Dec. 2013

Transactions of Nanjing University of Aeronautics & Astronautics

Vol. 30 No. 4

DYNAMIC RESPONSE ANALYSIS OF CARRIER-BASED
AIRCRAFT DURING LANDING

Duan Ping ping (BEFEFE)"?, Nie Hong (: %), Wei Xiaohui (BL/NHE)!

(1. State Key Laboratory of Fundamental Mechanical Structure Mechanics and Control, Nanjing University of

Aeronautics and Astronautics, Nanjing, 210016, P. R. China;

2. Chengdu Aircraft Design & Research Institute, Aviation Industry Corporation of China, Chengdu, 610091, P. R. China)

Abstract: In view of the complexity of landing on the deck of aircraft carrier, a systematic model, composed of six-

degree-of-freedom mathematic model of carrier-based aircraft, four-degree-of-freedom model of landing gears and

six-degree-of-freedom mathematic model of carrier, is established in the Matlab-Simulink environment, with

damping function of landing gears and dynamic characteristics of tires being considered. The model, where the car-

rier movement is introduced,is applicable for any abnormal landing condition. Moreover, the equations of motion

and relevant parameter are also derived. The dynamic response of aircraft is calculated via the variable step-size

Runge-Kuta algorithm. The effect of attitude angles of aircraft and carrier movement during the process of landing

is illustrated in details. The analytical results can provide some reference for carrier-based aircraft design and main-

tenance.
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INTRODUCTION

By the impacts of carrier air wake and turbu-
lence coming from obstacles upwind of the land-
ing area, the landing motion state and attitudes of
aircraft are changeable and complex. In addition,
the irregular movements of carrier in waves make
the process landing of carrier-based aircrafts more
intricate than that of ground-based aircrafts.

Aircraft landing and recovery technology is
researched for a half century in foreign coun-

]

triest’. While study on carrier-based aircraft

landing dynamic performance began in 1990s in

China and achieved some progress®*.

However,
in most of them it is assumed that the plane lands
symmetrically and the interaction between land-
ing gears and the fuselage is ignored. In Ref. [6],
the drop model of single landing gear was built
and the effect of the carrier movement on drop

impact forces was analyzed. In Ref. [ 7], the
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landing gears were simplified as one-degree sys-
tems and the impact loads of landing gears were
discussed while the carrier moving in regular
waves. The analytical results showed the more-
ment of carrier had influence on the landing
loads. In above models, the comprehensive ac-
tions between landing gears and fuselage and the
aircraft attitude response are ignored.

In this article the systematic dynamics model
including aircraft, landing gears and carrier is es-
tablished. In this model the landing gears have
four-degree-of-freedom (DOF), three translation-
al degrees and one rotational degree round the
wheel center. The aircraft and the carrier are six-
DOF systems. The dynamic response of the air-
craft and landing gears is obtained by numerical
method and the effects of plane’s initial situation
and the movements of carrier are detailed demon-

strated. Also, the aerodynamic forces and the
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carrier sailing speed are taken into account. The
analytical results are helpful to the study on de-
sign criteria and maintenance regulations of carri-

er-based aircraft.

1 ESTABLISHMENT OF LANDING
DYNAMICS MODEL

1.1 Coordinate systems and fundamental assump-

tions

Several basic coordinate systems are created
to facilitate the description of a variety of related
parameters, as shown in Fig. 1. O,x,y,z, is the
ground coordinate system fixed to the ground.
The origin is a point located on the ground, axis
x, is in the level and parallel to the runway cen-
tral line while the carrier is still, axis y, is in the
plumb upward direction, and axis z, is deter-
mined by the right hand rule. O;x;yz; is the air-
craft coordinate system. The origin is placed at
the plane mass center, axis x; is parallel to the
center symmetry surface of the aircraft and in the
forward direction, axis y; is in the center symme-
try surface and perpendicular to axis xy, and axis
z; is perpendicular to the center symmetry surface
pointing to the right wing. O.x.y.z. is the carrier
coordinate system. The origin is located at the
carrier mass center, axis x. is parallel to the lon-
gitudinal central line of the carrier pointing to the
prow, axis y. is perpendicular to the deck plane
pointing to the top, axis z. is perpendicular to the
longitudinal central plane pointing to the star-
board. Oyxyyqzq is the deck coordinate system.
The origin is placed at the designed touchdown
point(DTP) in the deck plane, axis x4 is parallel
to the runway centerline and in the forward direc-
tion, axis y4 is perpendicular to the deck plane
pointing to the top, and axis z4 follows the right-
hand rule with axes x4 and y,. Oy xy yr z¢ is the
aircraft-deck coordinate system. The origin is Oy,
axis xy is the projection of axis x; in the deck
plane, axis y; is perpendicular to the deck plane
pointing to the top, and axis z; follows the right-
hand rule. O,x,y,z,is the strut coordinate sys-

tem. The origin is placed at the landing gear in-

stallation point on the fuselage, axis z, is along
the strut and in the downward direction, axis
y, is parallel to the y;z; plane, perpendicular to
axis z, and in the outward direction, and axis x, is
determined by the right hand rule. O,z,vy.z, is
the wheel coordinate system. The origin is loca-
ted at the wheel axle center, axis x, is parallel to
the axis xy and in the same direction, axis y,, is in
the wheel central plane and perpendicular to axis
Ty and axis z,, is determined by right hand rule.
¢ is the deck angle, and ¢, and 6, are the installa-

tion angles of the landing gear.

Fig. 1 Sketch of coordinate systems

For simplifying the system and making the
system more realizable, the following assump-
tions are made:

(1) The aircraft body is divided into elastical-
ly-supported part and non-elastically-supported
part. The former includes the fuselage, the wings
and outer cylinders of dampers etc. The latter
contains the pistons of dampers, brake devices,
wheels and launch bar etc.

(2) The elastically-supported part's motion is
six- DOF, non-elastically-supported part’'s motion
is four-DOF, three translational degrees and one

rotational degree round the wheel center, and the
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mass center is at the wheel axle.

(3) The expansion of absorbers and lateral
deformation of pistons are considered, and other
deformations of absorber structure are ignored.

(4) The moment that the deck acts on the
aircraft body contains the moment from landing
gears to the fuselage and the additional moment
caused by the translation of tire forces from

touchdown points to the wheel axle centers.
1.2 Differential equations of system motion

The force condition of aircraft during landing
is shown in Fig. 2. Based on the analysis of the

aircraft’ s working conditions, the equations of

motion are built in certain coordinate system.

Y Aerodynamic
) M, moment
» -
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Fig. 2 Sketch of force analysis during landing
(1) The equation of translational motion of
the fuselage is built in the aircraft coordinate sys-

tem"", shown as

Yig w. | Y| Y Pcosgp
m % Uy | + |y Uy | | = | Psing, |+
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(2) The equation of rotational motion of the

fuselage is built in the aircraft coordinate system,

shown as
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(3) The equation of translational motion of
the non-elastically-supported part is built in the

aircraft coordinate system, shown as

v, w1 [
m % Uy, + lw, Uy, =
Vs, w- v,
0 N, — D,
T, |—mg|+T | N, |+Ti| F,
0 —F, — D:f'
3
(4) The rotational equation of wheel is built
as follows
zwf$”=<Ro—a>Dw )
where [w, w, w.]" is the angular velocity of
the aircraft coordinate frame;
[Pcosgp,  Psing, 0]" is the engine thrust, ¢p is

the angle between the direction of thrust and axis
3 [—Q Y Z]" is the aerodynamic force;
[Nf N —F

" is the force acted on the fu-

R

si Ysi
selage caused by landing gear; [R.,-} R,
is the distance from aircraft mass center to wheel

axle center; [Cm, Cu, Cm:]T is the aerody-

namic moment coefficient; [0 d,, O]T the dis-
tance from the touchdown point on the tire to the
wheel axle center; [*Dlr,l F, —D., ]T is

the tire force caused by the deck; e, is the vertical
distance from aircraft mass center to the thrust
line; u is the airspeed; S, is the reference wing
area; [, is the wing span; TL,T{,TL, T! are the
transformation matrices from the wheel coordi-
nate system, the aircraft-deck coordinate system,
the ground coordinate system, and the strut coor-
dinate system to the aircraft coordinate system,

respectively.
1.3 Solution of model

The set of system differential equations built
above cannot be solved without supplementary
equations which includes calculations of landing
gear forces, tire forces and aircraft attitude an-
gles.

(1) Calculation model for forces of landing

gear
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The landing gear forces contain the axial and
lateral loads. As show in Eq. (5), the axial force
includes the air spring force F,, the oleo-damping
force F,,, the internal frictional force F; and the

structural constraint force F).

F,=F,+F,+F +F; (6P
Ignoring the compressibility of fluid, the air
spring force is given by
_ Ve .
FQ—AHEPO(VO A P (6)

Taking the damper with variable main orifice
and lateral oil holes as an example, the oleo-

damping force is given by

3°2 2 2

e TG 20
e [OoilAlsx-;'Z PoilAﬁw;‘Z : "

“hciar  ecA S0
The structural constraint force is described

as follow
J kis s <0

F = 0 0 << s < Smax (8)

lkl (5 — Smax) $ > Smax

The internal frictional force consists of two
parts
5
|'s |
s
Frz :;leo T (10)

s

Fy =p (N, +ND €D

where Fy is the coulomb friction induced by strut
bending; F,is the sleeve friction induced by inter-
nal pressure of chamber.
The lateral strut forces are given by

N, =k.f. + . f. 1D

N, =k, f,+c,f, a2
where A,, A,s Aygs Ans A, are the external sec-
tional areas of the piston rod, the internal net ar-
ea of piston rod, the net area of main oil orifice,
the pushed-oil net area of return-oil chamber, and
the orifice area of return-oil chamber respective-
ly; Ay and A, are the functions of the amount of
compression s; Py, P,. are the initial pressures
of low pressure and the atmospheric pressure;
Vs N, . N are the initial volumes of low pressure,
the tensions at the upper and lower supporting
points; 7,04 s Cqs Cy 1, are the polytrophic expo-

nents of air compress process, the density of oil,

the coefficient of oil contraction in main oil cham-
ber, the coefficient of oil contraction in return-oil
chamber and the friction coefficient respectively;
and k., k,.c,,c, are the lateral stiffness coelfi-
cients and damping coefficients.

(2)Calculation model for tire force

The supporting force from the deck is per-
pendicular to the deck plane

F, =4 Ci)f(® 13)
The wheel friction forward is
D.=u.F, a4

The wheel friction sideward is™'*

4, _
D.,J(SD 27¢' ) Fo <15
: 1 F ¢=1.5
J728 o

where C;,8, f(8) are the wheel vertical damping

(15)

deformation coefficient, the tire deflection and
the tire static-pressure performance respectively;
s 1s the adhesion coefficient in the course direc-
tion, depending largely on the tire slipping rate;
p- 1s the adhesion coefficient laterally; and ¢ is a
factor highly related to yawing angle, tire tilt an-
gle and F,.

(3) Calculation model attitude for angles of
aircraft

The attitude angles can be achieved from the
rotation rate obtained from Eq. (2) using Eq. (16)

and by integration, shown as

% = (w.cosf + w,sind) /cosg
Hgf:wycosﬁfwisinﬁ (16)
dg .

1 + tang(w.cosd + w, sind)

(4)Calculation of other parameters

The deformation of damper is

1. R | 0

£ | =TrTl R, — o, ||~ |0

—s R. 2, Lo
an

The deformation rate is

fi R. Uy, Yy

fo| =THTLIR, | + T v, | — |vy

—s R. ULz Vs,
(18)
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where
T=Tifw]" = [w] T, (9
In the carrier coordinate system, the position
vector of the wheel axle center versus the carrier

mass center is

R.llc o X,
R_vl(" =Ti| || — |y 20)
R:lc el Z.

The distance from the wheel touchdown

point to the wheel axle center is

_ Rylc —H
0, == o 21

The tire deflection is
jRo _ay Ro > 5y
S=
1 o R, <,

where [zro,  y7o, Zr(),]T, [R, R, R.]" are

(22)

the position vectors of the landing gear installa-
tion point and the wheel center versus the aircraft
mass center; H,R,,® are the height of deck plane
above the carrier mass center, the initial radius of

wheel and the angle between O, axis and O, ax-
. .

is (viz. tire tilt angle).

2 EFFECT OF ATTITUDE ANGLES
ON DYNAMIC RESPONSE OF
AIRCRAFT

After entering the threshold of the glide
path, owing to the complex maritime phenomena
and wake air zone, the landing attitude is various.
The yawing angle, whereas, leads to off-center
arresting critically affecting the arresting per-
formance and has little influence on the aircraft
vertical dynamic response, therefore the yawing

angle is not taken into account.
2.1 Effect of pitching angle

Effects of landing pitching angle on the dy-
namic response are shown in Fig. 3. In rare cases,
due to the ground effect and turbulence off the
"island” of ship, the aircraft heads down and lands
with a negative pitching angle meaning that the
nose landing gear touches down before the main
(e.g. 0= —6°in Fig. 3). In that case, the nose
landing gear load surges to 310 kN and the main
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(c) Pitching angle

Fig. 3 Dynamic response of aircraft under different

landing pitching angles

landing gear load does not decline meanwhile. It
is dangerous condition for the nose landing gear.
When § = — 2°, three-point landing is achieved
nicely, the impact load of main landing gear rea-
ches the minimum and the nose is relatively large

as loading at the same time with main gears. In
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addition, as the pitching angle increases, the 20r -

main gear load grows up slightly. Essentially 18F

speaking, the pitching angle determines the lag Z 16r

between the touchdown time of nose and main % i:_

landing gears. The greater the time lag is, the ff: 1ok

larger the main landing gear load is and the smal- % 0.8F

ler the nose landing gear load is. There are two % 0.61-

apparent peaks in the nose landing gear load 5 041

curve: The touchdown of nose landing gear leads gé_ . i . . .
to a positive pitch moment and the nose wheel as- 00 02 04 ?/6 08 10 12
cends; the aircraft heads down at the negative (a)NoselanSdinggear

pitch moment caused by the main landing gear

force, and the nose wheel retouches down after-

wards bringing about the second peak. The pitch- “i

ing angle is larger and the effect is more obvious %

which transfers the maximum value of impact «?

load from first peak to second. The bolting ma- g

neuver always occurs for about 1 s after the main ]

landing gear touching down™®l. Tt is illustrated <

that as the landing pitching angle increases, the

pitching angle is larger at the bolting point of

. .. .. t/s
time. This is beneficial to the escape. (b) Left landing gear
2.2 Effect of rolling angle 12¢

—7=0°

Effects of rolling angle on dynamic response
of aircraft are shown in Fig. 4. As shown in
Fig. 4, with the growth of rolling angle, the right
landing gear shock load rises. When y=30°, the
right wheel nearly takes off ground under the

negative rolling torque induced by the force-on-

Axial damper force / 10°N

right-wheel. The variation of right landing gear

impulse load is inconsistent with the change of

rolling angle: When the rolling angle increases

from 0° to 10°, the landing pattern changes from

symmetry to asymmetry, and the impulse load 05F

goes up; when the rolling angle increases from N —y=0°

10° to 20°, i. e. delaying the left wheel s k: 0'4__ _____ ) .\'\_\ "}}:%g

touchdown, the impulse load falls; when y=30°, %0 0.3 '\\\ - 7=30°

the nose wheel touches down before left wheel, §0 02} WY

and the left impact load ascends a little whereas Z; o1k \\\\ “‘-,_‘\\\_

the nose impact load jumps dramatically, which 00 \\ ‘.\‘\".\ it
should be avoided. Along with the increase of R

landing rolling angle, the load of aircraft is more _0'(1),() 02 04 06 08 10 12
asymmetrical and the rolling movement of aircraft @ Roltliilsg angle

is fiercer which is bad for the cable-hook clench Fig. 4  Dynamic response of aircraft under different

and arresting performance. landing rolling angles
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3 EFFECT OF CARRIER MOVE-
MENT ON DYNAMIC RESPONSE
OF AIRCRAFT

When sailing on the ocean, the carrier move-
ment is six-DOF and irregular under waves and

surging, heaving, pitching,

[16]

gusts: Swaying,

rolling and yawing Three of them have rela-
tively greater influence on the landing of air-
craftst?,

The three movements can be simplified and
described using sine function, shown as

J Yo =A,sin(w,t + @)

Oc = AysinCawst + @)

1 he = Ay sinCawt + @i0)

where Y¢.0c,he are the rolling angle, the pitching

(23

angle and the heaving displacement; and A,w, g,
are the corresponding amplitude, frequency and
initial phase.

In Ref. [17], when the carrier sailing at a typical
speed of 30 kn. The amplitudes of rolling, pitching
and heaving are about 6°, 1. 05° and 1.5 m respec-
tively. The picked period values are 4, 10, 10 s in
this article. The carrier physical and geometric char-

acteristics are taken from Ref. [18].
3.1 Effect of carrier rolling movement

(1) Effect of initial phase of rolling movement

The initial phase of rolling determines the
relative velocities between the main wheels and
the deck: As the landing zone is on the left of
ship longitudinal middle line, when ¢, =0, the
relative velocities are greatest; when ¢, =, the
relative velocities are smallest. When ¢, =0, the
landing zone deck goes upward and the velocity of
left landing gear touch site is greater than that of
the right. When ¢, = n, the landing zone deck
goes downward and velocity of left landing gear
touch site remains greater than that of the right.
Therefore, the change of left gear impact load is
larger than that of the right (Table 1) and the
loads of both do not vary too much. As for the
nose wheel, the maximum load does not appear at
the same initial phase with the main gears. Ad-
justing the initial phase to make the phase be 0 or
w at the time of the second peak of nose load, the
extreme values of impact force are obtained. It
can be seen that the effect of rolling phase on the
nose landing gear impact force is considerable.
What's more, when the initial phase is not 0 or
7, the aircraft lands asymmetrically which leads
the rolling movement of aircraft. It is adverse to
the of

Effects of carrieer rolling movement on rolling

buffering performance landing gear.

angle are shown in Fig. 5.

Table 1 Impact loads of landing gears under different phases of carrier movements
Situation NLG(100 kN) LLG(100 kN) RLG(100 kN)
Ship still 1.50 Growth/ % 7.58 Growth/ % 7.58 Growth/ %
Rolli 0 2.11 +40.7 8. 34 +10.03 7.24 —4.49
1
oHng 1.18 —21.3 7.10 —6.33 8.17 +7.78
Pitchi 0 1. 26 —16.0 4. 45 —41. 29 4.48 —40. 90
1
came . 2.68  +78.71  l.24  +48.28  11.21  +47.89
H . 0 1. 89 +26.0 9.92 +30. 87 9.92 +30. 87
avil
evime s o 1,22 —18.7 5.57  —26.52  5.57  —26.52
0.151 (2)Effect of period of rolling movement
0.10 Fig. 6 represents the loads of landing gears
3 0,05 under different periods T (g, =0). Impact loads
> of main landing gears do not vary in the same
o
§D 0.00 trend: As the rolling movement gets more slowly
g
= 005 (the period getting greater), the combination ve-
i~
~0.10 locity between the left landing gear and the deck
. . . and the shock load decline; on the contrary, the
0.0 0.5 . 10 L5 change of right gear load is getting greater with a
S
Fig. 5 Rolling angle of aircraft under different initial relatively smaller extent. With the rise of period,

phases of carrier rolling movement

delaying the touchdown of nose landing gear, the
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Fig. 6  Dynamic response of aircraft under different

carrier rolling periods

rolling phase changes at the time of second leap
and the combination velocity between the nose
landing gear and the deck gets greater. Also, the
more quickly the carrier rolls, the fiercer the air-

craft rolls.
3.2 Effect of carrier pitching movement

(1) Effect of initial phase of pitching move-
ment

Because the rolling angle is small and the dis-
tances from touchdown sites of main landing
gears to the carrier pitching center differ little,
the main landing gears almost touchdown simul-
taneously and the loads change consistently. In
Table 1, we can see that unlike rolling, the pitch-
ing movement has a great influence on impact
loads of both nose and main landing gears. The
landing area is at the rearward of the carrier.
When ¢, =0, the landing area deck goes down-
ward, the combination velocities of landing gears
reduce and vice versa. Obviously, when the carri-
er pitching angle is positive during landing (the
phase is in the range of 0—x), the establishment
of attack angle for bolting will get easier. Effects
of carrier pitching initial phase on pitching angle
are shown in Fig. 7.
0.10¢
0.08
0.06
0.04
0.02
0.00

-0.02
-0.04
-0.06
-0.08

01053 0.5 1.0 15

Pitching angle / rad

Fig. 7 Pitching angle of aircraft under different carrier

pitching initial phases

(2)Effect of period of pitching movement

Effects of period of pitching movement on
dynamic response are shown in Fig. 8. When ¢, =
0, as the pitching movement becomes slower (the
period getting larger), the velocity downward of

the landing zone deck reduces, namely the rela-
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Fig. 8 Dynamic response of aircraft under different pe-

riods of carrier pitching movement

tive velocity between the wheels and deck increas-
ing, the impact load goes up. In term of nose
landing gear, the speed downward of deck at the
moment of second peak declines with a larger pe-
riod: The load while T=10 s is greater than that
while T=20 s. For the relatively smaller load of
main landing gears, when T=5 s, the vertical ac-
celeration upward of aircraft decreases, causing
the speed of nose wheel at the peak moment lar-
ger, and the relative velocity between the wheel
and deck is greater than that when T=20 s in-
stead. When the pitching movement accelerates,
the pitching angle of aircraft is greater at the bol-
ting time which alleviates the pressure of the lon-
gitudinal control of aircraft. However this effect

is not evident.
3.3 Effect of carrier heaving movement

(1) Effect of initial phase of heaving move-
ment

The heaving movement is vertical and does
not lead the asymmetric load between main gears.
When ¢, =0, the carrier goes upward as a whole
and the impact speed of aircraft increases. In con-
trast with rolling and pitching, heaving move-
ment has a smaller effect on the nose landing gear
and the effect on the main landing gears is be-
tween them.

(2) Effect of period of carrier heaving move-
ment

Similarly, the growth of period makes the
vertical speed of carrier fall and the combination
velocity of aircraft declines thereby, both the nose
and the main landing gear load decrease. In this
sense, the heaving period is analogous to the sub-
sidence velocity. The effect of heaving on pitching
angle of aircraft is just like pitching but with a

smaller degree, shown as Fig. 9.

4 CONCLUSIONS

Considering the aerodynamic force and the
carrier sailing speed, the complete landing impact
model is built in this article. The calculation and
analysis are performed to study the response of
aircraft under different situations. The conclu-
sions are drawn below:

(1) Different aircraft attitudes correspond to
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Dynamic response of aircraft under different peri-

ods of carrier heaving movement

different touchdown patterns. Both smaller pitch-
ing angle and landing with a certain rolling angle
lead the situation that nose landing gear touches
down before main gears; however, the former
makes the nose gear landing earlier than both
sides of main gears, and the nose gear impact
force increases by 168% (= — 6°); the latter
makes nose gear landing earlier than one of the
main gears and impact increases by 72. 7% (y =
30°). The pattern that the nose wheel touches
down prior to the main one is dangerous and
should be avoided. Meanwhile, the decrease of
landing pitching angle enhances the risk of nose
landing gear and gains advantage in bolting task.

(2) Effects of the three classic carrier move-
ments on the landing gears impact force vary
greatly. The diffidence of pitching initial phase
induces that the nose and main gear force increa-
ses by 78. 7% and 48. 28% respectively. From
the most influential to the least on the nose and
main gear impact loads, the orders are: pitching,
rolling, heaving and pitching, heaving and rolling
movements separately. Moreover, due to the ship
keel center line is not in the aircraft symmetry
plane, at the pitching and rolling movement, the
change ranges of left and right gear loads are a lit-
tle different.

(3) Among the effects of the period of carrier
movements effect, the rolling affects the impact
loads of main landing gears little, but the nose
landing gear acutely (when T =2, the nose gear
impact load decreases by 60%); the pitching has
a great impact on the pitching angle of aircraft
while bolting; as the period of rolling varies, the
impact loads of nose and right landing gear
change in the opposite trend with the left; while
pitching and heaving, the impact load of nose
landing gear changes in the same trend with the
main.

(4) The aircraft landing with a rolling angle
and the carrier rolling movement can bring the
asymmetric landing of main landing gears, cau-

sing the rolling movement of aircraft (the rolling
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extent reaches 0. 08 and 0. 15 respectively), and

weakening the hook-cable clench and the arresting

performance.
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