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Abstract

An airdrop system is made of a parachute attached to a payload that is intended to be delivered at a certain location.
Normally, parafoils are used due to their gliding ability, allowing an autonomous flight until impact point is reached.

For an autonomous flight to be successful, three components must be implemented in-flight: guidance (planning the
trajectory to be followed), navigation (estimation of system states and flight conditions with sensor measurements)
and control (calculation of actuators input so that planned trajectory is followed).

A passive airdrop system was built, relying on a single Global Positioning System (GPS) receiver for navigation
purposes. The three above mentioned components were designed: for guidance, optimal control formalism has
been used to derive the optimal trajectory between current and final points; for navigation, two Kalman filters have
been used as state observers; for control, a model predictive control (MPC) controller has been projected.

The main results presented relate with guidance and navigation tasks. As for control, the release altitude of the only
real flight performed was considered insufficient for a correct system identification.

Keywords: airdrop system, parafoil, optimal trajectory, Kalman filter, model predictive control.

Notation

tup pulse width of the periodic pulse signal that drives
the servo actuator
δa asymmetric deflection of the trailing edge (varies
between -1 and 1)
δs symmetric deflection of the trailing edge (varies be-
tween 0 and 1)
ϕ latitude
λ longitude
z altitude
x meridian distance relative to IP [xω means x in wind-
fixed frame]
y west-east distance relative to IP [yω means y in wind-
fixed frame]
h height relative to IP
Rearth mean radius of the earth (6371km)
ψ heading (direction the system is facing)
(ωx, ωy) wind velocity components
V0 airspeed (velocity in wind-fixed frame)
γ flight path angle (angle formed by airspeed vector
and xy plane - always negative)
t/k continuous/discrete time
∆t sampling time
x state vector
y sensor output vector
u actuator input vector
L Kalman gain
P covariance matrix
kp prediction horizon
c turn rate constant
b control sensitivity

K controller gain
a/a variable/vector of variables
ȧ time derivative of variable a (rate)
E{a} expected value of variable a (mean)
â estimate of variable a

1 Introduction

The invention of the airplane at the beginning of
the 20th century brought straightaway the idea of aerial
cargo delivery. This was possible by attaching a
parachute to the payload, known together as an air-
drop system.

Initially, airdrop systems used round, unguided
parachutes. In 1966, a steerable parachute, known as
the parafoil, was invented by Domina Jalbert [1]. The
parafoil presented several advantages over traditional
parachutes [2, 3, 4]:

1. pulling the trailing edge down on one side pro-
duces a turn in the direction of the deflected
side. This is usually represented by a variable
called asymmetric deflection (δa) which varies
dimensionlessly between -1 (maximum left turn)
and 1 (maximum right turn);

2. pulling the trailing edge symmetrically produces
a reduction in airspeed (V0), increasing flight
path angle (γ). This is usually represented by
a variable called symmetric deflection (δs) which
varies dimensionlessly between 0 (no braking)
and 1 (maximum braking);

1



3. forward velocity allows the system to penetrate
the wind field and minimise the drift due to wind.

Accounting for its abilities, the parafoil has been
used since then to create autonomous airdrop sys-
tems. Onboard sensors and actuators alongside
Guidance, Navigation and Control (GNC) algorithms,
allow the system to steer itself to the desired impact
point (IP).

Nowadays, airdrop systems are mainly used for
military and humanitarian operations. However, the
scope of applications is much more extensive, such
as: (1) recovery of high-altitude meteorological sen-
sors; (2) recovery of spacecraft, sounding rockets or
booster components; (3) delivery of sonar buoys; (4)
ejection seat stabilisation and deceleration; (5) energy
production by using parafoils to take advantage of high
altitude winds [4].

1.1 Autonomous airdrop systems

The potential use of the parafoil for autonomous
airdrop systems was recognised immediately, and the
first controlled recovery was achieved with radio fre-
quency (RF) homing [5].

By this time, systems were limited by the lack of
navigational data and non-availability of an on-board
computer, which meant GNC approach was not possi-
ble to implement [3]. A new era started with the emer-
gence of the Global Positioning System (GPS) in early
1990s, providing a reliable position feedback.

National Aeronautics and Space Administration
(NASA) and the United States of America (USA) Army
recognised this potential and started programmes,
which initiated a spark in GPS guided autonomous
systems, and in the next decade several were de-
veloped. Until 2006, the average accuracy of au-
tonomous airdrop systems was somewhere between
75 and 100 meters [6].

The current state-of-the-art autonomous airdrop
systems still use the GNC approach designed during
these programmes [3]:

• Guidance: GNC component responsible for
planning the trajectory to reach the target.
The basic flight profile is divided into three basic
phases: (1) go to the target; (2) loiter, i.e., turn
continuously to lose altitude over the target; (3)
execute a landing manoeuvre.

• Navigation: GNC component responsible for
estimating the parafoil states from the available
sensor data.
The key of parafoil state estimation is to know

which part of the measured motion is due to in-
trinsic dynamics and which part is due to wind
influence.

• Control: GNC component responsible for cal-
culating control inputs so that the planned tra-
jectory is followed.
Usually, a proportional-integral-derivative (PID)
controller is designed based on a simple model
of lateral dynamics: heading rate (ψ̇) as a func-
tion of asymmetric deflection input (δa).

Since then, some novelty approaches have been
proposed. These are stated next.

• Control inputs novelties:

– symmetric braking used to control flight
path angle [7];

– leading edge deflection used to control
flight path angle [2, 8];

– lateral weight shift [9];

– upper surface canopy spoilers [10].

• GNC novelties:

– optimal control formalism used to calculate
the best trajectory until IP, so that either
flight time or control effort are minimised
[4];

– onboard estimation of vehicle airspeed [11,
12, 13];

– identifying the system characteristics dur-
ing flight [13, 14, 15];

– incorporation of nonlinearities in the dy-
namics mainly to the control of parafoils in
degraded conditions [3, 16, 17];

– design of a model predictive control (MPC)
controller [18].

1.2 Objectives

Taking into account the already mentioned work
developed on autonomous airdrop systems, these are
the main objectives the present work aims to achieve:

1. build a real passive and autonomous airdrop
system, made of a parafoil attached to a payload
enclosing the actuators that will pull the trailing
edge control lines;

2. modelling lateral response with heading rate (ψ̇)

dynamics as a first order filter of the asymmetric
brake input (δa), using real flight data;

3. create an algorithm that calculates the optimal
trajectory that minimises spent control effort;
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4. create an algorithm that implements two Kalman
filters as state observers that filter measured
data and estimate flight conditions;

5. design a MPC controller that guides the system
along the planned trajectory.

All in all, the work presented next aims to be a
gathering of some dispersed proposed novelties for
GNC algorithms. Its major contribution relies on the
study of optimal trajectory planning for airdrop sys-
tems.

2 Methods

2.1 Aircraft description

A real airdrop system was built, whose schematic
is shown in figure 1.
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Figure 1: Schematic of the built airdrop system and
its main dimensions.

• Canopy: Zeruko 3.5 manufactured by Triboard
[19]. It is not a standard parafoil, but an air-
foil similar to those used for kitesurfing. In the
present case, the airfoil aerodynamics allowed
greater forward airspeeds and bigger turn rates
in comparison to regular parafoils.

• Lines: 1.5mm gauge polypropylene cables. As
is visible in figure 1, the cables connected to
the back bridles are longer than the ones on
the front bridles. The reason is that too much
tightness in the back lines causes the canopy to
brake - increasing flight path angle - which is not
desirable.

• Payload: styrofoam box that encloses the ac-
tuators and all the control hardware. Only the
GPS receiver is placed outside so that a better
satellite connection is established. The support
points must also be chosen so that the major-
ity of the payload weight relies on the front lines,
avoiding involuntary braking (see figure 2).

payload
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back
bridles front

bridles
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polypropylene
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Figure 2: Real photo of the connections between
canopy and payload in the built airdrop system. The
lines support points were chosen so that the majority
of the weight relies on the front lines, avoiding involun-

tary braking.

• Actuators: two HS-785HB winch servos man-
ufactured by Hitec RCD [20], responsible for
pulling/releasing the trailing edge control lines.
Asymmetric brake deflection (δa) was the only
control input used. An explanation of actuators
control actions is outlined in table 1.

• Sensors: one GPS module assembled by
3DRobotics, that features a LEA-6H chipset by
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Desired action δa
tup (µs) Coiled line length (cm)

left servo right servo left servo right servo
turn left -1 1260 1500 11.5 0
continue strait 0 1500 1500 0 0
turn right 1 1500 1740 0 11.5

Table 1: Correspondence between the desired control actions, their variable value and the actual action from
the actuators.

u-blox manufacturer [21]. It returns the system
absolute position - latitude (ϕ), longitude (λ) and
altitude (z) - with a 2.5m horizontal position ac-
curacy at a 1Hz rate.
It is of great interest to express coordinates as a
distance relative to IP. This eases hugely trajec-
tory plotting and even communications between
hardware:

x =
π

180◦
Rearth(ϕ− ϕIP) (1)

y =
π

180◦
Rearth cos(ϕIP)(λ− λIP) (2)

h = z − zIP (3)

x increases towards north and y increases to-
wards west. Clearly x = y = h = 0 at IP.

2.2 Airdrop system setup

First of all, it is important to explain the setup
used for system identification. To do this, the actua-
tors were driven using an RF 2.4GHz transmitter (re-
mote control) and receiver module, manufactured by
Futaba Corporation [22]. These inputs and the mea-

sured GPS coordinates were stored in a MicroSD card
at a 1Hz rate. For collecting and storing these data,
a dsPIC33FJ128GP804 microcontroller manufactured
by Microchip Technology was used [23, 24], enclosed
in a board made by the author.

The connections of the hardware components for
system identification are summarised in figure 3.

Using the described setup, one manual flight was
performed, trying to explore the vehicle lateral dynam-
ics as much as possible. The collected data in the mi-
cro secure digital (MicroSD) card were later analysed
so that the model of heading rate (ψ̇) as a function of
asymmetric brake deflection (δa) could be determined.

2.3 GNC algorithm

The built system was intended to work au-
tonomously, but that never took place for reasons fur-
ther explained in section 4. Hence, the three algo-
rithms presented next were applied offline to the col-
lected data of the only real flight performed. How-
ever, for a truly functional autonomous airdrop system,
these algorithms need to be implemented live during
flight.

Servo winches

turn left
turn right

GPS receiver

TX

Microcontroller board

IC1
IC2

U1RX

SCK1
SDI1

SDO1
SS1

Real plant

RF receiver

CH4
CH1

(�, �, �)

microSD card

SCK
MISO
MOSI
CS

Figure 3: Schematic of the hardware architecture used in real flight for system identification.
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Guidance

1. make one complete circle and collect position
(x, y, h) data - initialisation phase;

2. filter initialisation phase data with the standard
Kalman filter of navigation algorithm, and calcu-
late estimates for wind velocity components, us-
ing equation (4);

3. compute γ̂, V̂0 and ψ̂ with equations (5)-(7);

4. reset time to t = 0 and set ψ(0) = ψ̂;

5. using the initial point height (h(0)), calculate
τf = h(t = 0). Thus, the independent variable
becomes 0 < τ < τf ;

6. express final position (x(τf ), y(τf )) in the wind-
fixed reference frame using equation (8);

7. solve the boundary value problem of equation
(9) between the initial point (xω(0), yω(0)) =

(x(0), y(0)) and IP (xω(τf ), yω(τf )). The optimal
ψ(τ) sequence is determined;

8. if future wind vector estimates made by the nav-
igation algorithm differ from current ones, repeat
from 4 considering the current point as the new
initial point;

9. convert ψ(τ) sequence into ψ(k), since the con-
troller needs a time-based sequence to compute
the control input.

Navigation

1. filter position coordinates from initialisation
phase with the standard Kalman filter (equa-
tions (10)-(12)), taking as initial states x(0|0) =

[
x(0) 0 y(0) 0 h(0) 0

]T
and using

Kalman gain calculated in equation (13);

2. compute (ω̂x, ω̂y), γ̂, V̂0 and ψ̂ using equations
(4)-(7);

3. initialise extended Kalman filter (equations
(15)-(21)) taking as initial states x(0|0) =[
ω̂x ω̂y ψ̂ 0

]T
and their covariance

P (0|0) = 0;

4. from now on, use continuously both filters on col-
lected data, in order to estimate wind velocity
components (needed by the guidance algorithm
to update planned trajectory) and heading angle
and rate (needed by the control algorithm to cal-
culate control input).

Control

1. choose prediction horizon kp;

2. calculate controller gain K using equation (24)
and the model of the system lateral dynamics
(equations (22)-(23));

3. at each iteration of the control loop, calculate
optimal control u∗ by equation (26), using the
planned trajectory (ψ) sent from the guidance
algorithm and the estimated executed trajectory
by the extended Kalman filter (ψ̂) sent from the
navigation algorithm;

4. when close to the ground, pull both trailing edge
lines to the maximum to execute a landing ma-
noeuvre.

[
ω̂x
ω̂y

]
=


1/8

∑n
k=0(ẋ(k)− E{ẋ})(V 2

h (k)− E{V 2
h })∑n

k=0(ẋ(k)− E{ẋ})2
∑n
k=0(ẏ(k)− E{ẏ})2 − [

∑n
k=0(ẋ(k)− E{ẋ})(ẏ(k)− E{ẏ})]2

1/8
∑n
k=0(ẏ(k)− E{ẏ})(V 2

h (k)− E{V 2
h })∑n

k=0(ẋ(k)− E{ẋ})2
∑n
k=0(ẏ(k)− E{ẏ})2 − [

∑n
k=0(ẋ(k)− E{ẋ})(ẏ(k)− E{ẏ})]2

(4)

where:

Vh =
√
ẋ2 + ẏ2

γ̂ = arctan

(
E{ḣ}√

(E{ẋ} − ω̂x)2 + (E{ẏ} − ω̂y)2

)
(5)

V̂0 =

√
(E{ẋ} − ω̂x)2 + (E{ẏ} − ω̂y)2

cos γ̂
(6)

ψ̂ = arctan

(
ẏ(n)− ω̂y
ẋ(n)− ω̂x

)
(7)
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[
xω(τf )

yω(τf )

]
=

[
xf − ω̂x

V0 sin γ τf

yf − ω̂y

V0 sin γ τf

]
(8) ẋω(τ)

ẏω(τ)

ψ̇(τ)

 =

 − 1
tan γ cosψ(τ)

− 1
tan γ sinψ(τ)

−(c1x+ c2y + c3)

 (9)

x(k) =
[
x(k) ẋ(k) y(k) ẏ(k) h(k) ḣ(k)

]T
(10)

x̂(k + 1|k) =



1 ∆t 0 0 0 0

0 1 0 0 0 0

0 0 1 ∆t 0 0

0 0 0 1 0 0

0 0 0 0 1 ∆t

0 0 0 0 0 1


x̂(k|k) (11)

x̂(k + 1|k + 1) = x̂(k + 1|k) + L

y(k + 1)−

 1 0 0 0 0 0

0 0 1 0 0 0

0 0 0 0 1 0

 x̂(k + 1|k)

 (12)

L =



7.489× 10−1 −3.092× 10−16 7.100× 10−17

4.482× 10−1 −3.500× 10−16 1.087× 10−16

−3.092× 10−16 7.489× 10−1 2.614× 10−16

−6.364× 10−16 4.482× 10−1 −1.334× 10−16

8.521× 10−17 3.137× 10−16 6.667× 10−1

−6.637× 10−17 2.865× 10−16 3.333× 10−1


(13)

x(k) =
[
ωx(k) ωy(k) ψ(k) ψ̇(k)

]T
(14)

x̂(k + 1|k) =


ωx(k)

ωy(k)

ψ(k) + ∆tψ̇(k)

ψ̇(k)


∣∣∣∣∣∣∣∣∣
x(k)=x̂(k|k)

(15)

A(k) =


1 0 0 0

0 1 0 0

0 0 1 ∆t

0 0 0 1

 (16)

P (k + 1|k) = A(k)P (k|k)AT (k) +


0.25 0 0 0

0 0.25 0 0

0 0 0 0

0 0 0 0.03

 (17)

C(k + 1) =

[
1 0 −V0 cos γ sin ψ̂(k + 1|k) 0

1 0 V0 cos γ cos ψ̂(k + 1|k) 0

]
(18)

L(k + 1) = P (k + 1|k)CT (k + 1)

[
C(k + 1)P (k + 1|k)CT (k + 1) +

[
0.25 0

0 0.25

]]−1
(19)

x̂(k + 1|k + 1) = x̂(k + 1|k) + L(k + 1)

y(k + 1)−

[
V0 cos γ cosψ(k) + ωx(k)

V0 cos γ sinψ(k) + ωy(k)

]∣∣∣∣∣
x(k)=x̂(k+1|k)

 (20)

P (k + 1|k + 1) = [I − L(k + 1)C(k + 1)]P (k + 1|k) (21)

[
ψ(k + 1)

ψ̇(k + 1)

]
=

[
1 ∆t

0 1−∆t/c

][
ψ(k)

ψ̇(k)

]
+

[
0

b∆t/c

]
δa (22)
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ψ(k) =
[

1 0
] [ ψ(k)

ψ̇(k)

]
(23)

K = K−1CAB (24)

KCAB =


CB 0 0 0 0

CAB CB 0 0 0

CA2B CAB CB 0 0
...

...
...

... 0

CAkp−1B · · · CA2 CAB CB

 (25)

u∗ = K(ycom − ŷ) (26)

where:

ycom =
[
ψ(k + 1) · · · ψ(k + kp)

]
(planned trajectory until prediction horizon)

ŷ =
[
ψ̂(k + 1) · · · ψ̂(k + kp)

]
(estimated trajectory until prediction horizon)

3 Results

This section presents the collected data from the
only real flight performed and shows the results of the
application of the three GNC algorithms to these data.

As mentioned before, the system never carried out
an autonomous flight. Still, identification mode ar-
chitecture was used (see figure 3) and control inputs
were sent so that at least one complete circle and one
turn could take place. The reason for this experimen-
tal approach was to simulate offline what would be an
autonomous flight planning and execution.

The trajectory and control input of the system dur-
ing the flight are plotted in figure 4.

By observing the trajectory performed, one may
immediately conclude that the initialisation phase
does not resemble the ones presented in state-of-the-
art works. It should be a wider turn that allowed to
collect more points for the circle. However, the experi-
ment conditions constrained the maximum height from
where the system could be released, requiring a good
height management so that both manoeuvres (circle
and turn) could be carried out. This defective initiali-
sation phase will have a huge impact on the first esti-
mates of the flight parameters and, therefore, make it
impossible for the posterior estimates to be accurate,
as we will see next.

(a) Trajectory made by the system (coloured line) and its
ground projection (grey line). (b) Input variable during flight time.

Figure 4: Collected data of the real flight used to model the system dynamics. The initialisation phase complete
circle is showed in purple and the right turn in red.
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Firstly, the collected data was filtered using the de-
signed standard Kalman filter. Then, using filtered
data from the initialisation phase, estimates of flight
conditions were calculated and are presented in table
2. It is important to recall that these estimates are cru-
cial to initialise the extended Kalman filter (ω̂x, ω̂y and
ψ̂) as well as to provide the guidance algorithm with
the needed flight parameters that are assumed con-
stant for trajectory planning purposes (V̂0 and γ̂).

By looking at the estimates in table 2, one may im-
mediately conclude that the initialisation phase did not
go as expected, as previously mentioned. In fact, wind
velocity components are obviously underestimated,
since they are very close to 0 when the experiment
conditions were not clearly those. This has a direct
impact on airspeed and initial heading estimates cal-
culation. However, the biggest damage from this lack
of accuracy is that, from now on, the estimated states
of the extended Kalman filter will be untrustworthy.

Parameter Estimate

Wind velocity components
ω̂x 0.003m/s
ω̂x 0.005m/s

Flight path angle γ̂ -28.8◦

Airspeed V̂0 3.8m/s
Heading ψ̂ 80.6◦

Table 2: Flight conditions estimates calculated from
the initialisation phase data.

Nevertheless, the extended Kalman filter was ini-
tialised with these estimates, and the resulting filtered
states (ω̂x, ω̂y, ψ̂,

ˆ̇
ψ) are shown in figure 5.

As expected, the extended Kalman filter initialised
with the estimates of table 2 was not able to com-
pletely decouple wind from heading. Actually, the fil-
tered data presented in figure 5 has no meaning, as
neither ψ̂ nor ˆ̇

ψ resemble the right turn that took place
in the real flight.

(a) Predicted wind velocity in x direction. (b) Predicted wind velocity in y direction.

(c) Predicted heading. (d) Predicted heading rate.

Figure 5: Filtered data after initialisation phase with an extended Kalman filter. The initialisation phase com-
plete circle is showed in purple and the right turn in red.
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(a) Planned trajectory (blue line) and its ground projection
(grey line). (b) Optimal ψ control sequence.

Figure 6: Result of guidance algorithm application for initial conditions (x(0), y(0), h(0)) =
(15.030,−44.506, 36.319), heading ψ(0) = 80.594◦ and ψ(tf ) = 0◦ , flight parameters V0 = 3.783m/s,

γ = −28.799◦ and wind profile presented in figure 5.

Although knowing that the estimated wind profile
is not accurate, it was uploaded to the guidance al-
gorithm to demonstrate that an optimal trajectory can
be computed in the presence of wind. The resulting
planned trajectory and heading control sequence for
the controller are presented in figure 6. The optimisa-
tion was done between the last point from initialisation
phase and IP.

Overall, one may conclude that the guidance algo-
rithm was able to cope with the wind. Usually, for real
wind profiles, wind velocity does not tend to change so
abruptly over time as the estimates presented in figure
5. This fact required the use of a great number of time
mesh points (1000), so that solution that was found
was as smooth as possible. If the real sampling time
of the system (∆t = 1s) had been used, the algorithm
would not have been successful for dealing with such
great wind changes.

Figure 6 shows clearly that the algorithm diverged
in the last iterations. Despite this, if the planned tra-
jectory was followed in a real autonomous flight, the
system would have landed within 5m from the desired
IP.

Finally, control task must be executed. It com-
prises parafoil system identification from ˆ̇

ψ(δa) fil-
tered data and controller design based on the derived
model. To accomplish system identification, data from
the right turn - input variable δa (figure 4b) and heading
rate estimates (figure 5d) - must be fitted to equation
(22). This was not done because ˆ̇

ψ data over time
and especially during the right turn period do not cor-
respond to the behaviour of a first order system. As

said before, estimated states are completely inaccu-
rate due to the poor initial estimates and therefore per-
forming system identification for this case is meaning-
less.

Consequently, the controller was not designed ei-
ther, but it would boil down to the calculation of con-
troller gain K using equation (24).

4 Conclusions

The first objective of the present work was to build
a real autonomous airdrop system. The system was
built and one real flight was performed, yet the system
never operated in an autonomous mode. The main
reason for this and for the lack of quality flight data was
the inability to perform a release of the airdrop sys-
tem from a substantial height (∼ 500m) like reported in
state-of-the-art works. Several release schemes were
tested, such as release from a high location or with the
help of a bigger airfoil, but all of them were unable to
provide enough height for reasonable data collection.
The only successful solution was getting the system
up in the air by providing apparent wind velocity to it
by pulling the airfoil with a ground vehicle, and then
releasing it so that it could descend in a direction with
great ground slope. This was the only way possible to
get the desired altitude margin during flight. Hence,
the experiment was always doomed to fail due to the
impossibility of releasing the airdrop system from an
aircraft.

As mentioned before, the real flight performed had
a really short height margin, which led to a poor ini-
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tialisation phase that could not provide good initial
state estimates needed by the extended Kalman filter.
Thus, in practise this turned all estimates made by this
filter unreliable, and made it impossible for the three
designed GNC algorithms to be truly tested. Even with
unreliable data, guidance and navigation algorithms
were implemented using Python libraries. All these
experimental conditions did not allow the decoupling
of the parafoil relative motion and wind vector influ-
ence. Therefore, the system could not be modelled
nor the MPC controller dimensioned.

Even with all the setbacks already presented, it is
possible to draw a conclusion about the main value
proposition of this work: optimal trajectory planning
for airdrop systems. This approach has a purely aca-
demic interest and is unlikely to be successful in a real
autonomous flight. First of all, the unpredictability of
the wind makes it very difficult for this guidance algo-
rithm to provide good landing accuracy, especially dur-
ing final approach. Besides this, it assumes wrongly
that airspeed and flight path angle do not change over
time. Generally, this approach is interesting but rather
rigid in dealing with the numerous factors and uncer-
tainties that affect airdrop systems during flight time.

On the whole, the traditional flight profile proposed
by NASA - go to target, loiter, land - has greater
chances of providing good landing accuracies. How-
ever, the designed optimal control algorithm can still
be used to plan each trajectory segment between way-
points.

Regarding the built experimental setup, some im-
provements could be made:

• use a real parafoil instead of an airfoil, to provide
a smoother descent and smaller turning rate, in-
creasing system stability;

• increase payload weight to reduce its pendulum
movement;

• use more sensors, namely a magnetometer to
measure heading, in order to improve the ac-
curacy of the estimates made by the extended
Kalman filter;

• include a sonar sensor to measure height on the
final approach and determine accurately when it
is time to pull both brakes (flare);

• modify the microcontroller board designed by
the author in order to accommodate more hard-
ware components from identification mode ar-

chitecture, making the whole setup more com-
pact and resilient.
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