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Abstract

For the safety problems caused by the limited landing space of the deck during the arresting process of the carrier-
based aircraft, a dynamic model of the carrier-based aircraft’s landing and arresting is built. Based on the batch
simulation method, the lateral dynamics safety envelope of the aircraft during the arresting was defined, and the
dynamic response of the key points in the envelope during the arresting process was investigated. Subsequently,
the influence of engine thrust and aircraft quality on the arresting safety envelope was studied based on reasonable
safety evaluation indicators, and the safety status envelope of the deck arresting was given. Then, the particular
Hamilton-Jacobi partial differential equation is used to obtain the lateral dynamics safety envelope of the carrier-
based aircraft in the process of landing and arresting by backward inversion. Results indicate that engine thrust and
landing quality have little effect on the yaw angle in the arresting safety boundary during the arresting. Additionally,
with the engine thrust and landing quality increase, the maximum safe off-centre distance gradually decreases, and
the safety boundary decreases accordingly. During the phase of landing glide, the engine thrust and quality have
little effect on the maximum safe eccentric distance. When the engine thrust is increased by 40%, the maximum
safe yaw angle is reduced from 0.3°, and the safety boundary is reduced by 4.2%. When the aircraftquality increases
by 40%, the maximum safe yaw angle is reduced by 0.4°, and the safety boundary is reduced by 2.8%. The findings
of this paper can provide framework for the research on theaircraft-to-carrier dynamic matching characteristics of
the carrier-based system, and is of great significance to the research on improving the safety of the carrier-based
aircraft landing arresting.

Nomenclature

b the wingspan

B, wingspan of the aircraft

B the width of the landing runway

B; distance between wingtip and boundary
c the mean aerodynamic chord

C permissible state set

Cp drag coeflicient

C, lift coeflicient

Cy side coeflicient

C, the side force coeflicient of the rudder
Cs, the force generated by the rudder

d the length of landing zone
D half of the distance between two pulleys
D, off-center distance

© The Author(s), 2022. Published by Cambridge University Press on behalf of Royal Aeronautical Society.

https://doi.org/10.1017/aer.2022.1 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2022.1
https://orcid.org/0000-0002-0883-6449
https://orcid.org/0000-0001-7160-4838
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/aer.2022.1&domain=pdf
https://doi.org/10.1017/aer.2022.1

1594 Zhang et al.

F st the arresting force of the aircraft
side force

drag force

resultant force along O,x,
resultant force along O,y,
moment of inertia around O,z,
the quality of the aircraft
yawing moment

positive around O,x,

number of movable pulleys
angular velocity in yaw
displacement of aircraft

SEFF L REEEE

S teck the length of runway

S, the length of the deceleration zone
S, length of the revolving zone

A\ the rudder area

S displacement of the piston

S the displacement of the left piston
Sz the displacement of the right piston
S the length of the reserve zone

S, the wing area

T, the left force of the arresting cable
Tx the right force of the arresting cable
u the longitudinal velocity

u, aerodynamic velocity along O,x,
U the permissible input

v the lateral velocity

Va aerodynamic velocity along O,y,
v landing speed

V. aerodynamic velocity vector

w, aerodynamic velocity along O,z
Y, the corresponding moment

o angle of attack

B sideslip angle

© yaw angle

La the air density

1.0 Introduction

The ability of carrier-based aircraft to safely complete the arresting process is the key to maintaining the
combat effectiveness of the aircraft carrier system. For aircraft that have a relatively high speed when
landing, and the landing space provided by the deck is much smaller than the runway of the roadbed
airport, it brings a very great danger to the arresting of the carrier-based aircraft [1]. The arresting of the
carrier-based aircraft can be roughly divided into two stages: the flight stage before the aircraft touches
down the carrier and the arresting sliding stage after the aircraft touches down the carrier [2]. When
carrier landing glide, the aircraft should fly along the ideal gliding trajectory angle [3-5], ensuring that
the yaw angle of the aircraft and the off-centre distance are zero during arresting [6]. After the aircraft
touches down the carrier, the meshing point of the arresting hook and the cable is at the midpoint of the
cable, and the speed direction of the aircraft is along the centre line of the runway. However, the landing
process of the aircraft is extremely complicated. Due to the influence of guidance deviation or airflow
disturbance, most of the aircraft have different degree of off-centre distance and yaw angle during the
landing process, which will adversely affect the safe arresting of the aircraft. Since the entire landing
process of the aircraft lasts very short duration, especially the arresting process after the hook-cable
meshing only lasts less than 3 seconds, and once the arresting hook mesh the cable, it is difficult for the
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pilot controlling the arresting process, which is extremely prone to accidents. According to the public
report, the American F-14 and EA-6B collided with the aircraft parked on the deck due to the excessive
off-centre distance and yaw angle at the time of arresting, caused huge losses. It can be seen that the
arresting process of aircraft is the most important part in the research of carrier-based systems. How the
carrier-based aircraft complete arresting task safely and reliably is of vital importance to the research of
carrier-based systems.

The arresting process of carrier-based aircraft is extremely complex and highly nonlinear, and it is
very challenging to analyse the lateral dynamics and safety characteristics of the entire process. Some
approaches are explored to study the dynamic safety characteristics of the arresting process of aircraft.
For example, the United States has carried out a large number of flight tests and published relevant test
result curves on the topic of arresting. Most of the test reports only refer to the situation of centreing
arrest under the condition of no off-centre or yaw. With respect to yaw arrest, only a few fitting curves of
measured data have been published; however, the mechanism and theoretical analyses of yaw arrest were
not disclosed [11]. Lawrence [7] analysed the main factors affecting the peak load of the arresting hook
during the arresting process, including the weight, the speed and the initial off-centre distance of aircraft
at the time of the landing. Through the data statistics of the arresting system, the matching formula and
curve of the arresting force was obtained. Hsin [8] analysed the movement of the aircraft after touches
down the deck and found that under the combined action of the arresting device and the arresting cable,
the taxiing distance of the aircraft will be significantly shortened, which can effectively prevent the
aircraft from rushing out of the restricted area. Zhang [9] established the off-centre and yaw arresting
dynamics model of the carrier-based aircraft and performed simulations, found that carrier-based aircraft
will increase the arresting distance and stopping time when arresting asymmetrically, but the peak force
of arresting would be reduced. Zhang [10] analysed the movement trend of aircraft when the aircraft
arresting in off-centre and yew condition. As mentioned above, the relevant research on the arresting of
carrier-based aircraft focuses on the analysis of the dynamic characteristics, while a few scholars have
examined the arresting safety under the influence of asymmetrical conditions of aircraft. For example,
Peng [11] considered the influence of the bending wave of the arresting cable, and studied the safety of
the aircraft yaw arresting. By calculating the lateral displacement of the aircraft during the arresting, the
yaw angle range to ensure the aircraft will not rush out of the safe landing area is obtained. It should be
pointed out that, it is certainly feasible to study the lateral dynamics safety of carrier aircraft arresting
based on the arresting characteristics of aircraft, but this method is not comprehensive. The reason is
that the arresting process of the aircraft includes the gliding into the carrier before it touches down and
the arresting stage after the landing, the two phases are interrelated and coupled. The flight status of the
aircraft entering the descent phase directly affects the status of arresting after it touches down the deck.
However, the above studies have not combined the two to analyse the safety of the aircraft’s arresting
and rolling. To a certain extent, this limits the development of the research on the dynamics and safety
characteristics of the aircraft’s arresting.

Reachable set theory helps to solve the above problems [12]. The reachable set theory is a method
based on the particular Hamilton—Jacobi partialreachability analysis method to solve the survival ker-
nel of nonlinear dynamic system, which can establish the corresponding control rate while determining
the safety boundary of the system [13]. So for, extensive research studies on reachability have been
carried out to solve envelope protection, ensuring the states in the target set. Lygeros [14] systemati-
cally explained that the computation of the reachability, viability, and invariance can come down to the
supremum minimum (SUPMIN) and infimum minimum optimal control problems. And creatively use
the Hamiltonian-Jacobi partial differential equations to establish three sets of unified solution frame-
works. Allen [15] designed the LQR (linear quadratic regulator) safety set protection control based on
the safety set of the aircraft’s longitudinal movement. Oishi [16] applied reachability theory to deter-
mine the flight envelope of a jet airplane and effectively solved the collision avoidance between two
aircrafts. Wang [17] conducted a reachable set analysis based on the longitudinal dynamics model of
the aircraft. Many existing literature shows that reachability method is mainly adopted in the longitudinal
dynamics of aerial flight. It has not been introduced into the lateral motion of the aircraft. In addition,
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most research on reachable sets fails to scientifically give the origin of the target set, and only analyses
it as the target of the solution, which lacks the coherence of systematic research. It must be pointed out
that, for the safety of the lateral dynamics of the carrier-based aircraft’s arresting, it is difficult to ensure
the relevance and systematisation of the entire process if the arresting or the landing of the aircraft is
analysed and studied separately. Aiming at these problems, this paper determined the safety boundary
of the landing arresting on the deck, and combined with the new perspective of reachable set analysis,
the lateral dynamic safety boundary of the aircraft landing stage is reversely deduced to ensure that the
initial off-centre distance and yaw angle of the aircraft meeting the index requirements before touches
down the deck. The research results thoroughly explain the dynamic safety issues of the carrier-based
aircraft during the landing arresting process, make up for the lack of related research, provided more
targeted solutions for the safety of the carrier-based aircraft, and guide the subsequent design of the
carrier-based system.

This study is organised as follows: Section 2 explain the working principle of the arresting system
and establishes the arresting dynamic model. Reachability theory and the mathematical formulation are
presented in section 3. Section 4 provides the lateral dynamics safety boundary of the carrier aircraft
during the arresting and rolling process based on the batch simulation. And discusses the arresting
characteristics of key points within the boundary, the influence of different landing parameters on the
boundary of the arresting is analysed. Section 4 also proposed a reasonable safety evaluation index of
the aircraft‘s arresting and rolling, and the influence of landing parameters on the safety of arresting
is analysed. Then, according to the defined deck safety boundary, the lateral dynamic safety boundary
of the carrier-based aircraft during the landing stage is defined based on reachability theory, and the
influence of different parameters on the safety boundary is also analysed in section 6. Section 6 is the
conclusion.

2.0 Dynamic model of the arresting process of carrier-based aircraft

In the process of landing arresting, the carrier-based aircraft approaches the carrier along a certain
descent path at a particular airspeed. When the arresting hook mesh the arresting cable, the hook trans-
mits the arresting force generated by the arresting device to the fuselage through the cable and the hook,
thereby forcing the aircraft to slow down, and stop in a safe area within 3 seconds. Therefore, the decel-
erating characteristics of the aircraft after arresting is one of the important factors that affect its lateral
motion on the deck [18], and it is also an important factor that determines the safety characteristics of
arrest.

Figure 1 shows the schematic diagram of the carrier-based aircraft arresting system. It can be seen that
the force state of the aircraft after arresting is more complicated. the arresting hook mesh the arresting
cable on the deck runway, the cable bypasses the dynamic and static pulley blocks and is connected to the
hydraulic arresting devices on both sides of the deck. Therefore, it is necessary to analyse the arresting
force provided by the arresting device, and study the characteristics of lateral movement of carrier-based
aircraft during arresting.

2.1 Calculation model of arresting force
In order to facilitate the analysis of the dynamic characteristics of the carrier-based aircraft, the force of
the aircraft during the arresting process is simplified as follows [2]:

1) The runway is flat, and the course of the aircraft is parallel to the pavement.

2) The vibration after the hook-cable meshing and the influence of the bending wave of the cable
are not considered during the arresting process.

3) The friction between the arresting hook and the arresting cable is ignored.

4) The corrective ability of the arresting device, and assume that the taxiing direction of the aircraft
will not change with the change of arresting force.

https://doi.org/10.1017/aer.2022.1 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2022.1

The Aeronautical Journal

Aircraft
Deck Link t

Arresting Hook

Movable Pulley Block

i— End Buffer Hydraulic Cylinder

—_
Main Hydraulic Cylinder
Accumulator

Control Valve

Figure 1. Schematic diagram of landing and cable hanging of carrier-based aircraft.
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Figure 2. Schematic diagram of arresting force.
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There are three situations in the arresting and rolling process of carrier-based aircraft, including (a)
off-centre arresting, (b) symmetry arresting, and (c) yaw arresting. The arresting force of the aircraft

under the three conditions is analysed as shown in Fig. 2

As shown in Fig. 2(a), in the case of off-centre arrest, taking left off-centre as an example, the formula

for calculating the arresting force is:

Farrest = TL sin 0L + TR sin QR

S
sin 0L =
V(D = AD)’ + 82
. S
sin bz =

V(D+AD)* + 52

6]

where 6, is the angle between the left arresting cable and the connecting line of the two pulleys, 6
is the angle between the right arresting cable and the connecting line of the two pulleys, 7} is the left
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force of the arresting cable, Ty is the right force of the arresting cable, D is half of the distance between
the two pulleys on the deck, AD is the off-centre distance, and S is the displacement of aircraft.
As shown in Fig. 2(b), in the case of centre arrest, the formula for calculating the arresting force is:

Farmst = TL Cos IBh + TR Cos ﬂh
8 S 2)
cos B = ——
/S D
where F,,. is the arresting force of the aircraft, 7} is the left force of the arresting cable, T is the
right force of the arresting cable, T, = T; when centre arresting, and B is the angle between the line of
hook-pulley and the aircraft taxiing direction.

As shown in Fig. 2(c), in the case of yaw arrest, taking right yaw as an example, the formula for
calculating the arresting force is:

thrre.vl = TL Cos (pL + TR COs (pR
o=P—¢,or=Prt¢

Scosg
cos B = 3
V(D + S sin 9)> + (S cos ¢)’
cos iy = Scos ¢

V(D = Ssin )> + (S cos @)’

where ¢ is the yaw angle, ¢, is the angle between the line of hook connecting the pulley on the left
deck and the midpoint of the arresting cable on the deck, and B, is the angle between the line of hook-left
pulley and the aircraft taxiing direction.

2.2 Calculation model of arresting device

To calculate the arresting force, a dynamic model of the arresting device should be established. The
damping force of the arresting device is provided by the energy absorber, and the damping force output
by the energy absorber is related to the movement displacement of the discharge flow control valve, the
area of the oil hole on the valve, and the internal pressure of the accumulator [11]. The working principle
of the energy absorber of the arresting device is shown in Fig. 3.

For a certain arresting system, the output of the force is related to the damper stroke, and the same
elongation of the cable corresponds to the same cable tension [19]. The main differences in the arresting
process in the three cases in Fig. 2 are: There is a difference in the length of the initial cable on the left
and right of the arresting hook, which results in the different extension speeds of the cables from the
left and right pulleys, and finally causes the displacement and speed of the pistons on both sides to be
different. So it can be concluded:

For the case of left off-centre arrest for aircraft, the piston displacement and movement speed are:

V82 4+ (D — AD)* — (D — AD)

N

VS2 + (D + AD)* — (D + AD)

N )

SrL =

rR —
S

VrL = v
N+/S? + (D — AD)?

S

v
N+/§* 4+ (D + AD)’

ViR =
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where S,; is the displacement of the left piston, S, is the displacement of the right piston, v,; is the speed

of the left piston, and v, is the speed of the left piston.

For the case of symmetrical arrest, the piston displacement and movement speed are:

_J/$+D’-D
- N
S

—V
N/ §? 4+ D?

S.d

v, =

®)

where N is the number of movable pulleys in the movable pulley group, S,d is the displacement of

the piston, and v is the speed of the aircraft.

For the case of right yaw of the aircraft, the piston displacement and movement speed are:

V(D + Ssinp)> + (Scos 9)> —D
SrL =
N
V(D = Ssing)’ + (Scos p)> —D
SrR =
N
v COS ¢,
Vi =
N
V COS Qg
YRETTN

3.0 Lateral dynamics model of the aircraft entering the descent phase

(6)

In this section, the longitudinal movement of the aircraft and the movement characteristics of the deck
are ignored, and three coordinates are used to build the dynamic model: ground axis system (O,x,y,),

the body axis system (O,x,y,) and the air axis system (O,x,y,)-

The movement characteristics of the deck is ignored, and regards the deck coordinate system as the

same as the ground coordinate system.
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Figure 4. Force analysis of aircraft in transverse motion.

The lateral movement of the aircraft is affected by the aerodynamic forces and the engine thrust. In
addition, the inertia forces and the loading model are equally significant. In this paper, the direction of
the aircraft is controlled by the yawing moment. Figure 4 shows the force and moment of aircraft during
the landing phase.

3.1 Aerodynamic force

Due to the vertical movement of the aircraft is ignored, the aerodynamic force consist of the drag Fp,
side force F and yawing moment M,. The forces and moments are described respectively in the air
axis system (O,x,y,) and the body axis system (O,x,y,). The expressions of force and moment are as
follows:

1 2
FD = zpaVaSwCD

1
Fc = E'O"VZSWCC (7)

1
M). = EpanSwCyb
where p, is the air density and V,, is the aerodynamic velocity. §,, is the wing area, b is the wingspan,
and c is the mean aerodynamic chord. Cp, C and Cy are the aerodynamic coefficients. These coefficients
are corresponding to the angle-of-attack o and the sideslip angle 8. The aerodynamic angles can be
calculated as:

Wa
o = arctan —

U,
v
B =arctan ——— (8)
u? 4 w?

where u,, v, and w, are the components of aerodynamic velocity in the body axis system (O,x,y;).
The force generated by the rudder is calculated in O,x,y,

1
Cér = Epavjsrcrr]r(srn (9)
The corresponding moment can be expressed in O,x,y,:

Yﬁr = _C5rL8r (10)
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where S,a is the rudder area and 7, is the efficiency of the rudder. §, is the control angle of deflection
and C, is the side force coefficient of the rudder. L;, is the perpendicular distance between the force point
on the rudder and the centre of gravity of the aircraft.

3.2 Dynamic equations of the aircraft

Before establishing the dynamic model, aerodynamic forces are converted to the body axis system. The
direction of the force F, is positive along O,x, and F, is positive along O,y,. The direction of the M, is
positive around O,x;,. The expressions are as follows:

F.=—Fpcos B —(Fc+ Cs,)sin 8
Fy=—Fpsin B + (F¢ + Cs,) cos B (11)
Mz :My + Yb‘r

This study focuses on the lateral movement of carrier-based aircraft during landing process, which is
considered as planar. The rolling, pitching and vertical dynamics are neglected. And the displacement
along the O,x, is also not account into the analysis of the landing safety boundary. Therefore, a3-DOF
(five-dimensional) dynamic model is simplified to the following format:

v=r

Pyzusinl/f—i—vsinw

uw=rv+F,/m 12)
v=—ru+F,/m

r=M._/I,

where r represent the yaw angle, P, represent the lateral displacement which is defined as along the
0,y,, mis the quality of the aircraft, I, is the moment of inertia around the O,z, axis, u is the longitudinal
velocity, v is the lateral velocity and r is the angular velocity in yaw.

3.3 The particular H-J PDE for the viability

In order to obtain the safe boundary of the dynamic system, reachability theory is an effective method.
According to Lygero‘s description [14], a continuous time control system is considered:

x=f(x,u) (13)

where xe Ce R, uc U eR", f(-,):R" x U— R" and C is the permissible state set determined by the
system.

The viability is the set of states [20], which can remain in set C for time ¢ — T under permissible
control, as shown in Fig. 5.

In this study, if the initial landing state is inside the unsafe set O, no control law can be adopted to
make the aircraft remain in the target set. The description of the viability by set is as follows:

Viab(t, C) = {x e R" 13UVt € [t, T],x = o(z, £, x, u( - )) € S} (14)

where x = ¢(7, , x, u( - )) are the trajectories of the system and U is the permissible input.

The calculation of the controllable sets has been extensively studied in the last 20 years. A com-
pelling method that involves a time-dependent H-J PDE is proposed. The method builds up a connection
between viability and the SUPMIN optimal control problem.

Assume that the set C can be represented by a zero-level set of a continuous directional distance func-
tion: :R" — R by C = {x € R" |I(x) > 0}, the controllable set can be obtained by solving the following
partial differential equations:

v
5, 1)+ min {0, 57} =0 (15)
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where V(x, ) = I(x), [(x) is the direction distance function of set C. The expression of the controllable
set is as follows:
S=Viab(0,C)={xeR"|V(x,0)> 0} (16)

In this paper, direction distance function I(x) is defined as
l(-x) = min {Wmax - 1//9 W - 1/fmins Dymax - Dys Dy - D_vmin}

{umax — U, U — Upmins Vmax — V>V = Vmins Fmax — 77" — rmin} (17)
Hamiltonian is defined as:
H* =supp” - f(x,u) =i\ + pD, + psit + pav + psi (18)
uelU

where p,(i=1, 2,3, 4,5) is the spatial derivative of the state value for each dimension.

p=VV(x) (19)

Obviously, the analytic solution to the PDE of high dimensions is difficult to obtain. So, a numeri-
cal level set tools developed by Mitchell [12] are employed to obtain the viability of five-dimensional
model. The tools are based on algorithms proposed by Osher and Fedkiw [21]. The optimal control cor-

responding to the maximum controllably set can be solved by equation (20). The value of ©* maximise
the Hamiltonian on the certain state:

u* =argsup H* (20)

uelU

4.0 The safety boundary of arresting and rolling
4.1 Off-centre and yaw arrest matching envelope

After the aircraft touches down the carrier, the hook engages with the arresting cable and starts to slow
down under the action of the arresting device, and the arresting trajectory should be along a part of
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the inclined deck on the carrier [22]. Since the direction of movement of the carrier-based aircraft is

uncontrollable during the arresting, if the yaw angle or off-centre distance of the aircraft is too large

before the arresting, the aircraft may impact the both sides of the blocking runway or parked aircraft on

the deck. Figure 6 is the schematic diagram of the arresting and rolling process of carrier-based aircraft.
As shown in Fig. 6, it can be obtained:

{ Bdeck = Ba + 2BT

21
Steck =d + Ax; + Axy + Axz + S5, + S, + S

where B, is the width of the landing runway, B, is the wingspan of the aircraft, B; is the distance
between the aircraft wingtip and the safety boundary, S, is the length of runway, d is the length of
landing zone, Ax; + Ax, + Ax; is the length of the arresting zone, S, is the length of the deceleration
zone, S, is the length of the revolving zone and S is the length of the reserve zone.

In this section, it is assuming that B, = 34m, B, = 14m and By = 10m. At the end of the arresting,
if the By <0 when the aircraft is stop, the aircraft will rush out of the safe landing zone, and the accident
may occur.

In this section, taking the lateral displacement of the carrier-based aircraft after being stopped by the
arresting device as the research objective, the dynamic model of the aircraft arresting and rolling was
established. Then taking the different landing speed v,, yaw angle ¢ and off-centre distance D, of the
carrier aircraft as input parameters to perform batch simulation [23]. Monitor the value of By in real
time during the process, and judge the critical operating conditions that exceed the safety cordon after
the carrier-based aircraft stop. When B is greater than Om, it means that the aircraft is stopped in the
safe area, the input parameter constraint range as follows

v, =[40,65], A, =1m/s
D,=[—-12,12] Ap =1m (22)

0=[—10,10] A,=1°

In the simulation results, the parameters satisfying By greater than Om are extracted, and the three-
dimensional representation diagram is drawn as shown in Fig. 7. In order to show the relationship
between off-centre distance and yaw angle clearly, the 3D representation map is sliced at the landing
speed of 55m/s, and the 2D projection map is obtained as shown in Fig. 8.

As shown in Fig. 7, the yaw angle and off-centre distance have a great impact on the arresting
safety boundary of aircraft, while the landing speed has relatively little influence. As the landing speed
increases, the range of the off-centre and yaw angle matching envelope gradually decreases. It means
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Figure 8. Projection of arresting horizontal security boundaries.

that the greater the landing speed of the carrier-based aircraft, the smaller the off-centre and yaw range
that allow safe arresting during the interception process.

As shown in Fig. 8, the lateral dynamics safety boundary matching envelope of the aircraft arresting is
centrally symmetrical. When the landing speed is 55m/s, the maximum safe yaw angle range is (—6.2°~
+ 6.2°), and the maximum safe eccentric distance range is (—9.8m~ + 9.8m). It can be seen that if the
carrier-based aircraft’s yaw angle and off-centre distance are within the above range (Fig. 7), the aircraft
can remain within the safe boundary after stopping and will not collide with the island or aircraft on
both sides of the deck. This conclusion is similar to literature [11], which proves that the conclusion is
accurate to some extent.

In order to verify the accuracy of the safety envelope obtained above, three representative key points
are extracted from the obtained lateral dynamic safety boundary of arresting as parameters for the arrest-
ing dynamic simulation of carrier-based aircraft. The result as shown in Fig. 6, selected points are
Point A(0°, Om), Point B(6.2°,0m) and Point C(0°,9.8m). The selected three key points are taken as
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Figure 10. Curve of arresting acceleration—time.

parameters and brought into the carrier-based aircraft arresting dynamics model. The arresting force,
acceleration, lateral displacement and velocity curve of the carrier-based aircraft during the arresting
process are obtained, respectively, as shown in Figs. 9-12.

As shown in Fig. 9, at the time of 1.6s, the arresting force of aircraft reaches the maximum value.
The maximum arresting force of Point B is 953.4KN, which is slightly greater than Point A(840.8KN).
The maximum arresting force of Point C is 1018.6KN, which is greater than Point A and Point B. Due
to the off-centre distance and the yaw angle of the aircraft are O under the condition Point A, it can be
concluded that the existence of off-centre distance and yaw angle will increase the arresting force, and
the arresting force is the smallest when the carrier-based aircraft is in symmetrical arresting.

Figure 10 shows the acceleration variation curve of carrier-based aircraft during arresting under the
selected key point conditions. As shown in Fig. 10, the change trend of the acceleration is consistent with
the change trend of the arresting force, but in the opposite direction. At the time of 1.6s, the arresting
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acceleration of the three points reaches the maximum. The maximum acceleration of Point A is —33m/s?,
Point B is —34m/s* and Point C is —41m/s”.

Figure 11 shows the curve of lateral displacement of carrier-based aircraft during arresting under the
selected key point conditions. As shown in Fig. 11, the lateral displacement of carrier-based aircraft is
equal to the off-centre distance in the conditions of Point A and Point C, the reason is that the yaw angle
of aircraft is 0°. So the lateral displacement of Point A is Om, and the lateral displacement of Point C
is 9.8m. Under the condition of Point B, due to the existence of yaw angle, the lateral displacement of
aircraft increases with time, and the maximum lateral displacement is 9.95 m at the end of arrest.

Figure 12 shows the curve of speed change of carrier-based aircraft during arresting under the selected
key point conditions. It can be seen from the simulation results that the change trend of the deceleration
curve of the aircraft at the three boundary points is similar. Under working condition Point C, due to the
larger arresting force, its deceleration trend is slightly larger than Point A and Point B.
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Figure 13. Influence of engine thrust on arresting lateral safety boundary.

Through the above analysis, it can be seen that three key points are selected in the above off-centre
and yaw matching envelope for simulation. Under the key point conditions in the safety boundary, the
carrier-based aircraft successfully realises the arresting and stopping, and the lateral displacement of
the arresting process does not exceed the safety boundary, which proves that the obtained lateral safety
boundary of arresting is reliable to some extent.

4.2 Influence of landing parameters on safe boundary of arresting

When the carrier-based aircraft is landing arresting, once the arresting hook is engaged with the arresting
cable upon landing on the carrier, the pilot cannot control the arresting process. Typically, during this
process, the pilot is required to control the engine thrust of the carrier-based aircraft to at least 40% of
the aircraft weight [24] in order to be able to complete the re-flight operation after the arresting fails.
According to the description in Reference [24], the weight of the aircraft is the key parameter affecting
the arresting. Therefore, in order to study the influence of engine thrust and weight of the aircraft on
the safety boundary of arresting taxiing, in this section, the original quality of carrier aircraft M =
22680kg, and G = Mg = 226800N. Different engine thrust and weight are selected for batch simulation.
The engine thrust is taken as 40%G, 80%G and 120%G respectively, where G represents the weight of
carrier-based aircraft. It is worth mentioning that the engine thrust depends on the weight of the carrier-
based aircraft, when the weight of the aircraft is changed, the engine thrust also changes accordingly.

The simulation results are shown in Figs. 13 and 14.

As shown in Fig. 13, the change of engine thrust has an effect on the safety boundary of aircraft
arresting, but the effect is small. The change of engine thrust will not change the maximum yaw angle of
the safety boundary. The maximum range of off-centre distance decreases from 6.6 m to 6.4 m with the
increase of the engine thrust from 40%G to 80%G, the area enclosed by the safety boundary increases by
1.1%, which means the safety boundary increases by 1.1%. When the engine thrust increases to 120%G,
the safety boundary increases by 1.6%. According to the result in Fig. 14, the safe boundary has great
influence under the change of aircraft weight. The reason is that with the change of aircraft weight, in
order to ensure the well aerodynamic characteristics, engine thrust will change accordingly.

With the decrease of the weight of the carrier-based aircraft, the maximum yaw angle range of the
safety boundary will not change, but the maximum safety off-centre distance decreases with the increase
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Figure 14. Influence of aircraft quality on arresting lateral safety boundary.

of the weight. When the quality of the aircraft is 0.5M, the maximum safety off-centre distance is 7.4m.
The quality is M, the maximum safety off-centre distance is 6.6m and the safety boundary range increases
by 9.2%. When the quality of the carrier-based aircraft is 1.5M, the maximum safety off-centre distance
is 6.4m, and the safety boundary range increases by 10.7%.

4.3 Influence of landing parameters on the safety of arresting

In this section, a method for defining the safety evaluation index of the carrier-based aircraft arresting
is proposed based on the lateral dynamic safety matching envelope in the above study, which lays the
foundation for in-depth analysis of the influence of relevant parameters on the safety of the arresting and
obtaining the parameter combination with the highest safety in the arresting.

4.4 Safety evaluation index of arresting

Through the above analysis, it can be seen that the lateral dynamic safety boundary of the carrier-based
aircraft during the arresting is affected by the engine thrust and weight of the carrier-based aircraft.
Considering the actual situation of the aircraft arresting process, it is defined that the smaller the lateral
displacement of the carrier-based aircraft at the end of the arresting taxiing, the higher the arresting
safety.

According to GJIB67.4A3.1.19 [25], the various variables of carrier-based aircraft landing arrest are
determined in a certain form of distribution, in which the aircraft longitudinal speed, yaw angle and
off-centre distance are determined by Gaussian distribution function. Therefore, the value evaluation
index of the aircraft during the arresting phase is defined by:

0=

1
‘R sts
5 Koo -

Xsys = {thDy’ (P}

where Q; is the value of each parameter combination, which is based on the three parameters of Xj,.
ﬁ is the reference value for the current state and indicates that the smaller the lateral displacement
of the carrier-based aircraft, the higher the value. The longitudinal velocity, yaw angle and off-centre
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Figure 15. The variation trend of transverse safety of arresting under the influence of two-parameters.

distance of the aircraft are taken into Gauss function, and the cumulative product is taken as the value
weight of the current state. The sum of values of all states within the safety boundary is used as the
evaluation index of aircraft arresting safety.

4.5 Change rule of safety of arresting under the influence of two parameters

In the parameter range of formula (22), the simulation is carried out according to formula (23) of the
value function, and the state value obtained by the simulation is processed to obtain the two-dimensional
density map that reflects the safety value of arresting, as shown in Fig. 15.

As shown in Fig. 15, the safety of arresting decreases with the increase of engine thrust when the
landing weight of the carrier-based aircraft is determined. And the safety of arresting decreases with the
increase of engine thrust when the weight of the aircraft is determined.

It can be concluded that the engine thrust and landing quality should be minimised within the allow-
able range in order to ensure that the arresting and sliding process of shipborne aircraft does not exceed
the lateral safety boundary. The smaller the thrust of the engine and the smaller the quality, the more
conducive to improving the safety of the arresting.

5.0 Study on safe set of carrier-based aircraft landing process

Considering that the carrier aircraft should re-take-off in time after the arresting failure, set the longitu-
dinal speed to 55m/s, engine thrust to 0.4Mg, weight of the aircraft to M, and the representation diagram
about the lateral safety boundary of the carrier-based aircraft is depicted in Fig. 16. It means that the
arresting taxiing of aircraft is safe when the yaw angle and off-centre distance are in the red envelope
range.

However, the landing process of the carrier-based aircraft will always be affected by the wake and the
sway of ship, even under the control of the landing guidance system, it is difficult to achieve fixed-point
landing. Considering the solution calculation below ignore the influence of turbulence disturbance and
carrier sway, the actual arresting safety boundary should be smaller than the red envelope in Fig. 16.
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Figure 16. The lateral security boundary of arresting and the landing target area.

At the same time, in order to facilitate the calculation of the reachable set, this section selects the largest
rectangle inscribed the red safety envelope, which is the arresting rectangle envelope in the Fig. 16 as
the target set K of aircraft landing motion. The specific value are:

Cr= {(w, Py, u,v,r) ‘—3.1° < <3.1° =5.15m < P, < 5.15m,
40m/u < 65m/s, —30m/s <v <30m/s, —30° /s < r < 30°/s} 24)

where i is the yaw angle, which corresponding the yaw angle ¢ of arresting, P, is the lateral
displacement, which corresponding the off-centre distance D, of arresting.

Due to the high dimension and limited computing performance, the number of grids cannot be too
large. The computing domain is divided into 25%13%23x11x11 grids. In order to ensure the stability of
numerical calculation, Hamiltonian is approximated numerically by global Lax—Friedrichs dissipation.
Spatial derivative is calculated on a fifth-order weighted essentially no-noscillatory approximation. The
partial differential equation is solved backward in time by the odeCFL3 integrator, which balances the
work and the accuracy.

5.1 Results of landing lateral safe set

In order to visualise the safety boundary, high-dimensional results need to be sliced. Figure 17 shows the
safety boundary of the other three dimensions when the initial lateral velocity and yaw angular velocity
are 0. Axis of x, y, z represent yaw angle, lateral displacement and longitudinal velocity, respectively.

As shown in Fig. 17, under the optimal control input of rudder, the lateral safety boundary of carrier-
based aircraft during landing is centrally symmetric, and its lateral displacement and yaw angle range
decreases with the increase of longitudinal speed. When the longitudinal speed is 40 m/s, the maximum
safe yaw angle is +1.13°, and the safe lateral displacement is +4.58 m. When the longitudinal speed is
64 m/s, the maximum safe yaw angle is £0.77°, and the lateral displacement distance is +4.58 m. When
the longitudinal speed is 55m/s, the two-dimensional safety boundary is obtained by slicing Fig. 17, as
shown in Fig. 18. The maximum safe yaw angle is +-0.9°, and the safe lateral displacement distance is
+4.6 m. When the carrier-based aircraft landing at a longitudinal speed of 55m/s, keep the yaw angle
in the range of (—0.9°~ + 0.9°), and the lateral displacement in the range of (—4.6m~ + 4.6m), the
carrier-based aircraft can successfully reach the target set under the optimal control of the rudder, and
complete the arresting safely.
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5.2 Analysis of the influence of parameters on safe set

In this section, the engine thrust 7 and quality of the carrier-based aircraft M in the landing phase are
selected as the parameters to analyse the influence of its change on the lateral safe set.

5.2.1 The influence of engine thrust
Figure 19 shows the calculation results of the safe set under the original engine thrust 7" and 140% T.
Figure 20 is the two-dimensional envelope curve under the longitudinal speed is 55 m/s.
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Figure 20. Safety boundary section when longitudinal speed is 55m/s.

It can be concluded that when the longitudinal speed is 55 m/s, the increase of engine thrust by 40%
reduces the maximum safe yaw angle of aircraft from 0.9° to 0.87°, and reduces the safe boundary
range by 4.2%. When the engine thrust increases to 80%), the maximum safety yaw angle of the aircraft
decreases from 0.87° to 0.86°, and the safety boundary range decreases by 5.5%. It can be seen that
the carrier-based aircraft cannot blindly increase the engine thrust during the landing glide process.
Increasing the engine thrust will reduce the lateral safety boundary, thereby reducing the safety of the
landing arrest.

https://doi.org/10.1017/aer.2022.1 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2022.1

The Aeronautical Journal 1613

The original quality
I

Quality increased by 50%
65 —
60
55
~—
%)
~
E w0
=
45
40
=5 s
0 -1
D,(m
(9
Figure 21. Lateral safety boundary of landing glide process under the influence of different aircraft
quality.
5r The original quality
Quality increased by 40%
Quality increased by §0%
25r 1
T
~ 1
|45 1
E 0F 1
— /
> !
a !
-5 3l
=25t ==
06 07 08 09
\;>
\
k2
5 _ J

®(9

Figure 22. Safety boundary section when longitudinal speed is 55m/s.

5.2.2 Influence of aircraft quality
Figures 21 and 22 show the safe set of the original quality of aircraft, quality increase of 40% and quality
increase of 80%, respectively.

It should be pointed out that when the quality of the carrier-based aircraft is changed, engine thrust
should be guaranteed to be 40% of carrier aircraft quality. With the increase of the landing quality, the
engine thrust will also increase accordingly.

As shown in the Figs. 21 and 22, the maximum safety yaw angle decreases from 0.9° to 0.86°
with the quality of the carrier-based aircraft increases, and the lateral safety boundary range decreases
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by 2.8%. When the quality of the carrier-based aircraft increases by 80%, the maximum safety yaw
angle decreases from 0.9° to 0.83°, and the lateral safety boundary range decreases by 3.7%, showing a
decreasing trend.

6.0 Conclusion

The research in this study aims at the safety problems caused by the limited landing space of the carrier
deck in the process of aircraft landing arresting. By establishing the dynamic model of arresting taxiing
of carrier-based aircraft, the lateral safety boundary of deck arresting is obtained based on batch simu-
lation. On this basis, the lateral safe flight area during the landing glide is inversely deduced based on
the specific Hamilton-Jacobi partial differential equation in the reachable set theory. Subsequently, the
influence of key parameters on set set is analysed, and some important conclusions are summarised as
follows:

1. The dynamic model of the arresting of carrier-based aircraft is established. With the help of
batch simulation method, the lateral dynamic safety envelope of aircraft in arresting and sliding
is defined, and the influence of landing parameters on safety envelope is analysed. The results
show that with the increase of engine thrust and landing quality, the lateral safety boundary of
arresting on the deck decreases.

2. The boundary points on the safety boundary on the deck are extracted, and the dynamic charac-
teristics of the arresting process of the aircraft at the boundary points of the safety boundary are
analysed. The results show that the obtained state quantities in the safety boundary can realise
the safe arrest of the carrier aircraft.

3. Based on the obtained lateral dynamic safety envelope of arresting taxiing, the target set of
the landing stage of carrier-based aircraft is reasonably defined, and the lateral dynamic safety
boundary of the landing stage of aircraft is obtained by the method of reachable set. The influ-
ence of key parameters on aircraft safety envelope is studied. The results show that based on the
optimal control rate of rudder, the lateral safety envelope of carrier-based aircraft in the landing
guidance phase decreases with the increase of engine thrust and landing quality.

In this study, a dynamic safety analysis method for the safety of landing arrest is proposed. The
research results are of great significance for the improvement of the landing and arresting safety of
aircraft, which can provide theoretical guidance and technical reserves for subsequent related research.
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