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ABSTRACT This paper discusses the resilience of the UAV quadrotor to wind disturbances. An unknown
input-state observer is presented that uses the Lipschitz method to estimate the internal states and
disturbances of the quadrotor and compensate for them by varying the velocities of the four rotors. The
observer intends to use existing sensor measurements to estimate the unknown states of the quadrotor and
reconstruct the three-dimensional wind disturbances. The estimated states and external disturbances are sent
to the PD controller, which compensates for the disturbances to achieve the desired position and attitude,
as well as robustness and accuracy. The Lipschitz observer was designed using the LMI approach, and the
results were validated using Matlab/Simulink and using the Parrot Mambo mini quadrotor.

INDEX TERMS Disturbance rejection, Lipschitz observer, quadrotor, trajectory.

I. INTRODUCTION

Unmanned Aerial Vehicles (UAV) have seen tremendous
growth and development in recent years, largely due to
advances in control systems and the miniaturization of
instruments. These versatile devices have a wide range of
applications, including land surveying, weather monitoring,
disaster response, and surveillance. Their ability to perform
tasks remotely and efficiently makes them a valuable resource
in many industries and fields [1].

Despite significant advances in quadrotor control systems,
an ongoing challenge is to maintain robust control in the
presence of external disturbances such as wind gusts. These
gusts can cause significant deviations from the intended flight
path, making it difficult to achieve accurate tracking and
maintain robust performance [2], [3]. These disturbances
can come from a variety of sources and can be difficult to
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predict or mitigate, making their effect on quadrotor flight a
significant challenge to overcome.

To achieve accurate trajectory tracking and stability, it is
necessary to have access to all states of the quadrotor.
However, even with this information, classical control
strategies may not be sufficient to effectively handle external
disturbances such as wind gusts. In such cases, it is necessary
to measure and compensate for these disturbances to maintain
the stability and robustness of the quadrotor [4], [5].

Although it is possible to mitigate the influence of
measurable disturbances using a feed-forward strategy [6],
disturbances often cannot be measured directly or are too
expensive to measure. Wind sensors, such as anemometers
and pitot probes, used to measure wind disturbances face
several challenges. First, these sensors are often bulky and
heavy, which can be a problem in terms of payload and
space. Second, pitot tubes, which are typically small and
lightweight, may not provide accurate measurements when
the UAVs fly at low speeds [7]. Finally, downwash caused
by rotors can significantly affect the accuracy of wind sensor
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data, making it difficult to obtain reliable results with this
direct measurement approach.

There are two ways to compensate for the disturbances,
first is to design complex controllers with accurate models
so that the disturbances can be compensated. Reference [8]
proposed PID and intelligent active force control to enhance
disturbance rejection capability and robust trajectory. Alter-
natively, [9] and [10] proposed backstepping and sliding
mode control in a double loop structure for effective trajectory
tracking for the desired position of a quadrotor model
subject to disturbances. The work cited in [11] proposes
high-order sliding mode control to suppress chattering com-
pared to conventional methods while maintaining robustness,
while [12] proposed adaptive sliding mode robust control of
the quadrotor by bounding position error using Lyapunov
theory. Adaptive integral sliding mode was also proposed to
robustly control the quadrotor in presence of disturbance [13].
Fractional controllers also show good results in eliminating
disturbances. Reference [14] used the lab helicopter to test
the performance of robust position control under aggressive
manoeuvres in presence of time varying wind. Reference [10]
tested PID and LQR methods in presence of wind using wind
gust model. [15], however the complexity of the controller
is significant. In general, these methods aim to retain model
uncertainty and external disturbance insensitivity in a variety
of ways but do not estimate the disturbances to compensate.
Consequently, they may be slow to respond to sudden
external disturbances. Moreover tilt-rotor quadrotor is also
proposed for disturbance rejection during flight with expense
of additional motors [16].

Intuitively, the second solution when compared to the
discussion above is to estimate the disturbance or its influence
using available measurements, and then use this estimate
to implement a control action that compensates for the
disturbance’s effects [4]. Robust observer algorithms have
been developed in recent decades to address the issue of
maintaining system stability and performance in the presence
of external disturbances. These algorithms, including the
Extended Kalman Filters (EKF), Equivalent Input Distur-
bance (EID) estimator, Uncertainty and Disturbance Esti-
mator (UDE), Generalized Proportional Integral Observer
(GPIO), Extended State Observer (ESO), and Extended High
Gain Observer (EHGO), as well as Unknown Input Observers
(UIO), allow for the estimation of both known and unknown
inputs in linear and nonlinear systems [17]. The ESO and
GESO methods achieve this by augmenting the state vector
with estimates of the unknown inputs, which are then used
to reconstruct the disturbance signals [18]. In ESO/GESO,
the error between the actual and estimated output, known
as the output error, is influenced by the derivative of the
disturbance. When the disturbance is slowly changing, the
accuracy of the estimation will be higher and the output error
will converge to a small, predetermined bound determined by
the observer gains. If the disturbance is constant, the output
error will converge to zero asymptotically [18]. However,
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wind disturbances are highly variable and tend to change
quickly, making it difficult for the ESO/GESO method to
accurately estimate and compensate for them. On the other
hand, the Kalman filter (KF) can handle nonlinear systems
by linearizing the system dynamics at each time step, making
it a versatile option for highly nonlinear systems, such as
the quadrotor. However, the KF method is vulnerable to
any system malfunctions. If the actual condition of the
system does not match the models used in the filter’s
design, then these discrepancies resulting from sensor or
actuator failures can significantly decrease the accuracy of
the estimation system [19]. Additionally, the KF requires
careful manual tuning of process noise parameters and can
be computationally demanding, which may be an issue
for real-time applications [20]. Reference [21] proposed on
improving the performance of the of Dynamic system in
presence of disturbances using a new observer with input
nonlinearities.

With respect to the application of the vehicles multiple
complex observes has been designed for precise positioning.
A frequency domain DO is developed to estimate wind
disturbance in [22] In contrast, only the linearized model is
considered, which cannot account for every quadrotor opera-
tion state. Reference [23] estimated the wind gusts affecting
the quadrotors (a type of UAV) as the input disturbances
by using a frequency-based nonlinear disturbance observer
(NDOB) which is fuzzy-based. Looking at intended precise
positioning, multiple complex observers have been developed
for precise [24]. State prediction with input delay and external
disturbance was proposed by [25], this technique was tested
on the nonlinear quadrotor model. A frequency domain is
developed to estimate wind disturbance by [22]. In contrast,
here only the linearized model is considered, which cannot
account for every quadrotor operation state. Reference [26]
used Kalman filter to estimate wind gusts and [27] used the
extended Kalman filter is used to estimate wind disturbance
based on ESC motor command feedback however it requires
numerous assumptions for noise to tune process noise and
measurement noise. Drag utilization method was proposed
by [28] for trajectory tracking of the quadrotor by using the
wind speed observer. Linear unknown input observer also
shows good results however the modeling of the quadrotor
is linear [4]. Reference [23] estimated the wind gusts
affecting the quadrotors as the input disturbances by using
a frequency-based nonlinear disturbance observer (NDOB)
which is fuzzy-based. Overall, simulations and experiments
demonstrate that the observer to estimate disturbances in
conjunction with simple controllers yields very good results

The paper presents a wind disturbance rejection approach,
where wind disturbance is promptly estimated online by
a low-computation observer. Attractive features of the
developed scheme are its simplicity, low computation cost,
and ability to obtain a fast response to wind gusts. It should
be noted that traditional robust control involves complex
controllers and is unable to react fast enough in the presence
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of strong disturbances [29], [30] or requires the application
of additional sensors or signals that can be too conservative.
Conversely, the present approach compensates for the exact
amount of disturbance that is acting on the system by a
prompt online estimation, including also model uncertainties
such as imprecise knowledge of the system parameters. The
estimation is achieved through a low computation process
whose design requires no additional sensors and which
robustly estimates the overall effects of wind disturbance
and other model uncertainty. It is worth noticing that the
promptness and effectiveness of the proposes estimator, along
with the position recovery scheme, are shown to outperform
existing solutions based on EKF.

Furthermore, and yet very importantly, the proposed
approach can be easily integrated into existing schemes
developed by drone companies, most of which use the EKF
or KF included in ArduPilot. Indeed, being independent
of the type of control law used to determine the aircraft
rotor speeds, the developed scheme can provide existing
controllers with the additional capability to better handle
disturbances; this allows its implementation on almost any
aircraft system, including fixed wings, as a stand-alone
solution or as an extension plugin for existing controllers
and can be incorporated into ArduPilot or Mission Planners,
which are mainly used for UAV missions in the UAV industry.
This fact is demonstrated in the paper, both in simulation
and through experiments, on a platform using an indoor
programmable quadrotor.

Finally, the proposed Lipschitz observer outperforms
existing solutions based on EKF and nonlinear observers with
unknown input (NUIO). Indeed, it combines the advantages
of NUIO approaches, in that it does not require the addition
of additional state variables and modeling of their dynamics,
as well as the accuracy of the estimation obtained via the
model’s Lipschitz property.

Il. QUADROTOR MATHEMATICAL MODELING WITH
DISTURBANCES

The position (x,y,z) of an aircraft’s center of mass is
measured by GPS sensors, which provide data in the inertial
Earth frame F(, while the orientation (¢, 8, ¥) is measured
by Inertial Measurement Units (IMU) in a body frame
Fp. The state vector of a quadrotor vehicle consists of
(x,v,2,¢,0,v) and (u, v, w, p, g, r) variables representing
the vehicle’s position and velocity respectively. As shown in
Fig. 1, the four rotors apply a force orthogonal to the rotation
plane of their blades which are aligned with the positive z-axis
of the body frame Fp and proportional to the rotation speed
square, i.e. F; = K Fa)l.z, where i is the i-th rotor. Each force F;
generates a torque along the z-axis which is represented by
the opposite arm of the aircraft chassis, being /K Fa)l.z, where
[ is the arm length. Each rotor produces a torque, due to air
drag, that is opposite to its rotation and whose absolute value
is proportional to its rotation speed, that is, K Ma)%. Therefore,
the overall thrust F; and the components of the torque vector
(¢, 19, Ty) are linearly coupled with the squares of rotor
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FIGURE 1. Quadrotor mechanical structure, model and reference frames.

speeds. All such quantities are grouped in the state and input
vectors:

E=(.y2¢.0. 9. uv,w.p.qr) (1)
Fy Kp(w%—i—w%—i—w%—i—wi)
5 1 Kp(0F — wf)

U= = 2
Tp | Kp(0] — w3) 2)
Ty KM(w% — w% + w% — wﬁ)

In addition, the ZXY convention is utilized to align the axes
of Fy and Fpg. The orientation of the aircraft is determined
by first rotating F about the z-axis of { (yaw) radians, then
about the x-axis of ¢ (roll) radians, and finally about the
y-axis of 6 (pitch) radians. Consequently, considering the
fundamental rotations

1 0 O cog 0 —sp
Ri(@® =10 ¢y s¢ |, RO=[01 0 |,
0 —S¢ Co S0 0 [or2]
cy Sy 0
R(Y)=|—sy cy 0], (3)
0 01

where s, = sin(x) and ¢, = cos(x), the complete rotation
converting body-frame coordinates into inertial ones is

Ruy = (RYIR(PIR,(0)"
CoCyr — SpSOSy —CpSyr SOCy + SpCoSys
= | cosy +5pSocy CoCy SeSy — Spcocy | . (4)
—CpSH So CopCo

The forces acting on the quadrotor center of mass are the
total thrust F' applied by the four rotors (always aligned with
the positive z-axis of the Fp), the gravity force (which is
oriented along the negative direction of the z-axis of Fy), and
the wind gusts, W = (W, W,, W.)T (whose components are
expressed in F( by convention). Newton’s Equation for the
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translational motion of the center of mass states:

X 0 0
m|y|=-m|0) +Ryy [0 +W, 5)
b4 g F

which can be expended as

mx (Socy + Spcosy)F + Wy
my | = | (sosy — spcocy)F + Wy |, (6)
m?z (cpco)F—mg + W,

where m is the aircraft’s mass and g the gravity acceleration.

In addition, the angular velocity vector(p, ¢, r)" of the
aircraft in body frame Fp can be related to the Euler angles
via a dynamic relation that, for the ZXY convention, reads as
follows:

P 0 ¢ 0
gl =0 +R@® 0] +Ry(ORc(p) [ O],
r 0 0 W
which can be compactly written as
P 90 —sp\ [
g]=101 0 0] . @)
r so 0 cpco w

Due to the lean and trim structure of the quadrotor,
it is assumed that the wind momentum is negligible, which
implies that the vector T = (14, 19, rw)T acting on the
aircraft itself is composed of the rotor torques. Since Fp
is aligned with the aircraft’s principal inertia axes, Euler’s
equations for the angular motion are as follows:

p 0 —r ¢ p
T=I1|g|+|r 0 —-pll|q]. (®)
7 —q p O r

where I = diag(lyy, Iyy, I;;) is the inertia matrix around the
axes of Fp. Direct computation of (8) leads to

L p Tp — Uy — Iyy) qr
Iyyél =1 —Ux—Ipr|. ©)
I 7 Ty — (Iyy —Iy)pg

Summing up, Eq. (6), (7), and (9) are one possible
nonlinear dynamic state space model of a quadrotor aircraft
reads

X=u,
y=v,
z=w,
¢=pco+rsp,

. S, S
6="sop+q—Lcor
Co Co

. Y co
WZ__p+_r5
cg  Cp
1= ( + )F+W"
u = (Sg c Sh»Co S —_ —_—,
6y +Spcosy)+—
b= ( i
v=_(Spcy —SpCoSy)— + —,
bCy —Spcosy)+—
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. F W,
w=c¢69z—g—|—;
. L — Ly T
p=——""">qgr + —,
Ixx Ixx
. Lie — Lix To
g=——F—Dpr +5,
Lyy Lyy
. I, — I T
P2 L (10)
IZZ IZZ

1Il. DISTURBANCE NONLINEAR OBSERVER USING
LIPSCHITZ METHOD

Consider a nonlinear model affected by unknown wind
disturbance w as described as below

E() = AE(D) +FE®) + gu(t), n(t)) + Dw(t)
n) =C&@)), (11)

where £ € R” is the state vector, u € R™ is a known input
vector, w € R¥ is the vector of the unknown input, n € RP
is an output vector. Moreover, A is the state matrix, C is the
output matrix, D is the disturbance matrix of suitable sizes,
and g : R™” — R"and f : R* — R”" are nonlinear
functions. Then, the nonlinear quadrotor model (10) in Sec. II
can be written as in (11) by defining

03x3 I3x3 03x3 O3x3
A 03x3 03x3 03x3 03%3

03x3 03x3 O3x3  Q

03x3 03x3 03x3 O3x3

000
010) (12)
000

, with Q0 =

and
05><1
—8
cop+sor

f&) = Lp+ L , 13)

031 033
SoCyr + SpCoSy
glu,n) = sec¢;s¢C9s¢ m 033 . (14
»Co
03x1 03x3
03%1 )

where ® = diag(ty /I, 10/lyy, Ty /I;;), and the unknown
wind gust matrix is D = (03x3, 03«3, I3x3/m, 03x3) .
The observer dynamics can be written as

E=AE+fE)+ glu. )+ LO—CH). (15)

For the system olzserver to in (11) and (15), the error
dynamics e = £ — & can be written as

e=A—-LOe+fE) —f&), (16)
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FIGURE 2. Lipschitz based unkown states observer structure.

where f(&) is the nonlinearity present in the system that
satisfies Lipschitz condition with a Lipschitz constant y, that
is,

& —r)| <v < e (17)

To address the nonlinearity (17) Let f(¢§) : R" — R”
to be the nonlinear part of the dynamics such that f(§) =
[/1(6), /2(8). 3(5), ... fu(§)] where fi(§) : R" — R". The
term that will appear in state estimation error dynamics is
f& —f(é), and can be expressed as:

[ 0f1(8) 0f1(x)
. 051(6) " 9&.(8) .
fO—-f&=1 + . (E-8§
fn(&) fn(§)
:351@) T 08(8)
hiy ... hiy
=l .t |E=8=ye (1Y
_hnl hnn

The Lipschitz constant of the vector-valued function f (&)
is r = \/r12+r22+-~-+r,%, where 7; is the Lipschitz
constant of fi(x) Vi = 1...n and can be expressed as r; =

\/ )/12 + y22 + -+ + y,2. The maximum and minimum values
for positions and velocities of the Parrot Mambo Drone can
be used to find y for the quadrotor.

To show that the state estimation error dynamics is
asymptotically stable, the Lyapunov candidate V = e Pe,
with P > 0, is used. Computing the derivative of V along the
error trajectory gives

V=¢"Pete Pe. (19)

Substituting (16) into (19) the Lyapunov function then yields
V=e¢(A—LC)'P+PA—LC)e+f(x,%) Pe

+e P, %), (20)

where f(x, &) — f(x) — f(®). As f(x, %) — f(x) — f(&) has a
Lipschitz constant y, then it holds

=

Hence, substituting (21) into (20), yields

, =7 lell2. 21

V=eT[A=LOT +PA—LONe+y 7| IPel,

+|eTP| v letl. (22)
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FIGURE 3. Estimated versus actual wind gusts for the time varying wind
gust model.

By using the theorem 2ab = a* + b?, witha = y |le| and
b= ||eTP| , hence, we have

V=e¢[(A-LC)" + P(A — LC)le + y*ee+ e ' PPe
(23)

Finally, the derivative of the Lyapunov candidate is
V=e¢[(A—LC)"P+ P(A—LC)+ y>I + PPle. (24)

Matrix P and the observer’s gain matrix L are chosen so
that the estimation error converges to zero, i.e. ¢ — 0 as
t — oo when

(A—LC)'P+ P — LC) 4 y*I + PP < 0 and
P>0 (25)

Furthermore, (25) ensures the asymptotic stability of e if
V >0and V < 0. With R = P L, we obtain

A"P+PA—CTR—RC +yI+PP <0 (26)

Using Schur complement lemma to convert to LMI so that
it can be solved by Matlab, we take R = —I, S = P and
Q =ATP+ PA— CTR—RC + y’I. Hence, finally the LMI
equations become

[ATP +PA—CTR—RC +y?I P
P

] <0, @270

which can be solved for the decision matrix R, while the
observer’s gain matrix can be found as L = P~'R with P
a symmetric and invertible matrix.

Moreover, the sought signal of the unknown input wind, W,
can finally be computed after obtaining all states’ estimates
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FIGURE 4. Error Estimated versus actual wind gusts for the time-varying wind as shown in Fig. 3 gust model for proposed method

when compared to NUIO [5] and Extended Kalman Filter.

as

W = [DTDI"'DT[E(t) — AE(t) — FE () — g(u(t), n(e))].
(28)

Fig. 6 illustrates the Lipschitz-based unknown input-state
observer scheme.

Futhermore using the nonlinear dynamic model of the
quadrotor mentioned in (12)-(14) used to model the behavior
of a real quadrotor presented with external unknown wind
disturbances and once all the states are observed, as given in
Fig. 6, the proposed UIO reconstructs the unknown wind gust
or unknown disturbance (W,, W), W;) acting on the quadrotor
aircraft.

The effectiveness of the Lipschitz observer is significantly
dependent on the choice of the Lipschitz constant, making
the selection of an appropriate constant very important.
An incorrect choice in this regard can result in poor
observer performance. Moreover, Lipschitz observers rely on
mathematical models of the system, and any inaccuracies
or discrepancies in these models can negatively impact
the observer’s performance, compromising its accuracy and
effectiveness.

Extended Kalman Filters (EKF) and Nonlinear unknown
input-state observer (NUIO) [5] is compared to the proposed
Lipschiz-based unknown input-state observer. Fig 3 shows
the estimation of time-varying wind gusts by the three
observers mentioned before. This is chosen as time varying
wind gust is more complicated to estimate than the step
wind gusts. It can be easily noted that the Lipschitz-based
observer and NUIO have superior performance than the EKF.
In addition, different process noise and measurement noise
values were simulated for the EKF, from which the optimal
process noise and measurement noise values were selected.
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Moreover, the difference between Lipschitz-based observer
and EKF can only be compared in Fig. 4 which shows that
the proposed Lipschitz error is 10 times smaller than the one
of NUIO.

IV. COMPENSATION OF THE WIND DISTURBANCE

The Lipschitz UIO estimates the unknown wind gusts in
real-time, as described in the previous section, and provides
this information to a PD controller in order to compensate
for it and regulate the quadrotor’s nonlinear model. Having
denoted with (x4, y4, 24, psiq) the desired aircraft’s pose,
an Attitude Control is used for the orientation in ¢, 6, ¥,
while a Position Control is used for positioning the quadrotor
along the axes x, y, and z, by employing the estimated wind
gusts W, Wy, Wz. According to the obtained results, the
quadrotor is in a hovering state, which implies that ¢, 6 ~
0 for the system to be fully controllable, which consists of
4 inputs and 4 outputs. x, y, z, ¢, 0, ¥, u, v, w are the nine
simulation-measurable states fed to the proposed observer,
out of a total of 12. The Lipschitz UIO uses these to estimate
the three remaining states as well as the three unknown wind
gust components.

A simple yet effective PD control algorithm has been
developed in Matlab/Simulink with the proposed observer.
The Parrot Mambo quadrotor has been used to test the
results in simulation and experiments. The wind gusts
vectors (Wy, Wy, W.)T affecting the aircraft’s position is
compensated by the PD controller by varying the four rotor
speeds. The PD controller is based on the approximated linear
dynamic model of the quadrotor aircraft in hovering condition
when ¢, 6 & 0. Let such nominal conditions be described by
(X4, Y, zd, ¥q) and the nominal force for hovering, f = g.
Hence, the tracking error variables be éx = x — xg4,
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FIGURE 5. Plots of state estimation errors of the proposed Lipschitz (left) vs an NUIO (middle) and a EKF (right).
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o | bc Ry [ ReX F RO = xa)
| Lipschtiz Observer g v 14 ‘%/Jv
Oc | = kyy +ky(x = ya) — 4+ (31)
f Kr Kr w;
PD Controller o Zi:l wi + 2 780)1 + m
- " n
Position Attitude
Control Control _ Quadrotor where
o N C
— [°Va ~CYa
R(Ya) = ( ,
Cya Sy
: p w;
SCUZ = —k;Z — kz ()C — Zd) + s

Unknown Wind Gusts

FIGURE 6. Proposed system architecture, the aircraft pose information
within the observer provides accurate information to the controller for
precise position.

8y =y —y4,82 = 7 — z4, and 8¢ = y — 4. Moreover,
the input variation variables are §f = f — g, §¢ = ¢ — ¢c,
and 66 = 6 — O¢. The linearized model of the linear position
is

(g5y, 80 + gey, 860)/m + W

p
V| =|—(gcy, 8¢ + gsy, 86)/m+ > (29)
7 (Sf+W2)

m

where §f ~ 8K+w0(6w1 + 8wy + 8wz + Swa). To ensure the
asymptotic convergence of the quadrotor center of mass to
the desired position, the dynamic model in (29) is forced to
follow the dynamics

kYx + K 5x
kVy + K8y
kZV z+ kf 8z

By comparing (29) and (30), the relations for the
rotor speed variations and the commanded roll and pitch,

X
y| = (30)
.
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Moving now on to the angular velocity, from the torque’s
equations (2), the angular accelerations (9) and using the
hovering condition which is ¢, 6 ~ 0, thus it equates that

é ~ p,6 ~ g,and J ~ r (from 10). The attitude dynamics
simplifies to
d.; le (wz 4) L 1» ew
0= lff (@3 — o) — By (32)
N IXX_IM
14 %(w%—w%+w3—a)4)— T (]59

The quantitative analysis of results using Integral Time
Absolute Error (ITAE) from Fig. 5 is computed to show the
performance of the proposed controller with respect to the
NUIO and EKEF is presented in Table 1.

After linearizing (32) around the hovering condition with
%. Having denoted 8y = ¥ — 14 and dw; =
w; — wo, the linearized model reads

w; X wy =

s Lmekr (50} — sw?)
0 |= ’V’"gKF WmekE (§3 — sw?) (33)
8y Ky /meke (60? — 82 + sl — 8w3).
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FIGURE 7. Simulation results of wind estimation of Parrot Mambo for time-varying wind gusts and desired and closed-loop

spiral trajectories in 3D space.

TABLE 1. ITAE error comparison of Lipschitz vs NUIO vs EKF.

13 Lipschitz NUIO EKF

x | 6.7x10°% 20x107% 7.9x10°3
y | 6.7x1076 71x10"* 6.3x10°3
z | 22x107% 57x107%* 1.6x10"1
¢ | 34x1071 29x1073 4.0x10°*
0 | 34x10°1 1.0x1073 3.0x10"*
W | 1.1x1071  43x1073 81x1073
u | 42x10719 22x10°7 36x10"3
v | 7.0x10710 84x10-7 3.6x 1073
wl 12x1072 13x107% 1.0x10°°
p | 47x1076 1.5x107° 1.7

g | 85%x1076 3.0x10°° 1.7

r 1.9x1075 1.8x107* 7.5x10"!

Equating the aircraft’s orientation to the PD controller vari-
ables, where all constants are based on desired eigenvalues
locations, §¢p = ¢ — ¢¢c and 60 = 6 — O¢, where ¢¢ and O¢
are commanded roll and pitch values fed to attitude controller

Sy — Sy —kjp—kS ¢
Sws — Sw) =| —k)0—Kho
dw1 — dwr + dwz — Swy —k;/w—k{/’/w
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Considering the cross configuration of the quadrotor
aircraft and equating it to find the variable speed of each rotor
gives

Swi 10 -21 Sw,
S| 1|12 0 —1 Swg
Sz | —4l1 0 2 1 Swy
Scws 1-2 0 —1) \swy

Note in practical each dw; is added to corresponding
hovering speed. Finally the equation of the rotor speed,
compensating the wind gusts, is

1 I,V,V Izz

1 0 o —xy;

1 Ixx IZZ

4 720 Ky

1 g b _IL
o] 3§ TR | 2mg + JmgKpée;
w | _\1 3 O % 56 + 15 (6 — bc)
w3 VmgKp ky6 + kg0 — 6c)
4 ko 4 ki (= Ya)

(34)
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FIGURE 8. Results of wind estimation of Parrot Mambo for horizontal time varying wind gusts and desired and closed-loop spiral
trajectories in 3D space for with and without disturbance observer.

TABLE 2. Parrot minidrone hardware parameters.

Parameter Value Unit Symbol
Weight 6.95x 1072 kg m

Arm Length 6.20x 1072 m l
Inertial moment about x 6.86 x 107°  kgm? I,
Inertial moment about y 9.20 x 107°  kgm? I
Inertial moment about z 1.36 x 107%  kgm? I
Motor Thrust Factor 1.00 x 10=2  Nrad=2s—2 kr
Motor Torque Factor 7.82x 1074 Nmrad 2572 &,
Gravitational Acceleration | 9.98 ms—2 g

V. RESULTS AND DISCUSSION

The Parrot Rolling Spider minidrone was used together
with a base station containing a laptop computer with
Matlab/Simulink installed. The Parrot Rolling Spider is a
programmable indoor minidrone. Its sensors include a 3-
axis gyroscope for attitude sensing, a 3-axis accelerometer,
a camera for visual navigation to detect x-y position, and
ultrasonic sensors with a pressure sensor that estimates flight
altitude. The parameters of the parrot drone are presented in
Table 2.

A. SIMULATION RESULTS
The proposed scheme has first been validated in Mat-
lab/Simulink with the parameters of the nonlinear quadrotor
model, where its parameters are in Table 2. The purpose
of this step is to show the main behavior of the proposed
method under ideal conditions with the presence of external
disturbances, which in this case are wind gusts. However,
other uncertainties such as model uncertainties, delays due
to propeller dynamics and noise have not been taken into
account in the simulation. The Lipschitz UIO is simulated in
continuous time. The control system has been tested while
the quadrotor is required to perform a complicated task:
maintaining a circular trajectory in the presence of x, y and
z wind gusts as a ramp input.

Fig. 7 shows the effectiveness of the proposed estimation
and control methods. As the Lipschitz UIO reconstructs
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the wind force component and provides the signal values
to the controller for compensation, the quadrotor quickly
reaches the desired position. The controller commands the
rotor speeds via a signal ensuring that the quadrotor receives
the correct thrust force, leading to appropriate roll and pitch
angles. The rotor speed plot in Fig. 7 shows how the controller
compensates for the wind gust force by varying the rotor
speeds. This shows that the controller can easily compensate
for the effect of wind gusts to maintain the precise position
of the quadrotor. The position error, shown in Fig. 7, is very
small and can be neglected.

B. HARDWARE RESULTS

The final step is to validate the proposed scheme in
experiments on a real parrot rolling spider minidrone. The
parrot rolling spider is used together with a base station
that has a laptop with Matlab Simulink installed. The parrot
rolling spider is a programmable indoor minidrone where the
flight control system can be edited to the proposed scheme.
The drone has a 3-axis gyroscope for attitude measurement,
a 3-axis accelerometer, a camera for visual navigation to
sense the x-y position, and ultrasonic sensors with a pressure
sensor that work together to estimate its flying altitude.
The hardware support package for the Parrot Minidrone is
available for Matlab. This enables testing and verification to
be done in Matlab Simulink on the minidrone. The parameters
for the parrot mambo are the same as in Table 2.

A Bluetooth personal area network (PAN) is used to
connect the minidrone to the workstation laptop for pro-
gramming. After completing the controller design, the Flight
Controller Subsystem in Simulink is converted into C code
and uploaded onto the minidrone through the Bluetooth
PAN. Upon uploading the code, a command is given from
Simulink to initiate the experiment. The connection between
the minidrone and the Simulink environment is in real-
time. After a flight experiment, the experimental flight data,
including the positions, velocities, and rotor speeds, are
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TABLE 3. The range of positions and velocities for Parrot minidrone to
calculate y.

Positions Range Velocities Range
X 0,20m u 0,2m/s
y 0,20m v 0,2m/s
b4 0,20m w 0,2m/s
1) —7, 7 rad p 0,0.3rad /s
0 —m, 7 rad q 0,0.3rad /s
¥ -3, 5 rad r 0,0.3rad /s

transferred from the minidrone to the Matlab workspace via
the Bluetooth PAN. Post-flight analysis is then done with the
data recorded into the Matlab workspace.

The quadrotor receives the desired positions (x4, Y4, z4, ¥a)
and the IMU with position sensors measures partial states
which are x,y,z,¢,0, ¥, u,v,w. The partial states and
the rotor speeds are then given to the Lipschitz NUIO
to reconstruct all 12 states and estimate the wind gusts.
Moreover, this information is then fed back to the PD
controller of the parrot Mambo. As it is very difficult to
provide and measure time-varying wind in a real-world
scenario, the horizontal step wind of W, = IN, W, = IN
is exposed to the quadrotor from Os.

According to parrot mini drone, the maximum and
minimum values of positions and velocities to calculate the
lipschtiz constant y is shown in Table 3.

Fig. 8 depicts the hardware results for time-varying wind
gusts, allowing the proposed concept to be rigorously exam-
ined. The quadrotor is given a spiral trajectory and is exposed
to time-varying (as depicted in Fig. 3) horizontal wind from
the x and y. With a slight delay, the quadrotor can be seen
to be very close to the reference. This can be caused by
bandwidth delays in actuators. Moreover, in Fig. 8, we present
the performance of the flight with the disturbance observer,
while also including the system without the disturbance
observer for comparison. The results unmistakably illustrate
that the graph corresponding to the proposed system produces
superior outcomes in our experiments.

VI. CONCLUSION

In conclusion, this paper presents an alternative and effective
method to accurately estimate and compensate for external
disturbances, such as wind gusts, acting on the nonlinear
quadrotor aircraft model in real time. Matlab/Simulink and
experiments validate the robust performance of the quadrotor,
which moves accurately along the desired path when exposed
to different types of wind gusts. This demonstrates that
the proposed method does not require additional sensors,
is computationally simple, and can provide rapid response
to various types of flight disturbances. In addition, the
Lipschitz incognito input observer is compatible with any
type of controller, as long as the latter can adjust the aircraft
rotor speed to compensate for the estimated wind gusts.
To make the system adaptive, future work will focus on online
parameter estimation and adaptation algorithms to enhance
the controller’s performance.Another future work can be the
coordination and cooperation of multiple UAV quadrotors
operating in windy conditions. The strategies would be
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distributed control, communication, and decision-making
using observers for efficient navigation and task execution in
the presence of wind disturbances. Also, in future real-world
validation and testing can be carried out to test the effec-
tiveness of the method such as using UAV for agricultural
imagery in different terrains with wind patterns. Since this
method uses minimum sensors, the energy-aware algorithms
and can be incorporated to test the energy efficiency. Finally,
this independent and robust control method has multiple
real-world applications, such as piloting a quadcopter inde-
pendently and accurately in windy conditions.
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