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,e paper presents a prediction method of deck lateral-directional motion for the control of landing trajectory of aircraft. Firstly,
through the analysis of the process of aircraft returning to the ship, the modeling of the motion has been built. Secondly, in view of
the delay of trajectory tracking captured in the actual process of aircraft landing on the ship, the error caused by the carrier motion
signal has been analyzed. Based on the simulation results, the recommended prediction time of carrier motion has been proposed.

1. Introduction

Aircraft carrier is the most powerful weapon in the world.
,e length of aircraft carrier landing area is equivalent to
one-tenth of airport on land. It is very difficult for the aircraft
to land on the flight deck of carrier for some factors, such as
deck movement and airflow interference.

When the fixed-wing carrier aircraft is landing on the
flight deck of carrier with six-degree-of-freedom movement,
the real-time tracking of deck motion is required to reduce
the terminal error. During the track control process of the
carrier aircraft tracking deck movement, there is an inevi-
table response delay, which causes the approach deviation.
Aircraft carrier deck motion prediction is one of the most
efficient ways to reduce the deviation and to improve the
accuracy of landing. By providing the predicted deck motion
information for the carrier aircraft, the error caused by the
response delay can be compensated.

,e realization of the aircraft carrier deck motion
forecast is mainly based on the current deck movement and
historical movement. ,e deck movement can be predicted
in the next few seconds. A longer prediction time will result
in a greater deviation of the prediction. While a too short
prediction time is not enough to compensate for the re-
sponse delay of the aircraft during the track control process.

,is paper analyzed the relationship between the deck
prediction time and the tracking accuracy by modeling
F-18A landing motion and simulating the transverse
heading motion, and the best timing of aircraft carrier deck
transverse motion prediction is also studied.

2. Descriptionof theShipboardLandingProcess

Usually, the fixed-wing carrier aircraft approach process is
carried out following the “five-sided track-shaped” route, as
shown in Figure 1, which is described as follows:

(1) Firstly the aircraft keeps the formation, puts down
the arresting hook, and then flies over the end of the
aircraft carrier or the starboard, at a constant flight
speed and height.

(2) After the aircraft formation flies straightly along the
aircraft carrier axis for a short time, the aircrafts
disperse from the formation to the port side with a
fixed interval.

(3) When the 180° turn is accomplished, the aircraft flies
along the axe of aircraft carrier but against the di-
rection of carrier motion.,e pilot checks the weight
of aircraft to confirm that it is less than themaximum
weight.
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(4) ,e carrier aircraft flies over the port side of the aircraft
carrier and then makes another 180° turn and flies to
the rear of the extension line of the centerline of bevel
deck to intercept the glide path entrance, while keeping
the flight speed and height during this process.

(5) When the carrier aircraft enters the glide path man-
ually, the pilot controls the aircraft to land on the ship
by using the isometric sliding technique, under the
guidance of the optical assist system and the landing
signal officer (LSO). During the landing, the path
angle and the flight airspeed remain unchanged, and
the engine is maintained at the military rated power
state in case of increasing the thrust for go-around.

(6) ,e aircraft flies over the tail section of the aircraft
carrier and continues to descend. ,e main landing
gear tires to touch the deck, and the tail hook hangs
one arresting gear cable. ,e aircraft slides an de-
celerated under the effect of arresting gear cable. If
the tail hook misses all the arresting gear cables, the
pilot must increase the throttle, go around, and then
reland on the ship [1–5].

Figure 1 depicts the general process of landing for an
aircraft by using a beveled deck, a constant angle of attack, and
an optical assisted downslide. For different carrier aircrafts,

the parameters of the glide path may not the same. Step (5) in
the above process is the key process for the success of the
aircraft landing. ,e process is shown in Figure 2.

In Figure 2, IM (in the middle) is the midpoint of the
glide slope; IC (in close) is the point which is close to the
glide slope. ,e carrier aircraft decides whether to continue
to enter the ship or to go-around at this point. AR (at the
ramp) is the end of the deck, and the height of the lowest
point of the tail hook should be about 1 meter.

3. Modeling of Landing Process

,e models for carrier-based aircraft landing include the
aircraft carrier deck motion model, the carrier aircraft dy-
namics model, the aircraft carrier Landing Aid System
model, and the carrier aircraft pilot control model (or the
automatic controller model). ,e relationship between these
models is shown in Figure 3. ,e motion information of the
aircraft carrier and the aircraft are transmitted to the landing
aid system model in order to output a deviation which
requires compensation.,e deviation is in the same time the
input of the pilot control model or the automatic controller
model. ,e movement of the aircraft carrier is tracked by
eliminating the deviation caused by the movement of the
aircraft carrier [6–10].

put down the landing gear

escape to overshoot

check before landing

enter the glide path

disperse from the formation

fly over the aircraft carrier, puts
down the arresting hook

Figure 1: ,e process of carrier aircraft entering the ship.

2 Mathematical Problems in Engineering



3.1.AircraftCarrierDeckMotionModeling. ,e 6-degree-of-
freedom aircraft carrier deck motion model mainly includes
the navigational motion and the 6-degree-of-freedom dis-
turbance under the action of the ocean waves, It is generally
considered that the 6-degree-of-freedom movement of the
aircraft carrier deck satisfies the stationary stochastic process
and can be described by stochastic process theory [11].

,e literatures [11–13] give the motion spectrum curve
of a certain aircraft carrier under certain sea conditions.
Equations (1) to (4) give the transfer function of the aircraft
carrier motion relative to white noise used in this paper.
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3.2. Carrier Aircraft Dynamics Modeling. ,e main coor-
dinate systems in this study include the inertial reference
system, the bevel deck coordinate system, the aircraft body
coordinate system, and the airflow coordinate system. All
coordinate systems are right-handed.

Assuming that the Earth is stationary in the inertial
space, ignoring the curvature of the Earth, and the F-18A
carrier aircraft is a symmetrical rigid-body. With the above
assumptions, the inertia products Ixy and Iyz are both
considered as zero. In the body coordinate system, the
complete motion equations of the carrier aircraft entering
the ship are as shown in equations (5)∼(7), where (5) is the
centroid dynamic equation equations, (6) is the rotational
dynamics equations, and (7) is the rotational kinematics
equations [14].

entrance of the glide path

suitable glide path

ideal landing point

IM IC

AR

Figure 2: Shipboard aircraft entering glideslope

Aircra� carrier
deck motion

model

Landing Aid
System

Automatic
controller
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Pilot control
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Carrier aircra�

Figure 3: Models for the aircraft carrier landing.
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,e abovementioned nonlinear motion equations of
the carrier aircraft include eight equations, in which there
are eight state variables, so the equations are closed. ,e
state variables are [V, α, β, p, q, r, φ, θ] corresponding to
velocity, angle of attack, side slip angle, roll angular ve-
locity, pitch angular velocity, yaw angular velocity, roll
angle, and pitch angle. [X, Y, Z] represents the three-axis
controllable force of the aircraft, and [L, M, N] represents
the three-axis controllable torque of the aircraft. ,e
controllable force of the aircraft can be calculated by the
formula (8), and [L, D, C] represents the three-axis
aerodynamic force of the aircraft, i.e., lift, drag, and side
force.

X � −D cos α cos β − C cos α sin β + L sin α + T cos ϕ,

Y � −D sin β + C cos β,

Z � −D sin α cos β − C sin α sin β − L cos α − T sin ϕ.

⎧⎪⎪⎨

⎪⎪⎩

(8)

Since a and ß are small enough during the aircraft-
entering process, it is reasonable to take the approximation
that sin α ≈ α, cos α ≈ 1, sin β ≈ β, and cos β ≈ 1. More-
over, in the actual calculation, as |β|max < 0.5∘, formula (8)
can be further simplified to the centroid dynamics equation,
as follows:
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,us, the controllable force equations are

X � −D + Lα + T,

Y � C,

Z � −Dα − L.

⎧⎪⎪⎨
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3.3. Design of the LandingAid System on theCarrier. ,e role
of the aircraft carrier landing aid system is to combine the
data of the aircraft carrier motion and the flight state of the
aircraft in order to obtain the command deviation that needs
to be compensated for the safe landing. ,en, the command
signal is inputted to the automatic ship controller or pilot for
further operations of aircraft and for compensating the
deviations [15–20].

3.4. Design of Pilot Control Model for Carrier Aircraft.
Manual control model during the aircraft entering the ship is
designed in this section.,e role of the pilot control is to give
the required command roll angle based on the command
deviation and manipulate the aircraft for the corresponding
maneuver. ,e difference is that the manually control is
limited by the psychological and physiological conditions of
the pilot, and the structural form and parameter values have
certain limits. ,e deviation compensation circuit under
pilot control is shown in Figure 4.

,e classic pilot model contains three parts: time delay,
gain and phase compensation, and neuromuscular lag.
Experiments show that the minimum response time of
humans to external stimuli increases with the stimulation
frequency, and the delay phase increases linearly. ,erefore,
the delay link can be used to characterize the pilot’s char-
acteristics. In other words, the pilot’s reaction time delay can
be described by the delay link. Limited by physiological
conditions, the delay time for the brain to respond to visual
input information is approximately 0.15 seconds. Gain and
phase compensation is described by pilot gain and lead-lag
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networks. ,e neuromuscular system is equivalent to the
actuator of the control system.When the muscle receives the
motion command from the brain, the muscle fiber contracts
asynchronously, presenting exponential response charac-
teristic of time domain due to inertia.,e inertial link can be
used to approximate the pilot’s neuromuscular hysteresis
characteristics. ,e time constant of inertial link is usually
taken as 0.1 to 0.2 seconds.

Delay in response time and neuromuscular lag are in-
herent characteristics of human beings and are uncontrol-
lable. ,e classic McRuer pilot model combines these two
features into a delay link when they are used for flight quality
evaluation, with an equivalent time parameter of 0.3 sec-
onds. ,erefore, the basic form of the McRuer model can be
expressed as

Yp(s) � Kee
−τdsTLs + 1

TIs + 1
. (11)

where τd represents the pilot’s maneuver delay, Ke is the
pilot’s gain, and TL andTI are the pilot’s lead and lag
compensation time constant. When the inner loop is closed,
the corner frequency of the outer loop is about 1/4 of the
inner loop.

Bode diagram shown in Figure 5 is used for parameter
adjustment. Considering the human’s physiological and
psychological constraints, the values of parameters in the
final pilot model are Ke � 0.008; τd � 0.1 s; TL � 6 s; and
TI � 0.65 s.

Guide tracking is performed using a 0.1Hz command
compensation signal, and the tracking curve is shown in
Figure 6.

It can be inferred from Figure 6 that, within the allowable
range of the aircraft’s operation, the response offset cannot
fully track the upper command offset, and there will be a
time delay of about 2 s∼3 s. ,e curves of the roll angle and
the aileron declination angle are shown in Figures 7 and 8.

3.5. Design of Carrier Aircraft Automatic Controller Model.
During the approaching of the carrier aircraft, the 6-degree-
of-freedom disturbance of the aircraft carrier, especially the
yawing motion, will shift the glide slope. In order to make
the carrier aircraft enter the ship safely and reduce the
deviation, it is necessary to ensure that the downward
trajectory of aircraft is centered with the beveled deck
centerline: the aircraft needs to land on the ship along the
glide slope. ,erefore, it is necessary to compensate the
deviation caused by the movement of the aircraft carrier.

Figure 9 shows the compensation of deviation of the
transverse direction to the aircraft carrier. Due to the 6-

degree-of-freedom disturbance of the aircraft carrier, the
centerline of the beveled deck has a certain angular offset.
,e carrier aircraft needs to operate accordingly, so that the
landing trajectory is centered with the centerline of the
beveled deck, and the corresponding compensation Ycmd is

Ycmd � |OC| × tan(ψ), (12)

where OC is the distance from the carrier aircraft to the
target deck of the aircraft carrier deck and ψ is the

Aircra� inner loop
control model g/s2

Ycmd ϕcmd ϕ Y
Human pilot

Figure 4: Deviation compensation loop under pilot control model.
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declination angle of the centerline of the beveled deck. ,e
coordinate transformation matrix TIS � (TSI)T is used to
convert the coordinates of the two points on the centerline of
the bevel deck into the inertial reference frame. An off-angle
to the centerline of the beveled deck in the inertial reference
frame can be obtained, which is the declination angle of the
centerline of the beveled deck. ,e automatic approach
mode is used in this section to design the controller in the
process of automatic approach. It is required that the au-
tomaton can obtain the corresponding command roll angle
based on the required command deviation. Using the cor-
responding command roll angle as the input of the aircraft
inner loop control system, the corresponding compensation
deviation is finally obtained. ,e deviation compensation
loop under automaker control is shown in Figure 10.

In the lateral displacement control of the carrier aircraft,
the transfer function between the roll angle and the lateral
displacement is G� g/s2. From the phase analysis, the
transfer function is a phase lag link, so the designed auto-
matic approach controller needs to have a phase lead
function. In summary, the automaton takes the form of a
transfer function as follows:

Gk(s) � kk

1 + akTks

1 + Tks
. (13)

,e parameters in equation (13) can be adjusted by using
the Bode diagram shown in Figure 11 so that the condition
that the corner frequency of the outer loop is less than 1/4 of
the inner loop can be met. With the above process, the
resulting parameter values are kk � 0.015; ak � 8; and
Tk � 0.3 s.

,e guide tracking is still performed with a 0.1Hz
command compensation signal. ,e tracking curve is shown
in Figure 12.

,e change of the lateral side track of the carrier aircraft
is obtained after the roll angle is integrated twice, so there is a
delay in time, which belongs to a slow change process. It can
be learned from Figure 12 that although the automata is
designed with advanced compensation characteristics, the
displacement deviation cannot fully track the upper com-
mand offset within the allowable range of the aircraft’s
operation with the existence of a certain time delay. ,e
curves of the aileron deflection angle and roll angle are
shown, respectively, in Figures 13 and 14.

4. Simulation on the Carrier Aircraft
Transverse Motion

Firstly, the actual motion data generated by the aircraft
carrier deck motion simulator is used to simulate the
transverse motion of the carrier aircraft, including the
manual control landing process and the automatic control
landing process.

,en, the aircraft carrier deck motion prediction data is
used to carry out the simulation of the aircraft transverse
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Figure 9: Schematic diagram of compensation deviation.
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direction motion, and the manual control landing process
and the automatic control landing process are both included.

4.1. Simulation of TransverseMotion of Carrier Aircraft Based
on Actual Aircraft Carrier Deck Movement Data. ,e initial
conditions of the simulation are as follows: the approach
speed is 70m/s, the glide slope angle is −3.5°, the initial pitch
angle is 2.71°, the initial angle of attack is 6.21°, the initial roll

angle and yaw angle are both 0°, and and the initial height
deviation is 0m. ,e center deviation is 0m, and the hor-
izontal deviation is 0m.

4.1.1. Simulation of Automatic Control Approach. Under the
above initial conditions, the process of aircraft approach
under the control of the automata is simulated. ,e cal-
culation results are shown, respectively, in Figures 15–19.

It can be seen from the above results that the movement
of the aircraft carrier, especially the yawing motion, will
cause the offset of the ideal glide slope of the ship. ,e latter
which will require the aircraft to perform the corresponding
maneuver to track the ideal glide slope during the landing

Automatic
control model

Aircra� inner loop
control model g/s2

Ycmd ϕcmd ϕ Y

Figure 10: Deviation compensation loop under automatic control model.
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process. ,e curve of the yaw angle during the entire ap-
proach is shown in Figure 15. ,e compensation curve for
the command is shown in Figure 16. ,e yawing angle is
basically changed between [−1, 1] degree. With the variation
of the yawing angle, the deviation that needs to be com-
pensated also changes. Besides, the reduction of distance
from the aircraft carrier deck leads to the decrease of the
deviation that needs to be compensated.

Due to the limitation of aircraft maneuverability, the
trajectory tracking characteristics of the carrier aircraft have
a time delay of 2 s to 3 s, which ultimately results in an
approach deviation of −1.25m.

To sum up the results shown in Figures 17 and 18, the
roll angle of the carrier aircraft has good tracking charac-
teristics under the condition of automatic control of the
aircraft approach. However, due to the limitation of the
maneuverability of the aircraft, its trajectory tracking
characteristics are not good, and an inevitable time delay of
approximately 2 to 3 s is existed.,e final resulting approach
deviation is −1.57m.

4.1.2. Simulation Results with the Manual Control Approach.
In this section, the aircraft approach process under manual
control is simulated with the same conditions in Section
4.1.1. ,e results are shown from Figures 20–24. It can be
seen that the roll angle has good tracking characteristics, but
the tracking of the deviation still has a certain time delay,
which is about 2 to 3 s, eventually leading to a deviation of
−1.25m.

Besides, according to the deflection angle curve of the
aileron in Figure 24, the aileron deflection angle frequency is
high during this process, which indicates that the pilot’s
operating load is high.

4.2. Simulation ofCarrierAircraftTransverseMotionBasedon
the Predicted Aircraft Carrier Motion Data. Firstly, the
prediction technology of the aircraft carrier motion is used
to predict the motion data for a period of time based on the
measured aircraft carrier motion data. ,en, the predicted
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motion data is inputted to the aircraft carrier assist system,
and the effectiveness of data prediction technology in aircraft
approach is verified by simulation.

4.2.1. Simulation with Automatic Control Aircraft Approach
Based on Aircraft Motion Prediction. From the simulation
results in Section 4.1, the tracking compensation of the
aircraft approach trajectory has a time delay of about 2∼3 s.
In this section, the carrier motion data 2 s after prediction is
added to the automatic approach system. ,e results are
shown in Figures 25 and 26. ,e final approach deviation is
0.23m.

4.2.2. Simulation with Manual Control Approach Based on
Prediction. ,e predicted aircraft carrier motion data of 2 s
is added to the manual control approach system. ,e
simulation results are shown in Figures 27 and 28. ,e final
approach deviation is −0.77m.

With the analysis of the results from Figures 25 to 28, it
can be demonstrated that when the aircraft carrier motion
data is predicted, the motion offset of the carrier aircraft can
basically keep up with the command offset.

5. Conclusion

In this paper, the prediction method of aircraft carrier
motion data is studied, and the main conclusions are as
follows:

(1) ,e simulation results of the aircraft landing show
that the rolling angle of the aircraft is trackable, but
the trajectory tracking deviation has a time delay of
about 2∼3 s due to the limitation of the maneuver-
ability of the aircraft itself.

(2) During the aircraft landing, the carrier’s yaw angle
will cause the tracking deviation of aircraft trajec-
tory, so that the pilot must make corresponding
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Figure 26: Offset curve.
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Figure 27: Yaw angle curve.
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Figure 28: Offset curve.
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manipulation of compensation to achieve the pur-
pose of safe landing. During this process, the pilot’s
handling load is high.

(3) Via the prediction of carrier motion data, the sub-
sequent aircraft carrier motion data can be obtained.
,e prediction result during 1∼3 s can basically meet
the requirements. ,e simulation is carried out by
adding the aircraft carrier motion data of 2 s with
prediction to the aircraft landing system, and the
results show that the trajectory tracking effect of the
carrier aircraft is satisfying since the ship’s deviation
decreases.

Data Availability

No data were used to support this study.

Conflicts of Interest

,e authors declare that they have no conflicts of interest.

References

[1] J. M. Urnes and R. K. Hess, “Development of the F/A-18A
automatic carrier landing system,” Journal of Guidance,
Control, and Dynamics, vol. 8, no. 3, pp. 289–295, 1985.

[2] L. Crassidis John, M. D. Joseph, and M. McGrath James,
“Automatic carrier landing system utilizing aircraft sensors,”
Journal of Guidance, Control, and Dynamics, vol. 16, no. 5,
pp. 916–921P, 1993.

[3] R. A. Richards, “Application of multiple artificial intelligence
techniques for an aircraft carrier landing decision support
tool,” in Proceedings of the IEEE International Conference on
Plasma Science, Belfast, UK, March 2002.

[4] J. McCABEM, NAVAIR 00-80T-104 Natops Landing Signal
Officer Manual, Office of the Chief of Naval Operations,
Washington, NJ, USA, 2000.

[5] L. Arthur and J. Christopher, “Flight testing of the F/A-18E/F
automatic carrier landing system,” in Proceedings of the
Aerospace Conference 2001, no. 5, pp. 2593–2612P, Big Sky,
MT, USA, March 2001.

[6] McD. Douglas Corporation, Natops Flight Manual Navy
Model: F/A-18E/F 165533 and up Aircraft. A1-F18EA-NFM-
000, McD. Douglas Corporation, St. Louis, MO, USA, 2001.

[7] Grumman Aerospace Corporation,Natops flight manual navy
model: F-14D.NAVAIR 01-F14AAD-1, Grumman Aerospace
Corporation, Bethpage, NW, USA, 1997.

[8] M. Lone and A. Cooke, “Review of pilot models used in
aircraft flight dynamics,” Aerospace Science and Technology,
vol. 34, no. 1, pp. 55–74, 2014.

[9] R. Hess, “Obtaining multi-loop pursuit-control pilot models
from computer simulation,” in Proceedings of the 45th AIAA
Aerospace Sciences Meeting and Exhibit, Reno, NV, USA,
January 2007.

[10] J. Naish, “Control information in visual flight,” in Proceedings
of the Seventh Annual Conference on Manual Control,
pp. 167–176, Los Angeles, CA, USA, 1971.

[11] J. Peng and C. Jin, “A simplified fitting method for power
spectrum of narrow-width stationary stochastic process,” J].
Beijing: Journal of Aeronautics, vol. 22, no. 3, 2001.

[12] F. D. Powell and T. ,eoclitus, Study of an Automatic Carrier
Landing Environment with the AN/SPN-10 Landing Control

central[R]. AD462348, Elect romagnetic Systems Section, Bell
Aerosystems Company, New York, NY, USA, 1965.

[13] M. SidrM and B. F. Doolin, “On the feasibility of real-tine
prediction ofaircraft carriermotion at sea,” IEEE Transactions
on Automatic Control, vol. 28, no. 3, pp. 350–352, 1983.

[14] Z. Fang, Aircraft Flight Dynamics with Automata, pp. 195–
200, National Defence Industry Press, Beijing, China, 1999.

[15] C. Chen, W.-Q. Tan, X.-J. Qu, and H.-X. Li, “A fuzzy human
pilot model of longitudinal control for a carrier landing task,”
IEEE Transactions on Aerospace and Electronic Systems,
vol. 54, no. 1, pp. 453–466, 2018.

[16] W. W. Johnson and A. V. Phatak, “Modeling the pilot in
visually controlled flight,” IEEE Control Systems Magazine,
vol. 10, no. 5, pp. 24–26, 1990.

[17] D. Schmidt and A. Silk, “Modeling human perception and
estimation of kinematic responses during aircraft landing,” in
Proceedings of the AIAA Guidance, Navigation and Control
Conference, Minneapolis, MN, USA, June 1988.

[18] D. T. McRuer and H. R. Jex, “A review of quasi-linear pilot
models,” IEEE Transactions on Human Factors in Electronics,
vol. 8, no. 3, pp. 231–249, 1967.

[19] D. T. Mcruer and E. S. Krendel, “Mathematical models of
human pilot behavior,” Advisory Group for Aerospace Re-
search & Development, vol. 188, 1974.

[20] D. T. McRuer, D. Graham, and E. S. Krendel, “Human Pilot
Dynamics in Compensatory Systems: ,eory, Models, and
Experiments with Controlled Element and Forcing Function
Variations,” 1965.

Mathematical Problems in Engineering 11


