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L1 Adaptive Path-Following of Small

Fixed-wing Unmanned Aerial Vehicles in Wind
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Abstract

This paper proposes an adaptive path-following controller of small fixed-wing Unmanned Aerial
Vehicles (UAVs) in the presence of wind disturbances, which explicitly considers that wind speed
is time-varying. The main idea was to formulate UAVs path-following as control design for systems
with parametric uncertainties and external disturbances. Assuming that there is no prior information
on wind, the proposed solution is based on the £, adaptive control, using linearized model dynamics.
This approach makes clear statements for performance specifications of the controller and relaxes the
common constant wind velocity assumption. This makes the design more realistic and the analysis
more rigorous, because in practice wind is usually time varying (windshear, turbulence and gusting).
The path-following controller was demonstrated in flight under wind speed up to 10m/s, representing

50% of the nominal UAV airspeed.

Index Terms

UAV Path-Following; UAV Control; £; Adaptive Control

I. INTRODUCTION

Small fixed-wing UAVs (that is, with wingspans less than 2 metres and payload smaller than
2 kg) have gained growing interest because of their low cost, high maneuverability and simple
maintenance. They are used for a wide range of military and civilian tasks [1]. Many UAVs
applications require the system to autonomously follow a desired path [2]. The objective of
the path-following system is to generate commands to the attitude controller in order to follow
a given reference trajectory. Path-following of fixed-wing UAVs is usually designed based on
missile guidance [3] and control techniques, particularly nonlinear control [4]. A survey of

different path-following approaches for fixed-wing UAVs is given in [2].
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However, small UAVs path-following is still a challenging problem because of their extreme
sensitivity to wind because of their relatively low speeds. For such UAVs, wind speeds are
commonly 20% to 60% of the desired airspeed [5]. If the path-following (guidance) system does
not account for wind, the trajectory tracking ability of UAVs will be reduced. Therefore, there
is a need to design path-following methods that are explicitly robust against wind disturbances.

The previous approaches dealing with fixed-wing UAVs path-following in wind are based on
the modification of the planned path [6]-[9] and control [5], [10]-[15]. Their common issue is
that they assume that wind speed is constant. In [16] an adaptive control design for UAV path-
following with slowly time-varying wind is presented. All these assumptions are not realistic,
because wind velocity is not constant in practice, and it can change quickly. More recently, a
path-following algorithm for fixed-wing UAVs by virtue of a nonlinear optimal control approach
and wind disturbance sliding mode observers was developed in [17]. The design of the controller
assumes that there are no parametric uncertainties in the model. This is not the case in practice,
as it is not possible to maintain a constant airspeed in real flight conditions, especially in the
presence of wind. Furthermore, a disadvantage of sliding mode observers is that they may not
respond rapidly and if wind speed/direction changes quickly, the observer cannot track it easily
which may produce the chattering phenomenon.

A solution to this challenge can be provided through the use of £, adaptive control [18]. The
benefit of £; adaptive control is its capacity for fast and robust adaptation that leads to desired
transient performance for both system signals, input and output. These characteristics make it
suitable for systems subject to external time-varying disturbances, such as small UAVs motion
in wind. The £; adaptive control has been applied for various autonomous flight control systems
including fixed-wing UAVs [19]-[23] and rotorcraft UAVs [24]-[27], to cite a few.

The main idea of this work, based on [28], is to formulate the path-following of fixed-wing
UAVs as control design for systems in the presence of parametric uncertainties and external
disturbances. Assuming that there is no prior information on wind, the proposed solution is
based on the £, adaptive controller for disturbances of unknown bounds [29]. This approach
relaxes what is commonly assumed that wind speed is constant.

It should be noted that £, adaptive control has not been used previously for the design of
fixed-wing UAVs guidance system. In [2] it is stated that £, adaptive control is applied in
[21], [30] to the path-following of a fixed-wing UAYV, while in fact, the £, adaptive controller

augments the low-level controller in the presence of uncertainties and external disturbances. In



[31]-[33] the £, adaptive controller is applied to attitude control of quadrotors, hypersonic
reentry vehicles and ships, respectively, but not to the path-following system. An £; adaptive
trajectory tracking controller for multirotor UAVs in the presence of modelling uncertainties
and external disturbances was proposed in [34]. However, the problem of path-following and
trajectory tracking for multirotors has a fundamental difference to that of fixed-wing UAVs. The
formulation of fixed-wing UAV's path-following is based on the airspeed [2], while for multirotor
it is based on the inertial speed [35] that ignores implicitly wind speed effect on the system
kinematics. The main motivation of [34] has been to design a robust trajectory tracking controller
against unmodeled dynamics that may be present in the inner-loop controlled plant that is also
based on the same £, adaptive controller, which might be a contradiction.
The contributions of this paper are:
o Formulating the path-following problem as control design in the presence of unknown
uncertainties and external disturbances.
« Developing an adaptive path-following controller that is explicitly robust against time-
varying wind.
o Demonstrating the performance of the proposed design in simulations as well as in real
flight experiments.
To this end, Section 2 develops the path-following problem. Section 3 introduces £; adaptive
straight-line path-following in the horizontal plane. Section 4 summarises the main results of
L1 adaptive control of systems with disturbances of unknown bounds. Finally, Sections 5 and 6

analyse simulation and flight test results, respectively.

II. THE PATH-FOLLOWING PROBLEM

In practice, the two most commonly used paths for UAVs are straight-lines and circular paths
[2]. Both types of paths are usually defined on the horizontal plane, with constant altitude and

speed. Under these assumptions, the UAV kinematics can be written as follows

Pn = Vo cos() + W,
(D
pe = %Sin(d)) + Wea

where p,, p. are respectively the North and East positions, V, is the airspeed, ¢ is the heading

angle relative to the north, and W),, and W, are wind speeds in the inertial frame.



This model is derived under the assumption that the UAV is in steady level flight. In this
case, the airspeed vector is aligned with the x-direction of the body frame, which means that
the sideslip angle /3 is zero.

Assuming a coordinated turn, i.e., the ailerons are used to change the UAV heading, the rate

of variation of the heading angle is given by

b = o tan(9). @)

The objective is to compute the desired rolling angle ¢. that maintains the UAV on the desired
path, despite the presence of wind.

Assumption 1. There is no available information on the wind velocity, given that wind
disturbances vary and are often not easily predicted.

Remark 1. In this paper the time dependence of the variables is dropped unless if it is not

clear from the context.

III. £, ADAPTIVE STRAIGHT-LINE PATH-FOLLOWING IN THE HORIZONTAL PLANE

The desired path is defined by a straight-line from the precedent waypoint Py (p,, pex) to the
destination waypoint Py 1(Pnks1, Pekt1)> Where (P, Der) and (pprr1, Pexs1) are respectively the
horizontal coordinates of the waypoints P, and Py; in the inertial frame, as shown in Fig. 1.

The cross-track error d is the shortest distance from the position of the UAV to the reference

path, given by

d = —(pn — Puk) Sin(Yp) + (e — Dek) cOs(Vp), 3)

where 1, is the orientation of the path relative to the North direction defined by

Yp = atan2(Pek+1 — Peks Prk+1 — Pnk)- “)

By differentiating (3) with respect to time and using (1) and (2), it follows that

d = ~Vysin(ve) + Wesin(vy) — Wy cos(t),
e = =L tan(o,) ”
Vi ’
where 1), = 1, — 1) is the orientation of the UAV relative to the desired path.
Remark 2. The use of the notations ¢, is justified by the fact that, in practice, this angle is

the reference input of the low-level controller.
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Fig. 1: Path-following in the horizontal plane.

Letting = [d, 1.]" be the state vector and u = ¢, be the control input, the system is

transformed to the following nonlinear state-space model

&= f(z,u)+ ¢, (6)

where f(z,u) = —Vasin(z2) and  ((t) = W, sin(v,) — W, cos(¢,)

—& tan(u) 0
The regulated output y is the cross-track error d , i.e., the output vector is

c=1[1 0]".

The objective is to design the control law w(t) that stabilizes the system and consequently
steers the UAV to the reference path. The proposed solution is based on the £, adaptive controller.
To this end, the linearized model is first derived. Actually, a common procedure in adaptive
control design is to linearize the nonlinear model at a given equilibrium or operating point,
to design a linear controller based on the linearized system model, and to augment the linear
controller with the adaptive controller. This allows for better robustness of the adaptive control

system [36].



For the equilibrium point z., = [de, 0T, Ueqg = 0 and (., = 0, where d., is arbitrary, the
linearized state space model of (6) is given by
T = AT + byu, (7)
where
0 -V, 0
0 O —Via
The obtained model is a standard double integrator system representing single-degree-of-
freedom translational and rotational motion. Control of the double integrator has been of interest
since the early days of control theory when it was used extensively to illustrate minimum-time
and minimum-fuel controllers [37].

Hence, the non-linear system in (6) can be written as follows
&= Apr + byu + f, (8)

where f (z,u,t) is a nonlinear function that includes the higher order terms of the Taylor series
expansion of f(z,u) and the external disturbance ((t).

It is important to underline that the matrix A, and the vector b, are uncertain because it not
possible in real flight conditions to maintain a constant airspeed V,, especially in the presence
of wind.

Moreover, taking into account the dynamics of the attitude controller we have

¢ =F(s)¢., 9)

where F'(s) in an unknown Laplace transfer function.

Therefore, the system in (8) can be written as
b= Apr+bwu+ (A, — Az + f, (10)

where A,, = A—b k; is a Hurwitz matrix of the desired dynamics of the system, b is the input
vector of the system with the nominal airspeed, k, € R? is the feedback vector, and w € R is an
unknown gain that includes the dynamics of the attitude controller and the airspeed uncertainty.

For control design, the following approximation can be used

(A — Az + F=b(0T2 + 1) + (11)



where 6 € R? is a vector of unknown parameters, 7,,(t) € R is a matched disturbance and
nu(t,z) € R? is a vector of unmatched disturbances.

Consequently, the system in (10) leads to

T = Amx—i—b(wu—i-QTx—i-nm) + M- (12)

The resulting model makes straightforward the application of the £, adaptive controller that
is described later. The block diagram of fixed-wing UAV path-following in wind, based on £,

adaptive control, is illustrated in Fig. 2.
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Fig. 2: £, adaptive path-following.

Remark 3. The main advantage of the application of £; adaptive control to UAV path-
following in wind is that good performance of the system can be obtained, whether the unknown
wind velocity is constant or not. This is a direct consequence of what was demonstrated in [29]
that the £, adaptive controller presents a good compromise between performance and robustness
in the presence of disturbances with unknown bounds.

Remark 4. Due to lack of space, circular path-following is omitted here. The used approach
is similar to straight-line paths. The interested reader is referred to [28].

Remark 5. The altitude hold controller can be designed based on the following

h =V, sin(y,) — Wy, (13)

where h is the altitude of the UAV in the inertial frame, -, is the air referenced flight path angle,

and W, is wind speed in the inertial frame.



Hence

he = =V, sin(v,) + Wy, (14)

where h, = hy — h and hy the desired altitude.
This formulation is the first order case of the model in (5). The £; adaptive controller is

straightforward from equations (16) to (23).

IV. £, ADAPTIVE CONTROL OF SYSTEMS WITH DISTURBANCES OF UNKNOWN BOUNDS

In this section, based on [28], [29], the £, adaptive control approach that borrows insights
from sliding mode control to design the adaptive laws is recalled. The main advantage is that the
estimation of both the disturbances and their bounds is achieved by using a sliding surface. As
a consequence, the performance and the robustness of the control system are improved without
assuming prior information about external perturbations.

Given a class of single-input single-output systems defined by
i (t) = Apx(t) + b(wut) + 0 2(t) + nu(t)) + nu(t, ),

y(t) = c'a(t),

where A,, € R"*" is a known Hurwitz matrix that defines the desired dynamics of the system;

15)

b, ¢ € R™ are known constant vectors; z(¢) € R™ is the state vector which is assumed available
through measurement; u(t) € R is the control input; y(t) € R is the system output; w € R
is an unknown constant with known sign representing the model input uncertainties; § € R"
is a vector of constant unknown parameters representing model uncertainties; 7,,(¢) € R is an
unknown matched disturbance; and 7,(t,z) € R™ is an unknown unmatched disturbance.

The defined class is equivalent to the systems in (12).

Assumption 2. The non-linear functions 7,,(t) and 7, (¢, x) are uniformly bounded, i.e., there
exist unknown real constants L,, > 0 and L, > 0, such that for all ¢ > 0 the following bounds

hold:

|7 ()| < Ly and |5y (¢, )| < L.

Assumption 3. The unknown model parameters are bounded, i.e., § € ©, where O is a known

compact convex set and 0 < w; < w < wy,.



Remark 6. These two assumptions are conventionally acceptable for real systems, given that
a superior bound of disturbances and unknown parameters, which the system may hold without
being broken, is usually known from technical specifications or engineering insights.

The objective is to design a state-feedback controller to ensure that the output of the system,
y(t), tracks a given continuous bounded reference signal r(t).

As shown in Fig. 3, the £, adaptive controller consists of three components: the state predictor,

the adaptive law with fast adaptation, and the control law with a low-pass filter.

Reference Control Plant
Input Control Low-Pass | Input State
— > Law > Filter Plant
A
Predicted|
\ 7
= State State W
Predictor
Vd
Estimated
Parameters Adaptation
Law [~

Fig. 3: The £, adaptive controller.

The state predictor is defined as

2(t) = A (t) + b(O(E)u(t) + 0T () (t) + Hm(t)) + hu(t), 6
z(0) = xo,
where #(t) is the predicted state and, 6(t), &(t), A, (t), and 7, (t) are the estimates of the unknown
system parameters and external disturbances.

The sliding surface is defined as
o(t) = \z(t), (17)

where Z(t) = #(t) — (¢) is the state estimation error and A € R™™ is a constant row vector,
chosen such that A\b # 0 and the coefficients \; : ¢ = 1..n form a stable manifold.

The estimation of the matched disturbance 17,,(t) is defined by

= —(A) TN (ANARE(E) + po(t) — Ln(D) 3pad, i o(t) #0, as)
=0 otherwise,

T (£)



where p > 0 1s arbitrary, and the estimated bound [A/m(t) is given by

~

Lon(t) = TINb0 (D), Lono = L (0), (19)

where I" € R" is the adaptation rate.

The estimation of the unmatched disturbance 7, (¢, x) is defined by

. (AU(t))T .
i) = 4 L@ s o) #0, o0

0 otherwise,

where the estimated bound L, (t) is computed by

~

Lu(t) = T Ao (®)]], Luo = Lu(0). 1)

The unknown parameters w and 6 are estimated by

w(t) = —T Proj(&(t), Aba(t)u(t)),
(22)

~

0(t) = —T Proj(A(t), Aba(t)x(t)),
where the projection-type adaptive law permits to maintain the unknown parameters within their
predefined sets [38].

The control law is given by

u(s) = kD(s) (K, (s) = (s) = 6(s)ins) ). 23)

where k£ > 0 is arbitrary, D(s) is a transfer function that leads to a strictly proper stable

filter C'(s) = wkD(s)/(1+wkD(s)) with C'(0) = 1; the static gain is chosen as K, =

—1/(cT A;'b); (s) is the Laplace transform of 0(t) = 07 (£)x(t) + Q(t)u(t) + im(t); ¢(s) =

c'(sI — A,) " YH Y(s); Hp(s) =c' (sl — A,,)~'b; and 7),(s) is the Laplace transform of 7, (t).
Let

L = max|ol),
(24)
H(s) = (sl — A,)~'b, G(s) = H(s)(1 — C(s)).

The £, adaptive controller defined via equations (16) to (23) is subject to the £; norm
condition:

IG(s)||z, L < 1, (25)

where || - ||z, denotes for the £; norm.



Moreover, the design of C'(s) needs to ensure that

Gu(s) = (s — Ap) " = C(s)H(s)p(s), (26)

is proper and stable.

Controller analysis is detailed in [28], [29], and is omitted here.

Implementation Issues

In practical applications, the sliding surface o(t) does not go to zero due to sampled com-
putation, noisy measurements or other uncertainties. This results in a persistent increase of the
estimated bounds of (19) and (21). A solution to this problem is the dead-zone modification.

Hence, equations (19) and (21) are modified to be:

Tbo(t)]  if[o(t)] > em,

Lon(t) = 27)
0 if not,
and
A | \o(t if |o(t)] > €,
e LI ROE: o8)
0 if not

where €,, € R™ and ¢, € RT are real constants.
Furthermore, in order to eliminate the chattering, the discontinuous components in equations
(18) and (20) are replaced by a smooth sliding mode component to yield

Aba(t)
|Abo(t)] + €

o (e)!
u(t) = _Lu(t)W, (30)

where € > 0 is an arbitrarily small constant. This formulation creates a boundary layer about the

() = — (Ab) H(AARE () + po(t)) — Lin(t) (29)

switching surface in which the system trajectory will remain. Therefore, the chattering problem

can be reduced significantly [39].

V. SIMULATION RESULTS

In this section, the simulation results for the £, adaptive and a linear path-following controllers
are presented. The performance of the controllers was evaluated in time-varying wind and in a

situation where the airspeed of the UAV varies under wind effect.



First, the design of a linear path-following controller is presented. The objective is to provide a
comparison baseline for the performance evaluation of the £; adaptive path-following controller.
To provide better robustness against disturbances, the integral of the regulated output error,
denoted by ey, is considered for the linear system in (7). The augmented system can be written

as follows

T A0 T b
= + u, (3D
é I —c 0 er 0
where A is the system dynamics matrix for the nominal airspeed.

The control law of the system is given by

U= —kTi’ — k[&[, (32)

p

where k; € R is the integral gain and k, € R? is the proportional feedback vector that is designed
to obtain the same desired system dynamics matrix as the £, adaptive controller A,, = A — bkz;r .

It was assumed that the desired airspeed of the UAV is V, = 20 m/s and the maximum turn
angle is |¢| = 60°.

The state-feedback vector k, was computed by the Linear Quadratic Regulator (LQR) method
to obtain desired closed-loop system dynamics with a frequency of 0.7 rad/s and a damping
factor of 0.7. The performance of the £, adaptive controller was also compared with the
disturbance observer based path-following controller proposed in [40]. The controller and the
disturbance observer gains were chosen k; = 0.25, ko = 12.5, k3 = 25, [, = 10 and [, = 10, to

obtain similar dynamics to the Linear Qaudratic Integral (LQI) and the £; adaptive controllers.

The transfer function D(s) of the £, adaptive controller was chosen D(s) = m and
k = 36, which leads to a filter C'(s) = 8%9?%. The £, adaptive controller was designed
to be robust against model uncertainties within the compact sets w = [0.5, 1.5] and © =

{9 =1[01,95] € R? : 9; € [-1, 1],7 = 1,2}. Tt is straightforward to show that these parameters
verify the stability conditions in (25) and (26).

The UAV was commanded to fly a straight-line path, defined by four (4) waypoints, with the
cross-track error d required to be zero. The initial position of the UAV was at the origin of the
earth frame.

Simulation results have shown that all controllers present a satisfactory performance when
there are no wind disturbances. The trajectories of the UAV relative to the desired path, the

cross-track error, the heading error and the commanded roll angle are illustrated in Fig. 4. The
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Fig. 4: Simulation results without wind.

presence of peaks in the cross-track error is due to the rolling motion of the UAV when turning
at the waypoints. It can be observed that, when the UAV moved from the initial location to the
desired path, the £, adaptive controller has performed better, although the disturbance observer
controller has shown improved performance when turning waypoints, because it does not show
the characteristic overshoot of second order systems.

In a second simulation scenario, a time-varying crosswind was introduced. Its velocity was
assumed to be a periodic signal, W, (t) = 5+ 5sin(2nxt). Simulation results are shown in Fig. 5.
The £, adaptive controller performs better than the disturbance observer based controller and
the LQI controller in the same wind conditions. In particular, it can be noted that the trajectory
of the UAV is smoother and more precise with the £, adaptive controller. Moreover, it is
clearly illustrated that the cross-track error is not completely eliminated by the LQI and the
observed-based controllers. The commanded roll angle of the £, adaptive controller is smooth
and presents relatively few saturations considering wind conditions. Note that trying to improve
the performance of the LQI and the disturbance observer based controllers, by tuning the gains,
leads either to instability of the control system or to a worst performance.

The poor performance of the observer based controller is due to the fact that the formulation
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Fig. 5: Simulation results in varying wind.

of the controller in [40] did not not take into account the wind direction relative to the path.
This is especially true for the estimation of the trimming angle 5. As a result, it can be noticed
that the UAV has produced roll command to counteract wind when it was flying downwind and
upwind, which should not be the case. It should be noticed that wind estimator based on [41]
has produced good estimation results of the time-varying wind.

Next, as explained above, maintaining a constant airspeed is not feasible in practice, especially
in the presence of wind disturbances. In order to simulate this situation, a scenario of a constant
wind, with a speed of 10m/s, blowing in the easterly direction was introduced. It was furthermore
supposed that:

o The airspeed increases by 5 m/s when the UAV is flying downwind.

« The airspeed decreases by 5 m/s when the UAV is flying upwind

« The airspeed decreases by 2 m/s when the UAV is flying crosswind.

This assumption does not have a flight mechanical justification. It is used only for simulation

purposes.
It is shown in Fig. 6 that the LQI controller was not able to keep the UAV on the desired path

under variations of the airspeed, whereas, as expected, the £, adaptive controller has performed
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Fig. 6: Simulation results in varying airspeed.

well under the same conditions. To explain this, it can be noted from the model in (8) that
unknown time-varying parameters are introduced in the system when the airspeed of the UAV
varies due to wind. The robustness of linear controllers is relatively limited in this situation,
while the improved performance of the £, adaptive controller is due to its ability to compensate
unknown parameters and external disturbances. Besides, the observer based controller was able
to maintain system stability, however, its performance was poor due to the fact the UAV speed
variations has not been considered in controller design.

These simulations conclude that the designed £, adaptive path-following system was shown to
have better performance than disturbance based and LQI controllers. This is due to its robustness

and fast adaptation in the presence of unknown system parameters and external disturbances.

VI. FLIGHT TEST RESULTS

In this section, the results in the real flight of the proposed L£; adaptive path-following
controller are presented. Flight experiments were conducted on the Twinstar-II small fixed-wing
UAV airframe Fig. 7. The Twinstar-1I has a wingspan of 1.4m and a weight of about 1.2kg. It
can be monitored and commanded by a PC based ground station which is connected via RF link.

The sensor suite of the UAV platform consists of a low cost Inertial Measurement Unit (IMU),
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magnetometer, barometric and differential pressure sensors and a GPS receiver. The Twinstar-II
was equipped with an on-board computer which consists of a Gumstix Overo SBC and an FPGA

[42]. Fig. 8 shows a scheme of the on-board computer system and the applied sensors.

Fig. 7: Twinstar II Small UAV.
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Fig. 8: On-board computer system and applied sensors, actuators and communication interfaces

[43].
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The autopilot system has a cascaded design, composed of path-following (outer-loop) and
attitude (inner-loop) controllers. The L£; adaptive path-following controller computes the com-
manded roll angle ¢, to achieve desired waypoints. The inner-loop ensures that the states of the
UAV track the desired angles using PID based control architecture.

The UAV was commanded to fly a straight-line path, defined by four (4) waypoints, at a
constant altitude of 50 m, with the cross-track error d required to be zero. The desired airspeed

was set at V, =20 m/s.
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Fig. 9: Flight test of the £, adaptive controller without wind.

The preliminary tests were carried out without wind; this permitted further testing in real
flight conditions. In Fig. 9 are shown flight test results of the £, adaptive controller. Similarly
to simulation results, the controller has demonstrated good performance when there are no wind
disturbances. It can be seen that the cross-track error converges quickly to zero after turns and
the UAV follows the desired path with feasible commands.

The next flight tests were performed in wind which was blowing southerly at approximately
5m/s, with gusts estimated locally up to 10m/s. Flight test results for the £; adaptive controller
in wind are shown in Fig. 10. As it can be seen, the cross-track error is maintained within an
acceptable range. Furthermore, it can be observed that the UAV produces the commanded roll

angle ¢. that compensates wind effect.

VII. SUMMARY

This paper presents an approach for adaptive path-following of small fixed-wing UAVs. The
design was made for 2D straight and circular paths. The proposed approach is based on the £,
adaptive control for disturbances of unknown bounds. The adaptive controller has shown better

performance in simulations compared to LQI and disturbance observer based controllers. The
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Fig. 10: Flight test of the £; adaptive controller in wind.

controller was demonstrated in real flight under winds up to 10 m/s, representing 50% of the
airspeed of the UAV. This approach makes clear statements for performance specifications of the
controller and relaxes the common constant wind velocity assumption. This makes the design
more realistic and the analysis more rigorous, because in practice, the wind velocity may be
time varying, such as wind shear or wind gusts.

Even though the framework developed in this paper has been successfully demonstrated in
practice, a more realistic approach to the problem of path following under wind disturbance is to
consider that in the real world, wind velocity is completely unpredictable, i.e., it is a stochastic
phenomenon. Such an approach needs to borrow tools from stochastic analysis. Future research
can also investigate the design based on cascaded L, adaptive architecture, while the attitude
controller is based on £; adaptive control. The main theoretical challenge is to analyse stability
of the system. Another direction is the integrated guidance and control, that combines both the
outer-loop and the inner-loop in the same control loop of the UAV. Moreover, the formulation of
UAVs path-following as a problem of control design in the presence of uncertainties and external
disturbances opens a gap for the introduction of a large panel of control methodologies for the

development of robust path-following in wind.
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