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Abstract

This paper studies the control of fixed-wing unmanned areal vehicles (UAVs) in the
presence of stochastic winds. A nonlinear controller is designed based on a full non-
linear mathematical model that includes the stochastic wind effects. The air velocity
is controlled exclusively using the position of the throttle, and the rest of the dynam-
ics are controlled with the aileron, elevator, and rudder deflections. The nonlinear
control design is based on a smooth approximation of a sliding mode controller. An
extended Kalman filter (EKF) is proposed for the state estimation and filtering. A
case study is presented: landing control of a UAV on a ship deck in the presence of
wind based exclusively on LADAR measurements. The effectiveness of the nonlinear

control algorithm is illustrated through a simulation example.

1. Introduction

Nonlinear control of fixed-wing UAVs has attracted considerable research efforts
during recent years both for civilian and military purposes. The control approaches
developed for such systems include gain scheduling, model predictive control, back-
stepping, sliding modes, nested saturation, fuzzy control, H,, control, dynamic inver-

sion based control, model reference adaptive control, and model based fault tolerant
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control [1,2,4-10]. Most of these works use simplified kinematic and dynamic models
ignoring the wind effects.

There are few UAV research papers that consider the wind effects in the literature.
In [11], a nonlinear gust attenuation H; controller has been proposed to stabilize the
velocity, the attitude and the angular rates. Estimation of the wind using a nonlinear
disturbance observer can be found in [12]. In [13], an adaptive backstepping approach
is employed to achieve directional control in presence of an unknown crosswind. On-
line wind parameter estimation using adaptive control techniques can be found in [14].
The work in [15] proposes an image-based visual servo control design for fixed-wing
UAVs for locally tracking linear infrastructure in the presence of wind. It must be
noted that only attitude and airspeed are usually controlled in the aforementioned
papers, and limited attention is paid to the accurate tracking of the translational
state variables.

Because of the highly nonlinear and uncertain structure of UAVs, many difficulties
arise in the design of linear and nonlinear controllers. Sliding mode control is a
preferable option, as it guarantees the robustness of the system against changing
working conditions. In this paper, a sliding mode control strategy is proposed for
the control of fixed-wing UAVs in the presence of wind. The equations of motion
(EOMs) of the UAV are nonlinear, but partially affine in control input for the chosen
aircraft model. It is assumed that the mean wind velocity and its direction are known
constants whereas the gust has a stochastic characterization.

The main contributions of this paper are (i) the development of a novel sliding
mode controller that is inherently robust to perturbations, (ii) the design of an ex-
tended Kalman filter (EKF) for state estimation purposes, and (iii) the application
of the theoretical development to the autonomous landing of UAVs on moving vessels
based exclusively on laser radar measurements.

This paper is organized as follows: In Section 2, a full nonlinear dynamic model
of an aircraft in the presence of wind is presented. In Section 3, the development of a
sliding mode controller (SMC) is described. In Section 4, an EKF method is proposed

for the state estimation in the presence of noise. Section 5 gives a case study in which



the efficacy of the control algorithm is tested. Finally, some conclusions are drawn in

Section 6.

2. Aircraft Dynamics

As in [16], let F,, Fy, and F, denote the Earth-fixed frame (considered inertial
under the hypothesis of flat and nonrotating Earth), the body frame, and the aero-
dynamic frame, respectively. The body frame Fj is defined as the aircraft-fixed axes
frame (xy, yp, 2), where x, is the longitudinal axis, ¥, is the lateral axis, and z, is
the directional axis. Moreover, it is assumed that ;-2 is the symmetry plane. In
what follows, a superscript refers to the frame used within the formulations. The
abbreviations s(-) = sin(-), ¢(-) = cos(+), and t(-) = tan(-) are used throughout the
paper.

An engine that can deliver a thrust 7" whose point of application is M, which
has coordinates (2%, ¥4,, 2%,) in the body frame, is considered. It is assumed that
symmetry is respected so that 3%, = 0 and that the engine pitch setting is negligible.

Following [16], the translational EOMs for an aircraft having mass of m can be

written as follows:

0 = Vaey2,0v3, + Vin,S¥w + ug, (1)

¥’ = Vacy2,873, + Vin, Cthw + vy, (2)

he = Vasy2, — wy, (3)

mV, = —D + Tcaucfs — mgsys, — mPy (4)

mVods, ey, = Yen, + Lsy, — T(caasBacn, — saas1,)
— m(Pey, — Pssm,) (5)
mVaYa, = —Ysm, + Ley, + T (caasBas, + 8Qc,)
— Weye, +m(Pasy, + Psen,) (6)



where

b b,b b

Py = (guwd, — rb ol YeaacBy + (rhul, — plwd )sBe + (0l — ghul )saucB,

Py = Va(rycoa — o) = (@i, — 1ty)c0asBa + (1, — puwy,)cfs

— (Phvh, — dul,)sasBa
Py = Va(pz)caasﬁa — qz,cﬁa + rfvsaasﬁa) — (qujwbw — rﬁ)vz,)soza

+ (o b, — dul ey

Here V, is the air speed, V},,, is the mean wind speed (assumed to act in a horizon-
tal plane at a heading angle 1,,); (z°, y°, h°) denote the inertial coordinates (range,
lateral displacement and altitude) of the aircraft’s center of mass; (D, L, Y') are the
drag, lift, and side forces (see the expressions in Appendix A) which contain the
aileron, elevator and rudder deflections (d,, d., d,); g is the gravitational acceleration;

(V145 V245 73,) are the aerodynamic bank angle, the aerodynamic climb angle (con-

o o
Guw? w

strained as 75, < 7/2), and the aerodynamic azimuth or track angle; (u e gw)

(%

b P, wl) are the wind velocity com-

w? w

are the inertial gust velocity components; (u

b

o) are the angular velocity components of the local wind in

ponents, and (p2, ¢%, r
the body frame, respectively. The aerodynamic angle of attack and sideslip angle are
denoted by «, and f,, respectively.

Again following [16], the rotational EOMs can be written as follows:

¢ L sptd cotd | | ph A
0| =10 co —so |||+ —po,st + e (7)
b 0 50 || Dot + gstd + 1,
P L—(I.— L) ¢4t + L.plqb — qbh, +rbhi — Py
@b | =T | MAT b (L Lol =T (97— ) —ribl bl =Py | (9
b N —=(Iy— L)phab — Lo.gbrt — pbH, + qC hl,— Ps



where

L, 0 —I.
I=| 0o I, 0
L. 0 L

Py = —L.(2q,p%, + pogy,) + (I — L) (gors, + 7o, + abrs,)
— L(qyrs, — rogh,) + auhl — il

Py = L. (ph,” +2pbpt, — 8" — 20%) — (L — L) (phrt, + bl + plyrt)
— L, (ropl, — pore) + bl — pohL

Py = L.(2q%ry, + qury,) + (I, — L) (044, + aopt, + pods)

— L(phdl, — a2pl,) + phyhi, — b,

Here (¢, 0, 1) denote the roll, pitch, and yaw angles; (p2, ¢°, r?) are the aerodynamic
angular velocity vector (roll, pitch, and yaw rates) in the body frame; (A}, hy, h’)
is the angular momentum vector of all rotors about the aircraft-fixed xy, v, 2, axes;
(L, M, N) are the rolling, pitching, and yawing moments (see expressions in Ap-
pendix); (I, I, I,) are moments of inertia about the aircraft-fixed x;, yp, 2, axes;
and I, denotes the product of inertia. Throughout the paper, 321 Euler angle se-
quence is used, so that | 6 |< 7/2.

The angles v, a, and 3,, are defined in terms of the aerodynamic variables as

follows [16]:

V, = \/u22 + 1132 + wf;Q (9)

b b

w v
Qg = t_lu—g, Ba = S_lva (10)

_1C0a8Be80 + cBaspch — sa,sBacoct
’yla = S C/y (].1)
24

in the formulation above, where (u’, v2, w?) are the air velocity components in the

body frame. It should be noted that

_ 180,80 + cagcpch
o, = o1 T S (12)




A simple model is generally used to define the modulus of thrust for a propeller

propulsion engine as follows:

(13)

where k,, is a constant and 7 represents the position of the throttle (between 0 and
1 inclusive).
Defining the state and control vectors as é = [z° y° h° Vi, 2., V3., @, 0, 0,

2, %, P17 and G = [n, 04, O, 0,], respectively; and treating the stochastic terms

~

° °1T as perturbations p(§, o), the

coming from the gusts o = [ugw, Vgs Wa s Puys Qs T

aircraft dynamics can be expressed as follows:

~ ~

E=1£(€)+g(€ a)+p o) (14)

3. Control Algorithm

The control design is formulated into a trajectory tracking problem. For simplicity,
it is assumed that the mean wind velocity and its direction are known constants
whereas the gust has a stochastic characterization.

Equation (4) for the air velocity dynamics can be rewritten as

=D+ Tcea,cf,
B m

v, — g0, — Py (15)

where the thrust 7" is given by (13). Therefore, assuming that the state é is measurable

and taking n as the control input, the air velocity equation can be expressed as

: D(€ ko,
V,=— (&) + ( pcaacﬁa) n— gsys, — P (16)
m mV,

Denote by V,, the reference velocity and define the velocity error as ey, =V, — V,,.

Then, the velocity error dynamics are given by

ey, = —

D(eVa + Vad> é) + [ kmp

WCBal m — —P -V, 17
- m<€Va+Vad)ca 05]77 gsv2, — P g (17)

Proposition 1: Consider the system (17). The feedback control law given by

ev, + Vo, m .
= a ‘/a
g km,o C@acﬁa [gsw@a * ¢ *

ol ;vad’ 2 ’fvasign(eva)] (18)
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where

ky, > max|Py| > 0 (19)

guarantees convergence of ey, to zero.
Proof: Choose a candidate Lyapunov function:

1
E = 562% (20)

such that the time derivative of E along the trajectories of (17) with feedback control
input (18) is given by:

E = —ey, (P, + ky,sign(ey,)) (21)
which is negative definite under the condition (19) and, thus, ey, will decay to zero.
[

Remark 1: In this paper, the signum function is defined as

1 if >0
sign(s) =9 0 if s=0
-1 if s<0

In the literature, the sign function is undefined at 0, or it is defined as a point set
mapping, i.e., sign(0) € [—1, 1]. In this paper, we define it as sign(0) = 0.
In our stmulations to alleviate the chattering and speed up the simulations, the

following smooth approximation of the discontinuous signum function is used:
sign(s) = tanh(ks) (22)

where k is a sufficiently large positive constant. Stability properties of the system
(17) with the smooth implementation of the control law (18) can be analyzed using
the ideas in [3]. In particular, it can be shown that the system converges to a small
neighborhood of the origin. That is, the closed-loop system can be shown to be globally
uniformly ultimately bounded with respect to a compact set around the origin. This
set can be made arbitrarily small by increasing the slope k of the tanh(ks) function
at s = 0.

A sliding mode controller (SMC) is now introduced to control the rest of the

dynamics. Since the control law (18) has been already introduced for the throttle,

7



only 3 active control inputs (d,, de, and ¢,) are available. Therefore, the reduced

state equations (14) with state and control input vectors given by

£ = [y07 hoa V245 V34> ¢7 07 1/}7 pg7 qZu TZ]Tu u= [5(17 587 6T]T

can be rewritten as

£=1£(§) +g(& u) +p(€o0) (23)

Note that the range x° (which is closely related to the air velocity) is not included in
the above formulation. Partition the state as € = [¢], ¢€T]T, where

51 - [yoa h07 V245 V34> ¢) 07 MT, 2 = [pZ7 qzu TZ]T (24)

so that the state equations can be rewritten as

él = fl(&) + g1 (€a 11) + pl(ga 0') (25)
& = £(6)+g(fu+p(é o) (26)
Without loss of generality, assume that the desired (reference) trajectory is given

by y5 = h§ = 0, where a subscript d denotes the desired variable. Consider the

following transformation:

®d 0
O | = | ao+ 2., (27)
(o V3aa

where o denotes the trim angle of attack (assumed to be known). Based on equations

(2) and (3), 72,, and 7s,, can be chosen as

Vogg = = (Ko, sign(h?)) (28)
_ . o VmeT/Jw
Vapy = =5 (k‘vgaSlgn(y ) + Vlzc—m) (29)
where

1>k, >max |—22|>0 (30)

Vinw Cw [
1— | ="\ >k, > v 1>0 31
‘ Vacyz, e 7 A aCV2, (31




For simplicity, it will be assumed that V,cv,, ~ V; in (29). This assumption can be
easily relaxed.

Proposition 2: Define the sliding functions as
A (65 - éd) + As (¢ — ba)
s=| A (9’ - éd) 0o (60— 6,) (32)
Ay (V= ) + Ao (8 = va)
where Ay, Ao, A, Ag, Ag, and Ay are positive constants. Assume that the following

condition holds

Cl(;a Cn(;r % Cn(ga Clgr (33)

Then, the matriz %gg(@ is non-singular.

Proof: It can be easily shown that

/\¢ /\¢S¢t0 )\¢C¢t9

Js .
3_52g2(€) =QS| 0 Neop  —Nso |1 (34)
s8¢ CO
0 )‘1/’ ch )‘w cl
where _ .
bIZCléa + IzzCn(;a 0 bIZCl67‘ + IzzCn(;T
LI, — I, LI, —I2,
I= 0 c% 0 (35)
b[xZCléa + [an(;a ’ b[xzclgr + [xcn(;r
i LI, —I?, LI, —I?, ]
which is clearly invertible if the condition (33) holds. |

Proposition 3: Consider the system (23) with the control law

u=- (5—;@(@) R B—Zf(&) ¥ Lsign(s)} (36)

where L = diag{L;}, i = 1,2, 3, such that L; > ‘g—zp

, Vt. Then the system trajectory
converges to the desired trajectory yy = hS = 0. Z
Proof : Define the following positive definite Lyapunov function in terms of the
sliding functions (32):

E= %STS (37)



Taking its time derivative yields

E':sTS:sT@S:s 0s

566 =5 3¢ 1) + 86 w + p(& o) (38)

It can be easily shown that the sliding functions given by (32) satisfy

s 0s

8_€g(£’ u) = 8—52:‘52(5)11 (39)

and therefore (38) can be rewritten as

S H(€) + plE.o)] + Somien (10

S~ T
b= [ o6

Clearly, the control law (36) yields

s (g—zp - Lsign(s)) (41)

which is negative definite if the matrix L satisfies the conditions of the proposition.
This guarantees convergence of the roll, pitch and yaw angles to their desired values
given by (27). As shown in Remark 2, this implies that 7, and -3, will converge to
their desired values 79, , and s, ,, respectively; which by definitions (28)-(29) together
with equations (2)-(3) implies the following

Y’ = —Vacys, ks, sign(y®) + vy (42)
he = —Vak,,, sign(h?) —wy (43)

A similar Lyapunov approach can be used as above together with conditions (30)-
(31) to subsequently ensure convergence of the inertial coordinates y° and h° to their
desired values (i.e., the origin). |

Remark 2: Assume that the Euler angles ¢, 8 and v converge to their desired values

so that
0] 0
= | a0+ V2., (44)
¢ fygad

10



Using equations (10)-(12), it can be shown that

$Ba = 72,5(73, = V3ua) (45)
CY2,5(0 + V24,0 (V30 — V3uu) — $72.¢(0 + Y2,,)

ta, =
Y2, (0 + V2,4)C(V3, = V3,4) T 572.5(0 + V2,,)
(46)
Sl + VY2,, — Qa
57, = 86‘1 ( : CFT}/de ) (47)
R (a0 + Y254 — Q) (48)
‘ Y2,

which yields

Qg = Q05 V2, = V244> V3¢ = V3a4q

It must be noted that the computed control inputs are subject to saturation and

rate limits. In particular, the maximum computed control inputs are given by:

Js -
o= (g5020)) L
where gains can be appropriately changed to achieve a satisfactory performance.
Again, to smoothen the control inputs, the smooth approximation (22) of the signum
function can be used. Given the introduction of the matrix L in the controller, the
design is robust and estimation errors are acceptable for the stability derivatives. In

this regard, a minimum amount of information is needed to implement the controller.

4. Noise Addition and Filtering

Define the random variable w representing the process noise so that (14) can be
written as
E=1(6)+g 0)+w (49)
Given an output vector n and measurement noise vector v, the observation equation

can be expressed as

~

n="h() +v (50)
Equations (49) together with (50) describe the system required for the EKF imple-

mentation. In this paper it is assumed that w and v are zero-mean gaussian white

noises with covariance matrices Q and R, respectively.
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5. Case Study: Autonomous Landing via a LADAR System

In this section, the theoretical development is applied to autonomous landing of
a UAV on a moving vessel. As in [17], it is assumed that a LADAR system mounted
on the vessel is exclusively available for the estimation of the UAV’s inertial position

and attitude.

5.1. LADAR Observation Model

LADAR technology consists of a modulated laser emitter coupled with a focal
plane array detector and the required optics. This sensor creates an “image” of the
environment, but producing a 2D image where each pixel has an associated range and
intensity value. A typical algorithm first converts the imaging sensor measurements
to a 3D point cloud, and then significant environmental features such as planar, line
or point features are extracted from one 3D imaging sensor frame to the next. Finally,
characteristics of those features such as the direction vectors are used to compute the
platform position and attitude changes. In this paper, it will be assumed that a set
of N points Q; (i = 1,...,N) are identified by the LADAR at every time step (given
by its sampling rate) based on their reflectance characteristics and that those points
can be identified from one frame to the next.

Let us denote by r;;, and rp,; the position vectors of a point (); on the aircraft
and the origin of the aircraft body frame O, with respect to the LADAR, respectively;
and r;o, the position vector from Oy to @); (see Fig. 1). Then, the following equations
can be written:

rSObL + strfob =1, Vi (51)

where Ty, represents the rotation matrix from the UAV-fixed body frame to the
LADAR frame. Note that the vectors r{; and rl, are known from the LADAR
observations and the geometry of the aircraft is assumed to be known; however, r¢, 1
is not known a priori.

Using equation (51), the following can be obtained:
Taay =bj, Vij, i#] (52)

12



LADAR

Figure 1: Relations between points on the aircraft and their LADAR observations.

where af; = rl, —rl, and b}, =rj, —r};.
Since usually M > 2 observations are available, a statistical method can be applied
to make use of all the information. One way to state the problem is to find a matrix

T, that minimizes the loss function J defined as:
| M
J(Ty) =5 ; w; | by — Tgal | (53)

where w; denote the weightings. Different methods are available in the literature
to solve this minimization problem. In this paper, an exact method known as the
“q-method” [18] is chosen. The details of this method can be found in [18].

Once the relative orientation matrix Ty, is estimated, equation (51) can be used to
determine the position of the origin of the UAV-fixed body frame with respect to the
LADAR. As a first approach, the average of all available measurements is considered,

ie.,
N

S 1 S
Yo,L = N Z(riL - str?ob) (54)

i=1
Finally, the dynamics of the UAV can be recovered from

(2%, 5%, h)" = Tourgy, + [X°, Y0, —Z°0 (55)

where T, is the rotation matrix from the LADAR to the inertial frame (assumed to

be known) and

Tho Tho
¢ = t_l—T: B 0= 5Ty, =t T’; 2 (56)
033 011

where Ty, = Ty Ty, and Tp,,; denotes the ij-th component of the matrix T,.
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Since these estimations are made at a constant sampling frequency, they can be
discretized at every time step t;. Then, using a simple Euler discretization algorithm,

the observation vector can be defined as

nk - I::i;07 yo7 ]:LO7 ¢7 0’ ¢7 é? 97 @/}]Z <57)
which will be used for feedback purposes.

5.2. Landing Procedure

Given the stochastic nature of the landing pad motion and the presence of multiple
uncertainties in the described system (e.g. wind, measurement noises, and model
uncertainties), tracking an accurate landing trajectory is impracticable. For this
reason, the landing trajectory is described by a straight line at the end of which the

UAV can be recovered by a capture net.

5.8. Simulations

The feedback control law developed in the previous section is implemented here.
Table 1 lists the physical parameters used in the simulations, which correspond to
actual values of the Lambda Unmanned Research Vehicle [19] except for the inertia

values. The saturation limits are assumed to be
| 00 |< 307, 6. (<30% |46,|<30° 0<n<l1
The initial conditions are taken as:
(y, h)o = (50, 25)m, Vo =26.14m/s, (¢, 0, 1)y = (15°, 3°, —15°)

The control objective is to track a trajectory defined by (y, h)g = (0, 0) and V; =
22.22 m/s. Note that for this flight condition the trim angle of attack is ap = 7.11°.

The effectiveness of the controller (18) and (36) is demonstrated by applying it
to the complete nonlinear system (1)-(6) and (7)-(8). The control parameters are
chosen as k,, = 0.05, ky,, = 0.05, ky = 0.5, Ay = Ao = Ay =3, \j =Xy = Aj =3,
L = diag{0.5, 0.5, 0.5}. Note that approximation (22) has been used for the “sign”
function with & = 10 in (18) and (36). This approximation reduces the chattering

14



Table 1: Parameters for the Lambda UAV landing at sea level [19].

Parameter Value Parameter Value

p 1.225kg/m3 g 9.81m/s?

m 92.10kg I, 83.75 kg - m?

I, 137.43kg - m? I, 210.99 kg - m?
I, 3.05 kg - m? S 1.96 m?

b 4.29m c 0.46 m
Cr, 0.7939 Cr. 5.8200
Ch, 0.0290 k1 0

ko 0.0363 Cmg 0
Ch, —1.1010 Cins, —0.8449
Cin, —15.4000 Cy, —0.4372
Cy;, 0.2865 Cy, —0.0016
Cy. 0.2601 Ci, —0.0145
Cls, 0.2608 Cls, 0.0022
Ci, —0.5538 ., 0.0876
Chg 0.0600 Chs, —0.0137

ns, —0.0943 Ch, —0.0360
Ch, —0.1650

in the control inputs; however, some high frequency chattering is still expected due
to the EKF implementation. This frequency can be further reduced by smoothening
the output of the EKF algorithm. Noted that the control input signal is sent to the
servos every 0.1 s.

The wind has been implemented using the “Dryden Wind Turbulence Model (Con-
tinuous)” MATLAB toolbox. In Fig. 2, a particular realization of a gust is shown for
the Lambda Unmanned Research Vehicle flying at 15 m and 26.14 m/s. The wind
speed at 6 m (W) is taken as 5 m/s. The mean wind speed is V;,,, = 5 m/s along
the inertial lateral axis (i.e., ¢, = 0).

The landing platform is assumed to be a barge with zero forward speed and a

15



heading angle of 135°. Fig. 3 shows the barge motion for an irregular sea described
by Modified Pierson-Moskowits spectrum with a significant wave height h;/3 = 4 m
and dominant wave period T' =7 s.

A highly dense point cloud is typically expected to be obtained from the LADAR.
For simulation purposes, N = 38 points have been considered and the cloud repre-
sented in Fig. 4. It has been assumed that UAV observations are made as far as
2000 m at a scan rate of 100 Hz (i.e., At = 0.01 s) with an accuracy of 15 cm (one
standard deviation). These values reflects state of the art technologies (e.g. Leica
LAS60 Airborne Laser Scanner).

Zero-mean process (gaussian) noises with standard deviation of 0.005 are assumed

b]T

o]*. The following matrices were used for the

for the variables [V, 72,, V3.5 pg, QZ> r

estimation of the state variables:
Q = 0.005*diag{1, 1,1,0,0,0, 1, 1, 1}

10 10 1 1 1 1
R:mmwfwg{o 0 10 }

A Ac Ac DN A A A

As can be seen in Figs. 5-7, given the estimation (green line) of the inertial position
and orientation of the UAV based on LADAR measurements, the EKF is applied (red
line) and its estimation is used to obtain the control inputs. Given the deflection of
the different control surfaces, the actual values (blue line) of the state variables are
obtained. It can be seen that the velocity, lateral and vertical displacements as well
as the Fuler angles converge to the desired values for acceptable values of the control
inputs.

Finally, the motion of the UAV relative to the barge is shown in Fig. 8 from which

a net can be sized for recovery purposes.
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Figure 2: Turbulence velocities for the Lambda Unmanned Research Vehicle flying at 15 m and

26.14 m/s (Wao = 5 m/s).
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Figure 3: Surge, sway, heave, roll, pitch and yaw motions for a barge at 0 kts and heading angle of

135 deg (sea state described by Modified Pierson-Moskowits spectrum with hy/3 =4 m and T = 7

s).
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Figure 5: Time responses of the air velocity (V), inertial lateral displacement (y°) and altitude (h°)

(blue line) compared with their estimate (green) and filtered (red) values.
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Figure 7: Time responses of the thrust (T), aileron (d,), elevator (d.) and rudder (d,) deflections.
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Figure 8: Relative motion of the UAV with respect to the barge.

6. Conclusion

A fully nonlinear aircraft dynamic model in the presence of wind has been intro-
duced. A sliding mode controller has been designed to control the air velocity using
the throttle position, and the rest of the dynamics via the aileron, elevator, and rud-
der deflections. The proposed controller has been shown to be applicable for highly
nonlinear conditions including high angle of attack regime as well as being inherently
robust to uncertainties and perturbations. An EKF method has been proposed for
the state estimation and noise filtering. The applicability of the proposed controller
has been illustrated through a case study: the landing control of a UAV on a ship
deck in the presence of wind based exclusively on LADAR measurements. It has
been shown that the full state converges to the desired values even in the presence of
stochastic wind. Future research includes the implementation of the moving horizon
estimation method for the state estimation problem. This optimization-based method
treats both the state and parameter estimation within one problem, which also allows

constraints to be incorporated.
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Appendix A

Assuming the wind vortex hypothesis in [16], the wind is modeled by a local linear

term around the aircraft and an angular velocity with respect to the Earth, such that:
V=V,+V,, Q=Q,+Q, (58)

where V and V, denote the ground and the air velocity of the aircraft’s center of
mass, respectively; V,, is the wind velocity; and €2, €2, €, are the angular velocity
of the aircraft relative to Earth, the aerodynamic angular velocity, and the local wind
angular velocity relative to the Earth (atmospheric angular velocity relative to the
Earth), respectively. Note that for the wind velocity, the definition above corresponds
to the velocity of an atmospheric particle which could have been located at the center
of mass of the aircraft.

Assuming the wind velocity can be split into its mean value and gust components,
where the mean speed V,,, acts in a horizontal plane at a heading angle 1,,, the linear

and angular velocity of the wind can be expressed in the body frame as follows:

Vb = [ub WP wz)]T = Too[Vin, 80w + ug, , Vin, cthy + vy, wy B (59)

w? Jw

and

Q0 =, & ro)" = Tulpl, &, ro)" (60)

respectively, where

clcyp cOsy —st
T = | s¢slc) — cosyp  spshsy) + copey  spcd
copstcy + spsyy cpsbsyy — spc)  coc

represents the transformation matrix from the inertial to the body frame.
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The air velocity can be expressed in terms of the aerodynamic climb and track

angles as follows:

ul) 2,73,
o | = VaT | cye,97, (61)
wg —S72,

For a truly symmetric configuration, standard expressions for the aerodynamic

forces and moments can be written as follows:

L=QS(Cr, + CL, ) (62)
D = QS (Cp, + k1Cp + k2C}) (63)
M = QSc (cmo + Coo o+ Ciny 0 + QLVacmqqg) (64)
Y =Q5 (Cyﬁﬁa + Cy,, 0r + 2—%(05@102 + CYJ“Z)) (65)
L= QSh (Clﬁﬁa + O, 00+ Ciy 6, + zi)/a (Cy, 1" + Cmﬂf;)) (66)
N = QSb <Cn5 Ba + Cry. 0o + Chy, 6, + %(Cnppz + C’mr(’j)) (67)

where Q = pV?/2 is the dynamic pressure, p stands for the air density, S is the wing
surface, c is the mean aerodynamic chord, and b is the wing span. The applicability of
results of this paper can easily be extended to more general nonlinear mathematical

models of the aerodynamic forces and moments.
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