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Abstract The dynamics of Unmanned Aerial Ve-
hicles (UAVs) is nonlinear and subject to external
disturbances. The scope of this paper is the test
of an L1 adaptive controller as autopilot inner
loop controller candidate. The selected controller
is based on piecewise constant adaptive laws and
is applied to a mini-UAV. Navigation outer loop
parameters are regulated via PID control. The
main contribution of this paper is to demonstrate
that the proposed control design can stabilize the
nonlinear system, even if the controller parame-
ters are selected starting from a decoupled linear
model. The main advantages of this technique are:
(1) the controller can be implemented for both
linear and nonlinear systems without parameter
adjustment or tuning procedure, (2) the controller
is robust to unmodeled dynamics and paramet-
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ric model uncertainties. The design scheme of a
customized autopilot is illustrated and different
configurations (in terms of mass, inertia and air-
speed variations) are analyzed to validate the pre-
sented approach.
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1 Introduction

Unmanned Aerial Vehicles (UAVs) represent an
ideal platform for testing advanced control tech-
niques. In recent years, many researches regarding
the design of UAV autopilot algorithms using
modern control theories have been completed.
Most of the modern autopilots incorporate con-
troller algorithms to meet the always more de-
manding requirements of flight maneuvers and
mission accomplishment. However, due to the
complexity and the computational need of the
control algorithms, most of the commercial au-
topilots are based on Proportional Derivative
Integrative (PID) philosophy. The scope of the
present research paper is the implementation of
an adaptive controller that is robust in presence
of model uncertainties due to platform geomet-
ric and inertial variations which occur during the
flight tests (such as variations on payload mass).
The simple structure, the reduced presence of
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oscillations during the implementation and a min-
imum computation effort make the L1 adaptive
controller the ideal candidate for an autopilot
control law. Two cases are analyzed: (1) a linear
decoupled state space model for a specific flight
condition and (2) a nonlinear model obtained
from the complete equations of motion. In both
cases a two loop controller is implemented. The
inner loop is synthesized using an L1 adaptive
algorithm for pitch, roll and airspeed control; the
outer loop instead is based on PIDs to control
altitude and heading.

As explained in [1], different and advanced
control techniques have been implemented in au-
topilot systems to guarantee the desired perfor-
mance. Most commercial autopilots are based on
PID controllers because they are easy to tune and
to understand. Moreover, by using PIDs the de-
signers have a good control of the system dynam-
ics. In detail, starting with proportional gain and
adding integral and derivative terms, the designers
can obtain a zero steady state error for a step
input and a fast time response. Many methods for
PID tuning can be found in literature, [2] and [3]
provide a good review of different robust and opti-
mal techniques. In the last years, some researchers
have focused the attention on the development of
automatic tuning and adaptation techniques for
the definition of the PID gains. For example, [4]
have proposed a computationally efficient proce-
dure for H∞ PID optimal design instead of brute
force search. The method proposed in Ho’s paper
revealed important structural properties of H∞
PID controllers. Authors of [5] have proposed a
set of simple closed formulas for the explicit com-
putation of the parameters in finite terms. They
eliminate graphical, heuristic and trial and error
procedures to verify the robustness of the selected
parameters. The main drawback of PID autopilot
is its lack of adaptivity due to the changes in the
UAV dynamics. This means that the PID parame-
ters need to be retuned in the presence of wind
disturbances or in case the payload characteristics
are changed. For this reason adaptive controllers
could be a good candidate for the control of au-
tonomous UAV flight.

A variety of adaptive control techniques have
been proposed for the derivation of autopilot in-
ner loops. Researchers in [6] implemented a two-

loop controller where the inner loop is a dynamic
inversion controller with an adaptive neural net-
work and the outer loop is a LQR controller. Sim-
ilarly, [7] presented the implementation of an
adaptive neural network controller for autono-
mous flight. However, traditional model-based
adaptive controllers may not be applicable since
they are generally useful on the condition that the
system dynamics are linear-in-the-parameters. In
[8] the authors presented an alternative adaptive
controller based on neural networks using back-
stepping technique. The main feature of [8] is that
the adaptive controller is designed assuming that
all of the nonlinear functions of the system have
uncertainties and the neural network weights are
adjusted adaptively via Lyapunov theory. Simi-
larly, [9] derived an adaptive backstepping ap-
proach for the longitudinal aircraft control and
a Lyapunov analysis of the stability properties of
the closed loop system was considered. Paper [10]
extended the case presented by [9] including the
control of the roll channel. As explained in the
previous references, even if Lyapunov techniques
assure the convergence of the tracking error and
low computational effort is required, they do not
necessarily ensure parameter convergence. The
authors of [11] proposed an L1 adaptive pitch con-
troller for a mini UAV and validated the pro-
posed algorithm in experimental flight tests. The
L1 adaptive control methodology addresses some
of the problems exhibited by traditional adap-
tive control approaches by providing fast and ro-
bust adaptation, simultaneously leading to desired
transient performance for the system input and
output signals, in addition to steady-state track-
ing. The decoupling between fast adaptation and
robustness is achieved via the introduction of a
low-pass filter on the adaptive control signal. This
key element can be based on robustness and per-
formance specifications. The complete theory is
presented in [12, 13]. A drawback of [11] is the
implementation and validation of a single loop (a
pitch attitude hold).

Compared with the existing results previously
discussed, a contribution of the present paper is
the validation of the controller parameters when
a nonlinear complete aircraft model is considered
(both longitudinal and latero-directional planes),
including model uncertainties and unmodeled



J Intell Robot Syst

dynamics. The control laws are derived and tuned
starting from a linear and decoupled state space
model, designed for a specific flight condition. An
initial comparison with a robustly optimized PID
controller show that the L1 controller achieves
better performance in controlling the linear air-
craft model. The authors also demonstrate that,
using a lower fidelity model (linear) which is sig-
nificantly different from the high fidelity model
(nonlinear), the L1 controller is robust to the
model changes and a gain retuning is not required.
Moreover, the effectiveness of the controller pa-
rameters is demonstrated for different flight and
inertial configurations. Uncertainties related to
flight conditions (variations on speed V and mass
m) take into account the presence of turbulence
during the real flight, the need to cover a large
portion of flight envelope and variations on pay-
load mass which occur during the flight tests.
Variations on inertial data J take into account
platform modeling inaccuracies arising during the
manufacturing process. Another important ad-
vantage is that the PID gains both for the altitude
and heading hold loop are tuned on the linear
case, thus an additional gain tuning for the outer
loop is not required.

The paper is organized as follows. The models
used for the controller design and for the simula-
tions are described in Section 2. In Section 3 the
L1 adaptive controller theory is presented. Some
experimental results are analyzed in Section 4. In
this section both linear and nonlinear cases are
considered, validation with parameters variation is
included. Conclusions are presented in Section 5.

2 Aircraft and Autopilot Description

The aircraft considered for the controller imple-
mentation is the MH850 mini-UAV [14, 15]. The
MH850 is characterized by tailless configuration,
electric propulsion, tractor propeller and non-
movable vertical fins at wingtips (see Fig. 1). The
wingspan is 85 cm, the approximate mass 1 kg,
it is able to fly for 45 min at a cruise speed of
13.5 m/s. Aircraft control is achieved with trailing
edge elevon (symmetric deflection for elevator δe

and antisymmetric for aileron δa). This aircraft
has enough specific excess power to climb with

Fig. 1 The MH850 mini-UAV

non-marginal rates at altitude. A numerically de-
rived database comprehensive of all aerodynamic
derivatives is employed to build the linear and
nonlinear aircraft models.

The MH850 aircraft is able to perform au-
tonomous flight thanks to the on board installa-
tion of an autopilot. As commercial boards do
not allow the modification of control laws already
implemented, a custom-made autopilot has been
designed and produced (see Fig. 2). PID control
method was initially considered for its simplicity
and ease of tuning, its first application concerned
the control of a quadrotor UAV [16]. Main char-
acteristics comprehend an open architecture, the
possibility to be reprogrammed in flight and real
time telemetry. Sensors include GPS, barometric
sensor, differential pressure sensor and three-axis
gyros and accelerometers. The CPU is the At-
Mega 1280 model with 128Kb flash memory and
8Kb of RAM.

Fig. 2 The autopilot board
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3 L1 Adaptive Controller

The choice of the L1 adaptive controller for the
aircraft control is motivated by the high level of
uncertainty which generally characterizes UAVs.
The L1 adaptive controller here applied, exten-
sively described in [13], takes into account un-
matched uncertainties which include unmodeled
dynamics and state- and time-dependent nonlin-
earities. The adaptive law is a piecewise constant
law, as explained in [17, 18], that guarantees fast
estimation, the adaptation rate can be associated
with the sampling rate of the autopilot board CPU.
Moreover, this adaptive algorithm guarantees
bounded inputs and outputs, uniform transient
response and steady-state tracking. This exten-
sion of the L1 controller was applied to NASA’s
AirSTAR [19] and to the Boeing X-48B [20]. A
key feature of this controller, as explained in the
previous works, is that the hardware interface is
executed at a lower rate (about 10–100 Hz) than
the control algorithm (about 100–1000 Hz), there-
fore demanding insignificant CPU power. Thus,
the computational power can be used for fast
adaptation.

The above described controller is designed to
control the general linear system of Eq. 4 which,
considering uncertainties, can be rewritten as

ẋ(t) = Amx(t) + Bmωu(t) + f (x(t), z(t), t),

x(0) = x0,

z(t) = go(xz(t), t), ẋz(t) = g(xz(t), x(t), t),

xz(0) = xz0,

y(t) = Cx(t). (1)

The matrix Am ∈ Rn×n is Hurwitz and specifies
the desired dynamics of the closed-loop system,
Bm ∈ Rn×m and C ∈ Rm×n are known constant
matrices. Compared to system (4), system (1) in-
cludes ω ∈ Rm×m the unknown frequency gain ma-
trix, z(t) and xz(t) respectively the output and state
vector of internal unmodeled dynamics and the
unknown nonlinear functions f (·), g(·) and g0(·).

Another form for the first line of system (1) is

ẋ(t) = Amx(t) + Bm(ωu(t) + f1(x(t), z(t), t))

+ Bum f2(x(t), z(t), t), x(0) = x0, (2)

with Bum ∈ Rn×(n−m) is constant matrix such that
BT

m Bum = 0 and the rank of B = [Bm Bum] is n.
The unknown nonlinear functions f1(·) and f2(·)
satisfy the condition

[
f1(x(t), z(t), t)
f2(x(t), z(t), t)

]
= B−1 f (x(t), z(t), t).

The state predictor is defined as

˙̂x(t) = Amx̂(t) + Bm(ω0u(t) + σ̂1(t)) + Bumσ̂2(t),

x̂(0) = x0

where σ̂1(t) ∈ Rm and σ̂2(t) ∈ Rn−m, with ω0 a suit-
able value for ω. The adaptation laws are

[
σ̂1(t)
σ̂2(t)

]
= −

[
Im 0
0 In−m

]
B−1$−1(Ts)µ(iTs), (3)

for i = 0, 1, 2, ..., and t ∈ [iTs, (i + 1)Ts], where
Ts > 0 is the adaptation sampling time associated
with the sampling rate of the CPU installed on the
autopilot board. In Eq. 3 also appear

$(Ts) = A−1
m

(
eAmTs − In

)
, ∈ Rn×n

µ(iTs) = eAmTs x̃(iTs),

where x̃(t) = x̂(t) − x(t) is the error between the
system state and the predicted state.

Finally, the last element of the controller is the
control law defined as

u(t) = −Kχ(t).

Calling s the complex argument resulting from
the Laplace transform of the corresponding time
domain signal, it is possible to define

χ(s) = D(s)η̂(s),

η̂(t) = ω0u(t) + η̂1(t) + η̂2m(t) − rg(t),

η̂1(t) = σ̂1(t),

η̂2m(s) = H−1
m (s)Hum(s)σ̂2(s),

rg(s) = Kg(s)r(s).

D(s) is a proper stable transfer matrix of di-
mension m × m, r(t) is the reference signal. The
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transfer functions Hm and Hum are calculated
starting from the matrices of systems (1) and (2)

Hm(s) = C(sIn − Am)−1 Bm

Hum(s) = C(sIn − Am)−1 Bum

while the prefilter Kg(s) is chosen as the con-
stant matrix Kg = −(CA−1

m Bm)−1 to achieve de-
coupling among the signals.

4 Implementation and Simulation Results

The L1 adaptive controller is designed on the
linear model of the aircraft which separates the
longitudinal and latero-directional planes. Final
tests are carried out on the nonlinear model which
better represents the behavior of the real aircraft.

The L1 controller is chosen for the control of
the inner navigation loops that need a faster re-
sponse and are more prone to be affected by un-
modeled uncertainties. The controlled variables
include the pitch angle θ , the longitudinal compo-
nent of the airspeed u and the roll angle φ. Alti-
tude h and heading ψ outer navigation loops are
instead controlled by simple PIDs. Figure 3 rep-
resents the global control scheme and highlights
the control actions and the controlled variables.
In the scheme y represents all the longitudinal and
latero-directional states as they will be defined in
Eqs. 5 and 6.

4.1 Linear Case

The L1 adaptive controller parameters are de-
signed on the linear decoupled model of the air-
craft. Reference flight conditions for the model
building are speed V0 = 13.5 m/s, altitude h0 =
100 m, angle of attack α0 = 5.18 deg and θ0 =
5.18 deg. The equations of motion linearization

Fig. 3 The control scheme

procedure results in the decoupling of the lon-
gitudinal and latero-directional planes. Each of
them is modeled with standard continuous time-
invariant state space representation

ẋ(t) = Ax(t) + Bu(t),

y(t) = Cx(t), (4)

where x(t) is the state vector, u(t) the control
signal, y(t) the controlled output, A the state ma-
trix, B the input matrix and C the output matrix.
Matrices A, B and C are built according to [21],
the aerodynamic derivatives in the matrices are
obtained by a validated software based on the
extended lifting-line theory.

The state variables in the longitudinal plane are
the longitudinal component of the total airspeed
u, the angle of attack α, the pitch angle θ and the
pitch rate q; the controls are the throttle +T acting
on u and the elevator deflection δe acting on θ . The
resulting state space elements are

xlon(t) =
[
u, α, θ, q

]T ∈ Rnlon ,

ulon(t) = [δT, δe]T ∈ Rmlon ,

Alon ∈ Rnlon×nlon ,

Blon ∈ Rnlon×mlon ,

Clon ∈ Rmlon×nlon (5)

with nlon = 4 and mlon = 2. The state matrix Alon

is Hurwitz. The short period mode has natural fre-
quency ωSP = 16.6 rad/s and damping ζSP = 0.49,
while phugoid mode has natural frequency ωPH =
0.91 rad/s and damping ζPH = 0.045.

The latero-directional states are the lateral
component of the total airspeed v, the roll rate p,
the yaw rate r and the roll angle φ; the only control
is the aileron deflection δa acting on φ. The latero-
directional state space elements are

xlat(t) =
[
v, p, r, φ

]T ∈ Rnlat ,

ulat(t) =
[
δa

]
∈ Rmlat,

Alat ∈ Rnlat×nlat ,

Blat ∈ Rnlat×mlat ,

Clat ∈ Rmlat×nlat (6)

with nlat =4 and mlat =1. The state matrix Alat has
one real and negative eigenvalue corresponding
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to a stable roll mode, one real and positive eigen-
value showing a slightly unstable spiral mode, and
a couple of complex conjugate eigenvalues for
the Dutch Roll characterized natural frequency
ωDR = 5.9 rad/s and damping ζDR = 0.12.

The desired dynamics are chosen to optimize
the closed-loop response in terms of rise time,
settling time and overshoot. On the longitudinal
plane two oscillating modes are defined, one with
high natural frequency and damping (ω1 = 8 rad/s
and ζ1 = 0.9) representing the short period, an-
other representing the phugoid with lower natural
frequency and damping (ω2 = 3 rad/s and ζ2 =
0.8). On the latero-directional plane two real neg-
ative eigenvalues are chosen (λ1 = −6 and λ2 =
−10), the desired oscillating mode representing
the dutch roll is defined by ω3 = 5 rad/s and ζ3 =
0.5. Note that all filters applied in the controller
are represented by first order transfer functions.
All simulations are performed using MathWorks
Simulink software tool.

The results for the linear model are initially
validated considering an autopilot configuration
based on PID controllers for both the inner and
outer loops. A multi-loop PID commercial au-
topilot was integrated on the MH850 UAV with
the goal of satisfying nominal stability, nominal
performance, robust stability and robust perfor-
mance requirements (details of the project can be
found in [22]. Similarly to the present case, in the
longitudinal plane the airspeed u is controlled by
the throttle +T, while the altitude is controlled
by the elevator δe. Note that in paper [22] the
airspeed u was controlled by the elevator δe and
the altitude was controlled by the throttle +T.
Three PID controllers are set, two feedbacks on
the speed loop (pitch angle θ and airspeed u) and
one on the altitude loop (altitude h). In the latero-
directional plane ailerons δa control the heading ψ

through two feedbacks on the roll φ and heading
angle ψ . This PID control scheme is applied to the
same linear model here described, confrontation
with the L1 responses is presented.

Results of the inner loop control are depicted
in Fig. 4. Reference signals comprehend a step
input for the speed and a doublet input for the
pitch and for the roll angle, all starting at different
times. The L1 controlled outputs show an excel-
lent tracking of the reference signals, a mild cou-

Fig. 4 Linear model inner variables, L1 and PID
confrontation

pling effect is visible on the pitch response when
longitudinal airspeed is increased. PID controlled
variables show better tracking performance only
for the pitch angle θ , while for u and φ the L1
controller is preferable.

The complete control scheme includes two PID
controllers dedicated to altitude and heading an-
gle control. Their tuning is carried out through
an hybrid approach based on root locus plot and
H∞ loop shaping method, the purpose is to ob-
tain good transient responses and satisfying robust
properties. Step inputs with typical values for the
aircraft considered are given as reference signals,
results are shown in Fig. 5. For L1 slower but

Fig. 5 Linear model outer variables, L1 and PID
confrontation
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Fig. 6 Linear model L1 control input

still satisfying responses are obtained for the outer
loop controlled variables h and ψ , some mild cou-
pling effects appear on the speed u. PID control
scheme shows lower performances in terms of
overshoot, damping and steady state error.

The corresponding L1 control inputs appear in
Fig. 6. The throttle is expressed as percentage of
the aircraft weight W, elevator command δe and
aileron command δa remain under the imposed
command saturation limit of 25 degrees.

4.2 Nonlinear Case

The controller parameters, tuned for the decou-
pled linear model, are validated considering a

Fig. 7 Nonlinear model inner loop L1 time responses

Fig. 8 Nonlinear model outer loop L1 time responses

complete nonlinear model obtained from the air-
craft equations of motion as defined in [23]. These
are a set of 12 equations describing the forces,
moments, angles and angular speeds which char-
acterize the flight condition of the aircraft. Trim
conditions coincide with the equilibrium values
used for the linear model (Section 4.1).

The same reference perturbations of the lin-
ear case are applied starting from the following
equilibrium conditions: V0 = 13.5 m/s, θ0 = 5.18
deg, h0 = 100 m, φ0 = 0 deg and ψ0 = 0 deg.
Results appear in Fig. 7. Tracking capabilities
are maintained despite some initial oscillations in
the longitudinal variables which damp after few
seconds. No coupling between longitudinal and
latero-directional planes is observable despite the
nonlinear model does not separate them.

Fig. 9 Nonlinear model control input
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Table 1 Aircraft parameters variation

Parameter Nominal value Range of variation
m 900 g 720–1080 g
V 13.5 m/s 10.8–16.2 m/s
Jx 0.011 kg·mm2 0.0088–0.0132 kg·mm2

Jy 0.012 kg·mm2 0.0096–0.0144 kg·mm2

Jz 0.022 kg·mm2 0.0176–0.0264 kg·mm2

Jxz 4.6 · 10−5 kg·mm2 3.68–5.52·10−5 kg·mm2

Finally results for the complete controller are
represented in Fig. 8. Satisfying responses are ob-
tained, in line with the results of the linear case.
The corresponding control actions are plotted in
Fig. 9. Comparing with the linear case, the aileron
action remains unchanged. On the longitudinal
plane, during the initial seconds oscillations ap-
pear, in particular for the throttle. The remaining
of the simulation shows a control action similar
in trend but characterized by a lower magnitude.
Note that no parameters of both L1 and PID
controllers were changed passing from the linear
to the nonlinear case.

4.3 Validation

Variations on total airspeed V0 and aircraft mass
m0 to take into account wind and changes in pay-
load mass are considered. Uncertainties of inertial
data Jx, Jy, Jz, Jxz model manufacturing inaccu-
racies. A combined variation of ±20 % of these
variables is considered to validate the adaptive L1

Fig. 10 Linear model u, v and α L1 time responses

Fig. 11 Linear model p, q and r L1 time responses

controller in the complete control scheme case.
The same input signals previously analyzed are
considered. In addition to the variables already
plotted in Figs. 4, 5, 6, 7, and 8, here the angle of
attack α, the lateral speed v, the angular pitch, roll
and yaw rates p, q, r are also analyzed (Table 1).

Figures 10, 11, and 12 represent the effects on
the linear model. No significant alterations are ob-
servable, the controller proves to be able to deal
with these substantial variations without prob-
lems. A different total speed V will result in a
different steady state angle of attack α to adapt to
the new equilibrium condition. For all the other
variables nominal and perturbed values converge
to the same steady state value. Among the three

Fig. 12 Linear model φ, θ , ψ and h L1 time responses
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Fig. 13 Nonlinear model u, v and α L1 time responses

controlled variables the altitude h is the one more
affected by the parameters variation as oscilla-
tions appear.

The nonlinear case appears in Figs. 13, 14,
and 15. Initial oscillations aside, the nonlinear
model does not seem to be more concerned by the
perturbations. Differently from the linear model,
the u plot is different as three steady state values
are observable. The reason of this result is found
in the different approach which characterizes lin-
ear and nonlinear simulation. In the linear case
the reference signal is a perturbation of the equi-
librium condition at which state space matrices are

Fig. 14 Nonlinear model p, q and r L1 time responses

Fig. 15 Nonlinear model φ, θ , ψ and h L1 time responses

calculated. In the nonlinear case the reference sig-
nal indicates the value that the controlled variable
has to follow. Thus in the linear case the 1 m/s step
input indicates just the increase in longitudinal
speed starting from three different values of V,
V0 = 13.5 m/s and V0 = 13.5 ± 20 % m/s. In the
nonlinear case, instead, the values of the three
speeds are drawed.

5 Conclusions

In this paper an L1 adaptive algorithm used as
autopilot inner loop controller is analyzed. Two
models are considered, a state space linear model
defined for specific flight conditions and a non-
linear model based on the equations of motion.
PID control laws are applied in both models for
altitude and heading outer loop tracking. The
global controller parameters are tuned on the lin-
ear decoupled model and validated for the non-
linear model. The paper demonstrates that, if an
L1 algorithm is considered for the inner loop, no
retuning or gain scheduling is required, even if a
nonlinear complete system is considered. More-
over, the same PID gains can be used both for
the low fidelity and high fidelity models. Finally,
the employed controller is especially designed for
the implementation on autopilot boards. Its adap-
tation rate is compatible with standard CPU clock
time and it requires low computational effort.

Future developments will include the implemen-
tation of the adaptive controller on a customized
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autopilot board to experimentally verify the ob-
tained results. A refinement of the engine and
propeller models are also envisaged to cope with
the complexity of these important components
of the aircraft which can substantially affect the
aircraft dynamics.
Acknowledgements The authors thank the Prof. Naira
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