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Abstract: Tradeoff analysis of the factors, including external environment and unmanned aerial vehicle (UAV) aer-

odynamic attributes, which affect longitudinal carrier landing performance, is important for small UAV. First,

small UAV longitudinal carrier landing system is established, as well as the nonlinear dynamics and kinematics

model, and then the longitudinal flight control system using backstepping technology with minimum information a-

bout the aerodynamic is designed. To assess the landing performance, a variety of influencing factors are consid-

ered, resulting in the constraints of aerodynamic attributes of carrier UAV. The simulation results show that the

severe sea condition has the greatest influence on landing dispersion, while air wake is the primary factor on impact

velocity. Among the longitudinal aerodynamic parameters, the lift curve slope is the most important factor affect-

ing the landing performance, and increasing lift curve slope can improve the landing performance significantly. A

better system performance will be achieved when the lift curve slope is larger than 2 per radian.
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0 Introduction

Unmanned systems are becoming increasing-
ly important for military application. Recent na-
val wars have demonstrated that unmanned air
vehicles (UAVs) play a vital role in the future of
the Navy'''. Since researches on carrier-based
UAV are just in an initial period®*, published
literatures in this area are relatively limited. Min-
laturization is the trend of the carrier-based
UAVE! ., However, the small UAV is more vul-
nerable to the influences of its aerodynamic at-
tributes and external disturbances due to its small
size and lightweight, which should be considered
in design.

In terms of affecting factors, three main

sources are considered for external disturbances.

First of all, due to the waves, the motion of the
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ship is a six degrees of freedom motion, causing
the desired touchdown point to be a three-dimen-
sional zone. Secondly, the carrier aircraft will be
disturbed not only by conventional atmospheric
turbulence, but by carrier running stern formed
cocktail airflow and deck pitch motion™. Addi-
tionally, navigation error is another factor that
affects the landing accuracy. For aircraft aerody-
namic attributes, various literatures suggest that
longitudinal aerodynamic characteristics are the
important affecting factors on piloted land-based
aircraflt landing performance. As for automated
carrier landing control, most researches focus
mainly on classical or robust linear control meth-
ods .

through a highly nonlinear dynamic region or oth-

However, when the aircraft passes

er complicated control objectives are set, it is dif-

ficult to obtain practical controllers based on line-
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ar design techniques. The UAV shipboard recov-
ery task is substantially a nonlinear problem.

Nonlinear control with the ability in solving
such tough problems should be the next logical
step for automated carrier landing systems. How-
ever, few researches have been done in the area of
applying nonlinear controllers to UAV carrier
landing system. Omne of previous endeavors in
nonlinear aircraft carrier landing systems was
made by Denison'”’. He evaluated an automated
carrier landing system utilizing a nonlinear dy-
namic inversion control scheme to achieve accept-
able performance and robustness for a wide range
of sea-state and atmospheric conditions. Addi-
tionally, Steinberg et al. ®*) expanded his investi-
gation into the application of several different
nonlinear control schemes to automated carrier
landing system, including dynamic inversion,
fuzzy logic, and neural networks. These resear-
ches show that nonlinear control is a good option
for future carrier landing system.

Feedback linearization has been used to han-
dle the nonlinear equations of motion, generating
controllers suitable for the entire flight enve-

L1l - An approach to design flight control

lope
laws with feedback linearization is to utilize the
two time-scale separation assumptions that sepa-
rate the fast dynamics from the slow. But the in-
herent drawback is that the calculated gain of the
inner controller needs to be large enough to guar-

antee closed-loop stability™®,

It may excite un-
modeled dynamics or saturate the control inputs,
thus leading to a robustness problem.

The variable structure control (VSC) with
sliding mode is another widely used nonlinear
control method, whose drawback is that the slid-
ing mode algorithm needs continuous switching
logic which may fall into the chattering phenome-
non and drive the high frequency modes of un-
[14-15]

modeled dynamics

Backstepping control without chattering
problem offers a more flexible way to deal with
nonlinearities than feedback linearization. It is an
effective technique based on Lyapunov theory to

design control algorithms for the system with a

cascade structure. Stabilizing nonlinearities can
be kept in the closed loop system while destabili-
zing ones cancelled.

The backstepping method for constructing
stable nonlinear controllers can improve the flight
control system. Numerous applications of the
backstepping control techniques for flight control
can be found in literatures. Sharma et al. presen-
ted a neural adaptive backstepping controller that
provided excellent command tracking and robust-
ness against the aerodynamic uncertainties!®.
Jung and Tsiotras considered the problem of path
following control for a small fixed wing UAV u-
sing backstepping control in their work"". He-
manshu et al. obtained a novel backstepping-
based velocity control method for unmanned heli-
copterst'®,

Factors affecting the performance of longitu-
dinal carrier landing performance for small UAV
are analyzed in this paper. In order to guarantee
that the effects of aircraft attributes are not shad-
owed by gain variances in the controller, a back-
stepping control law with the minimum informa-
tion of the aerodynamic model is proposed. The
roll of the controller is to enable the system to
track the UAV velocity and flight path angle,
thus realizing flight trajectory control by using
the elevator deflection and the engine thrust as ac-
tuators.

Simulations are carried out based on a realis-
tic UAV model. The detailed data of the nonlin-
ear longitudinal model of small carried-UAV,

such as the aircraft geometry and the aerodynamic

coefficients can be obtained from Ref. [3].

1 Longitudinal Automatic Carrier
Landing System for Small UAV

The small carrier UAV longitudinal landing
simulation system used to assess landing perform-
ance is constructed as shown in Fig. 1. The ship
motion model and navigation error model are pro-
vided by the Naval Air Systems Command (NA-
VAIR)® | and an airwake model is given by
MIL-F-8785C military specification'®’, The flight
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Fig. 1 Structural allocation of small carrier UAV longitudinal landing system

controller uses backstepping technique, and a ten-
millisecond time step (0. 01 s) is selected to
match the models.

Main longitudinal landing performance index
of carrier aircraft includes landing impact veloci-
ty, mean and standard deviation of the longitudi-
nal position error, the longitudinal deviation
range, boarding rate, etc (Table 1). In addition,
American Military Standard MIL-A-8863 indi-
cates that the allowable minimum value of carrier-
based aircraft impact velocity is 0. 914 m/s™,
however, the constraint of impact velocity is dif-
ferent in various aircraft-carrier systems. Al-
though the impact velocity of carrier landing sys-
tem is calculated in the simulation, it is not a
symbol of successful landing.

Table 1 Longitudinal performance index

. Target Allowable
Performance index
performance performance
Horizontal mean de-
Lo 4.88 7.32
viation/m
Horizontal standard
L 12.2 18. 2
deviation/m
Horizontal deviation
—6.1—6.1 —12.2—12.2
range/m
Vertical deviation
—0.76—1.52 —1.52—3.05
range/m
Boarding rate/ % 75 65

Terminal error equations are used to evaluate
the landing performance. The terminal error
equations of vertical deviation, horizontal devia-
tion, and impact velocity are as follows™
Ahtp =h—(hy —Lp » 0, + Y ¢ ¢>)

A«TTD = LAh TD
V4

AV'I‘I; :}L - L'[‘]) . <9g +VR . gs - VR . Sin(’bd«j)S - h
(D

where Ahtp and Axqp are the vertical and horizon-
tal landing errors of aircraft, respectively. AVpp
is the impact velocity of landing point, & the vir-
tual flight height. A, 0, and ¢, are the ship up-
down, pitch and roll motion, respectively. Lqp
and Y1, are the horizontal and lateral distances
from the ship’s centre of motion to the desire
touchdown point (DTP). 7y is the flight path an-
gle. ¢4 the deck angle to ship centerline, Vi the
ground speed of the aircraft, and

V=V —V,u

Vw,/d - Vwind + Vsh\p
where V' is the true airspeed, V4 the natural wind
speed, V4 the wind-over-deck (WOD) speed,
and V,, the ship’s forward speed.

(2

The terminal error characteristics in time do-
main Ahm(2) s Axmp(2) and AV (2) can be ob-
tained from simulation firstly. Then, the mean
deviation and root mean square (RMS) of termi-
nal error can be got from Eq. (3).

= 21,/77
i=1

3

o(x) =

where x; is the ith sample of stochastic process

and n the sample size.

2  Longitudinal Control System for
Small UAV

2.1 Small UAV nonlinear longitudinal model
Considering the nonlinear longitudinal model

of a carrier-based UAV®™, let [h,2,V,7,0,¢] €

R’ be the state vector, where h is the flight

height, x the horizontal distance to touchdown
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point, @ the pitch angle, g the pitch angular veloc-
ity, and [Fr.0.] € R’ the control input vectors,
here F; is the engine thrust and §. the elevator an-
gle. The longitudinal equation of the UAV can be

written as

h =Vsiny

z =Vcosy

V =(— D+ Frcosa — mgsiny) /m

}'/:L(LTLFTsinafmgcosy) (4
mV

0=q

/()

T

where m and I, are the mass and the inertia. L, D
and M(§.) the aerodynamics lift, drag and pitch-
ing moment, respectively. Fig. 2 gives a detailed
definition of the forces, moments, and velocities.
Note that § =a + ¥ , where ¢ is the angle of at-
tack.

Fig. 2 Definition of forces, moments and angles

As usual in aerodynamic modeling, the aero-
dynamic forces and moments are computed
through their non-dimensional coefficients as fol-
lows

L—=1pV*SC,. D=1 pV*SCy. M=LpV*ScC,

(5
where p is the air density, S the reference wing
surface, ¢ the mean chord, and C.., Cp, C, the
lift, drag and pitching moment coefficients, re-
spectively. Moreover, we consider the following
models for the lift, drag and moment coeffi-
cients.
CL =Cr + Cra + Cyy 0.
Cp=Cpy + ApolarCL + AZC% (6)
C =Cho + Coua + Cpyq + Cy 0.

where Ciys Cros Cros Cry s Aporrs Ass Cogs Crgs

C,, and C,, are the aircraft aerodynamic coeffi-

cients.
Assumption 1  The lift coefficient C; is only
a function of ¢ , that is Cmv =0, and the reference
axis X, is parallel to the aircraft zero-lift line,
Ciy =0. The assumption is satisfied by conven-
tional airplanes in the non-stalled regime. Then,
the property x « C, (x) == 0 is satisfied for all x €

R.
2.2 Longitudinal backstepping controller design

In this case, the outputs of interest are ve-
locity perturbation, height and horizontal devia-
tion. According to Eq. (4), Vand v, as two val-
ues, are selected to ensure precise trajectory
tracking. The controller is required to simultane-
ously maintain the desired velocity and desired
flight path angle as precisely as possible.

To simplify the controller design, we consid-
er first velocity dynamic and then the flight path
angle dynamic. Thus, two different controllers
are designed as: the velocity is controlled using
thrust ( Fy ), and the flight path angle is con-
trolled with the elevator angle ( §. ).

2.2.1

From Eq. (4), the velocity dynamic reads

Control of velocity

V = [_ %Pvz S(C[)o + Apolnrcl‘ + Az C%‘ ) +

Frcosqa — mgsiny]/m D)
where the engine thrust F; is the control input,
while ¢ and y are considered measurable.

Denote V, as the reference velocity and define
the error 2, =V —-V,, f, = —g’in Cp.
m

Thus, the evolution of error becomes

COSa
m

Consider Eq. (8), then the
stable feedback given by Egs. (9—11) guarantees

2 =V—V.=f +F; — gsiny —V, (8)

Proposition 1

global boundedness of z, .

0 =—" (—gsinyferrfvJF}ZVZVJF"v/\v)

COSa

9
where k. is a positive definite gain, and A, :J 2. dz
0

the integral term used to achieve zero steady-state
error, z, is to be defined. F} 1is forced to generate

the magnitude, rate and bandwidth limited con-
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trol signal Fr through command filter 22!,

The effect of implementing the limited con-
trol law instead of the desired one can again be es-
timated with

COSa

fo=—k g + U F — F) (10)

The compensated velocity tracking error is
2, =2, — (1D
Proof Define the Lyapunov function as
W, =1 () (12)
Take the derivative of W,

W. =z 2 +rad, (13)
Substitute Egs. (§—11) into Eq. (13)

W, =2 2 Frad =2, — &) +rd e, =

= fv+ Fr C(?S — gsiny — V -+

—FO]+raA oz, =

_ cosa
kol m (Fr
w(fy = gsiny = V. + &G+ XFD +

roawzy =z, (f, — gsiny — Vr +kC T+
gsiny + V., — fv—kezy —cA) +
=—kz? (14)

Thus, since W, is the positive definition and

rAVZy

radically unbounded and W, <C 0 then, by LaSalle-
Yoshizawa theorem we conclude global bounded-
ness of z, and convergence of z, to zero.
2.2.2 Control of flight path angle
From controlling purpose, the flight path an-
gle dynamics can be rewritten as
y = m1V<1 2SC. +Flsma—mgcos}/> (15)
0=yq (16)

q= 2 I, (Cmo + Cha + Cryg + Cyy 00 (17)
where V and F; are obtained in the previous step
design of Subsection 2. 2. 1.

Assumption 2 The following usual assump-
tions are made; (1) Since Yy & 7, » it is assumed
that cosy = cosY. s which is proposed in
Ref.[25]. (2) 7. is assumed to be held constant
when carrier-based UAV landing. ¥.. is assumed
to be zero.

The aircraft engines cannot produce negative

thrust. Thus, it is satisfied that Fr = 0.

Zs.q » thenW, =z, « o[ —

Under Assumption 2, Eq. (15) becomes
7=, =107 (18)

and the scalar function f is defined as

fla) —7‘/( 5 oV SC () + Fysina — mgcosym;)

19

The control objective is to make the equilib-

rium (¥7,0,9) = (V.1 +0.:.0) asymptotically stable,

where Y. is given and 6, is computed from equa-

tion Gref = Yet + ao. ao i1s the trim angle of attack
supposed to be known.

In order to design the controller we shift the

equilibrium to zero defining the following set of

error coordinates

=Y Veels X2 =0— Yt —aos x3 =q (20)
The dynamic equation in the new set of coordi-
nates read
xy =o(xy, —x,) @D
Xy = (22)
x5 =pi[Cry + Cop (22 — 1) + Coyrs + Coy 0]
(23)
where B :‘OZV;}SC yolx) = f(x+ ay)

Note that according to Assumption 1, the
scalar function ¢(x) satisfies x » 6(x) =0

Now the control objective is to stabilize the
origin of Egs. (21-—23) (globally) asymptotical-
ly, thereby, we stabilize each step of the cascade
explicitly using backstepping approach with the
minimum information of the aerodynamic model.

Step 1 Eq. (21) is fixed using x; as a virtual
control. Define the Lyapunov function

W, Z%Jf 24)

The derivative reads W1 =2z, * 6(x, —x,) » and
then we select the control .y =— k2, if 2, =
(ky + 1, ]. Hence Wl is
negative definition for &, >—1.

Step 2 Define the error variable

2y =Ty — Ta.q (25)
23 =3, — Tpa =5 T ki (26)
Let £=x, — x,, then
E=x,—x =x5 — (&) 27
The Lyapunov function for Egs. (25—26) is
W, =W, + et + M (28)
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where ¢, > 0, M(§) is the positive definite func-

28] ysed to avoid cancellations of the terms as-

tion
sociated to ¢(& which would introduce extra
terms in the controller. M (&) is to be defined fur-
ther.
By selecting the virtual control as
X0 = k2, 29

Here, k, >0, and define M' (&) =c,6(&) y¢5 >
0. If xy =x3.4 » then calculate Wz , we get
W, =c W, + 2.2, + M =
121608 + 2 (ay + Rio(8) + M ()&=
121008 + 2 (—hyzy + kio(8) + M (£)E=
21008 — ki +Hhio(Oz+cr6(E)(—hyz, —
0(&) = (crx) +kizy — crkyzy)o(E) —
kyzh ey’ (8) (300
Let ¢, =— (1 + k) (ky — cyky) » and k) <
c2ky s Eq. (30) becomes

W, = (cray + (ky — coks)2:)6(E) — ky2h —
60 (&) =(— 1+ kDa, + x5) (k) —
Coky)o(8) —hyzh — 67 (&) = (k) — by )E -
o (&) — kyzi — 67 (&) (31
where the first term is negative defined by As-
sumption 1.
Step 3

for generating the elevator deflection laws. In or-

To extend the backstepping design

der to analyze the affecting factor of aircraflt at-
tributes, the control law is designed without can-
cellation of terms coming from ¢(&) in the previ-

ous step design.

Consider Eq. (23), and let g, =p.C,, +f, =

BilCuo +Cho(xy — x1) + Coyxs]. Then Eq. (23)
becomes x5 = f, + g, * ..
Define the error as 3 =x5 — 15,4 » then
— x50 =f, g, 0t hiz, =
Sot g, 0t k(2 —kozy +kio(8)) (32)

The compound Lyapunov function for Step 3

Z3 — X3

is
W, =W, + et + (33)
where ¢c; > 0, A, ZJ z5de .
0
The Lyapunov function derivative becomes

W% :CSWZ +2323 + sz =
Cg((k] *C'gkz)g * O'(E) */3323 - CZUZ(E) _'_

z23(z; +0(8)) + 2 (f, + g, 6.+
ky(z5 —kyzy +kio(E))) + 1mAszs (34)
In Eq. (34), there is a cross-term z;5(&)
whose sign is undefined. If it is cancelled, the
function ¢(&) will appear and the benefit of the
controller shown in the previous backstepping
step will be lost. Instead, the termss” (&), 25 and
z;0(&) are grouped and the squares are completed
as follows
—¢y020° (&) + (cyes + Riky)230(8) =
— [escy0" (&) — (epes +hiky) z56(8) ] —
cyC kik, ) CyCs kiky)?
(Ve a(8) — 23;7: Loyt + *426; >

Complete the squares also in the cross-terms

2,23, We have

— 3k, Zg +C'322z3 *kgzzzz :*C'3kzzg + (6'3 -
‘ ey —k}) 7°
kﬁ)zzza{vfskzzz_;\/mzs} +
(C‘gikg)zzg
4(‘3k2 ’

Thus, Eq. (34) can be rewritten as
VV3 :(VSWZ +2523 +7‘;{523 :C3[<k1 _Czkz)f *
o(&) — ko2 *6‘20‘2(5) + 23 (2 +C20‘(f))] -+
5l fot g, s 0t k(e —kozy +hio(E)]+
sy =c5[ (k) — k)€ 6(O 1+ 2, (f, +

(«/ c5¢y 0(8) —

(CZCB + kik, )Zzz

3

8q ° 89) +k_72’% -

oyt Riks
2/cier
(cy —k3) (e — DY
fe ky 2y — ——— 222 AE3 2/ 2
{ C3R2 Zo Zm ZS} + 4(‘3k2 Z5+
/32Z§ JF”f\azs :Cs[(kl *(‘2162)5 * 6(5)] -
- kb, 2
{«/('3020(5)(2;3;7”22} + 2, [ (f, +
3C2

(Cz(‘_g Jfklkz)ZZ' + (('3 _leg)z
dese, ’ desk,

c; — kS z
kyzy | — (V Csky 2y — 21/637223) + A5z

)+ —

deyc,

g, ¢ 0D+

(35)
This derivative is negative definition by choo-
sing the following control with integral term to

improve robustness.

q
o 2 12N\ 2
R Y Y S ey L
desey degksy
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We formally summarize the result obtained
in the section in the following proposition.

Proposition 2 To consider the system under
Assumptions 1 and 2. Then, the state feedback is

expressed by

0. = 7{(’%[&3 (1‘3 — x3.4) + fq:I + My =
— i{kl’; Loy — ko (xy + i) ]+ Sob T
q
37)
With ¢, ¢35 ks Ry, ks positive and satisfying
] (cyey +kiky)?* | (cy — k3P
kl<(2/\’.29 k3> 4(3("2 + 4(‘3k2 +k2
The global boundedness of (y,0,q) is guaranteed.

Proof
function Eq. (33) is positive, together with

Note that the proposed Lyapunov

Eq. (37). Let W, < 0, and then by LaSalle Yo-

shizawa theorem, we conclude global bounded-

ness of (y.0,q) . It is straightforward to see that

the equilibrium manifold (¥,0,¢) =(¥.(s Owrs 0) is

globally asymptotically stable.

2.2.3
Considering carrier-based UAV flight along

Longitudinal control system simulation

the glide path, in the process of landing, the traj-
ectory is tracked by regulating flight path angle.
Select 7, = —3.5°. UAV velocity is commanded
to be held constant, and thus reference V, =
21 m/sis selected. Arresting net will absorb air-
craft kinetic energy and shorten the slide dis-
tance.

Simulation initial conditions are selected as
h, =300 m/s, y,=10°, V,=30 m/s . For more re-
alistic simulation, saturations in the control sig-
nals are also considered. The following limits are
introduced in the thrust and elevator angle Fr €
[5 N, 100 NJ, 6. € [—25°, 25°]. Backstepping
controller parameters are designed as follows:
k,=5.2,r,=1,r;=1, kb, =0.6, bk, =3.5, ky =
10. 8.

Fig. 3 shows the response of the flight con-
trol system while inputting unit step longitudinal
deviation signal. Fig. 4 indicates the response
when inputting the sinusoidal signal with unit

ramp signal superimposed amplitude of 1 m, and

frequency of 0.5 rad/s.

310 65
300 f 60
Z 55¢
E 290 r ~
- <3 50’ e ———
280 45
270 . . - 40 . L -
0 5 10 15 20 0 5 10 15 20
t/s t/s
30 5
_ o~ 0F
s 25¢ @
. . -5
g L————————- < -10
S 20 N
S -15
15 e -20 e
0 5 10 15 20 0 5 10 15 20
t/s t/s
15 10
10
c s c
= 0+ o 0
_5 L
-10 ' ) L -5 N . N
0 5 10 15 20 0 5 10 15 20
t/'s tls

Fig. 3 Flight control system response to unit step com-

mand

Altitude / m

g
=
g
=
)
[
=t
=
<

Fig. 4 Flight control system response to the given com-

mand

In Figs. 3,4, the flight control system de-
signed in this paper can track command quickly
and accurately. Tracking unit step signal, steady-
state error is zero, and control surfaces restore
fast. Tracking slope superimposed sinusoidal sig-
nal, steady state error does not exceed 0. 5 m.
Therefore, the designed backstepping controller
can be a general control method for small UAV

flight control system.
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3 Analysis of Performance with Dis-
turbance Sources and Longitudinal
Attribute Changes

3.1 Disturbance sources

3.1.1
The dynamics and dimensions of the Enter-
prise Nuclear Aircraft Carrier (CVN 65), are

used throughout the research. The distances from

Ship dynamics

the ship’s center of motion to desired touchdown
point (DTP) are 68 m aft, 19.5 m up, and 3 m

lift. Carrier geometry is shown in Fig. 5.

Flight deck plan .
Center of motion|
=11° [ -7 -
=3m Y-z
P A
______________________ SRS ¢ e
Desired touchdown
point
L,=68m
Profile

¥
H,=19.5m

Center of motion /@ f

Fig.5 CVN 65 carrier geometry

The provided ship dynamics model generates
six degrees-of-freedom time histories of ship mo-
tion for a sea-state selected by the user. Note that
all ship displacements are related to the ship cen-
ter of motion. Since the DTP is displaced a longi-
tudinal distance from the center of motion, the
DTP's translational displacements are dependent
upon both the translational and angular displace-
ments of the ship. These angles have to be con-
verted to distances X and Z , which are useful in
the landing task. Eq. (38) given below is the ex-
act longitudinal relationships.

Xpre =19. 5sinf, + 68cosf, * cos¢g, —
68 — 3sing, + x,
Zpre = — 68sind, + 19. 5cosf, + cosg, —

19.5 — 10sing, + h, (38)
where 0,5 $.+ ¢, are the pitch, roll and yaw angles
of ship, respectively; and x,, h, the linear trans-
lation of the ship about its center of motion fore

or aft, up or down. For the purposes of this re-

search, sea-states 3, 4, and 5 are modeled. Table
2 provides such RMS amplitudes.
Table 2 RMS amplitudes for modeled sea-states

Sea-state 0 b s K he
3 0.76 0.21 0.12 0. 84 2.11
4 1.22 0.33 0.30 1.4 3.81
5 1.83 0. 49 0.29 2.1 5.06

The total influence on the vertical displace-
ment of DTP due to ship motion for all three

modeled sea-states is presented in Fig. 6.

g
~
=9
=
a
[

=)
=

=

Q

g

(>

Q

<
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=
8
=
—

<
3

5
=

Fig. 6 Vertical displacement of DTP due to ship motion

3.1.2 Airwake model

The MIL-F-8785C military specification gives
specific airwake model for carrier landing. The
longitudinal (horizontal and vertical) components
are composed of four parts: the free atmosphere
turbulence component, the wake stead component
(cocktail), the wake periodic component, and the
wake random component. The detailed calcula-
tion process can refer to Ref, [4].

Taking sea-state 3 as an example, UAV
speed is set to be V =21 m/s, wind of deck
V.a=15m/s , initial distance D, =1 800 m ,
glide slope angle y, =3.5°. The total horizontal
component u, and vertical component w, of air-
wake are shown in Fig. 7.

3.1.3 Navigation error

Joint precision automated landing system

(JPALS) serves as the guidance system on first

JPALS operates
using differential global position system (GPS)

generation shipboard UAYV.

data blended with inertial navigation on both air-
plane and carrier. The proximity of the ship and
airplane during approach and landing ensures that
both GPS receivers experience the same atmos-

pheric disturbance, thus leading to tight error
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Fig. 7 Result of longitudinal component of airwake

simulation

bounds. NAVAIR provides one and a half hours
of JPALS flight test data sampled at 50 Hz with
both the measured and true positions. Fig. 8 dem-

onstrates navigation error simulation.

Navigation error / m

0 50 100 150 200
tls

Fig. 8 Navigation error simulation

3.2 Analysis of performance with disturbance

sources

To understand the effects of disturbance

sources on landing performance, one thousand si-

mulations are conducted with each disturbance
source individually, and other simulations are ex-
ecuted with all three disturbance sources. Table 3
shows the simulation results, where "Nav" de-
notes navigation error added. However, these
boarding rates account only for landing position,
not for the possibility of extreme touchdown alti-
tudes at which adjustment will be unsuccessful.
Moreover, many unpredictable factors are not
considered in the simulations. Thus, we narrow
landing deviation of allowable range when assess-
ing performance. If the deviation exceeds =10 m,
the landing will be assumed as unsuccessful.

In Table 3, each disturbance source will af-
fect longitudinal landing performance. Navigation
error has negligible influence. Landing mean de-
viation and standard deviation are very small on
the case of navigation error only. However, ship
motion and airwake have greater influence on
landing performance.

From the data, the ship motion is the domi-
nant disturbance source of landing error. The
landing performance of only sea-state 4 is worse
than sea-state 3 added air wake and navigation er-
ror. Sea-state 5 is the most demanding case be-
cause of the magnitude of the required flight path
changes. The deck moves as much as 10. 4 m ver-
tical in 10 s, challenging the system’s ability to
track a command. Airwake is the main affecting

factor on impact velocity. And, no matter which

Table 3 Combination effects of disturbance sources

Horizontal Horizontal Horizontal Impact Boarding
Case Condition

mean/m std. dev/m deviation/m velocity/(m « s~ 1) rate/ %
1 Nav —0.101 4 0.247 9 —1.071 9—0.669 5 1.446 4—1.595 3 100
2 Airwake(15 %) —0.346 9 0.854 3 —3.484 13—1.8270 1.272 6—1.7745 100
3 Airwake(15), nav —0.352 4 0.887 4 —3.590 2—2.637 5 1.196 3—1.763 0 100
4 Airwake(20), nav —0.624 0 0.863 0 —3.770 2—2.210 9 1.244 7—1.758 4 100
5 Sea-state 3 0.196 8 2.555 9 —4.360 0—6. 366 4 1.142 2—1.530 4 100
6 Sea-state 3, Airwake(15), nav 0.420 5 2.744 1 —6.018 3—7.517 2 0.747 4—1.906 8 100
7 Sea-state 3, Airwake(20), nav —0.592 8 2.9107 —7.340 0—7.969 7 0.748 6—2.273 7 100
8 Sea-state 4 0.728 5 5.094 5 —7.402 0—14.178 7 1.183 6—1.859 1 93
9 Sea-state 4, Airwake(15), nav 0.769 5 5.3518 —9.537 1—17.727 6 0.502 4—2.509 4 92
10 Sea-state 4, Airwake(20), nav 1.018 2 5.230 4 —10.270—17.903 9 0.515 8—2.842 6 92
11 Sea-state 5 3.363 1 8.706 0 —11.876 4—31.2919 1.164 3—1.877 2 84
12 Sea-state 5, Airwake(15), nav 3.479 6 8.016 3 —12.839—36.187 6 0.422 9—2.928 4 82
13 Sea-state 5, Airwake(20), nav 3.546 9 8.9709 —14.3155—34.814 4 0.223 8—3.1725 81

* Airwake (15) denotes the value of airwake when WOD =15 m/s
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sea-state selected, once airwake is added, the
minimum impact velocity value of one thousand
simulations would be less than 0. 914 m/s.
Additionally, simulations show that the
mean and standard deviation can meet the require-
ments on all conditions, and landing deviation
range can also meet the requirement at sea-state
3. However, landing deviation ranges exceed the
target, and have a lower success rate at sea-states

4 and 5.

3.3 Analysis of performance with longitudinal at-

tribute changes

The impact of the longitudinal aerodynamic
derivatives Cy, ,C,, and Cp, on small UAV’s carri-
er landing performance is addressed, where, Cp,
is the drag coefficient, Cp,, =3dCy /9, .

It should be mentioned that no attempt is
made to optimize backstepping controller per-
formance. The purpose is to ensure that the
effects of airframe attributes are not shadowed by
gain variances in controllers.

3. 3.1 Influence of lift curve slope and longitudi-
nal stability

The combined influence of lift curve slope C,,
and longitudinal stability C,, is evaluated by a
combined total of three hundred thousand simula-
tion runs. Lift curve slope Cy, is varied from six-
tenths per radian to six per radian in increments
of six-tenths per radian. C,, varies with wing
sweep angle and aspect ratio, with lower values
of aspect ratio and aft wing sweeps resulting in
lower values of lift curve slope C;, . The longitu-
dinal stability C,, is varied from negative sixty-
five hundredths (stable) to twenty-five hun-
dredths (slightly unstable). C,, is dependent on
the location of the center of gravity relative to the
wing’' s aerodynamic center, where moving the
center of gravity aft decreases stability. All other
attributes are those for the baseline UAV in the
landing configuration. At each combination, one
thousand simulated landings are performed for
each sea-state, with both airwake and navigation
error.

The simulation results show that if the land-

ing position is the only criterion, the autonomous
system would have a perfect boarding rate for sea-
state 3. Sea-state 3 simulation results yielded no
further information are not shown. The boarding
rate for Sea-states 4 and 5 are plotted below in
Fig. 9, each has lift curve slope increasing up the

y-axis and stability decreasing along the x-axis.
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Fig. 9 Sea-state 4 and sea-state 5 boarding rate contour

Fig. 9 (a) illustrates the boarding rate for
sea-state 4 ranges from about 80%—94% depen-
ding on the aircraft aerodynamic attributes. The
lack of smooth contours is attributed to insuffi-
cient sample size to fully capture the variability in
the ship motion. Fig. 9 (b) shows the same
trends more smoothly for sea-state 5 with board-
ing rates from about 66%—86%. In general,
higher lift curve slopes provide higher boarding
rates. A Cp, of 2 rad™' or greater is required for
target performance. Longitudinal stability has lit-

tle effect, however, from Fig. 9, we can find that
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the landing performance has a better trend with
increasing C,, .

Boarding rates are strongly related to the
landing dispersions. Fig. 10 depicts the landing
dispersions for the sea-state 4 and sea-state 5.
Recalling the target performance presented in Ta-

ble 1 is a standard deviation of 12. 2 m or less.
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(b) Standard deviation of landing position error for sea-state 5

Fig. 10 Landing position error standard deviation con-

tour for sea-states 4,5

Fig. 10 demonstrates that the minimum ac-
ceptable Cy, is consistent with the above require-
ment imposed by boarding rate.

Landing position is not the only concern for
carrier-based aircraft. The aircraft’s pitch attitude
must be tightly controlled to ensure the main gear
touchdown first and that the hook will engage
properly. Constraining pitch also regulates the
angle of attack. Only small variations are permit-

ted to avoid flying approach with a large stall

margin, which would drive the approach speed
up. Fig. 11 depicts the standard deviation of pitch
angle during the simulated approaches at sea-state
5. Greater C;, has smaller pitch attitude, and

when Cy, is greater than 2 rad ', pitch attitude is

smaller than 4°.

-2.0 -1.5 -1.0 =05 00 05 1.0 15
@

v

Standard deviation contour of pitch angle for

Fig. 11
sea-state 5
3.3.2 Influence of lift curve slope and drag coef-

ficient
The effect of drag coefficient Cp,, on landing
performance is evaluated from 0.008 rad ' to
0.098 rad

ying coefficient A . .

" in increments of 0. 01 rad™' by var-
The C,, is varied in exactly
the same manner as for the previous section, but
C.. is held constant (C,,=—2.05 rad™'). Again,
one thousand simulations are conducted for each
aircraft configuration.

Figs. 12,13 depict the resultant boarding rate
and standard deviation of sea-states 4 and 5, re-
spectively. Landing performance is also highly
dependent on C,, , which improves with C,, in-
creasing. Varying Cp, has minimal effects on land-

ing performance.

4 Conclusions

Longitudinal carrier landing performance af-
fecting factors of small UAV based on backstep-
ping controller is studied. The results indicate
that.

(1) For realizing carrier performance tradeoff
analysis, one designs the backstepping controller

for the longitudinal flight dynamics of the small
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UAV to make the aircraft follow commands in
velocity and flight path angle to track trajectory.
It does not require the entire knowledge of the
aerodynamics model and does not need much
computational power. In simulations, it is shown
that the controller can make the system track the
commands, even in the presence of actuator con-
straints.

(2) Three disturbance sources, including
navigation error, airwake and ship motion, are
affecting factors on landing performance. Ship
motion is the dominant reason of landing position
errors, and impact velocity is affected by airwake
most.

(3) The lift curve slope C,, is the dominant
factor in all aspects of performance for the small
UAV carrier-landing task, and increasing C;, im-
proves performance. This is the same result of

piloted aircraft. From the simulation, the mini-

-3.0 ;2.5 -2.0 -15 -1.0 05 00 05 10 15
C

ma

{a) Standard d

10.0

=
1.5
-3.0 25 2.0 -1.5 -1.0

Fig. 13 Landing position error standard deviation con-

tour for sea-states 4,5

mum value of Cy, for suitable longitudinal landing
Carrier-based UAV de-

sign must carefully weigh the landing perform-

performance is 2 rad '.

ance benefits of a high lift curve slope, although
the minimum lift curve slope requirement con-
strains the minimum aspect ratio and the maxi-
mum wing sweep angle, the two primary geomet-
ric attributes of an aircraft.

(4) The longitudinal stability has little influ-
ence on landing performance. This is expected
because the backstepping controller is continuous-
ly updating the control commands. The natural
response plays a negligible role in landing per-
formance. Additionally, the drag coefficient also

has little effect on landing performance.
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