track 

angle χ is the direction followed by the aircraft with 

respect to this inertial frame, whereas the heading 

angle ψ  is the direction followed by the aircraft 

with respect to the air. When there is no wind (i.e. 

Wx=Wy=0), those angles are equal.  
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Figure 1 Reference frame 

From Figure 1, the inertial position dynamics of the 

trailing aircraft are given by: 

( )
( )




+⋅=
+⋅=

y

x

WVy

WVx

ψ
ψ

cos

sin

&

&
 

( 1) 

Where {Wx, Wy} are the wind components 

expressed in the inertial frame, and γ the flight path 

angle of the aircraft.  

Denoting by ψ w the wind direction and W its 

velocity, and taking into account that the wind 

direction is the direction from  where the wind is 

blowing (so ψW  is zero if the wind is blowing from  

the North), the following relation holds: 
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(2 ) 

AIRCRAFT DYNAMICS 

The trailing aircraft is sup posed to fly in a fully 

coordinated fashion, i.e. the side-slip angle is 

always zero (airspeed and fuselage have the same 

direction). 

Furthermore it is assumed that the following two 

decoupled autopilot functions are available onboard 

the trailing aircraft. These decoupled functions 

assume coordination between throttle, aileron and 

rudder, as in many modern jets. 

• The airspeed hold autopilot controls the 

conventional airspeed V without affecting the 

aircraft’s altitude. Denoting by Vc the controlled 

airspeed, the airspeed dynamics may be modeled as 
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a first order system for the purpose of control 

design: 

V

c
VV

V
τ
−

=&  
(3 ) 

• The heading hold autopilot controls the 

heading ψ without affecting the aircraft’s airspeed. 

Heading is assumed to be controlled by the bank 

angle ϕ. For small bank angle and loading factors, 

the following relation between heading rate and 

bank angle holds, where g is the acceleration of 

gravity, ϕ the bank angle and V the actual airspeed: 

V

g ϕψ ⋅=&  
(4 ) 

Denoting by ϕc the controlled bank angle, the bank 

angle dynamics may be modeled as a first order for 

the purpose of control design: 

ϕτ
ϕϕ

ϕ
−

= c&  
(5 ) 

These first-order models for airspeed and bank 

angle dynamics are usually considered as good 

models for inner loops flight dynamics [10]. 

RELATIVE POSITION KIN EMATICS  

In the following, ρ denotes the (horizontal) range 

between the leading and the trailing aircraft, and µ 

the relative bearing between those aircrafts. From 

Figure 1, they are related to the inertial positions: 

( )
( )




⋅−=
⋅−=

µρ
µρ

cos

sin

L

L

yy

xx
 

(6 ) 

Range and relative bearing are of direct interest for 

the achievement of safe relative guidance. In 

addition, they could be derived from the TCAS
1
 

surveillance or from future Automatic Dependent 

Surveillance Broadcast (ADS-B) systems [2]. 

Taking into account ( 1) and assuming the same 

wind for the two aircraft, the time derivative of  

(6 ) leads to: 

( ) ( )
( ) ( )




−−−=
−−−=

µψµψµρ
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coscos

VV

VV
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(7 ) 

Conversely, range and relative bearing can be 

derived from to the along track distance TK and the 

cross track distance XTK by (see Figure 1): 
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(8 ) 

The preceding relationships are useful to translate 

the objectives manipulated by air traffic controller 

and pilots (i.e. merge 5 NM behind, 1 NM left) into 

variables manipulated by the controller.  

STATE SPACE REPRESENTATION 

Gathering (3 ), (4 ) and (7 ) leads to the following 

state space representation of the relative guidance 

kinematics, where u denotes the control vector and 

x the state vector: 

( ) ( )
[ ]
[ ]





=

=

+=

T

c

T
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Vx

uxgxfx

ϕ
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&

 

(9 ) 

This state space representation declares exogenous 

the heading ψL and the velocity VL of the leading 

aircraft. Indeed, those variables can be made 

available thanks to air/air data communications. 

The dynamics (5 ) of the controlled bank angle ϕc  

are not taken into account since they are much 

faster than the relative position dynamics; 

nevertheless, they are taken into account during 

simulation s. 

The proposed control scheme is presented hereafter: 
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Figure 2 Block diagram of the relative 

guidance control system 

The purpose of the next section is to design the 

relative guidance controller so that the controlled 

variables Vc and ϕc allows the trailing aircraft to 

reach the desired position relatively to the leading 

aircraft. 
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RELATIVE GUIDANCE CONTROLLER 

DESIGN 

RELATIVE POSITION ERROR 

In this section, we derive a new form of the relative 

position error which takes explicitly into account 

the separation between the two aircraft in order to 

safely manage the maneuver. Moreover, it results in 

a singularity free stabilizing controller. 

The relative position error, or output vector, is 

chosen as follows: 

( )











⋅== ∫

µ

µ
µρ

ρ

0

d
xhy  

(10 ) 

From a practical point of view, ρ&  is the 

convergence velocity and µρ &  the normal relative 

velocity. 

The first derivative of (10 ) leads to (7 ), whereas 

the second derivative leads to: 
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(12 ) 
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FEEDBACK LINEARIZING CONTROL 

The feedback linearizing technique [5] consists in 

computing a control law that compensates the 

nonlinearities of the system to enforce linear 

dynamics to its outputs. A relative degree is 

determined from the affine representation for each 

output variable : this relative degree  fixes the order 

which can be assigned to the output dynamics.  

As the rank of the matrix ∆(x) defined in (13 ) is 

always 2 and presents no singularity in the state 

space, there is no inner dynamic. So, it results in a 

singularity free stabilizing controller and the output 

dynamics can be chosen without damage for the 

overall stability of the system. Inverting (13 ) leads 

to the following general non linear control law: 

( ) ( )( ) ( ) ( )xlyxxyxu +∆=∆−∆= −−
&&&&

1

0

1  (14 ) 
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(16 ) 

For the derivation of the feedback linearizing 

controller, let us select the following dynamics of 

the output vector: 

( )
( )
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(17 ) 

Where ξρ,  wρ, ξµ  and wµ are positive numbers, and 

ρd and µd respectively the desired range and relative 

bearing derived from the desired along track and 

cross track distances thanks to (8 ). 

From a practical point of view, the choice of  a 

faster dynamics for the normal relative velocity 

compared to the convergence velocity (i.e. 

22
11 ρρµµ ξξ −>>− ww ) allows to neglect ρ&  in 

the expression of µρµρ &&&& + : so, the second 

equation of (17 ) can be viewed as a way to settle 

the dynamics of the relative bearing µ, whereas the 

first equation of (17 ) settles the dynamics of the 

range ρ . 

The control law is then given by inserting (17 ) into 

(14 ). After that, the inputs (i.e. the controlled bank 

angle and airspeed) of the relative guidance 

controller are limited at the follow ing ‘safe’ values: 





≤≤
+≤≤−

maxmin

maxmax

VVV
c

c ϕϕϕ
 

(18 ) 

CASE STUDY 

SCENARIO 

In this section, a scenario is designed in order to 

evaluate the properties of the control laws 

previously designed. 

The leading aircraft starts at x0 = 0 NM, y0 = 0 NM, 

with initial conventional airspeed and heading of 

240 kts and 90 degrees respectively. It is supposed 

to broadcast its data every second. 

The controlled bank angle of the leading aircraft is 

always zero, except between 600 sec and 630 sec 
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where the leader changes its heading by about 50 

degrees through a 20 degrees controlled bank angle. 

The controlled conventional airspeed of the leading 

aircraft is first set at 240 kts for t ≤ 300 sec, then is 

set to 190 kts. 

The trailing aircraft starts at x0 = +8NM, y 0 = -8NM, 

with initial conventional airspeed and heading of 

240 kts and 0 degrees respectively. 

The simulation period lasts 15 min (900 sec), and 

the requested separation for the trailing aircraft 

remains constant and equal to 5 NM behind the 

leading aircraft. 

The whole maneuver is supposed to take place 

within a wind of 20 kts blowing from North; 

furthermore, both aircraft are assumed to fly at 

FL80. 

During the maneuver, the inputs (i.e. the controlled 

bank angle and airspeed) of the relative guidance 

controller  are limited at the following ‘safe’ values: 





≤≤
+≤≤−
ktsVkts

c

c

250170

.deg20.deg20 ϕ
 

(19 ) 

The time constants τV and τϕ of the airspeed and 

heading hold autopilot are set to the following  

values: 





=
=

sec5

sec40

ϕτ
τV

 
(20 ) 

The values of the constants defining the output 

vector dynamics have been chosen as follows: 
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(21 ) 

RESULTS  

The scenario has been constructed such as no 

control of the trailing aircraft trajectory will result 

in a minimum range between the two aircraft equals 

to zero. 

The movement of the leading and trailing aircraft in 

the horizontal plane are shown in Figure 3. The 

curvature of the trajectory at the beginning of the 

encounter comes from the saturation of the 

controlled outputs. It clearly shows the tendency of 

the controller to ensure separation between the two 

aircr aft. 

 

Figure 3 Movement of the trailing aircraft in 

the horizontal plane (axes in NM) 

The evolution in the actual range between the 

leading and the trailing aircraft is shown in Figure 

4. As intended, the slant range tends to the desired 5 

NM. Furthermore, the controller tends to stick to 

that desired value despite the changes in leading 

aircraft heading and airspeed. This is an 

encouraging behaviour from the robustness point of 

view. 

 

Figure 4 Actual range (in NM) between the 

leading and the trailing aircraft as a 

function of time (in sec) 

Figure 5 and Figure 6 show respectively the 

evolution of controlled and actual conventional 

airspeed and bank angle: 
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Figure 5  Controlled and actual airspeed (in 

kts) as a function of time (in sec) 

 

Figure 6  Controlled and actual  bank angle (in 

degrees) as a function of time (in sec) 

The last figure shows that neglecting the bank angle 

dynamics during the design of the controller does 

not have a significant impact: indeed, it just slightly 

delays the actual bank angle. 

Finally, the load factor as a function of time in 

represented in the following figure: it shows that 

the maneuver remains quite comfortable for 

passengers: 

 

 

 

Figure 7  Load factor as a function of time (in 

sec) 

Note : The load factor has been computed as 

follows: 
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(22 ) 

CONCLUSION 
In this paper, the design of a controller to perform 

relative guidance maneuver from a designated 

aircraft has been considered. 

The proposed approach relies on feedback 

linearizing control. The proposed design is based on 

a new form of relative position error which results 

in a singularity free stabilizing controller. 

Moreover, we take explicitly into account the 

separation between the two aircraft in order to 

safely manage the maneuver. 

The paper has focused on a separation objective 

expressed in terms of distance. Nevertheless, some 

simulations have shown the interest to express the 

separation objective in terms of delay [1]. So, 

provided that the delay criteria is translated into a 

separation objective, the proposed control design 

approach can be easily extended to this case. 

This ap proach appears quite interesting. It deserves 

further studies, especially on the robustness of such 

a controller to noisy data from the leading aircraft 

and to gust of wind. In addition, a special attention 

will be given on neglected dynamics.  

Actual airspeed 

Controlled airspeed 
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