




with 
Fz

b = (F1 + F2 + F3 + F4)

τφ = (F2 + F3 − F1 − F4) · l
τθ = (F3 + F4 − F1 − F2) · l
τψ = M1 −M2 +M3 −M4

(7)

where F1−4 and M1−4 are the forces and moments gen-
erated by each rotor respectively. In (1)-(6) x, y and z are
the position of the center of mass of the quad-rotor in the
inertial frame of reference; φ, θ and ψ are the Euler angles
in the inertial frame of reference; ωx, ωy and ωz are the
angular velocities in the body-fixed frame of the propeller
blades; Ix, Iy and Iz are the moments of inertia; and m and
l are the mass and distance from the rotors to the center of
mass respectively.

B. Linearized Model

The linear model of the quad-rotor is calculated around
a hovering point, this implies an arbitrary position x = x0,
y = y0, z = z0 and heading ψ = ψ0, with θ = φ = θ̇ =
φ̇ = ψ̇ = ẋ = ẏ = ż = 0. The transformation of the angular
velocities from the inertial frame to the body frame can be
obtained by [2]:

ωxωy
ωz

 =

1 0 − sin θ

0 cosφ sinφ cos θ

0 − sinφ cosφ cos θ



φ̇

θ̇

ψ̇

 (8)

Since at hover θ = φ = 0, the trigonometric functions
sine and cosine can be approximated as cos(k) ≈ 1 and
sin(k) ≈ k for k = {φ, θ}. Therefore (8) can be expressed
as: 

ωx = φ̇− θψ̇

ωy = θ̇ + ψ̇φ

ωz = −φθ̇ + ψ̇

(9)

Assumption 1: Near hover, the product of an angle and
an angles derivative is very small and can be approximated
to zero.

Therefore, around hover, the angular velocity components
are approximately the time derivative of the Euler angles:

ωx = φ̇

ωy = θ̇

ωz = ψ̇

(10)

Using (10) and Assumption 1, the system in (1)-(3) can
be rewritten as:

φ̈ =
τφ · l
Ix

, θ̈ =
τθ · l
Iy

, ψ̈ =
τψ
Iz
. (11)

Assumption 2: Attitude dynamics are controlled indepen-
dently, therefore, the yaw rate and the x-y position can be
decoupled from each other. This is valid for small rates of
yaw.

Taking into account Assumption 2 , the value for trigono-
metric functions at hover point and letting Fzb = mg+∆Fz

b,
the system in (4)-(6) linear dynamics can be written as:

ẍ = gθ, ÿ = −gφ, z̈ =
∆Fz

b

m
(12)

C. State-Space Model Representation

In order to implement the controller, the previous equa-
tions of the system must be rewritten as a state-space model.
Since (11) and (12) are approximately decoupled about
each attitude axis, the control inputs τφ, τθ and τψ can be
implemented independently. This is an accurate assumption
when the angular velocities and the attitude angles are small
[11].

Therefore, the state-space model for the system will be
separate for each control input i.e. (τφ, τθ, τψ and Fzb). In
(13) - (16) the decoupled state-space model of the pitch and
roll subsystems are presented which will be used for the
control design methods in the following Sections.

1) Pitch Subsystem:


ẋ

ẍ

θ̇

θ̈

 =


0 1 0 0
0 0 g 0
0 0 0 1
0 0 0 0


︸ ︷︷ ︸

Apitch

State(xpitch)︷︸︸︷
x

ẋ

θ

θ̇

 +


0
0
0
l
Iy


︸ ︷︷ ︸
Bpitch

Input︷︸︸︷[
τθ
]

(13)

y =
[
0 1 0 0

]︸ ︷︷ ︸
cpitch

xpitch (14)

2) Roll Subsystem:


ẋ

ẍ

φ̇

φ̈

 =


0 1 0 0
0 0 −g 0
0 0 0 1
0 0 0 0


︸ ︷︷ ︸

Aroll

State(xroll)︷︸︸︷
x

ẋ

φ

φ̇

 +


0
0
0
l
Ix


︸ ︷︷ ︸
Broll

Input︷︸︸︷[
τφ
]

(15)

y =
[
0 1 0 0

]︸ ︷︷ ︸
croll

xroll (16)

III. L1 ADAPTIVE OUTPUT FEEDBACK CONTROL

Fig. 3 shows the closed-loop L1 adaptive output feedback
control structure proposed by [12]. The main purpose of
adaptive controllers is the ability of conforming to any
uncertainties which may arise in the dynamics. The Quad-
Rotor UAV system equations presented in Section II can be
expressed in the following form:

y(s) = G(s)(u(s) + d(s)), y(0) = 0. (17)

Where u(t) ∈ R is the input, y(t) ∈ R is the system
output, G(s) is the unknown transfer function of the system
with the form G(s) = cᵀ(sI−A)

−1
B where A,B, and c are





D. Control Law

The control law is defined via the output of the low-pass
filter:

u(s) = C(s)r(s)− C(s)

M(s)
cᵀm(sI−Am)

−1
σ̂(s). (32)

The complete L1 adaptive controller consists of the state
predictor in (24), the adaptation law in (29) and the control
law in (32), subject to the L1-gain upper bound in (23). The
authors recommend consulting [6] for complete proofs and
analysis of the L1 adaptive output feedback controller.

IV. SIMULATION RESULTS

The L1 adaptive output feedback control approach has
been implemented for velocity control of a Quad-Rotor UAV
in the x and y (forward and lateral) directions. Two flight
scenarios are then tested to verify the performance of the L1

control design and compare these results to the performance
of a basic LQR controller. Section IV-B presents the outputs
of the system without disturbances, whereas, Section IV-C
introduces an added disturbance on the x and y directions.

A. Simulation Setup

The dynamic model of the system (1)-(6), presented in
Section II, was implemented to test the results of the con-
troller designs on a full non-linear simulation of the Quad-
Rotor UAV. This simulation was performed in the Simulink
environment of MATLAB 2016a and the parameters of the
system are detailed in Table I. These parameters have been
chosen to match, as close as possible, the parameters of the
Quad-Rotor UAV to be used in Section V for real flight tests.

TABLE I: Quad-Rotor Simulation Model Parameters

Parameter Description Value Units

l Distance from the rotors to the center of mass 0.18 [m]

m Mass of the system 0.472 [kg]

Ts Sampling Time 0.0001 [s]

g Gravity Constant 9.81 [m·s−2]

Ix Moment of inertia about x-axis 0.01152 [kg·m2]

Iy Moment of inertia about y-axis 0.01152 [kg·m2]

Iz Moment of inertia about z-axis 0.0218 [kg·m2]

The tuning of C(s) and M(s) transfer functions from
the closed loop reference system in (21), which we omit
here, was based on the work detailed in [30], where an L1

controller for a missile autopilot was developed. The C(s)
and M(s) transfer functions which were able to achieve
the best performance for velocity control in the x direction,
are shown in (33) and (34) respectively. C(s) was chosen
as a second order relative degree 2 transfer function where
C(0) = 1 and M(s) to be a fourth order relative degree 1
transfer function.

C(s) =
1.504e04

s2 + 40e03s+ 1.504e04
(33)

M(s) =
(s+ 63.91)(s2 + 51.09s+ 2310)

(s+ 4e04)(s+ 3.803)(s2 + 5.4s+ 25.67)
(34)

B. Simulation results (No Wind Gust Disturbance)
The output velocities in the x and y (forward and lateral)

directions of the system, with the L1 Adaptive Control
method and the LQR, are shown in Figs. 4(a) and 4(b)
respectively. As can be seen, both controllers are able to
track the step reference input r(t) = 1 m·s−1 at t = 1
s with satisfactory performance. They exhibit quite similar
output responses and also have a reasonable settling time.
Even though the LQR controller performance in these tests
is acceptable, it will later be demonstrated that in the pres-
ence of wind gust disturbances the response is significantly
different.
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Fig. 4: Velocity control simulation results of a step reference
input for a non-disturbed system using L1 and LQR control.
(a) Velocity output in the x (forward) direction. (b) Velocity
output in the y (lateral) direction.

C. Simulation Results (Wind Gust Disturbance)
For the second scenario in a simulated environment, both

control methods were tested to validate the performance
of each controller when wind gusts affect the dynamics
of the system. The wind gust disturbances applied to the
system in simulation can be seen in Figs. 5(a) and 5(c).
Wind gust profiles were generated using random data, with
gusts reaching up to 4 m·s−1 in the positive x direction
and 2 m·s−1 in the positive y direction which were applied
throughout the whole simulation. These values were chosen
with high variance (e.g. 0m·s−1 to 3m·s−1 in less than 1s)
to test in simulation extreme cases and validate the control
methods before performing the real flight tests shown in
Section V.







C. Hover Results (With Wind Gust Disturbance)

In Fig. 8, the results for the hover test with added wind
gust disturbances can be seen. For this test, as shown in Fig.
6 (Left), the Quad-Rotor is placed directly in front of the fan
whose airflow is pointed towards the negative y direction of
the UAV. The system is given reference input of r(t) = 0
m·s−1 in both x and y directions for a duration of 37 s.

Figs. 8(a) and 8(b) show the output velocities in the x and
y directions, respectively, controlled by the L1 and the PID.
Throughout the first 7 s of hover, both the L1 controller (as
was expected from the no wind flight performed in Section
V-B) and the PID controller are capable of maintaining the
desired reference value and perform perfectly when no wind
is applied, exhibiting negligible errors. After stabilizing for
7 s, the fans airflow was turned on for the remainder of the
test. Evidently, the effects of the wind disturbances alters
the performance of both controllers. Nonetheless, the L1

controller outperforms the PID by stabilizing the Quad-Rotor
with less drift from the desired velocity reference.

In Table IV, the evaluation metrics for the hover flight
with wind disturbance are detailed. As can be seen, in the
direction of the wind disturbance, the PID controller reaches
a maximum velocity of 0.3452 m·s−1 which is 56.90%
higher than the L1 controllers maximum velocity of 0.22
m·s−1. In general the PID controller achieves RMSe values
of 0.0529 m · s−1 and 0.1279 m · s−1 for velocities in the
x and y directions respectively, more than 30% higher than
those of the L1 controller which is able to maintain desirable
RMSe values of 0.0404 m · s−1 and 0.0924 m · s−1 in the
same directions.

TABLE IV: Hover Flight Results - With Wind Disturbance

Vx Vy

Metrics L1 PID L1 PID Units

RMSe 0.0404 0.0529 0.0924 0.1279 [m·s−1]

Vmax 0.1824 0.1995 0.2200 0.3452 [m·s−1]

Vmin -0.1602 -0.1624 -0.3733 -0.3939 [m·s−1]

D. Step Response Results (With Wind Gust Disturbance)

Considering that the results in the hover tests were ac-
ceptable, the next flight test was conducted to measure the
performance of both control methods for a step reference
input. Fig. 6 (Right) shows the general layout for this
experimental test. The Quad-Rotor was put on hover in its
initial position for a duration of 10 s, afterwards, a step
velocity reference signal of r(t) = 1 m·s−1 in the x direction
is sent for a duration of 4 s, before returning to hover.
Throughout the whole test, the reference signal in the y
direction is maintained at r(t) = 0 m·s−1.

Similar to the previous wind disturbance tests the fans
airflow is pointed towards the negative y direction of the
UAV, this means that the biggest effect of the wind airflow
will reflect on the velocity in the y direction of the Quad-
Rotor.
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Fig. 8: Output Velocities of Quad-Rotor during the hover
experimental test with wind gust disturbance added at t = 7
s. (a) Velocity output in the x direction. (b) Velocity output
in the y direction.

As shown in the plots in Fig. 9, the Quad-Rotor enters the
fans airflow at approximately t = 12.38 s and exits at t =
13.7 s. Fig. 9(b) presents the output velocity of the system
in the y direction for the step response test controlled with
the L1 and PID controllers. It is clear that the L1 controller
is able to compensate for the wind disturbance, at t = 12.38
s, much faster and with less error than the PID controller.
After leaving the wind gust disturbance, at t = 13.7 s, the L1

controller also stabilizes faster back to the desired reference.
This is reflected in the Vy columns of Table V, where the
PID generates 67.28% overshoot, while the L1 controller
generates only 30.22%. The L1 controller also achieves a
RMSe value of 0.1126 m·s−1, which is 39.17% lower than
the RMSe with the PID velocity controller in the y direction.

In Fig. 9(a) the output velocity of the system in the x
direction, where the step reference has been sent, can be
seen. The response of the PID is noticeably faster with
a tr of 0.7615 s, almost twice as fast as that of the L1

controller. However, for the step reference command, the L1

controllers performance yields much more desirable values
where PO = 2.3081%, V (ss) = 0.9849 m·s−1 and RMSe
= 0.2696 m·s−1.





VI. CONCLUSIONS AND FUTURE WORK

In this paper an L1 adaptive output feedback velocity
controller was developed for wind gust rejection in a Quad-
Rotor UAV, during high wind inspection applications. The
preliminary results shown, confirm the robustness of the
adaptive control method and prove that this approach is
a viable solution for compensating wind gust disturbances
in wind turbine inspection tasks. Several tests have been
performed in simulation and in real flights to evaluate the
performance and robustness of the L1 control method in a
Quad-Rotor UAV which can be seen in video.

It is demonstrated, that the performance of the L1 con-
troller exceeds the performance of classical control strategies
such as LQR in simulation and PID in real flights. Overall,
the response of the L1 controller meets the goals of tracking
the reference signal smoothly while adapting to unknown
disturbances and maintaining minimal steady-state error with
low frequency control signals. The adaptability of the L1

controller was established with the use of the simulation
values for the L1 design in the real system and the robustness
was seen in the real flight tests where the flight of a Quad-
Rotor UAV was satisfactory even when disturbed by a fans
wake.

Future work includes, implementing the LQR controller
used in simulation for testing in real flights, the outer loop
position controller in order to test the wind gust resistance
while maintaining a way-point instead of a velocity refer-
ence. Additionally, the L1 control method will be compared
to other control methods such as Geometric Control or Model
Predictive Control.
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