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The delegation to the flight crew of some tasks currently performed by air traffic
controllers provides new perspectives to potentially increase air traffic control efficiency.
More specifically, the task of establishing properly spaced landing sequences is very
demanding in heavy traffic conditions for the air traffic controllers in charge of the terminal
maneuvering area. Automatic merging and station keeping operations could relieve air
traffic controller of providing time consuming radar vectoring instructions. The objective of
this communication is to provide technical insight into the airborne devices and algorithms
which may be used onboard aircraft to automatically achieve a specified distance or delay
with respect to another aircraft at a specified meter fix. A nonlinear control law based on
sliding mode control is proposed to control the lateral motion of the trailing aircraft. The
design is followed by two illustrative examples which show the effectiveness of the proposed
approach.

I.

Introduction

T

HE main task of air traffic controllers managing terminal traffic is to sequence, merge and space aircraft for
landing. An example of typical flight path for
arriving aircraft at an airport is depicted in Figure 1.
When aircraft cross the meter fixes, the following
aircraft must be spaced at a prescribed minimum
distance behind. Indeed, aircraft shall always be
protected at least from wake turbulence generated by
others aircraft. The minimum wake turbulence
Meter fix 1
separation adopted by the civil aviation authorities
depends upon the maximum takeoff weights of the
aircraft involved 1.
The task of establishing properly spaced landing
sequences is very demanding in heavy traffic
Meter fix 2
conditions 2. As a consequence, an automation tool
Runway
named Arrival Manager (AMAN) often helps air
traffic controllers to build a sequence of aircraft in
Figure 1: Example of sequencing and merging operations
order to safely and expeditiously land them 3.
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Unfortunately, the airborne counterpart of the arrival manager which could help the flight crew to merge its
aircraft towards a meter fix according to a sequence constraint is not yet available. Indeed, despite the fact that
current aircraft’s Flight Management System (FMS) have the ability to navigate over predefined paths, they are not
capable to meet delay over meter fixes relatively to another aircraft. As far as such a new capability onboard aircraft
needs some surveillance capabilities, and more specifically the knowledge of the leading aircraft position and
velocity, the Automatic Dependent Surveillance-Broadcast (ADS-B) is a potential key enabler to support this
surveillance requirement 4.
Aircraft equipped with ADS-B capabilities broadcast their position, velocity and identification periodically (e.g.
every second). Any neighboring aircraft capable of receiving those data will therefore be capable to track
surrounding traffic.
Automatic merging and station keeping operations could relieve air traffic controller of providing time
consuming radar vectoring instructions to the trailing aircraft once the flight crew has accepted the relative guidance
clearance. Thus, the expected benefit of such new capabilities onboard aircraft is an increase of air traffic controller
availability, which could result in increased air traffic efficiency and / or capacity 5. Enhancement of flight crew
airborne traffic situational awareness with associated safety benefits is also expected.
Preliminaries studies have mainly investigated the station keeping phase without taking into consideration the
merging phase. This field is addressed for UAVs or military aircraft by means of linear and nonlinear techniques for
example by 6 and 7. However, research for civil aircraft where safety and passenger comfort are crucial issues is still
in its initial stage. Indeed, 8 focuses on station keeping performed manually, whereas 4 develops a proportional,
integral and derivative (PID) law to control longitudinal station keeping
However, operations where the merging constraint is relaxed at the meter fix are also possible, and may yield in
more efficient operations. The purpose of this paper is to investigate the design of a new autopilot mode dedicated to
the achievement of a specified delay / distance between aircraft at a specified meter fix.
The paper is organized as follows: in the preliminaries, reference frame, aircraft model and spacing objectives
are introduced. This leads to the nonlinear state space representation which is used in this paper. The subsequent
section presents the design of the sliding mode controller to control the lateral motion of the trailing aircraft. Two
illustrative examples are then presented in order to show the effectiveness of the proposed approach. Finally,
conclusions are raised.

II.

Preliminaries

A. Aircraft model
In the following, a fully coordinated aircraft (i.e. side-slip angle is assumed to be zero) flying over a flat and non
rotating earth is assumed. In addition, standard atmosphere with no wind is considered.
As in many modern jets, it is also assumed that the trailing aircraft is at least equipped with two autopilots which
operate in a decoupled manner:
• The speed of the aircraft is controlled thanks to an airspeed hold autopilot. Following 6, the airspeed autopilot
is modeled in this paper as a first order model, where Vc is the commanded airspeed, V the actual speed and τV a
time constant.
V −V
(1)
V& = c
τV
• The bank angle ϕ is controlled thanks to an holding function of the lateral autopilot ; for small bank angle
and loading factors, the following relationship between heading rate and bank angle is assumed, where g is the
acceleration of gravitation, ϕc the commanded bank angle and V the actual airspeed:
g ⋅ ϕc
(2)
ψ& =
V

A more realistic model for the heading dynamic would have been obtained by considering that the bank angle is
driven by a first order model of the following form, where ϕ is the actual bank angle and τϕ a time constant:
(3)
ϕ −ϕ
ϕ& = c
τϕ

For civil aircraft, the time constant τϕ is small compared to the time constantτV . As a consequence, the bank
angle is viewed in this paper as the fast dynamics, and the time constant τϕ is removed for the purpose of designing
the control law. Nevertheless, it has been taken into account within the simulations performed to illustrate the
approach.
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So, the acceleration a and the bank angle ϕ will be considered as inputs during the design process:
V& = a

Vψ& ≈ gϕ

(4)

B. State space representation
In this paper, the reference frame which is used
ψd
is affixed to the trailing aircraft. From Figure 2, the
following notations are adopted:
P
• L stands for the leading aircraft, and F for
the trailing aircraft (follower);
dL
ψL
Meter fix
• dL stands for the distance between the
leading aircraft and the meter fix P, whereas dF
VL
ψ1
stands for the distance between the trailing
dF
ψF
L
aircraft and the meter fix.
Y
As far as some simulations have shown the
e
VF
interest to express separation objective in terms of
delay rather than distance in terminal maneuvering
V1=V ⋅cos(ψF−ψ1)
F
area 8, this paper considers a constant time delay T
as the separation objective at the meter fix.
0
X
The delay at meter fix P between the leading
aircraft L and the trailing aircraft F is defined as
Figure 2: Reference frame and notations
follows, where V1 stands for the projection of VF
onto the line FP:
d
d
(5)
τ= F − L
V1 VL
Unfortunately, this definition does not imply that the leading and the trailing aircraft have the same airspeed
(VF = VL) as far as the specified delay is achieved (τ = T). Thus, the expression of the delay adopted in this paper is
slightly modified as follows:
d − dL
(6)
τ= F
VL
With this new definition, it is worth noticing that τ = τ as far as VF = VL.
The product τ VL expresses the separation between the two aircraft at the meter fix, which shall be compliant
with the current civil aviation regulations standards.
Denoting by ψ1 the orientation of the line FP, the time derivative of the delay τ reads:
V cos(ψ F − ψ 1 )
(7)
τ& = F
−1
VL
Furthermore, the time derivative of ψ1 is given by:
(8)
d1ψ&1 = VF sin (ψ F −ψ 1 )
Finally, the dynamics of the cross track error e is:
(9)
e& = VF sin (ψ F − ψ d )
F

III.

Controller design

The purpose of this section is to design a feedback control law so that the predicted delay τ at meter fix P moves
towards the desired delay T and so that the cross-track error e moves towards 0. The state vector x is defined by
x = (τ,e). So, it is desired that the equilibrium point that xe=(T, 0) is globally asymptotically stable (GAS). This
implies that τ& → 0 and e& → 0 . As a consequence, ψ1 and ψ shall move towards ψd.
To achieve this objective, let us select two sliding surfaces as follows, where λ1 and λ2 are positive constants:
(10)
s1 = e& + λ1e

s2 = τ& + λ2 (τ − T )
As a consequence, as far as the sliding mode surfaces move towards zero the cross track error e and the delay τ
move towards the desired values:
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(11)
s1 → 0 ⇒ e& + λ1e → 0 ⇒ e → 0

s2 → 0 ⇒ τ& + λ2 (τ − T ) → 0 ⇒ τ → T
The time derivative of those sliding surfaces is chosen as follows, where λs1, λs2, ε1, and ε2 are positive constants:
(12)
 s&1 
 s1 
 s&  = −Q  s 
 2
 2
(13)
 λs1 ε1λs 2 
Q=

ε 2 λs1 λs 2 
In order to ensure that the matrix Q is positive definite, λs1, λs2, ε1, and ε2 shall be chosen as follows:
(14)
ε1λs 2 + ε 2 λs1
<1
2 λs1 ⋅ λs 2
On the other hand, the expressions of the time derivative of the sliding surfaces are:
 s&1   e&& + λ1e& 
 a  σ 10 
 s&  = τ&& + λ τ&  = ∆ ( x )ϕ  + σ 
   20 
2 
 2 
 sin (ψ − ψ d ) g cos(ψ − ψ d ) 
g sin (ψ − ψ 1 ) 
∆ ( x ) =  cos(ψ − ψ 1 )
−


VL
VL



(15)
(16)

(17)
λ1e&


σ 10   &

σ  = Vψ 1 sin (ψ − ψ 1 ) + λ2τ& 
 20 

 VL
In the following, the term Vψ& 1 sin (ψ − ψ 1 ) / VL will be neglected in the expression of σ 20 to avoid the singularity
at d1 = 0 (cf. equation (8))
As far as the matrix ∆(x) is invertible, the control u = (a, ϕ)T is given by:
(18)
 s&1 − σ 10 
a
−1
ϕ  = ∆ ( x ) s& − σ 
20 
 
 2
VL cos(ψ − ψ d ) 
 sin (ψ − ψ 1 )
 cos(ψ − ψ )
cos(ψ 1 − ψ d ) 
−1
1
d

∆ (x ) = 
V sin (ψ − ψ d ) 
 cos(ψ − ψ 1 )
− L
g cos(ψ 1 − ψ d )
 g cos(ψ 1 − ψ d )

(19)

When ψ and ψ1 are close to the desired value ψd, and assuming ε1 = ε2 = 0, the proposed control law reduces to
a classical proportional and derivative control:
(20)
a ≈ −VL (λs 2 λ2 (τ − T ) + (λs 2 + λ2 )τ& )

ϕ ≈ −(λs1λ1e + (λs1 + λ1 )e& ) / g

IV.

Illustrative examples

A. Scenarios
In this section, two scenarios are designed in order to illustrate the properties of the control laws previously
designed.
For both scenarios, the leading aircraft trajectory starts at x0 = 0 NM and y0 = 0 NM, with initial airspeed of 220
kts and heading of 0 degrees. It is supposed to broadcast its data every second (ADS-B basic assumption).
In order to assess the robustness of the control law to airspeed variations from the leading aircraft, the leading
aircraft is assumed to reduce its airspeed towards 180 kts after 3 minutes of flight.
The meter fix point P is situated at xrdv = 0 NM and yrdv = 35 NM, and the desired heading is ψd = – 90 degrees.
Two ‘extreme’ scenarios are assessed:
• In the first scenario, the trailing aircraft starts ‘far from’ the leading aircraft, and is ‘late’ compared to the
desired delay. More specifically, its trajectory starts at x0 = +40 NM, y0 = 30 NM, and the initial heading is −80
degrees (cf. Figure 3);
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• In the second scenario, the trailing aircraft starts ‘very close’ to the leading aircraft, and is ‘early’ compared
to the desired delay. More specifically, its trajectory starts at x0 = +20 NM, y0 = 35 NM, and the initial heading is
−90 degrees (cf. Figure 7).
For both scenarios, the trailing aircraft initial airspeed is 200 kts
The requested delay for the trailing aircraft is constant and equal to 90 sec behind the leading aircraft at the
meter fix. In addition, it is requested that the trailing aircraft airspeed is the same than the leading aircraft airspeed,
i.e. 180 kts.
The simulation ends as far as the distance between the leading aircraft and the meter fix point is lower than 3
NM.
During the simulations, the bank angle ϕ and the airspeed (denoted CAS) of the trailing aircraft are limited to the
following ‘passenger comfort’ values:
(21)
− 20 deg . ≤ ϕ ≤ +20 deg .

140kts ≤ CAS ≤ 250kts
In addition, longitudinal acceleration is limited to 0.05 × g and roll velocity to 5 deg./sec. In order to take into
account the actuator dynamics, bank angle is filtered through a first order low pass filter with a time constant of 1.5
seconds, whereas speed control is filtered through a first order low pass filter with a time constant of 5 seconds.
The time constant τV of the airspeed hold autopilot and the time constant τϕ of the bank angle hold autopilot have
been set as follows:
(22)
τ V = 10 sec

τ ϕ = 1.5 sec
Finally, the values of the constants defining the output vector dynamics have been chosen as follows:
λ1 = 0.05 sec −1
λ2 = 0.1 sec −1


−1
and λs 2 = 0.01 sec −1
λs1 = 0.005 sec
ε = −0.007 NM / sec
ε = 0 sec/ NM
 1
 2

(23)

B. Results for scenario 1
Figure 3 shows the movements of the leading and trailing aircraft in the horizontal plane. As expected, the two
aircraft move towards the meter fix. In addition, the trailing aircraft accelerates in order to achieve the desired delay.
This is highlighted in Figure 4 and Figure 5, where the evolution of the airspeed and bank angle controls is shown. It
can be seen that the controls remain quite smooth.
Trailing aircraft
airspeed
Meter fix
Leading
aircraft

Trailing
aircraft
Leading aircraft
airspeed

Figure 3: Leading aircraft and trailing aircraft
trajectories in the horizontal plane

Figure 4: Leading aircraft and trailing aircraft
airspeed (kts) versus time (sec)

Finally, the predicted delay τ at the meter fix between the two aircraft is showed in Figure 10. The peak is due to
the deceleration of the leading aircraft. As expected, the predicted delay moves towards the desired 90 sec.
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Peak

Figure 5: Bank angle control versus time (sec)

Figure 6: Predicted delay (in sec) at the meter fix
between the two aircraft as a function of time (in sec)

C. Results for scenario 2
Figure 7 shows the movements of the leading and trailing aircraft in the horizontal plane. As expected, the two
aircraft move towards the meter fix. In addition, the trailing aircraft decelerates and move away of the leading
aircraft at the beginning of the scenario in order to compensate its advance. This is highlighted in Figure 8 and
Figure 9, where the evolution of the airspeed and bank angle controls is shown.

Leading aircraft
airspeed
Meter fix
Leading
aircraft

Trailing
aircraft

Trailing aircraft
airspeed

Figure 7: Leading aircraft and trailing aircraft
trajectories in the horizontal plane

Figure 8: Leading aircraft and trailing aircraft
airspeed (kts) versus time (sec)

Figure 9: Bank angle control versus time (sec)

Figure 10: Predicted delay (in sec) at the meter fix
between the two aircraft as a function of time (in sec)

Finally, the predicted delay τ at the meter fix between the two aircraft is showed in Figure 10. As expected, the
predicted delay moves towards the desired 90 sec.
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V.

Conclusion

In this paper, the design of a new autopilot mode dedicated to the achievement of a specified delay / distance
between commercial aircraft at a specified meter fix has been considered.
This envisioned new capability onboard commercial aircraft takes advantage of the Automatic Dependent
Surveillance-Broadcast (ADS-B) and provides new perspectives to potentially increase air traffic control efficiency.
It could be the airborne counterpart of the ground based arrival manager.
The proposed approach is based on sliding mode control technique. It controls airspeed and lateral motion of the
trailing aircraft in order to lengthen or shorten the trailing aircraft trajectory according to the initial conditions and
the desired delay at the meter fix. It achieves global asymptotic stability of the desired cross track error and delay /
distance at the meter fix.
Simulation results based on a typical arrival procedure illustrates the efficiency of the proposed design.
Nevertheless, additional studies in terms of operational scenarios and taking into account the vertical motion of the
aircraft are needed in order to refine and validate the proposed design.
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