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This article presents an adaptive method for ArduPilot-based
autopilots of fixed-wing unmanned aerial vehicles (UAVs). ArduPilot
is a popular open-source unmanned vehicle software suite. We explore
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how to augment the PID loops embedded inside ArduPilot with a
model-free adaptive control method. The adaptive augmentation,
adopted for both attitude and total energy control, uses input/output
data without requiring an explicit model of the UAV. The augmented
architecture is tested in a software-in-the-loop UAV platform in the
presence of several uncertainties (unmodeled low-level dynamics,
different payloads, time-varying wind, and changing mass). The
performance is measured in terms of tracking errors and control
efforts of the attitude and total energy control loops. Extensive
experiments with the original ArduPilot, the proposed augmentation,
and alternative autopilot strategies show that the augmentation can
significantly improve the performance for all payloads and wind
conditions: the UAV is less affected by wind and exhibits more than
70% improved tracking, with more than 7% reduced control effort.

I. INTRODUCTION

The term “autopilot” refers to a system used to control
the trajectory of an aircraft, marine craft, or self-driving car
without requiring constant manual control by a human oper-
ator. Historically, when talking about autopilots, researchers
have addressed missile and ship autopilots: representative
examples are model reference sliding surface for missile
autopilot [1], adaptive compensation for backlash hysteresis
[2], two-loop and three-loop adaptive missile autopilots [3],
[4], L1 adaptive control augmenting a dynamic inversion
missile autopilot [5], ship autopilot for time-varying control
coefficients [6], adaptive fuzzy control for ship autopilot
[7], [8], and many more. This list, although nonexhaustive,
explains how often the term “adaptive” is associated to
autopilots, due to the presence of uncertainties in the vehicle
dynamics and in the environment. With the development
of unmanned aerial vehicle (UAV) technology, many re-
searchers have turned their attention toward the design of
autopilots for UAVs. While missiles, ships, and UAVs all
face uncertainties [9], their specific characteristics require
appropriate designs: several control methods applied to
UAVs are model-based, such as robust [10] and optimal con-
trol [11]. Model-based methods, however, rely on precise
mathematical models of the UAV and of the environment.
But in real life, it is difficult to obtain an accurate model
that takes into account environmental influences on the
UAV dynamics. Therefore, model-based control methods
should be augmented or replaced by adaptive [12]–[14] or
intelligent control [15] methods, to handle some uncertainty.

Many approaches to UAV autopilot deal with rotor
UAVs (cf., [16]–[20]). At the same time, the flight con-
trol community has turned its attention toward fixed-wing
UAVs, which often require approaches similar to large-
scale airplanes. Examples include autopilots adapting to
icing [21], to degradation of the aerodynamics [22], and
to reduction of the control effectiveness [23]. It is well-
recognized that control of fixed-wing UAVs requires simpli-
fying assumptions in the autopilot design: the most typical
simplification is assuming that roll/pitch/yaw and velocity
dynamics do not interact with each other [24]. Off-the-shelf
open-source autopilots (Pixhawk, ArduPilot, NAVIO, etc.,
[25], [26]) also design roll/pitch/yaw and velocity control
loops independently, using PID controllers with rate and
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position feedback. This approach is suggested in most text-
books [27], [28]. Although the PID approach is adequate in
standard situations, there are scenarios where the aerody-
namics effects and mass/inertia changes will dramatically
reduce the effectiveness of these traditional autopilot laws.
Under such conditions, robustness to unmodeled dynamics
or adaptation to uncertain dynamics need to be embedded
in the control [29]. The review of intelligent autopilots for
UAVs in [15] clarifies research opportunities associated to
the design of adaptation in autopilots, which can take two
routes: the first one is to define a completely new archi-
tecture useful to embed appropriate adaptation laws [30];
the second one is to integrate adaptation in the established
open-source architectures to guarantee higher acceptance
from the UAV community.

Considering the higher chances of acceptance, this
second route stimulates a research toward making existing
autopilot architectures adaptive. A reasonable approach to
accomplish this goal is the model-free adaptive control
(MFAC), originally proposed by Hou et al. [31], [32]. The
model-free adaptive control method has been widely used
in industrial applications, such as synchronous machines
[33], spacecrafts [34], heading control [35], flapping wing
control [36], 6WID/4WIS navigation for ground vehicles
[37], [38]. The basic idea of model-free adaptive control is
to establish a dynamic linear model of the nonlinear system
at the current operating point: this is done using input/output
data of the controlled system to estimate a set of pseudo
partial derivatives. These derivatives are used to optimize
a cost via a one-step ahead controller. As such, model-free
adaptive control belongs to the large family of data-driven
control methods that do not rely on the knowledge of the
system model. Other representative methods in this family
are iterative feedback tuning [39], virtual reference feed-
back tuning [40], unfalsified control [41], and many more.

Summarizing, while this work on the one hand can be
classified as an application of model-free adaptive control,
on the other hand it has distinct contributions.

1) To the best of our knowledge, it is the first time
that model-free adaptive control is integrated in a
complete ArduPilot-based autopilot. This means that
the original ArduPilot architecture (developed and
maintained by a huge community) is not modified.
This can increase acceptance toward the adoption of
this method;

2) The model-free adaptive control method is integrated
in the low level roll/pitch/yaw control and in the
total energy control system (TECS) of ArduPilot.
We are not aware of a similar implementation in
the literature. By using different combinations of
original and augmented loops, we show that the
model-free adaptive control augmentation is always
beneficial for any loop of the ArduPilot architecture.

3) Realistic software-in-the-loop experiments and com-
parisons with alternative autopilots validate the ar-
chitecture in the presence of several uncertainties
(unmodeled low-level dynamics, different payloads,

time-varying wind, and changing mass). ArduPilot
functionalities are emulated according to the ArduPi-
lot documentation and code [42]. The augmentation
method significantly improves the performance for
all payloads and wind conditions: the UAV exhibits
more than 70% improved tracking, with more than
7% reduced control effort.

The rest of this article is organized as follows. Pre-
liminaries on ArduPilot architecture are in Section II. The
model-free adaptive control is recalled in Section III. The
integration of the ArduPilot architecture and model-free
adaptive control is presented in Section IV. Section V gives
the software-in-the-loop experiments. Finally, Section VI
concludes this article. The Appendix gives basic informa-
tion on UAV dynamics.

II. PRELIMINARIES ON ARDUPILOT ARCHITECTURE

Recalling some principles underlying the ArduPilot ar-
chitecture will help understanding how such architecture
can be augmented with adaptation capabilities.

A. Roll/Pitch/Yaw Linear Design Models

Because the ArduPilot architecture is based on PID,
it is useful to recall how appropriate linear models can
be obtained for roll/pitch/yaw. To this purpose, dynamics
of a fixed-wing are decomposed into lateral motion (roll
and course angle) and longitudinal motion (airspeed, pitch
angle, and altitude).

For lateral dynamics, the aileron angle δa is primarily
used to influence the roll rate p, while the rudder angle δr is
used to control the yaw ψ . Under simplifying assumptions
(the interested reader can check [27, Ch. 6]), one obtains
second-order dynamics between the aileron and the roll
angle

φ(s) = αφ1

s(s + αφ2 )

(
δa(s) + 1

αφ2

dφ2 (s)

)
(1)

where s is the Laplace operator, αφ1, αφ2 are coefficients
coming from linearization, and dφ2 is a disturbance account-
ing for unmodeled dynamics. Furthermore, one obtains
first-order dynamics between the roll and the course angle

χ (s) = g/Vg

s
(φ(s) + dχ (s)) (2)

where χ is the course angle, Vg is the ground speed, and dχ
is another disturbance. This cascade of second-order and
first-order dynamics can be used to design a cascaded PID
loop, called low-level roll control. For the side slip, one
obtains first-order dynamics between the rudder and the
side slip angle βsa

βsa (s) = αβ2

s + αβ1

(δr (s) + dβ (s)) (3)

where αβ1 , αβ2 are coefficients coming from linearization,
and dβ is a disturbance accounting for unmodeled dynamics.
These first-order dynamics can be used to design another
PID loop, called low-level yaw control.
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Fig. 1. ArduPilot schemes for all control loops. In this work, each loop is augmented by an adaptive module that uses appropriate measurements:
angle and desired (filtered) angle for roll/pitch/yaw, total energy, and energy balance for TECS. (a) Roll control loop. (b) Pitch control loop. (c)

Side-slip control. (d) Total energy control system loop.

For the longitudinal dynamics, the controls are the eleva-
tor angle δe and the throttle percentage δt ( percentage of the
maximum throttle). The elevator angle is used to influence
the pitch angle θ , while the pitch angle is used to manip-
ulate both the altitude h and the airspeed Va. Simplifying
assumptions (the interested reader can check [27, Ch. 5])
give second-order dynamics between the elevator and the
pitch angle

θ (s) = αθ3

s2 + αθ1 s + αθ2

(
δe(s) + 1

αθ3

dθ2 (s)

)
(4)

where αθ1 , αθ2 , αθ3 are coefficients coming from lineariza-
tion, and dθ2 is a disturbance accounting for unmodeled
dynamics. These second-order dynamics can be used to
design a cascaded PID loop, called low-level pitch control.

B. Cascaded Control

In ArduPilot, the term “cascaded control” (also called
successive loop closure) refers to closing PID loops in suc-
cession around first-order or second-order system dynam-
ics. The cascaded control of ArduPilot uses some scaling
factors: for example, a scaling is introduced to moderate the
wing deflections according to the airspeed

κ = Va,nom

Va
(5)

where Va,nom is a nominal cruise speed (by default Va,nom =
15m/s). The scaling factor κ represents the fact that the wing
surfaces should be moved less at high speed, and more at

low speed. The low-level roll control is

uφ (t ) = κKPφydφ (t ) + κ2KIφ

∫ t

t0

(ydφ (τ ) − φ(τ ))dτ

+ κ2KDφ
(ydφ (t ) − φ(t )) (6)

where (KPφ ,KIφ ,KDφ
) are PID gains, ydφ = LIM((φc −

φ)�φ ), and LIM refers to a limiter function (saturation)

LIM(eφ ) =
⎧⎨
⎩

eφ if eφ ≥ eφ
eφ if eφ < eφ < eφ
eφ if eφ ≤ eφ

(7)

where eφ = −eφ = 75◦. The roll control scheme is repre-
sented in Fig. 1(a). The low-level pitch control is

uθ (t ) = κKPθ ydθ (t ) + κ2KIθ

∫ t

t0

(ydθ (τ ) − θ (τ ))dτ

+ κ2KDθ
(ydθ (t ) − θ (t )) (8)

where (KPθ ,KIθ ,KDθ
) are PID gains, ydθ = LIM((θ c −

θ )�) + θbank, LIM refers to another limiter function

LIM(eθ ) =
⎧⎨
⎩

eθ if eθ ≥ eθ
eθ if eθ < eθ < eθ
eθ if eθ ≤ eθ

(9)

where eθ = −eθ = 75◦, and θbank refers to the bank angle
for roll compensation

θbank = g

Va
|tan θ sin θ | cos θ. (10)
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The pitch control scheme is given in Fig. 1(b). The low-
level yaw control is

uψ (t ) = κ2

(
KIψ

∫ t

t0

(KPψay(τ ) − ydψ (τ ))dτ − ydψ (t )

)
KDψ

(11)
where (KPψ ,KIψ ,KDψ

) are PID gains, ydψ = H (s)(ψ̇ −
ψ̇turn ), ψ̇turn refers to the compensation for turn coordination

ψ̇turn = g

Va
tan φ cosφ (12)

and H (s) is a high-pass filter with cutoff frequency at 0.2 rd/s

H (s) = s

s + 0.2
. (13)

The side-slip control scheme is given in Fig. 1(c).

C. Total Energy Control System

Although the airspeed can be controlled by means of
throttle δt and the altitude by means of elevator δe, altitude
and airspeed dynamics are not decoupled: for example,
for a constant thrust, the airspeed is affected by the UAV
pitching up or down, since pitching allows to convert some
of the kinetic energy into potential energy. Motivated by this
scenario, the ArduPilot developers have proposed a control
design based on energy considerations, called TECS. Con-
sider the standard definitions for kinetic energy Ek � 1

2V 2
a

and potential energy Ep � gh (the convention of ArduPilot
is that the mass does not appear in the definitions). Accord-
ingly, the energy rates are Ėk � VaV̇a and Ėp � gḣ. Note that
V̇a can be obtained from the on-board accelerometers. On
the other hand, an approximate ḣ can be obtained as follows:
in absence of wind, the angle between Vg and the horizontal
plane, is the flight path angle γfp. So

ḣ = Vg sin γfp (14)

where Vg indicates the ground speed. One can define the
commanded airspeed and altitude (Va,c and hc) in terms of
their energy, i.e.,

Ek,c = 1

2
V 2

a,c, Ep,c = ghc
(15)

and the commanded energy rates follow accordingly. The
total energy and the energy difference can be defined as

ET = Ek + Ep, ED = Ep − Ek (16)

ET,c = Ek,c + Ep,c, ED,c = Ep,c − Ek,c. (17)

The reason for using ET is: assuming that the flight path
angle γfp and angle of attack αaa are small and that the thrust
Fp and drag D are aligned, the forces balance is

Va(Fp − D) = gĖT (18)

that is, the thrust proportionally alters the rate of total
energy. Therefore, the thrust is used to control ET via a
PID loop with a feedforward term Tff

Tff = TD + kT,ff ĖT,c + kTφ

(
1

cos2 φ
− 1

)
(19)

δt = Tff + KPthr (ET,c − ET) + KIthr

∫ t

t0

(ET,c(τ ) − ET(τ ))dτ

(20)

where TD is the thrust needed to counteract the drag force,
kT,ff controls the feedforward amount and kTφ accounts for
the increased drag during aircraft banking.

On the other hand, it is known from physics that the
elevator deflection is approximately energy conservative,
i.e. it exchanges potential energy for kinetic energy, and
vice versa. So, the elevator can be used to control ED. This
is done by defining a commanded pitch c (which will be
a set point for the low level pitch control in (8)), controlled
via another PID loop with feedforward

c = 1

Va
KP (ED,c − ED) + ĖD,c

g
+ KD

(ĖD,c − ĖD)

+ KI

∫ t

t0

(ED,c(τ ) − ED(τ ))dτ. (21)

The overall TECS scheme is shown in Fig. 1(d). Finally,
let us mention that although the PID loops in the ArduPilot
documentation are in continuous time [25], they are even-
tually discretized for real implementation.

III. PRELIMINARIES ON MODEL-FREE ADAPTIVE
CONTROL

This section is meant to give some preliminaries on
model-free adaptive control, so that it is easier to understand
how to adopt this method in the ArduPilot architecture.
We follow a similar notation as [32]: consider an unknown
discrete-time single-input single output (SISO) nonlinear
system

y(k + 1)

= f (y(k), y(k − 1), . . . , y(k − ny), u(k), . . . , u(k − nu))
(22)

where u(k) ∈ R and y(k) ∈ R are the control input and
system output at time k, ny, nu ∈ Z+ are two unknown orders
of output and input, and f is an unknown nonlinear function.

Under some regularity assumptions (the nonlinear dy-
namics f (·) satisfy Lipschitz continuity and the partial
derivatives of f (·) with respect to all variables are contin-
uous [32]), we have that system (22) can be transformed
into

y(k + 1) − y(k) = ϕT
f ,Ly,Lu

(k)�HLy,Lu (k) (23)

with ||ϕ f ,Ly,Lu (k)|| ≤ b for any time k, where
HLy,Lu (k) = [y(k), . . . , y(k − Ly + 1), u(k), . . . , u(k −
Lu + 1)]T ∈ R

Lu+Ly is a vector that includes
past input and output data. Denote ϕ f ,Ly,Lu (k) =
[ϕ1(k), . . . , ϕLy (k), ϕLy+1(k), . . . , ϕLy+Lu (k)]T . In view
of (23), the integers Ly (1 ≤ Ly ≤ ny) and Lu (1 ≤ Lu ≤ nu)
are called output linearization length and input linearization
length, and they determine the order of the control law.
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Model-free adaptive control considers the following
one-step-ahead cost function:

J (u(k)) = |yd (k + 1) − y(k + 1)|2 + λ|u(k) − u(k − 1)|2
(24)

where λ > 0 is a weighting factor and yd (k + 1) is the
desired output signal. The cost function (24) depends on
the input to be designed: substituting (23) into (24), and
minimizing (24) with respect to u(k) yields the controller

u(k) − u(k − 1) =⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ϕLy+1(k)[ρLy+1(yd (k+1)−y(k))−∑Ly
i=1 ρϕi (k)(y(k−i+1)−y(k−i))]

λ+|ϕLy+1(k)|2

−ϕLy+1(k)
∑Ly+Lu

i=Ly+2 ρϕi (k)�u(k+Ly−i+1)

λ+|ϕLy+1(k)|2 , Lu ≥ 2
ϕLy+1(k)[ρLy+1(yd (k+1)−y(k))

λ+|ϕLy+1(k)|2
− ∑Ly

i=1 ρϕi (k)(y(k−i+1)−y(k−i))]
λ+|ϕLy+1(k)|2 , Lu = 1

(25)

where ρ ∈ (0, 1] is an auxiliary gain to make the algorithm
more flexible.

To derive the controller, a new cost function using the
input/output data of the controlled plant is considered

J (ϕ f ,Ly,Lu (k)) = |y(k) − y(k − 1)

− ϕT
f ,Ly,Lu

(k)�HLy,Lu (k − 1)|2
+ μ||ϕ f ,Ly,Lu (k) − ϕ̂ f ,Ly,Lu (k − 1)||2

(26)
where μ > 0 is a weighting factor, and ϕ̂ f ,Ly,Lu ∈ R

Ly+Lu

is the estimate of ϕ f ,Ly,Lu . Minimizing the cost (26) with
respect to ϕ f ,Ly,Lu (k) gives the following gradient-based
estimation

ϕ̂ f ,Ly,Lu (k) = ϕ̂ f ,Ly,Lu (k − 1)

+ η�HLy,Lu (k − 1)(y(k) − y(k − 1))

μ+ ||�HLy,Lu (k − 1)||2

−
η�HLy,Lu (k − 1)ϕ̂T

f ,Ly,Lu
(k − 1)�HLy,Lu (k − 1)

μ+ ||�HLy,Lu (k − 1)||2
(27)

ϕ̂ f ,Ly,Lu (k) = ϕ̂ f ,Ly,Lu (1) if ||ϕ̂ f ,Ly,Lu (k)|| ≤ ε

or ||�HLy,Lu (k − 1)|| ≤ ε

or sgn(ϕ̂ f ,Ly,Lu (k)) �= sgn(ϕ̂ f ,Ly,Lu (1))
(28)

where η ∈ (0, 2] represents the update step of the gradient
estimation and ε > 0 is to avoid division by zero. As a result,
the control input u(k) in (25) can be obtained as

u(k) − u(k − 1) =⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ξ̂Ly+1(k)[ρLy+1(yd (k + 1) − y(k))

− ∑Ly

i=1 ρiϕ̂i(k)(y(k − i + 1) − y(k − i))
− ∑Ly+Lu

i=Ly+2 ρiϕ̂i(k)
(u(k + Ly − i + 1) − u(k + Ly − i))], Lu ≥ 2
ξ̂Ly+1(k)[ρLy+1(yd (k + 1) − y(k))

− ∑Ly

i=1 ρiϕ̂i(k)(y(k − i + 1) − y(k − i))], Lu = 1
(29)

TABLE I
List of Low-Level and TECS Gains in ArduPilot

TABLE II
List of Parameters Used in MFAC and SMC

where ξ̂Ly+1(k) = ϕ̂Ly+1(k)/(λ+ |ϕ̂Ly+1(k)|2) ∈ R. The
next section will explain how the control (29) and
adaptive laws (27)–(28) are integrated with the ArduPilot
architecture.

IV. INTEGRATION OF ARDUPILOT AND MFAC

The numerical values of the gains used in each of the
five loops for ArduPilot are in Table I. These gains are in
line with those presented in [43], which are the result of
gains tuned on Bixler UAV, using the AutoTune procedure
of ArduPilot [44].

The ArduPilot architecture is integrated as in Fig. 1(a)–
(d) with the MFAC scheme, which only requires to select the
order of the regressors and input/output data. We choose the
order of the regressors to be ny = 2, nu = 1, as the resulting
control becomes similar to a PID controller with adaptive
gains [32]. The other gains (cf., Table II) have been tuned
by trial and error, according to the intuitions in [32]: the
adaptation step η regulates how fast ϕ̂ can be adapted;μ and
λ avoid division by zero in the denominators (27) and (29),
so they can be selected smaller than some expected average
value of ||�HLy,Lu (k − 1)||2 and |ϕ̂Ly+1(k)|2; ρ ∈ (0, 1] is
an auxiliary gain to make the controller algorithm more
flexible. The input/output data of the MFAC scheme are the
following.

1) Roll loop: y = φ, yd = LIM(�(φc − φ)), where LIM
is the limiter (7), and

δa(k) = uPID,δa (k) + σφ uMFAC,δa (k)

where uPID,δa is calculated from (6) and uMFAC,δa is
calculated from (29) with the aforementioned output
data.

2) Pitch loop: y = θ , yd = LIM(�(θc − θ )) + θbank,
where LIM is the limiter (9), θbank is the roll com-
pensation (10), and

δe(k) = uPID,δe (k) + σθ uMFAC,δe (k)
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where uPID,δe is calculated from (8) and uMFAC,δe is
calculated from (29) with the aforementioned output
data.

3) Side-slip loop: y = ay, yd = H (s)(ψ̇ − ψ̇turn ), where
ψ̇turn is the turn coordination (12), H (s) is the high-
pass filter (13), and

δr (k) = uPID,δr (k) + σψ uMFAC,δr (k)

where uPID,δr is calculated from (11) and uMFAC,δr is
calculated from (29) with the aforementioned output
data.

4) TECS1 loop (throttle demand): y = ET, yd = ET,c,
and

δt (k) = uPID,δt (k) + σthr uMFAC,δt (k)

where uPID,δt is calculated from (20) and uMFAC,δt is
calculated from (29) with the aforementioned output
data.

5) TECS2 loop (pitch demand): y = ED, yd = ED,c, and

c(k) = uPID,c (k) + σ uMFAC,c (k)

where uPID,θc is calculated from (21) and uMFAC,θc is
calculated from (29) with the aforementioned output
data.

The gains σφ ∈ {0, 1}, σθ ∈ {0, 1}, σψ ∈ {0, 1}, σthr ∈
{0, 1}, σ ∈ {0, 1} are binary gains used to activate or de-
activate the adaptation module in the corresponding loop.
The schemes of the augmented control system are given
in the diagrams of Fig. 1(a)–(d). The control system is
modular and the model-free adaptive control methodology
is integrated in both the low-level control (roll/pitch/yaw)
and the TECS.

V. SOFTWARE-IN-THE-LOOP EXPERIMENTS

The tests are conducted for a fixed-wing UAV that must
follow a line and then orbit around a point. During the
flight, done at approximately 15 m/s airspeed, the UAV
faces a wind of 4 m/s. The wind is also affected by Dryden
turbulence, in line with [27, Sec. 4.4]. The following three
scenarios are considered.

1) mass = 1kg;
2) mass = 1.5kg;
3) mass = 0.5kg.

These scenarios allow to evaluate how different con-
trollers behave in the presence of uncertain payloads. To
make the tests realistic, the ArduPilot functionalities have
been emulated in MATLAB according to the ArduPilot
documentation and code, which allows to perform software-
in-the-loop tests. More details on this software-in-the-loop
platform, developed and maintained by some of the authors,
are in [42] and[43]. The simulation environment comprises
sensor measurement noises and control deflection limits
(aileron: ±30◦, elevator: ±15◦, rudder: ±25◦).

A. Comparisons and Results

The original ArduPilot is used as baseline. To evaluate
the effect of augmenting different loops of the original
ArduPilot architecture, many combinations are examined,
e.g. augmenting one loop, augmenting two loops, until all
five loops are augmented. In addition, to compare with an
alternative method, we consider a methodology inspired by
robust sliding mode control (SMC), motivated by recent
works [45], [46] for fixed-wing UAVs. The robust SMC
can be written as

δa(k) = uPID,δa (k) + ka sat(sa(k)/εa )

δe(k) = uPID,δe (k) + ke sat(se(k)/εe )

δr (k) = uPID,δt (k) + kt sat(st (k)/εt )

δt (k) = uPID,δr (k) + kr sat(sr (k)/εr )

c(k) = uPID,c (k) + kc sat(sc(k)/εc)

where uPID,δa , uPID,δe , uPID,δt , uPID,δr , uPID,c are the contri-
butions of the original ArduPilot, ka, ke, kt , kr, kc are the
switching gains of sliding mode control [45], [46], sa, se, st ,
sr, sc are the sliding surfaces, and εa, εe, εt , εr, εc define the
size of the saturation. In our tests, sa = uPID,δa , se = uPID,δe ,
st = uPID,δt , sr = uPID,δr , sc = uPID,c . The numerical values
of SMC gains, tuned by trial and error, are in Table II.

The comparisons are reported in Tables III (tracking and
input norm for robust SMC) and IV (tracking and input norm
for proposed adaptation). The tracking error contribution is

coste = 1

Tfin

Tfin∑
k=1

[
(LIM(�(φc(k) − φ(k))) − φ(k))2

+ (�(θc(k) − θ (k))) − θ (k))2

+ (H (s)(ψ̇ (k) − ψ̇turn(k)) − ay(k))2

+ (ET,c(k) − ET(k))2 + (ED,c(k) − ED(k))2
]

(30)

and the control input contribution (control effort) is

costu = 1

Tfin

Tfin∑
k=1

[
δ2

a (k) + δ2
e (k) + δ2

r (k) + δ2
t (k) +2

c (k)
]

(31)

that is, each experiment with robust SMC or proposed
adaptation accounts for the contribution of all loops, even
when not all loops in Tables III and IV are augmented.
The percentage variations are calculated with respect to
the original ArduPilot. The following can be seen from
Tables III and IV.

1) The model-free adaptive control augmentation is
always beneficial for tracking (the tracking cost is
always reduced in Table IV).
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TABLE III
Tracking and Control Costs When Augmenting Different Loops of the Original ArduPilot Architecture With Robust SMC

The percentage variations are calculated with respect to the original ArduPilot.

TABLE IV
Tracking and Control Costs When Augmenting Different Loops of the Original ArduPilot Architecture With Adaptation

The percentage variations are calculated with respect to the original ArduPilot.

2) The same does not hold for the robust SMC in
Table III, where sometimes the tracking cost is larger
than ArduPilot.

3) The robust SMC usually increases the control effort
(increasing control costs in Table III).

4) On the contrary, the model-free adaptive control
augmentation generally reduces the control effort
(smaller control costs in Table IV).

Decreasing the control effort while improving tracking
is a remarkable feature of the proposed scheme. The best im-
provement is obtained when all five loops of ArduPilot are
augmented with adaptation. To the best of our knowledge, it
is the first time that model-free adaptive control is integrated
system-wide in a complete ArduPilot-based autopilot
architecture. Table IV reveals that the improvements are

consistent for all masses: the full augmentation leads to
tracking improvements in the range 70.4%–80.4% and
control reduction in the range 7.6%–22.7%. The robust
SMC can improve tracking by 45.8%–68.6% but it requires
increased control effort in the range 2.1%–7.7%.

To understand the reasons for such improvements, we
report in Fig. 2 the paths under the original ArduPilot, the
robust SMC, and the proposed augmentation. The UAV
should first follow a desired line (in order to do this, the
UAV must circumnavigate the line). Due to the wind, the
original ArduPilot deviates from the desired path and slowly
converges to the line. When the UAV orbits around a de-
sired point, the zoom in Fig. 2 show that the wind makes
the original ArduPilot deviate almost one meter from the
desired orbit. The proposed autopilot is less affected by the
wind for all masses of the UAV, e.g., it deviates only 30 cm

BALDI ET AL.: ARDUPILOT-BASED ADAPTIVE AUTOPILOT: ARCHITECTURE AND SITL EXPERIMENTS 4479

Authorized licensed use limited to: TU Delft Library. Downloaded on February 06,2023 at 13:51:41 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 2. Paths on the (x−y) plane for different masses, with original PID ArduPilot and with proposed augmentation. Note that the UAV is less
affected by wind when mass=1.5 kg and more affected when mass=0.5 kg. (a) Path for mass=1kg. (b) Path for mass=1.5kg. (c) Path for

mass=0.5kg. (d) Comparison of ArduPilot paths.

from the orbit. The robust SMC works better than ArduPilot
(but worse than the proposed adaptive augmentation) for
mass=1 kg and mass=1.5 kg. However, for mass=0.5 kg,
a substantial degradation can be noticed, especially during
the orbit phase. Note that the UAV is less affected by wind
when mass=1.5 kg and more affected when mass=0.5 kg,
which is consistent with intuition.

To further understand the improvements of the proposed
approach, we also report the tracking and control results for
all loops. Fig. 3 report the tracking errors (with original
ArduPilot, with robust SMC and with proposed augmenta-
tion), while Fig. 4 reports the corresponding inputs (with
original ArduPilot, with robust SMC and with proposed

augmentation). It is clear to see that the errors of the aug-
mented architecture are much smaller than the errors of the
original architecture. The fact that the errors are kept small
for any mass certifies the consistency of the augmentation
method.

B. Mass Change and Time-Varying Wind

To further test the proposed approach, we propose a
scenario with changing mass: the UAV mass is initially
1.5 kg and it suddenly drops to 0.5 kg. This scenario can
simulate the UAV suddenly releasing or losing its payload.
Clearly, the autopilot should compensate for this sudden
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Fig. 3. Tracking errors for all five loops (roll, pitch, yaw, TECS1, and TECS2) for different masses: 1 kg (top), 1.5 kg (middle), 0.5 kg (bottom).
Airspeed and altitude are also reported. The original ArduPilot and the proposed augmentation have solid lines, the robust SMC has dash-dot line. (a)

Roll errors. (b) Pitch errors. (c) Side-slip errors. (d) Energy (TECS1) errors. (e) Energy (TECS2) errors. (f) Airspeed. (g) Altitude.

change. At the same time, a time varying wind is created,
i.e., the wind of 4 m/s is sinusoidally perturbed in magnitude
(perturbation of 1 m/s) and in direction (perturbation of 90◦).
The resulting paths are reported in Fig. 5 in the (x–y) plane:
again, it can be seen that the proposed adaptive autopilot im-
proves over the original ArduPilot and the robust SMC. One
can notice that the mass change causes a large perturbation
in both ArduPilot and the robust SMC autopilot, whereas
the proposed adaptive autopilot is almost unaffected by
the mass change. Full details of inputs and tracking errors
are not reported for lack of space, but Table V provides
the tracking and control costs for the different autopilot
architectures: the full augmentation leads to tracking im-
provement of 79.5% and control reduction of 28.8%. The
robust SMC can improve tracking of 38.2% but it requires
increased control effort of 6.1%.

TABLE V
Tracking and Control Costs With Mass Change and

Time-Varying Wind for Different Autopilots

The percentage variations are calculated with respect to the original
ArduPilot.
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Fig. 4. Control inputs for all five loops (roll, pitch, yaw, TECS1, and TECS2) for different masses: 1 kg (top), 1.5 kg (middle), 0.5 kg (bottom). The
original ArduPilot and the proposed augmentation have solid lines, the robust SMC has dash-dot line. (a) Roll inputs (aileron). (b) Pitch inputs

(elevator). (c) Side-slip inputs (rudder). (d) TECS1 inputs (throttle). (e) TECS2 inputs (pitch demand).

Fig. 5. Paths on the (x−y) plane for mass change 1.5 → 0.5 kg and
time-varying wind, with original PID ArduPilot, with robust SMC and

with proposed augmentation. One can notice that the mass change causes
a large perturbation in both ArduPilot and the robust SMC autopilot.

VI. CONCLUSION

This article has presented an adaptive augmentation
method for ArduPilot-based autopilots of fixed-wing UAVs.
This augmentation strategy was adopted for both attitude
and total energy control loops of ArduPilot, an open-source
software suite developed and maintained by a large UAV

community. The augmented architecture was tested in a
software-in-the-loop UAV platform in the presence of sev-
eral uncertainties (represented by different payloads of the
UAV, low-level unmodeled dynamics, and time-varying
wind). The performance was measured in terms of the
tracking errors and control effort of the attitude and total
energy control loops. Extensive comparative experiments
with the original ArduPilot, with the proposed augmenta-
tion, and with an alternative robust autopilot have shown
that the augmentation method can significantly improve the
performance of the UAV consistently for all payload and
wind conditions.

Interesting future research directions include consider-
ing practical aspects of the UAV from an analytic point
of view, such as the presence of saturation (which might
require an antiwind up design) and the presence of measure-
ment noise (which might require a model-free observer).
Eventually, testing these algorithm in real-life is also of
interest.

APPENDIX
UAV DYNAMICS

This appendix recalls basic notions of UAV dynamics
and gives some parameters of the UAV used in this study.
More complete discussions of UAV dynamics can be found
in [27, Ch. 3] and a complete list of parameters is in [43].
Fig. 6 illustrates the axes of motion of the UAV. The rela-
tionship between translational velocity and inertial position
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Fig. 6. Axes of motion for fixed-wing UAV.

of the UAV requires a differentiation and rotation
⎡
⎣ ṗn

ṗe

ṗd

⎤
⎦=

⎡
⎣ cθcψ cθ sψ −sθ

sψsθcψ − cφsψ sφsθ sψ + cφcψ sφcθ
cφsθcψ + sφsψ cψsθ sψ − sψcψ cφcθ

⎤
⎦

T ⎡
⎣ u

v

w

⎤
⎦

with the short notation cψ = cosφ, sφ = sin φ, and where u,
v, w are the inertial velocity components projected onto the
body frame. The body-frame angular rates can be expressed
in terms of the Euler angles φ, θ , ψ⎡

⎣ φ̇θ̇
ψ̇

⎤
⎦ =

⎡
⎣ 1 sin φ tan θ cosφ tan θ

0 cosφ − sin φ
0 sin φ/ cos θ cosψ/ cos θ

⎤
⎦

⎡
⎣ p

q
r

⎤
⎦

where p, q, r are roll/pitch/yaw rate measured along the
corresponding axes. For translational motion, it holds that⎡

⎣ u̇
v̇

ẇ

⎤
⎦ =

⎡
⎣ rv − qw

pw − ru
qu − pv

⎤
⎦ + 1

m

⎡
⎣ fx

fy

fz

⎤
⎦

where fx, fy, fz are the externally applied forces defined in
terms of body frame.

The rotational dynamics equations are⎡
⎣ ṗ

q̇
ṙ

⎤
⎦ =

⎡
⎣ �1 pq − �2qr
�5 pr − �6

(
p2 − r2

)
�7 pq − �1qr

⎤
⎦ +

⎡
⎣�3L + �4N

1
Jy
M

�4L + �8N

⎤
⎦

where

�1 = Jxz
(
Jx − Jy + Jz

)
�

�2 = Jz
(
Jz − Jy

) + J2
xz

�

�3 = Jz

�
�4 = Jxz

�

�5 = Jz − Jx

Jy
�6 = Jxy

Jy

�7 =
(
Jx − Jy

)
Jx + J2

xy

�
�8 = Jx

�

� = JxJz − J2
xz, with the inertia tensor defined as

J =
⎡
⎣ Jx 0 −Jxz

0 Jy 0
−Jxz 0 Jz

⎤
⎦ .

TABLE VI
Physical Parameter Values

Note that it is considered that Jxy = Jyz = 0 since most
aircraft are symmetric around these planes. The external
forces and moments are dependent on some states and input
of the UAV. More specifically

Flift = 1

2
ρairV

2
a SwingCL

(
αaa, q, δe

)

Fdrag = 1

2
ρairV

2
a SwingCD

(
αaa, q, δe

)

M = 1

2
ρairV

2
a SwingcwingCm

(
αaa, q, δe

)

where ρair is the air density, Swing the planform area of
the single wings, cwing is the main chord of the wing. The
nonlinear functions CL, CD, Cm are typically approximated
via Taylor expansion [27, Ch. 3]. Note that Flift and Fdrag

are expressed in the stability frame—to bring them onto the
body frame, the following rotation is performed:⎡

⎣ fx

0
fz

⎤
⎦ =

⎡
⎣ cosβsa cosαaa sin βsa cosβsa sin αaa

− sin βsa cosαaa cosβsa− sin βsa sin αaa

− sin αaa 0 cosαaa

⎤
⎦

T ⎡
⎣ −Flift

0
−Fdrag

⎤
⎦

where αaa, βsa are the angle of attack and side slip angle,
respectively. Note that the longitudinal force is also affected
by the thrust, for which the following equation holds:

Fp = SpCprop (Pout − Pin )

= 1

2
ρairSpCprop

[(
Rprop(kmotδt + qmot )

)2 − V 2
a

]

where Rprop is the propeller radius,Cprop is a nondimensional
coefficient representing rotor thrust efficiency, and kmot, qmot

are motor constants [43].
The lateral aerodynamics directly influences the lateral

force, as well as the rolling and yawing moments

fy = 1

2
ρairV

2
a SwingCY

(
βsa, p, r, δa, δr

)

L = 1

2
ρairV

2
a SwingbwingCl

(
βsa, p, r, δa, δr

)

N = 1

2
ρairV

2
a SwingbwingCn

(
βsa, p, r, δa, δr

)

where bwing is the wingspan, and CY, Cl, Cn are nonlinear
functions typically approximated via Taylor expansion [27,
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Ch. 3]. The numerical values of the parameters are in
Table VI. A more complete list can be found in [43].
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