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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.

[. 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], L, 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
[371, [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,
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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.

[I.  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 8, is primarily
used to influence the roll rate p, while the rudder angle 8, is
used to control the yaw 1. Under simplifying assumptions
(the interested reader can check [27, Ch. 6]), one obtains
second-order dynamics between the aileron and the roll
angle

g, 1
() = —— (8,(9) + —d, (s) (M
s(s +og,) g,
where s is the Laplace operator, oy, , otg, are coefficients
coming from linearization, and dy, is a disturbance account-
ing for unmodeled dynamics. Furthermore, one obtains
first-order dynamics between the roll and the course angle

V.
x(s) = g/Tg«zs(s) +d,y (s)) )

where x is the course angle, V, is the ground speed, and d,
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 B,

ag,
S+ ap,

where ag,, ag, are coefficients coming from linearization,
and dg is adisturbance accounting for unmodeled dynamics.
These first-order dynamics can be used to design another
PID loop, called low-level yaw control.

Bsa(s) = (8:(s) + dp(s)) 3)
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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 8. and the throttle percentage §; ( percentage of the
maximum throttle). The elevator angle is used to influence
the pitch angle 6, while the pitch angle is used to manip-
ulate both the altitude 4 and the airspeed V,. Simplifying
assumptions (the interested reader can check [27, Ch. 5])
give second-order dynamics between the elevator and the
pitch angle

1
0, <ae(s> +—dy, (s)) )

0(s) = ————m——
$2 4 ap, s + ag, o,

where ay,, ap,, o, are coefficients coming from lineariza-
tion, and dp, 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

®)

where V, nom 1S @ nominal cruise speed (by default V, hom =
15m/s). The scaling factor « represents the fact that the wing
surfaces should be moved less at high speed, and more at
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low speed. The low-level roll control is

up(1) = kKp,ya, (1) + °Ki, /t e, (1) — p(T))dT
+ k*Kp, (va, (1) — $(1)) (6)

where (Kp,, Ki,, Kp,) are PID gains, Yd, = LIM((¢p¢ —
)24 ), and LIM refers to a limiter function (saturation)

E¢ife¢2E¢,
e¢ifg¢<e¢<é¢
g¢ife¢§g¢

LIM(ey) = (7

where e, = —¢, = 75°. The roll control scheme is repre-
sented in Fig. 1(a). The low-level pitch control is

ug(t) = K Kp,ya, (t) + k*Kj, / (ya,(v) = O(7))dt
+ 1 Kp, (ya, (1) — 0(1)) (8)

where (Kp,, Ki,, Kp,) are PID gains, y; = LIM((0° —
0)2) + Opank, LIM refers to another limiter function

epif eg > ey

LIM(eg) = § ep if ey < eg < ey 9)
ey if ey < e,
where ey = —e, = 75°, and BGpani refers to the bank angle
for roll compensation
8 .
Opank = — |tan 0 sin | cos 6. (10)
Va
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The pitch control scheme is given in Fig. 1(b). The low-
level yaw control is

t
uy (t) = «* (KIW / (Kp,ay(t) — ya,(t))dT — ya, (f)> Kp,
1
’ (11)
where (Kp,, Ki,, Kp,) are PID gains, y;, = H(s)({ —
x'pmm), x'pmm refers to the compensation for turn coordination

V= Vﬁtanascow (12)

a

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

s+0.2

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

H(s) =

13)

C. Total Energy Control System

Although the airspeed can be controlled by means of
throttle &, and the altitude by means of elevator §., 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 Ey £ V2
and potential energy E, £ gh (the convention of ArduPilot
is that the mass does not appear in the definitions). Accord-
ingly, the energy rates are E, £ V,V, and E, £ gh. Note that
V, can be obtained from the on-board accelerometers. On
the other hand, an approximate /i can be obtained as follows:
in absence of wind, the angle between V, and the horizontal

plane, is the flight path angle y;,. So
h = Vysin y, (14)

where V, indicates the ground speed. One can define the
commanded airspeed and altitude (V, . and &) in terms of
their energy, i.e.,

15)

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

(16)
an

Er = Ex + E,,
ET,C = Ek,c + Ep,c’

Ep =E, — Ex
ED,c = Ep,c - Ek,@
The reason for using Er is: assuming that the flight path

angle yr, and angle of attack «,, are small and that the thrust

F, and drag D are aligned, the forces balance is
Va(F, — D) = gbr (18)

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

. 1
Tyt = Tp + krsEr e + kT, (m - 1) (19)
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t

8 = Ty + Kp,, (E1c — Er) + K, / (Et(t) — Ex(T))dT
0]

(20)

where Tp is the thrust needed to counteract the drag force,
kr ¢ controls the feedforward amount and kr, 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 Ep. This
is done by defining a commanded pitch ®. (which will be
a set point for the low level pitch control in (8)), controlled
via another PID loop with feedforward

ED,C

1 . .
O, = —Kp,(Ep,. — Ep) + + Kp, (Ep,c — Ep)
a

V.

t
+ K, / (Epe(t) — En())dx. @1)

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.

[ll.  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

yk+1)

(22)

where u(k) € R and y(k) € R are the control input and
systemoutputattime k, ny, n, € 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
nto

yk+1) —ytk) = ¢f; ;1 (OAHL 1, (k) (23)
with  |lofr 1, (K|l <b for any time k, where
HL),,Lu(k) =[yk), ..., ytk =Ly + 1), u(k), ..., utk —
L,+ D" e Rty js  a  vector that includes
past input and output data. Denote ¢y 1, (k)=
[@1(k), ..., o1, (k). @1 (), - .oy @r 0, (O1T. In view

of (23), theintegers L, (1 < L, <ny)and L, (1 <L, < n,)
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:

Ju(k)) = lyatk + 1) = y(k + DI* + Muk) — utk — DI?
(24)
where X > 0 is a weighting factor and y,;(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

uk) —utk —1) =
01y 41 0 p1y21 Ga D=y k)= Y2 i (k) (k=i D=y (k—D))]
Aty 1 ()2
@ry+1(k) Zf;,:iuz @i (k) Au(k+Ly—i+1) I )
- A+lon, (P L)
Pry+1 () pry+1 (va (k+1)—=y(k))
Ao, R)F
— 3 pik) k=it 1) —y(k—i)] L —1
Atlgr, 1)1 ’ uw =

where p € (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(@r.1,.,(k) = |yk) — y(k — 1)
— ¢ 11, (OAH 1, (k= DI’
+ wlles.r,.L, (k) — @rr,n,(k — DI
(26)

where u > 0 is a weighting factor, and ¢, ;, € RbH
is the estimate of ¢, LyLy- Minimizing the cost (26) with
respect to ¢y 1, 1,(k) gives the following gradient-based
estimation

Grr,L,k)=@r 0, (k—1)
nAHL, 1, (k — D(y(k) — y(k — 1))
w+I1AHL, 1, (k= 1)][?
nAH, 1, (k= D@p, (k= DAH 1, (k= 1)
w+ [|AHL 1, (k — 1)||?

27
Orr,n, k)= @r 0, (D) if [|@r 0, (K| <€
or |[AHL, 1, (k— DIl <e€
or sgn(Pyp, 1,(k)) # sgn(@rr, 1,(1))
(28)

where 1 € (0, 2] represents the update step of the gradient
estimationand e > Oisto avoid division by zero. As aresult,
the control input (k) in (25) can be obtained as

Ep 4 ®)lpr,+1(vatk + 1) = y(k))
- ZiLéle@i(k)(y(k —i+ 1) —yk—1)
— > pidi(k)

Eu(k+Ly—i+1)—u(k+Ly—i))], L,>2

EL+1(0pL,+1ak + 1) — y(k))

—Y R )Gk — i+ 1) —yk—i)], L, =1
(29)

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

TABLE I
List of Low-Level and TECS Gains in ArduPilot
roll pitch yaw
Kp 0.28 Kp, 036 | Kp, 0
K, 0.045 Ki, 0.15 v 1
Kp, 0.01 Kp, 008 | Kp, L5
Qy 222 | Qp 222
TECS
> 45 Kp,,, 0.5 Kpo 0
krg 0007 | Ky, 0.1 Ko 0.1
kT s 10 g 9.81 | Kpe 0
TABLE 11
List of Parameters Used in MFAC and SMC
MFAC SMC
n H ) A k €
roll 1 3.2 0.01 0.32 10.4 0.24
pitch 1 0.01 0.045 0.1 1.9 14.5
slip 0.002 04 0.35 1.1 0.05 0.01
TECSI 0.01 6 1 0.1 40 0.003
TECS2 1 17.3 0.01 0.66 2.0 11.3

where &, 41(k) = ¢, 1(k)/(x + ¢, 1 (K)[) € 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 n, = 2, n, = 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 n regulates how fast ¢ can be adapted; ¢ and
A avoid division by zero in the denominators (27) and (29),
so they can be selected smaller than some expected average
value of ||AHL 1, (k — 1)||* and |@r 41(k)[*; p € (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) Rollloop:y = ¢,ys = LIM(R2(¢p. — ¢)), where LIM
is the limiter (7), and

84 (k) = upip,s5,(k) + 04 umrac,s, (k)

where upip 5, 1 calculated from (6) and uppac,s, 1S
calculated from (29) with the aforementioned output
data.

2) Pitch loop: y =10, y; = LIM(R. — 0)) + pank,
where LIM is the limiter (9), Gpank 1S the roll com-
pensation (10), and

8¢ (k) = upp,s5,(k) + 09 tmrac,s, (k)
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where upip s, is calculated from (8) and umpac s, 1S
calculated from (29) with the aforementioned output
data.

3) Side-slip loop:y = ay,yq = H(s)(l/} — 1.ﬂmm), where
lﬁturn is the turn coordination (12), H(s) is the high-
pass filter (13), and

8:(k) = upip,5, (k) + oy umrac,s, (k)

where upp s, is calculated from (11) and uppacs, 1S
calculated from (29) with the aforementioned output
data.

4) TECSI loop (throttle demand): y = Et, yg = Er,
and

8i(k) = upm,s, (k) + Owmr Unirac,s, (k)

where upp s, is calculated from (20) and unpac s, 1S
calculated from (29) with the aforementioned output
data.

5) TECS2 loop (pitch demand): y = Ep,yq = Ep ¢, and

O.(k) = upmp, 0, (k) + 06 Umrac,o, (k)

where upp g, is calculated from (21) and uppac,g, 1S
calculated from (29) with the aforementioned output
data.

The gains oy € {0, 1}, 0y € {0, 1}, oy € {0, 1}, o €
{0, 1}, oe € {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 = lkg;
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°).
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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

8a(k) = upmp 5, (k) + kq sat(sy(k)/€a)
Se(k) = upmp s, (k) + ke sat(se(k)/€e)
8:(k) = uprp 5, (k) + ki sat(s (k) /€;)
8i(k) = upip s, (k) + k. sat(sy(k)/€;)

Oc(k) = upp, e, (k) + ke sat(sc(k)/ec)

where UpIp,s,» UPID,s.» UPID,s,» UPID,s,» UPID,®, are the contri-
butions of the original ArduPilot, k,, k., k¢, k;, k. are the
switching gains of sliding mode control [45], [46], s, Se, St,
sy, 8¢ are the sliding surfaces, and €,, €., €, €., €. define the
size of the saturation. In our tests, s, = Upip s,, Se = UPID.s5,»
S¢ = UpID.5,» S = UPID.s,» Sc = UpID, @, - 1he 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

7}][1

1
coste = 7= 3 [(LIM(Q(:(h) — ¢k = (k)Y
k=1

+ (k) — 6(k))) — 6(k))?
+ (H ()W (k) — Yram (k) — ay(k))*

+ (Er.c(k) — Er(k))* + (Epc(k) — Ep(k))*]
(30)

and the control input contribution (control effort) is

Tfin
1
cost, = -— > [82(k) + 82(k) + 82 (k) + 82 (k) + OF (k)]
fin k=1

(3D

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 IIT and I'V.

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

roll+pitch+slip+tecs1
roll+pitch+slip+tecs2
roll+pitch+tecs1+tecs2
pitch+slip+tecs1+tecs2

43.30 (-0.8%)
13.70 (-68.6%)
13.68 (-68.6%)
14.09 (-67.7%)

4.54 (+1.2%)
4.58 (+2.1%)
4.56 (+1.7%)
4.58 (+1.9%)

48.55 (-8.4%)
17.85 (-66.3%)
17.81 (-66.4%)
18.35 (-65.4%)

5.51 (+0.7%)
573 (+4.7%)
571 (+4.4%)
572 (+4.6%)

45.19 (+24.1%)
19.75 (-45.8%)
19.39 (-46.7%)
19.50 (-46.4%)

Add SMC mass = lkg mass = 1.5kg mass = 0.5kg
Tracking Control Tracking Control Tracking Control
original ArduPilot
(no SMC) 43.62 4.49 52.99 5.47 36.40 3.76
roll 43.01 (-1.4%) 449 (+0.1%) | 52.25 (-1.4%) 5.47 (-0.1%) 37.27 (+2.4%) 3.79 (+0.7%)
pitch 43.76 (+0.3%)  4.52 (+0.6%) | 49.08 (-7.4%)  5.49 (+0.4%) | 42.17 (+15.8%)  3.88 (+3.3%)
slip 43.67 (+0.1%)  4.51 (+0.4%) | 53.06 (+0.1%)  5.49 (+0.3%) 36.49 (+0.3%) 3.78 (+0.6%)
tecsl 43.62 (0.0%) 4.49 (0.0%) 52.99 (0.0%) 5.47 (0.0%) 36.40 (0.0%) 3.76 (0.0%)
tecs2 14.95 (-65.7%)  4.64 (+3.3%) | 24.96 (-52.9%) 5.82 (+6.3%) | 22.17 (-39.1%)  4.36 (+16.0%)
roll+pitch 43.26 (-0.8%)  4.52 (+0.8%) | 48.48 (-8.5%)  5.49 (+0.4%) | 45.09 (+23.9%)  4.01 (+6.7%)
pitch+slip 43.82 (+0.5%)  4.54 (+1.0%) | 49.15 (-7.3%)  5.51 (+0.8%) | 42.46 (+16.7%)  3.92 (+4.3%)
pitch+tecs1 43.76 (+0.3%)  4.52 (+0.6%) | 49.07 (-7.4%)  5.49 (+0.4%) | 42.17 (+15.8%)  3.88 (+3.3%)
tecsl+tecs2 14.94 (-65.7%)  4.64 (+3.3%) | 24.96 (-52.9%) 5.82 (+6.3%) | 22.17 (-39.1%)  4.36 (+16.0%)
roll+pitch+slip 43.30 (-0.7%)  4.54 (+1.2%) | 48.55 (-8.4%) 551 (+0.7%) | 45.18 (+24.1%)  4.04 (+7.5%)
roll+slip+tecsl 43.05 (-1.3%)  4.51 (+0.5%) | 52.30 (-1.3%)  5.49 (+0.3%) 37.42 (+2.8%) 3.81 (+1.4%)

4.04 (+7.5%)
4.05 (+7.7%)
3.99 (+6.2%)
4.07 (+8.3%)

all SMC

13.69 (-68.6%)

4.58 (+2.1%)

17.85 (-66.3%)

5.73 (+4.7%)

19.75 (-45.8%)

4.05 (+7.7%)

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
Add MFAC mass = lkg mass = 1.5kg mass = 0.5kg
Tracking Control Tracking Control Tracking Control
original ArduPilot
(no MFAC) 43.62 4.49 52.99 5.47 36.40 3.76
roll 41.11 (-5.8%) 4.50 (+0.3%) 50.06 (-5.5%) 5.48 (+0.2%) 33.14 (-9.0%) 3.69 (-1.8%)
pitch 24.52 (-43.8%)  4.37 (-2.6%) 33.50 (-36.8%) 5.42 (-1.0%) 17.85 (-51.0%)  3.63 (-3.5%)
slip 41.23 (-5.5%)  3.81 (-15.1%) 50.56 (-4.6%) 4.78 (-12.7%) 32.82 (-9.9%)  3.09 (-17.8%)
tecs1 41.59 (-4.7%) 4.47 (-0.4%) 51.00 (-3.8%) 5.45 (-0.4%) 34.59 (-5.0%) 3.75 (-0.1%)
tecs2 28.68 (-34.3%)  4.68 (+4.3%) | 34.24 (+35.4%) 5.87 (+7.4%) | 26.28 (-27.8%)  3.99 (+6.1%)
roll+pitch 22.00 (-49.6%)  4.38 (-2.4%) 31.10 (-41.3%) 5.44 (-0.6%) 13.44 (-63.1%)  3.50 (-7.0%)
pitch+slip 22.16 (-49.2%)  3.69 (-17.7%) | 31.41 (-40.7%)  4.75 (-13.3%) | 13.72 (-62.3%)  2.90 (-23.0%)
pitch+tecsl 2225 (-49.0%)  4.36 (-3.0%) 31.80 (-40.0%) 5.39 (-1.5%) 16.01 (-56.0%)  3.63 (-3.5%)
tecs1+tecs2 25.73 (-41.0%)  4.68 (+4.2%) 32.19 (-393%)  5.87 (+7.2%) | 23.99 (-34.1%)  4.00 (+6.6%)
roll+pitch+slip 2098 (-51.9%)  3.73 (-17.0%) | 30.69 (-42.1%)  4.83 (-11.8%) | 12.34 (-66.1%)  2.92 (-22.3%)
roll+slip+tecsl 38.16 (-12.5%)  3.83 (-14.7%) 47.98 (-9.5%) 4.81 (-12.0%) | 30.18 (-17.1%)  3.11 (-17.3%)

roll+pitch+slip+tecs1

roll+pitch+slip+tecs2
roll+pitch+tecs1+tecs2
pitch+slip+tecs1+tecs2

19.06 (-56.3%)
11.40 (-73.9%)
9.63 (-77.9%)
9.93 (-77.2%)

372 (-17.2%)
3.79 (-15.6%)
441 (-1.8%)
3.76 (-16.3%)

28.59 (-46.0%)
19.95 (-62.4%)
17.21 (-67.5%)
19.46 (-63.3%)

4.79 (-12.5%)
5.10 (-6.8%)
570 (+4.1%)
5.05 (-7.7%)

10.04 (-72.4%)
9.50 (-73.9%)
9.62 (-73.6%)
8.18 (-77.5%)

2.91 (-22.5%)
2.92 (-22.3%)
3.52 (-6.3%)
2.89 (-23.2%)

all MFAC

8.48 (-80.6%)

378 (-15.9%)

15.70 (-70.4%)

5.06 (-7.6%)

7.12 (-80.4%)

2.01 (-22.7%)

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 aremarkable 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

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

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 UAYV, e.g., it deviates only 30 cm
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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
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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

Autopilot mass = 1.5 — 0.5kg
Tracking Control
Original
ArduPilot 7641 7.04
Robust SMC1 47 53 (38.200)  7.47 (+6.1%)
autopilot
Proposed
adaptive autopilot 15.66 (-79.5%)  5.02 (-28.8%)

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). () TECS2 inputs (pitch demand).
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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
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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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of the UAV requires a differentiation and rotation

. T

Pn CoCy CoSyr —S9

pg = | SySeCy — CopSyr SpSoSyr + CpCyr SpCo v
Pd CpSoCy + S¢Sy CySeSy — Sy Cy CyCo w

with the short notation ¢y, = cos ¢, 54 = sin ¢, 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 ¢, 6, ¢

<,%5 1 sin¢ tan6 cos¢ tanf P
0 |=[0 cosg —sin¢ q
) 0 sin¢/ cosO cosy/cosb r

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

u rv — qw 1 fx
vV |=|pw—ru|+—|f
W qu—pv | ™| f

where f,, f,, f. are the externally applied forces defined in
terms of body frame.
The rotational dynamics equations are

P T'ipg — Tagr F3L + TN
6:1 = | Tspr—T (p2 - r2) + J—yM
r 7pg — Tigr 4L+ TN
where
Jeo (e = Jy + ) Jo (=) + 2
[ =—x> 2 9 p,== " X
r r
JZ ‘]XZ
F = — F = —
TT TT
J. — Jx
s == Fe=—"
Jy Jy
(Je = Iy) Je + T2, J,
Nh=———— e
r r

I' = J.J, — J2, with the inertia tensor defined as

xz?

Jo 0 —Jy
J=| 0 J, 0
_sz 0 Jz
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TABLE VI
Physical Parameter Values

Parameter Value Unit Parameter Value Unit
m 1.0 kg
Jz 0.020 kg - m?2 Jx 0.053 kg - m2
Jy 0.026 | kg-m? Jrz 0 kg - m?
Sp 0.031 m? Rprop 0.1 m
bwing 1.31 m prop 0.12 -
Cwing 0.175 m kmot 11.39 rad/s
Swing 0.228 m? qmot 239 rad/s
gmin gmax | 40,52 rad smin gmax | 4026 rad
gmin gmax | 4044 rad gmin gmax | [0,100] %

Note that it is considered that J,, = J,, = 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

1 2
Fig = Epairva SwingCL (aaa7 q, 5e)

1 2
Fdrag = Epairva SwingCD (aaa, q, 8e)

1
M = E/Oairvazswingcwingcm (aaav q, Se)

where p,;; is the air density, Syin, the planform area of
the single wings, Cyin, is the main chord of the wing. The
nonlinear functions Cr, Cp, Cy, are typically approximated
via Taylor expansion [27, Ch. 3]. Note that Fj; and Fye
are expressed in the stability frame—to bring them onto the
body frame, the following rotation is performed:

fe
O =
RE
[ cos Bsa COS 0y SIN Bsa €OS Psa SIN gy — Fige
— 81N Bz COS Uay COS Py SiN PBga SIN Upy 0
—sin oy, 0 COS Uy — Frag

where «,,, Bs. 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 = Spcpmp (Pout - Pm)
1 2
= EpairSpCprop [(Rprop(kmolgt + Qmol)) - Va2:|

where Ry, is the propeller radius, Cpop is anondimensional
coefficient representing rotor thrust efficiency, and ko, Gmot
are motor constants [43].

The lateral aerodynamics directly influences the lateral
force, as well as the rolling and yawing moments

1 2
fy = Epairva SwingCY (ﬁsaa P, 687 Sr)

1
L= Epairvazswingbwingcl (ﬂsa’ D, 1, 8a, 8r)

1
N = Epairvazswingbwingcn (,Bsa’ D» 1, 8a, (Sr)

where by, 18 the wingspan, and Cy, G, C, 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].

REFERENCES

(1]

(2]

(3]

[4]

[5]

(6]

(71

(8]

[91

[10]

(1]

[12]

[13]

[14]

4484

F. Kara and M. U. Salamci
Model reference adaptive sliding surface design for nonlinear
systems
IEEE Trans.
Jan./Feb. 2018.
J.-P. Cai, L. Xing, M. Zhang, and L. Shen
Adaptive neural network control for missile systems with un-
known hysteresis input
IEEE Access, vol. 5, pp. 15839-15847, 2017.
C. Xun and L. Yongshan
Design and analysis of autopilot based on adaptive control
In Proc. Int. Conf. Mechatronic Sci., Electr. Eng. Comput.,2013,
pp. 2918-2921.
Y. Zhang
Adaptive control at launching using three loop autopilot
In Proc. 2nd Int. Conf. Mechanic Autom. Control Eng., 2011,
pp. 5535-5538.
S. N. Tiwari, P. N. Dwivedi, A. Bhattacharya, and R. Padhi
L1 adaptive dynamic inversion missile autopilot with pi struc-
ture and adaptive sampling
In Proc. Indian Control Conf., 2016, pp. 54-59.
J. Du, C. Guo, S. Yu, and Y. Zhao
Adaptive autopilot design of time-varying uncertain ships with
completely unknown control coefficient
IEEE J. Ocean. Eng., vol. 32, no. 2, pp. 346-352, Apr. 2007.
Y. Liu and Q. Zhu
Adaptive fuzzy control for ship autopilot with course constraint
based on event-triggered mechanism
In Proc. 7th Int. Conf. Inf., Cybern., Comput. Social Syst., 2020,
pp. 175-179.
H. Sun, F. Yu, F. He, and J. Sheng
A novel adaptive fuzzy autopilot design based on DSC
In Proc. Int. Conf. Elect. Control Eng., 2011, pp. 3300-3304.
J. Hill and Q. Lam
Using an adaptive autopilot for flight control system perfor-
mance improvement
In Proc. 34th IEEE Conf. Decis. Control, 1995, pp. 3759-3762.
S. Rao and D. Ghose
Sliding mode control-based autopilots for leaderless consensus
of unmanned aerial vehicles
IEEE Trans. Control Syst.
pp. 1964-1972, Sep. 2014.
J. Wang and M. Xin
Integrated optimal formation control of multiple unmanned
aerial vehicles
IEEE Trans. Control Syst.
pp. 1731-1744, Sep. 2013.
H. Xie, G. Fink, A. F. Lynch, and M. Jagersand
Adaptive visual servoing of UAVs using a virtual camera
IEEE Trans. Aerosp. Electron. Syst., vol. 52, no. 5,
pp. 2529-2538, Oct. 2016.
A. Bosso, C. Conficoni, D. Raggini, and A. Tilli
A computational-effective field-oriented control strategy for
accurate and efficient electric propulsion of unmanned aerial
vehicles
IEEE/ASME  Trans. Mechatronics, vol. 26, no. 3,
pp. 1501-1511, Jun. 2021.
B. Zhou, H. Satyavada, and S. Baldi
Adaptive path following for unmanned aerial vehicles in time-
varying unknown wind environments
In Proc. Amer. Control Conf., 2017, pp. 1127-1132.

Ind. Appl., vol. 54, no. 1, pp.611-624,

Technol., vol. 22, no. 5,

Technol., vol. 21, no. 5,

[15]

[16]

(17

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

F. Santoso, M. A. Garratt, and S. G. Anavatti
State-of-the-art intelligent flight control systems in unmanned
aerial vehicles
IEEE Trans. Autom. Sci. Eng., vol. 15, no. 2, pp. 613-627,
Apr. 2018.
A. L’ Afflitto, R. B. Anderson, and K. Mohammadi
An introduction to nonlinear robust control for unmanned
quadrotor aircraft: How to design control algorithms for quadro-
tors using sliding mode control and adaptive control techniques
[focus on education]
IEEE Control Syst. Mag., vol. 38, no. 3, pp.102-121,
Jun. 2018.
S. Abdelmoeti and R. Carloni
Robust control of UAVs using the parameter space approach
In Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2016,
pp. 5632-5637.
A. Al-Mabhturi, F. Santoso, M. A. Garratt, and S. G. Anavatti
A robust self-adaptive interval type-2 TS fuzzy logic for control-
ling multi-input-multi-output nonlinear uncertain dynamical
systems
IEEE Trans. Syst, Man, Cybern. Syst., vol. 52, no. 1,
pp. 655-666, Jan. 2022.
D. Invernizzi, M. Lovera, and L. Zaccarian
Dynamic attitude planning for trajectory tracking in thrust-
vectoring UAVs
IEEE Trans. Autom. Control, vol. 65, no. 1, pp.453-460,
Jan. 2020.
D. Invernizzi, M. Lovera, and L. Zaccarian
Integral ISS-based cascade stabilization for vectored-thrust
UAVs
IEEE Contr. Syst. Lett., vol. 4, no. 1, pp. 43-48, Jan. 2020.
Y. Wei, H. Xu, and Y. Xue
Adaptive neural networks-based dynamic inversion applied to
reconfigurable flight control and envelope protection under
icing conditions
IEEE Access, vol. 8, pp. 11577-11594, 2020.
S. Fari, X. Wang, S. Roy, and S. Baldi
Addressing unmodeled path-following dynamics via adaptive
vector field: A UAV test case
IEEE Trans. Aerosp. Electron.
pp. 1613-1622, Apr. 2020.
A.B.Farjadian, B. Thomsen, A. M. Annaswamy, and D. D. Woods
Resilient flight control: An architecture for human supervision
of automation
IEEE Trans. Control Syst. Technol., vol. 29, no. 1, pp. 29-42,
Jan. 2021.
S. Yang, K. Li, and J. Shi
Design and simulation of the longitudinal autopilot of UAV
based on self-adaptive fuzzy PID control
In Proc. Int. Conf. Comput. Intell. Secur., 2009, pp. 634—638.
Open source for ardupilot open source autopilot
[Online]. Available: https://github.com/ArduPilot/ardupilot.
Open source for drones-px4 open source autopilot
[Online]. Available: https://px4.io/
R. W. Beard and T. W. Mclain
Small Unmanned Aircraft Theory and Practice. Princeton, NJ,
USA:Princeton Univ. Press, 2012.
B. L. Stevens, F. L. Lewis, and E. N. Johnson
Aircraft Control and Simulation: Dynamics, Controls Design,
and Autonomous Systems. Hoboken, NJ, USA:Wiley, 2015.
H. Lee, S. Snyder, and N. Hovakimyan
L adaptive output feedback augmentation for missile systems
IEEE Trans. Aerosp. Electron. Syst., vol. 54, no. 2, pp. 680-692,
Apr. 2018.
S. Baldi, S. Roy, and K. Yang
Towards adaptive autopilots for fixed-wing unmanned aerial
vehicles
In Proc. 59th IEEE Conf. Decis. Control, 2020, pp. 4724-4729.

Syst., vol. 56, no. 2,

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 58, NO.5 OCTOBER 2022

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


https://github.com/ArduPilot/ardupilot
https://px4.io/

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

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

Z.S. Hou
The parameter identification, adaptive control and model free
learning adaptive control for nonlinear systems
Ph.D. dissertation, Dept. Autom. Control, Northeastern Univ.,
Shenyang, China, 1994.

Z. Hou and S. Xiong
On model-free adaptive control and its stability analysis
1EEE Trans. Autom. Control, vol. 64, no. 11, pp. 4555-4569,
Nov. 2019.

S. A. Hashjin, S. Pang, E.-H. Miliani, K. Ait-Abderrahim, and B.
Nahid-Mobarakeh
Data-driven model-free adaptive current control of a wound
rotor synchronous machine drive system
IEEE Trans. Transport. Electrific., vol. 6, no. 3, pp. 1146-1156,
Sep. 2020.

H. Gao, G. Ma, Y. Lv, and Y. Guo
Forecasting-based data-driven model-free adaptive sliding
mode attitude control of combined spacecraft
Aerosp. Sci. Technol., vol. 86, no. MAR., pp.364-374,
2019.

Y. Liao, Q. Jiang, T. Du, and W. Jiang
Redefined output model-free adaptive control method and un-
manned surface vehicle heading control
IEEE J. Ocean. Eng., vol. 45, no. 3, pp. 714-723, Jul. 2020.

M. Khosravi and A. B. Novinzadeh
A multi-body control approach for flapping wing micro aerial
vehicles
Aerosp. Sci. Technol., vol. 112, no. 2, 2021, Art. no. 106525.

S. Liu, Z. Hou, T. Tian, Z. Deng, and Z. Li
A novel dual successive projection-based model-free adaptive
control method and application to an autonomous car
IEEE Trans. Neural Netw. Learn. Syst., vol. 30, no. 11,
pp. 3444-3457, Nov. 2019.

Y. Jiang, X. Xu, and L. Zhang
Heading tracking of 6WID/4WIS unmanned ground vehicles
with variable wheelbase based on model free adaptive control
Mech. Syst. Signal Process., vol. 159, no. 4, 2021,
Art. no. 107715.

M. E. Heertjes, B. Van der Velden, and T. Oomen
Constrained iterative feedback tuning for robust control of a
wafer stage system
IEEE Trans. Control Syst. Technol., vol. 24, no. 1, pp. 56-66,
Jan. 2016.

L. Duan, Z. Hou, X. Yu, S. Jin, and K. Lu
Data-driven model-free adaptive attitude control approach for
launch vehicle with virtual reference feedback parameters tun-
ing method
IEEE Access, vol. 7, pp. 54106-54116, 2019.

S. Baldi, G. Battistelli, D. Mari, E. Mosca, and P. Tesi
Multi-model adaptive switching control with fine controller
tuning
IFAC Proc. Volumes, vol. 44, no. 1, pp. 374-379, 2011.

J. Yang, X. Wang, S. Baldi, S. Singh, and S. Fari
A software-in-the-loop implementation of adaptive formation
control for fixed-wing UAV's
IEEE/CAA J. Automatica Sinica, vol. 6, no. 5, pp. 1230-1239,
Sep. 2019.

S. Fari
Guidance and control for a fixed-wing UAV
M. S. thesis, Dept. Automat. Control Eng., Politecnico di Mi-
lano, Milan, Italy, 2017.

Automatic tuning with autotune
[Online]. Available: https://ardupilot.org/plane/docs/
automatic-tuning- with-autotune.html

T. Espinoza, A. Dzul, R. Lozano, and P. Parada
Backstepping - sliding mode controllers applied to a fixed-wing
UAV
In Proc. Int. Conf. Unmanned Aircr. Syst., 2013, pp. 95-104.

[46]

A. E. Fraire, Y. Chen, A. Dzul, and R. Lozano
Fixed-wing mav adaptive PD control based on a modified mit
rule with sliding-mode control
In Proc. Int. Conf. Unmanned Aircr. Syst., 2017, pp. 1647-1656.

Simone Baldi (Senior Member, IEEE) received
the B.Sc. degree in electrical engineering in
2005, the M.Sc. degree in control engineering
in 2005, and the Ph.D. degree in automatic con-
trol engineering in 2011, from the University of
Florence, Florence, Italy.

He is currently a Professor with the School
of Mathematics, Southeast University, Nanjing,
China, and guest position with Delft Center for
Systems and Control, TU Delft, the Netherlands.
His research interests include adaptive and learn-

ing systems and intelligent vehicles.

Dr. Baldi was awarded outstanding reviewer for Automatica in 2017. He
is a Subject Editor of the International Journal of Adaptive Control and
Signal Processing and an Associate Editor of the IEEE Control Systems

Letters.

Danping Sun received the B.Sc. degree in infor-
mation science from the Hubei University of Sci-
ence and Technology, Xianning, China, in 2015,
and is currently working toward the postgraduate
degree in electronic and electrical engineering
with Wuhan Textile University, Wuhan, China.

Her research interests include adaptive sys-
tems and unmanned vehicles.

Xin Xia (Graduate Student Member, IEEE) re-
ceived the B.Sc. degree in electrical engineering
and automation from the Wuhan Institute of
Technology, Wuhan, China, in 2014, and the
M.Sc. degree in control engineering from the
Kunming University of Science and Technology,
Kunming, China, in 2017. He is currently work-
ing toward the Ph.D. degree in mathematics with
Southeast University, Nanjing, China.

His research interests include adaptive sys-
tems and unmanned vehicles.

Guopeng Zhou received the B.Sc. degree in
mathematics from Hubei University, Wuhan,
China, in 1994, and the M.Sc. and Ph.D. degrees
in automation from the South China University
of Technology, Guangzhou, China, in 2005 and
2008, respectively.

He is currently the Director of Hubei Electri-
cal Machinery and Control System Engineering
Technology Research Center, Xianning, China,
and also the Xianning Intelligent Electrome-
chanical Industry Alliance Responsible Person.

His research interests include multiagent systems, adaptive systems, intel-
ligent mechanical and electrical systems, and fault diagnosis.

I —

-
-

D 4

Di Liu (Member, IEEE) received the B.Sc. de-
gree in information science from the Hubei Uni-
versity of Science and Technology, Xianning,
China, and the M.Sc. degree in control science
and engineering from the Chongqing University
of Posts and Telecommunications, Chongqing,
China, in 2014 and 2017, respectively, and the
Ph.D. degree in cyber science and engineering
from Southeast University, Nanjing, China, in
2021. She is currently working toward the sec-
ond Ph.D. degree in systems and control with

the Bernoulli Institute for Mathematics, Computer Science and Artificial
Intelligence, University of Groningen, Groningen, The Netherlands.

Her research interests include learning systems and control, with ap-
plication in intelligent transportation, automated vehicles, and unmanned
aerial vehicles.

4485

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


https://ardupilot.org/plane/docs/automatic-tuning-with-autotune.html
https://ardupilot.org/plane/docs/automatic-tuning-with-autotune.html


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


