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ABSTRACT In this paper, relative motion model and control strategy for autonomous fixed-wing unmanned
aerial vehicle (UAV) carrier landing are addressed. First, a coupled six-degrees-of-freedom (6-DOF)
non-linear relative motion model is established from 6-DOF UAV and carrier models. Second, because of the
under-actuated characteristic of two vehicles, the 6-DOF relative motion model is simplified to a four-degree-
of-freedom (4-DOF) model to facilitate the control design. Third, an adaptive sliding mode control law is
proposed to track desired landing trajectory and maintain constant relative pitch and roll angles. Finally,
simulation results demonstrate the effectiveness of the proposed control method.

INDEX TERMS Carrier landing control, fixed-wing UAV, adaptive sliding mode, 4-DOF control.

I. INTRODUCTION
The autonomous fixed-wing UAV carrier landing control
technology is served as a vital premise for UAV carrier and
UAV fulfilling the tasks. Meanwhile, automatic landing tech-
nology is also so complicated that it can not be conquered
easily. In order to reduce the carrier landing deviation, some
methods have been applied to model and control design.
In term of model, most of landing models are built on the
basis of a single UAV model. Some technologies or methods
have been applied to control system, such as deck motion
compensation technology, power compensation link, auto-
matic throttle control, direct lift control technology. In the
early stage of carrier landing control technology, the classical
control methods were adopted to automatic landing systems.
The automatic landing system was developed for nearly half
a century, the basic structure of the system got little change.
With the maturity of the classical control theory, especially
the theory and method of frequency domain analysis, the
stability of automatic landing carrier have a large progress.
Moreover, most of the automatic landing controls only con-
cern about attitude loop control.

In recent years, based on the single UAV model,
many nonlinear control methods were proposed in carrier

landing systems. In the field of control design, the latest
research ~ works  mainly focus on  optimizing
parameters [1]-[3], improving the control accuracy and
robustness of the dynamic inversion control system [4], [5],
improving the accuracy of sensor [6], reducing the noise
of radar tracking and radio data link [7]. In addition, the
fuzzy control method [8] was introduced into control system.
In [9]-[11], it was considered the control of height and pitch
angle for landing carrier by designing a fuzzy PID flight
control system, but the application of the control law is
limited and only developed for the pitch angle under a given
height motion. In [12], a dynamic inversion attitude control
law was proposed by using 6-DOF aircraft model. From the
recently studies, there are little change in the model. However,
in the aspect of space docking, some scholars have tried to
use the relative motion mode [13] to achieve the relative
motion control design. Moreover, it is rare to take the relative
motion model into consideration by means of carrier landing
control law. The probable reason is that the 6-DOF carrier
model [14], [15] is very complicated for control design.
Therefore, the corresponding 6-DOF relative motion model
control law is hard to design. So simplification is inevitable
for fulfilling the desired controller [16].
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This paper mainly illustrates the control problem of the
autonomous fixed-wing UAV carrier landing by relative
motion model. The main contributions of this paper are
stated as follows. Firstly, based on the 6-DOF models of
fixed-wing UAV and carrier, a 6-DOF relative motion model
is established for the autonomous fixed-wing UAV carrier
landing missions. Taking the under-actuated property of the
controlled fixed wing aircraft into account, the proposed
6-DOF relative motion model is simplified into a 4-DOF
fully actuated relative motion model to facilitate the control
design. Secondly, in order to assure the desired landing tra-
jectory, constant relative pitch and roll angles, and lateral
position and velocity, a sliding mode control law [17] is
designed for autonomous landing missions. Moreover, the
uncertainty parameters [18] and unknown external distur-
bances [19] are considered in control design, then an adap-
tive control method is combined with sliding mode control
approach to compensate mode uncertainties. Thirdly, it is
proved that the designed controller ensures that the rela-
tive position and attitude errors converge to zero, and the
simulation example verifies the feasibility of the proposed
method.

UAV(BRF) ﬂ s

# Aircraft carrier (BRF)

FIGURE 1. Structure of the UAV and aicraft carrier.

Il. PROBLEM STATEMENT

As shown in Fig. 1, Fy £ {0g, X, ye, 2¢} denotes the Earth
reference frame(ERF), where O, is the origin on the sur-
face of the Earth, ogx, points to the north, ogy, points to
the east, and 0,4z, points vertically down along the gravity
vector. F, £ {04, X4, Ya, Za} denotes the UAV body-fixed
reference frame(BRF), where the origin O, is fixed to the
centre of gravity of the UAV, o,x, points to the forward of
the UAV, o,y, points to the right of the UAV, o,z, completes
the right-hand orthogonal coordinate system. Similarly, Fy £
{os, x5, ¥s, 25} denotes the carrier body-fixed reference frame,
where the origin oy is fixed with the centre of gravity of the
carrier, ogx points to the forward of the carrier, o5y points to
the right of the carrier, oz, completes the right-hand orthogo-
nal coordinate system. The model of the UAV carrier landing
design in this study is formulated based on the models of the
UAV and the carrier. Thus, the 6-DOF mathematical model of
UAV and aircraft carrier need to be established firstly. Before
setting up the model of UAV and carrier, it is assumed that
the travel distance of the UAV and carrier is relatively small
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compared with the dimensions of the Earth. Then, the earth
curvature is ignored and the surface of earth is assumed to
be flat.

A. UAV MOTION MODEL
The kinematics of UAV are described by [20]

OE
Pq a
{of}z"bg[ga] v

where position p£ = [x,, y4, z,]” and euler angle ©@F =
[P, 6a, Va]T are defined in ERF; velocity v, = [1q, va, wall
and angular velocity 2, = [pq, qa, r4]7 are defined in BRF.
Ry, is represented by

R 03%3
Ry, = a 2
be |:03><3 K, @
where R, is the direction cosine matrix of BRF to ERF;
K, is the Jacobian matrix, and

[ cOucra rh ris
R, = | cOusya 15, 53
L —860, COy50,  cOucdq
1 t0,5¢, t0 ¢,
K,=1|0 o —S5¢Pq 3)
L 0 s¢a/cba  ca/cba

where s(x), c(x) and #(x) are short for sin(x), cos(x), tan(x),
respectively; r{y = s0,cVastq — sYacha, 13 = $0acPachq +
sYasa, rélz = $0usVaSPa + cYaCPa, r§3 = 50uSVaCha —
cYaspa.

The dynamics of UAV in F, are described by

{ ma‘[.va + SR )ve]l = Fq + df

4
Iaﬂa +S(Qa)laﬂa =M, +dr ( )

where m, € R is the whole mass of the UAV. The moment of
inertia and the products of inertia are described by

L 0 —I.
I,=| 0 I, 0 5)
I, 0 I

S(L2,) is the skew-symmetric matrix for 2, € R3; dr,d; €
IR3 are disturbance force and torque respectively; the external
force F, = [Fy, Fy, F;]" is defined by

Fy = Xyuq + Xywa + X4qa + Xs5:07 + Xs,0.
— mgg sinf,
Fy =Ywa + Yppa + Yrra + Ys, 80 + Y5,6,
~+ mmgg sin ¢, cos 6,
F, = Zyu, + Zywo + Z4qq + Zs; 81 + Zs, 6.
~+ mgg cos ¢, cos G, (6)
where &7, 84, 8., 6, and g denotes the thrust, aileron,

elevator, rudder, and gravity, respectively; X;, Y;, Zy(i =
M’ Wa ‘Z» ra 8T7807 86;] = Vapa ra 861781‘; k = I/l, Wa Q5 8T78e)
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are aerodynamic derivatives. The aerodynamic moment
M, =[L,M,N]" is defined by

L =Lyvs+ Lypa+ Lyrq+ Ls, 84 + Ls, 6,

M = Myu, + Mywq + Myqq + Ms 67 + Ms, 8,

N = Ny + Nppy + Nyrg + N3, 8q + Ns, 6, @)

and the Lla M_]7 Nk(i = V’p’ re 8[17 87';.]' = uv W, Q’ 8Ts 82; k =
v, p, 1, 84, 6,) are aerodynamic derivatives.

B. CARRIER MOTION MODEL
The kinematics of carrier are described by [14]

¥
ps Rs 03><3 Vs
. D 8
|:®f:| [03X3 K, i||:9si| ®)
where position p¥ = [xs, ys, z,]” and euler angle @F =

(s, O, ¥s]" are defined in ERF; velocity vy = [us, vy, wy]!
and angular velocity 2, = [py, g5, rs]7 are defined in car-
rier’s BRF. R; is the direction cosine matrix of carrier’s BRF
to ERF; K is the Jacobian matrix, and

[ cOscps s 3

cOssYrg 5y 33
| —s6s cOssps  cOscs
[ 1 10;5¢s tOscoy
K;,=1]0 cos —S5¢; )
| 0 s¢s/cOs  cps/cOs
where 1], = sOscssps — sUscds, 113 = sOscPseds +
Swssd)wr;z = 5055V sSPs +cPscs, r53 = stV s — PSPy,
respectively.

The dynamics of carrier are described by [21]-[23]

R, =

my dii 1
ly = —— Vg — — Uy + — Ty
miy miy mii
mi 2
s = — Ul Vs T —
ma) ma) ma

Wy = 1 sin(w1t) + &2 sin(wyt)

(10)
Ps = {3 sin(wst) + &4 sin(wgt) + by
s = &5 sin(wst) + ¢ sin(wet) + by
myy — my ds3 1
Vg = ——————UVg— —T + —7T;
ms33 ms33 ms33
where my;; = mg — X, mp = mg — Yy,mzz = I, — N;
diy = —Xy,dpn = —Y,,d3z = —N,, m;; are the mass

and inertia model terms with my; = mpyy — my; > 0. The
term m;; includes additional mass generated by hydraulic
pressure forces and torque due to forced harmonic motion
of the vessel. The model term d;; represents the hydrody-
namic damping forces related with the corresponding veloc-
ities in general. X;,, V5, Y;, Y5, Xy, Yy, N, represent the addi-
tional mass constants. The surge force t, and yaw moment
7, are provided by two actuators actuated on the carrier.
1, &2, w1, wy is the vertical motion coefficient in different sea
conditions; 3, {4, b1, w3, w4 is the rolling motion coefficient
in different sea conditions; {5, {6, b2, ws, wg is the pitching
motion coefficient in different sea conditions.
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C. RELATIVE MOTION MODEL

The relative position and relative attitude in ERF can be
described by [24]

E E E
Sel=lg ) le] oo

Thus, the relative kinematics are presented from the UAV’s

kinematics by
E
p, Ve
. =R 12
{@f } o[ .

where p£ is the relative position in ERF; @F is the relative
attitude in ERF; v, is the relative velocity in UAV’s BRF;
2, is the relative angular velocity in UAV’s BRF.

The relative velocity and relative angular velocity
expressed in BRF are

Ve | | Va al Vs
Gl

R? — [ R, 03><3i| (14)

where

03 x3 Rsa

and Ry, = RZRS is the direction cosine matrix of carrier’s
BRF to UAV’s BRE.

Taking the time derivative of the relative velocity and
relative angular velocity in (13) results in the 6-DOF relative
motion model as

f)e _ l.’a ca | Vg a i)s
s)-la]-ela]-=[g] o

where v, is the relative acceleration, Qe is the relative angular
acceleration.

Due to the under-actuated property of the fixed-wing
aircraft in the control aspect, this 6-DOF relative motion
model should be simplified to 4-DOF relative motion model.
Because the lateral displacement y, of the fixed-wing aircraft
is associated with the yaw angle 1, and the vertical veloc-
ity w, is related to the forward velocity u, in the autonomous
landing missions. Therefore, to ensure the successful land-
ing missions, the 6-DOF relative model is simplified as
4-DOF relative model, such as relative lateral displace-
ment y,, relative vertical displacement z,, relative rolling ¢,
and pitching attitude 6,. Thus, the 4-DOF relative kinematics
and dynamics are presented by [18], [19]

{ X = szz

2 =f(x) +Bu+d (16)

Where X1 = [}’e, Zes ¢8798]T’ X2 = [V€5W€7P€a Qe]T;Ri iS

simplified from Ry to a 4 x 4 rotation matrix,

”32 r§’3 0 0

RC — clys¢,  cOysp, 0 0
b— 0 0 1 t0,80,

0 0 0 cPq
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_ Y Y _
0 b e 0
my My
Zor 0 0 Zs
m m,
B = O” LLs, +1.Ns, LLs, + LN, O“
LI, — IXZZ LI, — 1)62z
Ms; 0 0 Ms,
L I, I, |
u="[u w uz usl’ =87 8 8a 81"
— l _
ng Y Vs Vs
1 - W W
x)=| —F |—R | " |—sre| "
f(x) my S| ps S| ps
l?a qs ds
L Ga

R is simplified from R to be a 4 x 4 rotation matrix; S and
R can be presented by

st sz 0 0
| s21 s 0 0
S=10 o0 S1 S12 17

| 0 0 s 82
[ hi1 hi2 O 0
hy1 hy 0 0
e __
B=10 o m m (18)
0 0 hoy  hp

with 511 = —qacOsda + (Oac¥>s0q + cOusPZs0a)pa +
2UataCraClyS0u8ha — 804CO0sps, $12 = —quCOscdy +
(COu8Pactrq + 2¢04Y80uCPu)ra + Pa(COusCVy — COuSYaCy),
521 = Pa(seacwarfz + Seaswarﬁvz + cO,COs8¢5) +
qa(C%S%r‘fz + SWaS¢a752) + ra(seas¢a752 - C¢arf2)’ 8§22 =
pa(SeaCIﬁar]S3 + 89a51ﬁa753 + c04CO5cds) + Qa(CWas¢arls3 +
SVaSParsz) +1a(80a5Parsy3 — Charyz), and hy = cOuCary, +
COusYaryy — 804COsSPs, hia = cOuCParyy + cOusParyy —
$0aCOsChs, ho1 = riyryy + rHry, + cO48¢acOssps, hay =
':fz”f3 + r§2r53 ~+ cO,8¢4c0scds, respectively. Moreover, Fy,
F, pa4, and g, are denoted by

Fy = (Yyq + Yppa + Y1y + mgsing, cos6,) — ugrq

+ PaWa

F, = (Zyuq + Zywa + Z4qq + mg cos ¢ cos 0,)
—PaVa + Uaqa

ﬁu = IXIZ—_IXZZ[(Iz(LvVa + Lp a + Lyrg)

+ Lz (Nyva + Nppa + Nira)) + (I + I — Iy)PaQa
— (7 + It = 1) qara

1
da = I_[Muua + My,wq +MqQa +
)7

— I)Para + Le(ra® — pa®)] (19)

and d.,d; € R3 are also simplified as dy,dg € R2,
respectively [25].

Remark 1: In terms of navigation, the accuracy of posi-
tioning technology for UAV autonomous carrier landing is
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very high. RTK (Real Time Kinematic) technology can meet
the requirement of positioning accuracy. Unlike other posi-
tioning techniques, the RTK directly obtain the relative posi-
tion data of the UAV and the aircraft carrier by calculating,
rather than their respective position coordinates. So the accu-
racy of RTK technology can reach centimeter level. This is
one of the reasons why this paper uses the relative motion
model.

Assumption 1: The aerodynamic and control parameters
can be presented by & = o + &a, where ¢ £
X,Y,Z,LLM,N;i £ 84,80, 8¢,8;,u,v,w,p,q,r. € are
known constants and &;A are unknown and bounded scalars.

Assumption 2: The external disturbance dy and da are
unknown but bounded by ||d|| < d,, with an unknown
constant d,,.

D. CONTROL OBJECT

The control objective in this work is to drive the UAV
tracking the carrier a certain position. The control aim of
the autonomous landing missions is that the relative vertical
position z. tracks to desired trajectory zg, and the relative
lateral position y,, velocity v,, roll angle ¢., and pitch angle 6,
track to y¢, vS, ¢, 0, respectively. Thus, the control objective
aims to design a control input # under Assumptions 1 and 2,
such that the controlled tracking with model can guarantee
lim,—, 001 = x§, where x§ = [y¢, 2, ¢¢, 6517,

Ill. CONTROLLER DESIGN
The relative motion controller is presented based on an adap-
tive sliding mode design method. Adaptive laws are derived
to compensate the parametric uncertainties and restrain the
external environment disturbances in model [26].

Define a sliding surface [27]

s =.§:1 + axq (20)

where X1 =x1 —x{,a > 0.
Differentiating (20) with (16) leaves

§ = X1 4 ax
=¥ +a(x; —x7)
= Rjx2 + Ri[f(x) + Bu + d] + ax, 1)

According to Assumption 1, we know the term f (x) can
be divided into f (x) = f, + f o and B can be divided into
B D By + Ba. Then, Eq. (21) becomes

§ =Ry (R) &1 + RSIfo +fa + (Bo+ Ba)u Cd] +ax,
(22)

Introducing a linear operator L(a;) € R**!3 for any
vector a; = [uq, Va, Wa, Pa» 4a, r4]T results in a matrix (23),
as shown at the top of the next page, where s; =

]Z IXZ —_
L 52 LT Then, fo = L(a))?a, where

Pa = [Ya, Yoa. Yea. Zua, Zun, Zga, Las Lpa, Lea,
Nya,Npa, Nea,Muya, Mya, Mgal®. Similarly, intro-
ducing a linear operator M(a;) € R*10 for any
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-V .
Yo Lo la g 9 0o 0o o0 0 0O O 0O 0 0 0
Mg Mg Mg u W q
0 0 = 2 2= 0 0 0 0 0 0 0 0
L(a)) = mg mg mg (23)
0 0 0 0 0 0 S1Va  S1Pa Sifa S2Va  S2Pa S2lg 0 0 0
Ug Wa 9a
0 0 0 0 0 0 0 0 0 0 0 0 - = =
L I I I
- up us3
- 0 0 0 0 0 0 0 0
mg Mg » s
_— — 0 0 0 0 0
M(az) = Mg Mg (24)
0 0 0 0 S{up  Sju3  Soux  SHu3 0 0
o 0o o0 o o o0 o0 o 4 Hn
L Iy 1y
vector aj = [ur, up, uz, us]¥ results in a matrix B A can be presented by
(24), as shown at the top of the next page, Thus, — P P -
Byu = M), where @, = [Vs,, 0 % 2 0
Ysuns Zsras Loen> L, ns Louns Noas Noun» Mis, o5 M(SHA]T' Then A Ma Ma A
Eq. (22) becomes Zsy 0 0 Zs,
1 Mg R R R . Mg
s = Rb(R ) x] + R [f() + L(al)ﬂA + BOu BA - O IZL(Sr + IXZN(Sr IZLS,, + IxZN5a O
+M(@a)p, +d] + ax1 (25) II, — IXZZ I, — Ixzz
Define estimation errors Ba=0ar— FPADA =Qp— P, Mar 0 0 M(se
dy = dpw — dy, BA = By — B, and choose a Lyapunov i T I
function (32)

14 1sTs+ L 575 +—ohdn+ Lp (26)
= — —_— A —_— -

2 2 A 2pp  ATA Ty
with y; > 0(i = 1, 2, 3). Then, taking time derivative of (26)
leads to

. . 1 ~7 1 T A 1~ 2
V=s"s+—0,0a+—0app +—d,dn (27
Yi 72 %

Substituting (25) into (27) gives
V= sT[R,ifO + RSL(a))? A + R{Bou
fM(az)q) A+ Rid + R, (R;)—lfcl + axi]

1
+ 0 0A+—¢A¢A+ dd (28)

Since By = BA — Bp = M(ag)(pA — M(az)@ 5, then

Eq. (28) becomes

V = sT[Rfo + RiL(@a1)d o + RSBy + Ba)u

—R{M(a2)p o + RSd + R (RS) ™%y 4 ax ]

TS TN ¢ YL (29)
— AT —QPAP —
yo 8 ya AT Ty
Designing the adaptive sliding mode control input as
u = [RiBo +BAI'[-R{(fo + L@ a)

— dp|R; ||sgn(s) — R,R) %11 (30)

k1S - ax1

where sgn(s) = [sgn(s1), sgn(sy), sgn(s3), sgn(s4)]’, and
sgn(s;) denotes the signum function defined by

1, S > 0
sgn(s;) =4 0, si=0 i=1,2,3,4 (31
-1, <0
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and diagonal feedback gain matrix k| = diaglky, k>, k3, k4],
k= le. Then substituting (30) into (29) gives

V = sT[RSf o + Rf o + RSd + Ry (RS) ™%
+ax) — Rif o — RiL(a)¥ A
— dlIRS |Isgn(s) —

—RiM(a2)@ 5]+

kis — ax) — R, (RS) ™%

1 ~7x
—ﬂim
(33)

Assign the update laws for unknown parameters as

da = nRL@))s
Pa = 12(RM (a2))"'s
dm = y3llslly | RS

Remark 2: Eq. (34) gives adaptive estimation laws for the
unknown parameters ¥ A, @ 5, d, the control input u can be
derived before updating the estimations of unknown parame-
ters with the given initial estimations.

Substituting (34) into (33) and using properties s’ sgn(s) =
|Is]]; result in

(34)

V <sT[R(f o + R pL@)P & + d||R |Isgn(s)
+ Ry (RS %y + axy — Rf o — RyL(ay)d
— IR |Isgn(s) — — R(RS) %
~T
—REM(a2)@ 5] + B \(RSL(a1)) s

k1s — ail
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+PARIM @2))"s + dulis |1 IIRG |

< —sTkys — sTRSL(a)B o + 9 (RSL(ay) s
—s"RSM(a2)@ o + 9L (RSM (@) s
— dullsIIL RG] + dlls| 1 IR

< —sThkis < —pls|*> <0 (35)

where i = Apin(ky), and Ay, (k1) is the minimum eigenvalue
of matrix.

Remark 3: Because of the dynamic coupling between rel-
ative position and relative attitude, the changing of a single
control parameter can affect multiple states, such that the
varying controller parameter k| have an influence on the
convergence of the relative lateral displacement y, and rolling
angle ¢.. The decrease of ky will aggravate the shock of
vertical velocity curve. The rise or fall of k4 will affect the
convergence of the relative pitch angle 6,.

Theorem 1: Consider the relative motion model (16) under
Assumptions 1 and 2 for autonomous landing missions. The
adaptive sliding mode controller (30) and corresponding
adaptive laws in (34) can ensure that tracking errors of closed-
loop control system converge to zero and estimation errors of
unknown parameters are uniformly bounded.

Proof: Since V() > 0 and V(1) < 0, then V(¢) is mono-
tonically decreasing along the closed-loop control system
trajectory and is bounded by zero. Hence, V(¢) have a finite
limit V(o0) as t — 00, and satisfies 0 < V(o0) < V(t) <
V(0) < oo, Vt > 0. Meanwhile, by integrating both sides of
Eq. (35), we have

40

o 2 1 o0 .
/ Is[1%de < ——/ vid < 29 _ oo 36)
0 M Jo n

This means that s(¢) is square integrable. From the definition
of V(¢) in (26), we know

1 2 1 2
0< §M||S|| + §V||X|| <V(@) <o0 (37)

where x £ [f?i,(ﬁz,;{m]T, y £ max{yi, y2, »}. Thus,
l|s|]| < oo, and ||x|| < oo. From ||s|| < oo, and (20),
we have ||X1]] < oo; from (16) and ||RZ|| = 1, we know

lx2]l < oo; from ||x|| < oo, we can obtain ‘f?A < 00,

|@a | < o0, ldnl < 0. Then, from (30), we have ||u|| < cc.
Moreover, from (25), we know ||s|| < oo. This imply that s(z)
is uniformly continuous. Based on the Barbalat Lemma, we
prove lim;_, oos(¢) = 0. Furthermore, using the fact that the
transfer function between s(¢) and X (¢) is strictly proper and
exponentially stable, from (20) and lim;—, os(7) = 0, we have
lim;_, 00X 1 (¢) = lim;_, 00X () = 0.

Remark 4: Basing on adaptive sliding mode technique, the
relative motion controller is presented in this work. Based
on the estimations 1A9A, OA, cAlm, the adaptive sliding mode
controller can be derived. There are four control inputs in this
system model. The thrust 67 and the elevator §, are coupled
to control the longitudinal direction. The aileron §, and the
rudder §, are coupled to control the lateral direction. The rel-
ative motion model (16) and the adaptive sliding mode control
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law (30) can be used to calculate the variations of system
states and online estimations in the current sampling time.
Then by using the Euler integral method, all system states and
estimations in the next sampling time can be derived. Thus,
the iteration of closed-loop control systems can be realized
step by step.

TABLE 1. Initial values in simulation.

variable Value Unit
pZ [-200, 10, 108]F m
er 1, 8, 0" deg
Va [90, 0, 0]F m/s
Q. [0, 0, 0]F rad/s
p’ [0, 0, 0" m
e’ [0, 0, 0" deg
Us [10, 0, 0]T m/s
Q. [0, 0, 0" rad/s

IV. SIMULATION EXAMPLE

In this section, simulation describe an example of the
autonomous UAV carrier landing missions, in which the car-
rier has a lower dynamic operation condition so that the
landing can be carried out safely [28]. After the relative
position and relative attitude have been precisely controlled,
the UAV and carrier will be well aligned without relative
motions. Simulation results are demonstrated the perfor-
mance of the developed controller. The initial simulation
values are shown in Table 1. The desired relative posi-
tion for autonomous UAV carrier landing in frame [, is
x{ = [0, 108 - u, x tan(yp)t, 0°, 4°], where is glide angle
yo = 3°. The Initial values of the adaptive parameters are set
as #(0) = [—183, 47,288, 118,295, —4390, —143, —1095,
938, 642.1, —619.58, —2345, 27.81, —247.1, 9390], ¢(0) =
[10,4, -3, 100, 81.8, —104, —98.7, —83.3, 0, —121.5]. The
controller parameters are selected as k; = diag{10, 15, 4, 5}.
The external disturbances on UAV are

do — 1 + sin(0.02¢) + sin(0.13¢)
¥ 7| 14 cos(0.17) + cos(0.11¢)

[ 1 + sin(0.1¢) + sin(0.127)
dy =

] x 10>(Nm) (38)

1 + c0s(0.097) 4 cos(0.14¢)

Considering the medium sea condition in carrier dynamics,
the carrier vertical motion coefficients are set as {1 = 3.22,
& = 1.305, w; = 0.6, wr = 0.2; pitching motion coeffi-
cients are set as {3 = 2.5,¢4 = 3.0, w3 = 0.5, wg = 0.52,
b1 = 0.5; rolling motion coefficients are set as {5 = 0.5,
t6 = 0.30, w5 = 0.6, wg = 0.63, by = 0.25.

To test the performance of control strategy designed in
the last section, simulations for carrier following are imple-
mented by Matlab. All values of parameters [29]-[32] used
in simulations are demonstrated in Table 2.

The lateral channel is mainly responsible for maintaining
the stability of the positions and attitudes in lateral direc-
tions. The lateral relative position y,, velocity v, are depicted

} x 102(N)  (39)
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TABLE 2. Parameters for the UAV and controller. 0.2 T T T T T T T T T
%e
Parameter Value Parameter Value
P 0.088kg/m? X5, 24287
Ma 11347kg Xs, 358.25 g
g 9.8kg/m3 Y5, 266.3
I 12875 Ys,. 727.05 i
Iy 75674 Zsp 0
I 85552 Zs, —1927.5 i
L.z 1331 Ls, —6004.1
Xu —52.33 Ls,. 1081.8 |
Xuw 498.76 Ms, 0
Xq 2868.1 Ms,. —8721.5 . ) ) ) ) ) ) ) ) )
Y, —1383.9 Ns, —1083.3 0 2 4 6 8 10 12 14 16 18 20
Y, 647.65 Ns, —3598.7 vs
Ly —1543 Ly —21095 FIGURE 4. The relative rolling (¢e) motion error.
L, 5938.2 Ny 2642.1
Ny —719.58 N, —20345 ~-—_

2 L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20
t/s

FIGURE 2. The relative lateral position (ye) error.

Vim/s

.25 L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20

ts

FIGURE 3. The relative lateral velocity (ve) error.

in Fig. 2 and Fig. 3, which ensure that the UAV does not
deviate from the carrier’s runway. the relative attitude ¢, and
angular velocity p, shown in Fig. 4 are converged to zero,
which avoid from rolling, because the unstable roll angle can
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100 1

80 1

z,(9)

60 1

40+ <

20 1

0 2 4 6 8 10 12 14 16 18 20
ts

FIGURE 5. The relative vertical position (ze¢) and desired vertical
position(z§).

Vz
e

Vim/s

"o 2 4 6 8 0 12 14 16 18 20
t/s

FIGURE 6. The relative vertical velocity (we) and desired vertical velocity
(we).

cause the UAV to deviate from the setting course. According
to Fig. 5, it is shown that the desired landing objective is
reached in about 20(s) and the relative vertical velocity goes
to —5.49(m/s) depicted in Fig. 6, which ensure the stability
of decline rate. According to Fig. 7, it is shown that the
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0 2 4 6 8 10 12 14 16 18 20
t/s

FIGURE 7. The relative pitching (e) motion error.

<104

5,N)

0 2 4 6 8 10 12 14 16 18 20
t/s

FIGURE 8. The system trust control input (37).

3500 T . . . T T T T T
3000 [
2500 [
2000

gm 1500
1000

500 [

500 L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20

ts

FIGURE 9. The system elevator control input (3e).

desired relative pitch angle goes to 4°. This shows that the
pitch angle, between UAV and carrier, maintain the 4° angle.
It’s mean that the UAYV, during the process of landing carrier,
can make sure to go around which forbid anything that might
happen [33], [34].

Meanwhile, the control thrust §7 presented in Fig. 8 shows
that the initial control input are large and appears a fluctuation
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t/s
FIGURE 10. The system aileron control inputs (3g).

55 x10°

0.5

-0.5

0 2 4 6 8 10 12 14 16 18 20
ts

FIGURE 11. The system rudder control inputs (5/).

during the process of carrier landing. In order to keep up with
the movement of the aircraft carrier for desired position and
attitude, UAV’s thrust needs adjust constantly.

In order to drive the UAV to the desired position and
attitude quickly, the control forces and torques presented in
Fig. 9, Fig. 10 and Fig. 11 show that the initial control inputs
are large. It decreases rapidly after the desired position and
attitude is achieved.

V. CONCLUSION

A adaptive sliding mode control method was proposed for
autonomous UAV carrier landing in this work. The external
disturbances, dynamic coupling effect and uncertain aerody-
namic parameters are considered simultaneously in 4-DOF
integrated controller design. The adaptive sliding mode con-
trol scheme can deal with a large amount of unknown param-
eters in the coupled dynamics and achieve linear parameters
estimation. Two degrees of freedom in forward and yaw
directions are ignored, because the UAV is the fixed wing
aircraft which is an under actuated system. In addition, due to
the flight characteristics of fixed wing, maintaining a constant
vertical velocity, the UAV can also meet the corresponding
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constant forward velocity. Thus, the forward position can be
obtained indirectly in the given time. Similarly, while UAV
maintain a constant lateral displacement, the control of the
yaw angle is also satisfied to the desired target. Therefore,
the demands of control law can be satisfied. The presented
controller is able to drive UAV to the desired trajectory and
attitude accurately in approach of carrier landing.Simulation
example is shown to demonstrate excellent performance.
Future works will focus on the more practical problem by
extending the experimental method in this work.
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