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Abstract: For carrier-based unmanned aerial vehicles (UAVs), one of the important problems is the design of an
automatic carrier landing system (ACLS) that would enable the UAVs to accomplish autolanding on the aircraft
carrier, However, due to the movements of the flight deck with six degree-of-freedom, the autolanding becomes
sophisticated. To solve this problem, an accurate and effective ACLS is developed, which is composed of an opti-
mal preview control based flight control system and a Kalman filter based deck motion predictor. The preview con-
trol fuses the future information of the reference glide slope to improve landing precision. The reference glide slope
is normally a straight line. However, the deck motion will change the position of the ideal landing point, and
tracking the ideal straight glide slope may cause landing failure. Therefore, the predictive deck motion information
from the deck motion predictor is used to correct the reference glide slope, which decreases the dispersion around
the desired landing point. Finally, simulations are carried out to verify the performance of the designed ACLS
based on a nonlinear UAV model.
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0 Introduction

In the foreseeable future war, UAVs will
play an increasingly important role. For the mili-
tary applications of the carrier-based UAVs, car-
rier autolanding presents one of the most critical

(2] Approaching and descending to a

problems
ship deck with small dimensions is a very difficult
task for the UAVs, especially when the ship deck
irregularly moves due to the influence of ocean
wave* . Therefore, a reliable automatic carrier
landing system (ACLS) is necessary for the UA-
Vs, which can reduce operating costs (No need
for a skilled RC pilot) and improve the security of
recovery™. Generally, the carrier-based UAVs
accomplish automatic carrier landing by tracking
the pre-designed glide slope, which is the flight

path of the UAVs from the approach point to the
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landing point"*!. Due to the irregular deck mo-
tion, the desired landing point changes randomly.
Especially the longitudinal deck motion can
change the ideal landing height, which may cause
the UAVs unable to landing safely. Therefore,
research on ACLS with deck motion compensa-
tion is important.

Many researches have been developed for
several decades. Most of them focused on classi-
cal and robust linear control methods'™*!. Some
researchers used the nonlinear control methods to
design the flight control systems for the nonlinear

UAVs,

seeable glide slope information is used to improve

However, it is sporadic that the fore-

the landing accuracy. To eliminate the influence
of deck motion, current researches mainly focus
on the establishment of the phase advance net-

work., But these methods cannot eliminate the
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phase lag of the system effectively because of the
limited compensation ability of the advanced net-
work itself.

Differing from the above researches, this pa-
per presents a preview control method to solve
the autolanding control problem of the UAVs.
The development of the preview control theory is
given in Ref. [11]. The main contributions of this
paper are as follows:

(1) The foreseeable glide slope future infor-
mation is used by the optimal preview control to
improve the tracking accuracy, in which the opti-
mal preview controller is composed of a state
feedback controller and a foreseeable reference in-
formation feedforward controller. Simulations of
a nonlinear UAV model verify the high landing
precision of the preview control method.

(2) To correct the reference glide slope in-
formation under the influence of the carrier deck
motion, the combination of an optimal preview
control based flight control system and a Kalman
filter based deck motion predictor is developed.
Simulation results show that the combination
strategy can improve the landing accuracy effec-

tively.
1 Formulation and Preliminaries

The automatic carrier landing problem of the
UAVs is formulated. Preliminaries of the deck
motion model and the optimal preview control are

also given.
1.1 Problem statement

The automatic carrier landing problem is de-
scribed as:

(1) Guidance and flight control problem:
Once the UAVs fly off the reference glide slope,
the guidance system is needed to generate attitude
commands according to the tracking error, and
the flight control system is needed to adjust the
flying attitude of the UAVs after receiving the at-
titude commands, and to eliminate tracking error
eventually.

(2) Deck motion prediction problem: The ir-

regular deck motion can change the position of the

landing point, and the reference glide slope
should thus be corrected, which means the future
information of the deck motion needs to be fused
to the reference glide slope, therefore, an accu-

rate deck motion predictor is necessary.
1.2 Deck motion model

A large number of experimental observations
and data analysis show that the ocean wave mo-
tion is a stationary stochastic process. Since the
ship can be regarded as a linear system in a cer-
tain condition, the deck motion also is a stationa-

ry stochastic process-'*,

Hence, we can use the
power spectral density function curve of the deck
motion to find the optimal coefficients of the deck
motion shaping filter G(s) , and then the time do-
main information of the deck motion is obtained
when the white noise is filtered through the deck
motion shaping filter. According to Ref. [12],

G(s) has the following expression

2
o as
G(s) sU b bst Fost+ds +e D

In practice, the power spectral density func-

tion curve of the deck motion can be obtained by a
large number of experiments and simulations in
the sea or pool, then the coefficients of G(s) are
obtained by calculating the power spectral density

function curve.
1.3 Optimal preview control theory

By using the reference information as feed-
forward control signal, the optimal preview con-
trol can reduce input energy and improve respond
time effectively. Generally, the optimal preview
control problems can be categorized into two
types depending on the "previewed signal’: either
the desired trajectory in a tracking problem, or
the external disturbance signal in a regulating
problem ",
Obviously, the automatic carrier landing
problem 1is a trajectory tracking problem, in
which the desired trajectory is the reference glide
slope information. Therefore, the preview con-

trol theory is adopted to solve the reference glide

slope tracking problem of UAVs.
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2 Automatic Carrier Landing System
Design

The ACLS is mainly composed of a deck mo-
tion predictor a flight control system, as shown in
Fig. 1. Generally, the flight control system can
be separated into two parts: the longitudinal
channel and the lateral channel. The preview in-
formation for the longitudinal and lateral channels
are the reference glide slope height H, and the ref-

erence glide slope lateral bias Y. , respectively.

Longitudinal V a g9
deck motion L Longitudinal
controller
: Feedforward % Or A
Ideal H controller Carrier-
glide , based |—»
slope A Feedforward
p controller UAV L
\ 5, 6,
Feedforward
controller
Lateral + IV Lateral
-
deck motion B P VoV

Fig.1 Structure of ACLS

2.1 Deck motion predictor design

For the linear constant transfer function of
the deck motion Eq. (1), by using the minimal
realization method, the state space expression of
the deck motion can be obtained.

x =Ax + bw
. (2
z=c x+v
where x =[x, ,23,25,2, ] ", here, x, is the deck
motion amplitude; x,, x5, 2, are the first deriva-
tive, second derivative and third derivative of x, ,
respectively. z is the observed signal; w the sys-
tem dynamic noise; and v the observation noise.

The deck motion predictor is designed based
on the discrete Kalman filter theory. Discretizing
the deck motion model Eq. (2) , we obtain

X, =@ X T LW
z, =H,x, + v,

3

The calculation procedure of the deck motion pre-
dictor based on the Kalman filter theory and the
optimal estimation theory can be devided into two
stages. The first step is to calculate the optimal

filtering value X., at time % ; and the second step

is to predict of deck motion information X,
after time r » where m = ¢/T,. The detailed de-

sign process can be found in Ref. [14].
2.2 Optimal preview control law design

Optimal preview control is a linearization
based control method, therefore the first step is
to build the linear UAV model. By using small
perturbation linearization method, the nonlinear
UAYV model near the trimmed landing flight state
can be obtained with the following form.

x =Ax + Bu (4
where x = [AV,AasAq- A0, ABApsArs Ap> AP "
is the state vector of the UAV ("A” represents the
increment near the trim point of the state), en-
compassing airspeed, attack angle, pitch rate,
pitch angle, sideslip angle, roll rate, yaw rate,
roll angle, and yaw angle in sequence. u =
[AS. s AS1+AS. A8, ] T is the control vector of ele-
vator angle, throttle opening, aileron angle and
rudder angle. A and B are the state coefficient
matrices.

Decoupling the linear UAV model into the
longitudinal and the lateral channels, we get

Xion = Ao X100 + Bionllion (5)

X = A Xy + By, (6)
where x1,, = [AV,Aa»Ag,A0]" is the longitudinal
state vector; U, = [AS.,ASr ] the longitudinal
control vector; x, = [AB-ApsArsAp,A¢g]" the
lateral vector; u,, = [AS..AS8,]" the lateral con-
trol vector; and A, s Bins A and By, the coeffi-
cient matrices.
2.2.1

The longitudinal control system of the UAV

Longitudinal control law design

automatically adjusts the elevator angle and the
throttle opening to control the attitude angle and
airspeed, and then makes the UAVs track the
scheduled glide slope altitude. The structure dia-
gram of the longitudinal control system is shown
in Fig. 2.

For the longitudinal optimal preview control-
ler, the predictable information is the ideal glide
slope altitude H, (The relative altitude refers to
the deck). The flight altitude H should be added
into the longitudinal model of the UAV.
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Fig. 2 Structure of longitudinal control system

Feedback
controller

According to the simplified navigation equa-

tion

. % B
me(ﬁ a) D)

The altitude H is added to the model Eq. (5).
The extended longitudinal model of the UAVs
can be obtained.
Xpion = Abion Xbion T Brion Upion ®)
Yblon = Chion Xbion
where X0 = [AV,AasAg, A0, AH]T is the state
vector, Uy, = [AS.sASr ] " is the control vector,
Viion = H 1s the output, and
A, 0
Apon = 0 \%

Con=1[0 0 0]
Discretize the extended model Eq. (8) by
sampling time T =0.1 s, we attain
ijlon(k + 1) =Ayion Xpion (k) + Bpjonltyio, (B)
bt (& 1) = Gl Xygon (B
Define an error signal
e(k) = H.(k) — yiion (k) 1o
then we get an extended error system.
Xion (b + 1) =@, X10n (k) + G Aty (k) +
GuAH, (k+1) an
where X, (k) = [e(k) s Ax i (B)] T » and

1 7 Cl;onAlion 7 CbxlonBl)xlon
b= . , G= . ’
0 Ablon Bblun

o]

According to the optimal preview control

9

theory, an optimal preview controller can be de-

signed as

M

Aty (R) =F, X0, (B) + D F GYAH, (k+ j)
j=0

12

where the state feedback and the preview feedfor

ward coefficients are

F,—— [R+G'PG] 'G'Pd
Fiy(0) =0
JFu() = —[R+G'PGT'G () 'PG, (=1
1§:q>+ GF,

and P satisfies the matrix-difference-Riccati equa-
tion
P=Q+ @' P® —® PG [R+ G"'PG| 'G"Pd

where the weight matrices @, R and preview step
number My are the adjustable parameters.

Considering the influence of the deck mo-
tion, the ideal height H, is changed to H, .

H.=H. + AZ, (13)

where A Z,. is the estimated future value of the deck
motion, which can be obtained from Section 2. 1.
2.2.2

The lateral control system of the UAV auto-

Lateral control law design

matically adjusts the aileron and the rudder to
control the roll angle, and continues to correct
the flight path azimuth angle until lateral error
becomes zero.

For the lateral preview controller, the pre-
dictable information (Reference signal) is the ide-
al glide slope lateral bias Y, . The lateral preview
controller has the similar structure as the longitu-
dinal preview controller. The lateral preview con-
trol law can be designed as

My,

Aty (B) =F§ X, (B) + D Fy (HAY (R + )

av
where
X (B) = [e(R) s Az (BTt = [AS, A5, ] T
F; = —[H + G..PG,] 'G|,P®,,
ij(O) =0

R, ()= —[H+GLPG, T 'GL(E )Y PGy (j = 1)
I - Cl)xla!Abxla(}

é :¢lm + Glm Ir()X ’ ¢|at = .
0 Al’:h\t

— G B I
Glz\t = . ’GY =
Bl?lm O

P :Q + QLP(DIM — @ };tPGlm[H +
GE;II)Gla!]71 G};!M lat

3 Simulation

The proposed ACLS based on preview con-
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trol is applied to a nonlinear UAV model here,
and the controlling performance is verified by
comparing with the traditional linear quadratic

(LQ) optimal control method.
3.1 Simulation conditions

The UAV chosen as a prototype for the re-

9[15]

search is “Silver Fox . The initial state varia-

ble values of the UAV are shown in Table 1.

Table 1 Initial state values of UAV
Parameter Value Parameter Value
V/(mes ") 20 o/ (O 0
a/ () 3.959 o/ () 0
q/ () =s™H 0 8./ —3.994
6/ (9 0.458 4 /% 14,07
B/ 0 8./ () 0
p/ () e s™H) 0 8./ () 0
r/ ((°) «s™ 1) 0 h/ m 19

Linearizing the nonlinear UAV model in the
balanced flight state, the linear models are given

by

Al(m -
—0.0843 6.029 2 —1.6484 —9.7817
—0.048 8 —3.9919 —0.7386 0.0299

0.0339 —96.978 1 — 260.250 4 0
0 0 1 0
[ —2.1657 )
—0.575 0
— 95.559 6
B, = 0 2.056 0
—0.007 1
0
L 0 J
A, =
[ —0.179 8 0.069 —0.9976 0.49 0]
—22.456 5 —8.213 2.004 6 0 0
15.074 7 —0.6578 —0.709 5 0 0
0 1 0.008 0 0
L0 0 1 0o 0|
i 0 0.087 3
99.514 4 2.403 4
B, = |—7.9397 —10.112 4
0 0
L 0 0 J

In this simulation, the sampling time of the

preview controller is 0. 1 s, the preview step
number is 20, the inclination angle of the glide
slope is — 3. 5°, the initial altitude deviation is
1 m, and the initial lateral deviation is 1 m. For
the deck motion model, the sample time is 0. 1 s.
The white noise is set as: the noise powers of the
system dynamic noise w and the observation noise

v are 1.0 and 0. 225, respectively.
3.2 Simulation results

Figs. 3, 4 show the simulation results of the
proposed automatic landing control system with-
out considering the influence of deck motion.
Figs. 5—8 are the simulation results under the
influence of deck motion, where the control
methods in Fig. 5(a) and Fig. 7(a) are based on
the LQ control, while Fig. 5(b) and Fig. 7(b)

are based on the optimal preview control. Fig. 6

and Fig. 8 are the tracking error curves.

Real glide path
Reference glide path

o
£
(5]
3
2
=]
=
<

Fig.3 Longitudinal tracking curve

Real glide path
Reference glide path

Fig. 4

Lateral tracking curve

Viewing from Figs. 3, 4, it is founded that
the proposed control system can effectively con-
trol the UAV to track the ideal glide slope when
there is no deck motion influence. From Figs. 5—

8, it is found that the optimal preview controller
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Real glide path
Reference glide path

Altitude/m

Time/s
(a) LQ control

Real glide path
Reference glide path

Altitude/m

5
Time/s
(b) Optimal preview control

Fig.5 Longitudinal tracking curve with deck motion

Optimal preview control
LQ control

Fig. 6 Longitudinal tracking error curve

has smaller tracking error than the traditional LQ
controller, which means the proposed method can
effectively improve the success rate of the carrier
landing for the UAVs. This is due to the effective

use of the preview feedforward information.

4 Conclusions

An optimal preview control based ACLS is
proposed to guide the UAV to accurate tracking
of the reference glide slope and compensate the
deck motion disturbance. The proposed control
method can effectively utilize the future reference
glide slope information, which has not been stud-

ied yet. Simulation results of a nonlinear UAV

Reference glide path
Real glide path

5 ) 10
Time/s

(a) LQ control

Reference glide path
Real glide path

Time/s
(b) Optimal preview control

Fig. 7 Lateral tracking curve with deck motion

LQ control
Optimal preview control

Fig. 8 Lateral tracking error curve

model show that the optimal preview control
method has faster response time and higher accu-

racy than the traditional .LQ control method.
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