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Abstract — This paper focuses on developing a controller for
autonomous formation flying of aircraft with relaxed static
stability, to minimize drag. Wake was modelled by applying
Burnham-Hallock vortex model on the single horseshoe vortex and
distribution was calculated using strip theorem which was further
used to calculate an optimum separation of leader and follower
aircraft, at which drag is minimum. An LQI based control and
stability augmentation system was developed for the reference
aircraft to cater for relaxed static stability as well as to track
velocity and altitude reference. Formation hold controller was
subsequently developed to maintain the desired optimum separation
between leader and follower aircraft. Both PID and LQ control
schemes were developed for this purpose. Control systems were
verified in a MATLAB® - Simulink® based simulation.

aerodynamic industry is far from attaining the full benefits of
formation flying because the upwash from the leader aircraft
causes highly non-linear and very large moments on the
follower aircraft, hence it is difficult to perform this maneuver
safely and efficiently.
This paper focuses on developing a controller for
autonomous formation flying of aircraft. To make sure
maximum drag reduction, wake of the leader aircraft is
modelled and optimum separation is calculated for the
follower aircraft. The developed controllers are tested and
verified through simulation.
The research will limit itself to a ‘two-aircraft’ formation,
while applying the ‘Leader-Follower’ approach to develop the
formation control.

Keywords—Formation Flying Control, Drag Reduction, Fuel
Saving, LQ control, Relaxed Longitudinal Stability
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III.

There are various approaches to formation flying control
that have been adopted in previous researches. For the purpose
of this paper, leader-follower approach [1] has been selected.
This approach was selected after considering a few major
advantages it offers over the other approaches. Unlike virtual
leader approach [2], leader-follower approach has constant
communication with the leader aircraft which will provide a
more practical control system. It also has an advantage over
the virtual reference point approach [3] such that the leaderfollower approach enables tracking of orientation of the leader
aircraft, therefore, resulting in a better control system of
relative orientation of the follower aircraft. The key drawback
of this approach is error propagation. Since this research will
focus on only two aircraft formation, hence error propagation
can be overlooked in comparison to the advantages it presents.
In previous researches pertaining to this field [4-6]
classical control schemes were used for formation flying of C130 aircraft. [7] developed extremum seeking formation
control for C-5 aircraft, while many researches like [8] pertain
to formation of UAVs (Unmanned Aerial Vehicles).

NOMENCLATURE

Engine’s angular momentum
Rotation matrix, inertial to body frame
Coefficient of force in x,y,z-direction
Coefficient of roll, pitch, yaw moments
Wing planform area
Dynamic pressure
Wingspan
Chord
Angle of attack
Sideslip angle
North displacement
East displacement
Power (%)
Circulation
Vortex core radius
II.

LITERATURE REVIEW

INTRODUCTION

Formation flying is a flight maneuver in which two or
more aircraft fly in a specific relative orientation at a certain
relative distance to each other. This maneuver not only
provides drag reduction, but is also used in other applications,
such as air-to-air refueling, defensive strategies etc. But the

IV.

METHODOLOGY

The methodology adopted for this research entails
developing a mass-varying dynamical model of the reference
aircraft (Appendix A). The developed model is then trimmed at
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a preset velocity and altitude and linearized at this trim point.
Wake of the leader aircraft is modelled to calculate the forces
and moments distribution on the follower aircraft. This enables
calculation of optimum separation at which drag is minimum.
Control and stability augmentation system is developed to
improve longitudinal stability and maintain trim velocity and
altitude. Subsequently, formation hold control system is
developed to maintain optimum separation. Next the formation
hold control is developed. Control schemes are verified using a
MATLAB® - Simulink® based simulation
V.

C. Gravity and Atmosphere Model
WGS – 84 model is used for gravitational acceleration.
The gravitational force acts along z-axis in inertial frame,
hence the weight, Fw, is modelled as:
mg sin 

0
F W 
R BI 
F W | I 
R BI 

0

mg cos sin 



mg cos cos 

mg

ICAO Standard Atmosphere model is used for atmospheric
modelling.

DYNAMICAL MODELLING

D. Engine Model
The detailed engine model is provided in [9-11].
By definition of TSFC (Thrust Specific Fuel Consumption), ct,
we have

mmf ctgF T







Thrust vector, FT, is assumed parallel to the body x-axis,
hence:

FT 

Since engine is mounted under fuselage hence, the moment
due to thrust, MT, is calculated as follows:

Fig. 1. Methodology Layout

This section focusses on the development of mass-varying
dynamical model of the reference aircraft, F-16. The complete
non-linear model will be an amalgamation of kinetic,
kinematic, gravity, atmospheric, engine and aerodynamic
models.

due to thrust of engine

MT  FT 0 0
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due to angular momentum of engine
T
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The aerodynamic coefficients of the reference aircraft (F16) have been derived from wind-tunnel tests conducted at the
NASA Ames and Langley Research Centers [9]. This data is
valid for the following range:
− 10 ≤  ≤ 45 degrees and −30 ≤  ≤ 30 degrees.
F. Complete Non-Linear Model
State vector

Control Inputs

Model

F dtd 
mVI  dtd 
mVB 
mV


 x T 0 zT

X QSC X T

B. Kinetics
Firstly, force and moment equations are developed for
variable mass and inertia tensor.
Forces, F, and moments, M, are modelled as:

d
dt

T

E. Aerodynamics Model
The forces and moments due to aerodynamic forces are
represented as;

A. Assumptions
Following assumptions are made while deriving the dynamical
model of F-16.
1) Aircraft is a rigid body.
2) Mass and inertia tensor vary with time (details in
appendix).
3) The earth is considered as flat and non-rotating,
inertial frame of reference.
4) Wind gust effects are not taken into account, i.e.
the air is assumed to be at rest w.r.t. the surface of
the earth.
5) The Mass distribution is symmetric about XZ
plane of Body Frame.

dtd

T

FT 0 0

xf
x, u
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G. Linearization
Trimming and linearization of F-16 is presented in [12, 13]
but for a constant mass. This work is modified using the
engine model, and terms pertaining to mass variation were
added in the aerodynamics model.
The aircraft is trimmed about steady-level flight
conditions.

therefore, more accurate than other theoretical derivation
based models.
The circulation was modelled as:

B. Wake Distribution
The upwash, Wwake, and sidewash, Vwake, distributions (for
right and left wing vortices), respectively are as follows [7]:

The non-linear model is then linearized by using gradient
based scheme;

VI.

WAKE MODELLING

The wake of leader aircraft is primarily shaped by wing tip
vortices. These wing tip vortices have three components;
upwash, sidewash and rolling moment. As time progresses,
vortices increase in size and decay in terms of energy. This
section focuses on modelling these vortices in accord to their
upwash, sidewash and rolling moment distributions. This
model will be used to calculate forces and moments on the
follower aircraft due to wake and will facilitate in
determination of the optimum separation for minimum drag.

C. Forces and Moments on Follower
Average rolling moment, Lwake, over the whole span is
determined by applying modified strip theory [7]







Where;
, and
The average upwash force and moment can be determined
by integrating the wake distribution over the whole span







D. Effect of Wake on Follower Dynamics
Follower aircraft dynamics have an added component due
to wake [7],

Fig. 2. Notation Description [7]

A. Vortex Model
The purpose of vortex model is calculate vortex
circulation. Many vortex models have been developed and
presented in the past literature. This research incorporates
single horseshoe model [7] with Burnham-Hallock vortex
model [14-18]. Using single horseshoe vortex emphasizes that
vortex decay was not considerable, since the leader and
follower aircraft have relatively small tip-to-tip separation.
The Burnham-Hallock model was used since it was developed
as a simplified empirical fit based on experimental data, and is


Where the
dynamics,





matrix dictates the affect of wake on

matrix is estimated using the assumption that upwash
and sidewash introduces perturbations in sideslip angle and
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angle of attack of follower aircraft. Rolling moment is directly
added into moment equations.
and ‘uwake’ vector dictates the wake model,

aircraft as well as provide altitude and velocity hold
capability.
LQI control scheme was developed. A full state feedback
along with integrated differences between reference and error
of velocity, altitude and pitch angle were taken, and applied to
the LQI gain (Fig. 6.)





Three aspects must be considered when developing
formation hold control system of the control system. First of
all, the research focuses on an aircraft with relaxed static
stability, hence a Stability Augmentation System (SAS) is
implemented. In the outer loop, velocity and altitude hold
control is developed. Finally a formation hold control system
is developed and implemented to maintain a relative velocity
and position between the follower and the leader aircraft in
accord to the optimization of wake model.
E. Optimum Separation
Development of wake distribution model allowed us to
calculate optimum separation between leader and follower
aircraft at which drag is minimum.
Optimum separation was determined by calculating
separation at the point of maximum thrust reduction, due to
maximum upwash.

Fig. 5. Attitude Hold and SAS Control system

Fig. 6. Tracking Control Subsystem

B. Simulation Results
Fig. 3. Forces on Follower Aircraft in Formation

The distribution of drag reduction over the separation
regime was modelled as follows:

Fig. 7. Velocity Step Response

Fig. 4. Drag Reduction Distribution

Optimum Separation was calculated as follows:

VII. STABILITY AND CONTROL AUGMENTATION SYSTEM

Fig. 8. Altitude Step Response

A. Control Scheme
The reference aircraft has relaxed longitudinal stability
therefore, a control system was developed to stabilize the

Fig. 7 and 8 show simulation results of the stability and
control augmentation system. Fig. 7 shows the response when
a 50 ft/s step in velocity is given to the controller, similarly
Fig. 8 shows the response when a 100 ft. step in altitude is
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given to the controller. The results show that controller
follows the step commands quite adequately and is valid for
the reference aircraft.

calculated by developing a wake model distribution and
analyzing drag reduction over a separation regime. The control
systems were validated using simulation results.

VIII. FORMATION HOLD CONTROL SYSTEM

X.

FUTURE PROSPECTS

Formation hold control systems are slowly gaining
popularity amidst the reliable autopilot systems available for
aircraft in this and the coming era. This research is a stepping
stone towards unlocking the full potential of unlocking
automation formation flights.
Some of the future prospects of this project are;
Improvement in wake model accuracy using VLM, hardware
Implementation of the project, multi-aircraft formation
control, formation configuration changing control design,
nonlinear adaptive formation flight control.

A. Control Scheme
This control system enables the follower aircraft to
maintain an optimum relative position and regulate relative
velocity between two aircraft. The inner loop tracks and
matches the velocity and altitude of follower aircraft with the
leader aircraft using LQ based state feedback. The outer loop
uses PID control scheme to maintain a desired relative
position.
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APPENDIX
A. Inertia Estimation
In order to develop a mass varying dynamical model of the
reference aircraft, variation in inertia tensor due to fuel
consumption is required. This section focuses on estimating
change in inertia due to fuel based on mass, geometry and
location of fuel tanks present in the aircraft. It is assumed that
fuel is being consumed from each tank simultaneously such
that mass symmetry about XZ plane is conserved. Volumetric
scaling was used for these calculations.

Fig. 11. Fuel tank schematics (Extracted from Flight Manual F-16C/D Block
50 LOCKHEED MARTIN CORPORATION 1996)

Fig. 12. Fuel tank schematics (Extracted from Flight Manual F-16C/D Block
50 LOCKHEED MARTIN CORPORATION 1996)
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