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Abstract：［Objectives］Aircraft carrier landing is the key part of the whole flight process of carrier-based aircraft,
and the technology design is difficult due to ship motion.［Methods］Based on the extremely short-term prediction
method，this paper develops an aircraft landing simulation. First，based on the traditional extremely short-term
prediction of ship motion，a method is proposed for determining the best prediction method by matching the waveform
of the predicted signal combined with affine transformation. Next，an aircraft carrier landing guidance system is built
on the basis of light beam guidance，and three landing end point errors for measuring the landing guidance system are
presented. Finally，the aircraft carrier landing process is simulated，the errors between ideal approach path and
tracking error of landing aircraft analyzed，and landing end point errors obtained.［Results］It can be seen from the
simulation results that the landing points of aircraft are relatively concentrated，with most located within the scope of
ideal landing points. The end point errors satisfy the requirements of landing guidance system standards.
［Conclusions］The simulation results in this paper offer great reference value for the study of aircraft carrier landing.
Key words： carrier-based aircraft； landing guidance； extremely short-term motion prediction； landing point
distribution；end point errors
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0 Introduction

Aircraft carrier landing technology is an important
guarantee for the combat capability of aircraft carrier
battle groups, and is also a research focus on flight
mechanics and control[1-2]. At present, only a few
countries with aircraft carriers have mastered the
core of this technology, such as the United States,
Britain, France and Russia.

Compared with the land-based landing, aircraft
carrier landing is technically very difficult, due to
the hull motion and the special airflow field around
the flight deck[3– 5]. The pilot must accurately control
the track and keep the carrier-based aircraft engage
with the hull at the predetermined landing points
with appropriate speed, attitude and relative position

so as to safely complete arresting landing[6–7]. At pres⁃
ent, the most widely used landing technology is the
equiangular glide technology. In the final stage of
the landing, the carrier-based aircraft maintains the
same glide track angle, pitch angle, speed and
sinking rate after intercepting the appropriate glide
track until it engages with the flight deck to achieve
the impact landing[8-9]. The advantage of this technol⁃
ogy is that within the most critical 20 s before the
ship is engaged, the pilot only needs to keep the
existing flight state and correct the error caused by
the ship motion and airflow field, thus avoiding
possible errors and dangers brought by complicated
operations[10-11]. The key to the equiangular glide tech⁃
nology is that the pilot must accurately obtain the
glide track and its relative position information. The
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optical landing system based on the Fresnel optical
field is the main used method at present, which can
provide a light beam-based gliding slope for the car⁃
rier-based aircraft in the air, thereby guiding the car⁃
rier-based aircraft to land along the reference light
beam track[12– 13]. In addition, the ship motion not on⁃
ly affects the relative position of the carrier-based
aircraft, but also affects the guidance of the optical
landing system and the airflow field around the hull.
It is an important decision-making basis for the se⁃
lection of the takeoff and landing timing of carri⁃
er-based aircraft. In reality, several different predic⁃
tion algorithms are usually used to predict the mo⁃
tion attitude of ship, and the optimal prediction algo⁃
rithm is determined by comparing the mean square
error between the predicted and actual values[14]. The
practical application shows that when there is a
phase difference between the predicted value and
the actual value, the error between the two is ampli⁃
fied so that the true optimal algorithm may be exclud⁃
ed. For this reason, this paper will adopt an accuracy
analysis method based on waveform matching and af⁃
fine transformation to eliminate the influence of the
extremely short-term motion phase difference ob⁃
tained by different prediction algorithms, so as to de⁃
termine the optimal algorithm and predict the motion
attitude of the ship in a short period of time. This pa⁃
per will take the US carrier-based aircraft as the re⁃
search subject, consider the influence of ship motion
on the carrier-based aircraft, and combine the guid⁃
ing technology of the reference light beam to design
a carrier aircraft landing control system so as to ana⁃
lyze the landing end point errors and predict the
landing points distribution, which can provide a ref⁃
erence for the determination of the aircraft carrier
landing method and the reasonable layout of the ar⁃
resting cable.
1 Extremely short-term motion

prediction technology for carri-
er-based aircraft

Due to the wave effect, the sailing ship will gener⁃
ate motion with six degrees of freedom, which direct⁃
ly affects the safe landing of the carrier-based air⁃
craft. According to the time history of the moving
ships, the time-history data can be processed by Kal⁃
man filter, time series analysis and spectrum estima⁃
tion method to predict the motion posture of ships in
a short time in the future, which is called the ex⁃
tremely short-term motion prediction of ships. The

extremely short-term motion prediction value is an
important basis for the takeoff and landing of various
carrier-based aircrafts as well as the launch of weap⁃
on system.

In practical application, several different analysis
methods are generally used for extremely short-term
motion prediction. Then, the optimal prediction
method is determined by comparing the mean square
error between the predicted value and the actual val⁃
ue. Finally, the extremely short-term prediction of
the current navigation state is carried out. Besides,
since the optimal prediction algorithm is determined
by using the minimum mean square error, the true
optimal algorithm may be excluded due to the phase
difference. Compared with the amplitude error, the
phase difference has a negligible impact on the carri⁃
er-based aircraft.

Combined with traditional theoretical prediction
algorithm, the screening method for optimal extreme⁃
ly short-term motion prediction of ship is estab⁃
lished on the basis of the waveform matching and af⁃
fine transformation to eliminate the effect of phase
difference[15]. Its implementation process is as follows.

At time t, the time history of motion signal ob⁃
tained by the ship, namely the input signal of the the⁃
oretical prediction algorithm, X (t) , is

X (t) = [x(t)，x(t－1))x(t - m + 1)] （1）
where m is the number of discrete signals; x(t) is
the motion at time t. Hence, the time history of mo⁃
tions at time (t + 1) to (t + n), Y0 , is

Y0(t) = [x0(t + 1)x0(t + 2)x0(t + n)] （2）
where x0(t + 1) is the obtained motion prediction val⁃
ue at time t+1 according to the input signal X (t) ; n
is the number of data points of prediction signal.

According to the input signal at time t, the time se⁃
ries of motion predicted by the jth theoretical algo⁃
rithm is

Yj(t) = [xj(t + 1)xj(t + 2)xj(t + n)]

j = 1 l （3）
where l is the number of prediction models.

According to the derivatives of discrete time series
Y0(t) and Yj(t)

[10], there is
f ′
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fj(ξ + 1) + O(h4)
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where fj(t) is a function corresponding to Yj(t) ; h is
the time step; ξ is the independent variable of the
function and means time here.
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After determining the amplitude and wave number

of Yj(t) , a simulation signal with the same amplitude
and wave number can be obtained through affine
transformation.
Y ′

j( )t = [ ]xj( )t + 1 × caff xj( )t + 2 × caff xj( )t + n × caff

j = 1 l ′ （5）
caff =

ξ j max - t

ξ0 max - t
（6）

where caff is the affine transformation coefficient.
After the affine transformation, the relative error

between different prediction methods is
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Hence, the optimal prediction method for ship mo⁃

tion under current navigation status is
joptimum = min{e′( j)}；j = 1 l′ （8）

Accordingly, the motion postures and parameters
of the ship during a short time in the future can be
obtained. Besides, the model of optical landing sys⁃
tem with ship motion can be established through co⁃
ordinate conversion. Supposing the geodetic coordi⁃
nate and the ship motion coordinate of the optical
landing system based on Fresnel lens are (xgygzg)

T

and (xsyszs)
T respectively. Hence,
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T （9）

where θ s and φ s represent the pitch angle and roll
angle of a carrier-based aircraft respectively.
2 Aircraft carrier landing guid-

ance technology

According to the equiangular glide technique, the
artificial landing guidance system based on the opti⁃
cal beam trajectory is shown in Fig. 1. The system is
mainly composed of an optical landing system, a pi⁃
lot and a flight control system. Its function is that the
landing system provides a stable glide beam refer⁃
ence under the motion of hull and deck, and then the
pilot completes the landing mission through the
flight control system based on the guidance of the ref⁃
erence beam.

Defining the vertical offset of the carrier's point on

the actual glide reference beam relative to the ideal
glide reference beam as beam motion, as shown in
Fig. 2, the beam motion equation can be expressed as[16]

hb = h s + hθs
+ hφ s

+ hθL
+ hφL

=

[h s + C1θ s + C2φ s + C3φL] +

[C4θ s + C5φ s + C6φL]R （10）
where h s , hθs

and hφ s
are the changes of beam

height caused by the heave, pitch and roll of hull re⁃
spectively; hθL

and hφL
are the changes of optical

beam height caused by the elevation and flip angles
θL and φL of the lens controlled by the optical land⁃
ing system, respectively；R is the distance from the
point on the actual glide reference beam to the lens;
C1 - C6 are the relevant conversion coefficients[17].

When the vertical height and horizontal distance
of the carrier-based aircraft to the flight deck is h0

and x0 respectively, and the aircraft lands with equi⁃
angular glide and ground speed of v , as shown in
Fig. 3, the relationship between the ship speed U s

and the aircraft's flight track angle γ0 is
tan γ0 =

h0

h0

tan β0

+ U s ×
h0

v × sin γ0

（11）

At any time ti , the ideal height hdi of the carri⁃

Fig.1 Block diagram of optical beam landing guidance
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er-based aircraft is
hdi = h0 - tan γ0 × 0

ti

v(t) × cos γ(t)dt （12）
The actual height of the beam motion seen by the

pilot at any time ti is
hB = hb + hdi （13）

Because the aircraft is working under the guid⁃
ance of the optical beam, in order to minimize the er⁃
ror of the landing end point, the pilot is required to
manipulate the flight control system to make the alti⁃
tude change of the aircraft ha constantly track hb .
The three commonly used stabilization schemes of
optical beam motion are inertial stability, angular sta⁃
bility and point stability. This paper adopts the land⁃
ing guidance control scheme with angular stability.
The angular stability scheme[18] simplifies the vertical
motion hTD of beam motion hb relative to the ideal
landing point into the corresponding translation by
controlling the elevation angle θL and the flip angle
φL of the lens, and the beam motion equation can be
further simplified to

hb = hTD = h s - LTD × θ s + YTD × φ s （14）
where LTD and YTD are the longitudinal and lateral
distance between the ideal landing point and the cen⁃
ter of carrier hull motion respectively. When hTD =
0, it is the ideal landing state, namely there is no rel⁃
ative motion and disturbance between the landing
point and the inertial plane.

Thus, the control law of angular stability landing
can be obtained

ì

í

î

ïï

ïï

θL = -
C4

C6

θ s -
C5

C6

φ s

φL = -
C1 + LTD

C3

θ s -
C2 - YTD

C3

φ s

（15）

The landing end point error is usually used to eval⁃
uate the performance of landing guidance system.
haTD is defined as the actual height of the aircraft's
tail hook at the ideal landing point. The height error
at the ideal landing point is defined as

DhTD = haTD - (h s - LTD × θ s + YTD × φ s) （16）
Similarly, the impact velocity error DVTD of the

tail hook at the ideal landing point and the height er⁃
ror DhR of the tail hook at the ship bow can be ob⁃
tained. DhR can be expressed as

DhR = haR - (h s - LR × θ s + YR × φ s) （17）
where LR and YR are the longitudinal and lateral
distances from the center of carrier hull motion to the
ship's stern; haR is the actual height from the air⁃
craft's tail hook to the ship's stern.

According to the dynamic simulation of the time
history of ship motion obtained from the extremely
short-term motion prediction of ship motion, the
mean square error of the end point landing error can
be obtained.

σ =
å
i = 1

n

x2
i

n - 1
（18）

3 Simulation analysis of aircraft
carrier landing

Taking a ship as an example, the extremely
short-term motion prediction and landing process
simulation are carried out. The layout of flight deck
is shown in Fig. 4. The ideal landing point should be
between the second and third arresting cables.

Fig. 5 shows the time history of rolling motions of
a ship and predicts the rolling motions in the next
20 s respectively with the autoregressive model
based on Kalman filter (KAM method) and the Volt⁃
erra series model (VR method) of Kalman filter meth⁃
od. The optimal prediction algorithm based on wave⁃
form matching and affine transformation is VR meth⁃
od, and the ship dynamics model is established ac⁃
cording to the motion prediction results obtained by
this algorithm.

On this basis, the aircraft carrier landing process
is simulated, and the landing end point errors are an⁃
alyzed. Fig. 6 shows the influence of ship speed on
aircraft track angle. Fig. 7 shows the dynamic simula⁃
tion results of angle stable optical beam riding. Fig.8
shows the landing point distribution of carrier-based
aircraft. It can be seen from the simulation results
that

1) The track angle of the glide landing decreases

Fig.4 Layout of flight deck and arresting cable
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with the increase in the ship speed at the reference
glide angle.

2) The landing end point errors are σ(DhTD) =
3.99 m, σ(DhR) =2.47 m, σ(DVTD) =2.14 m/s, which
satisfy the requirements of the US landing guidance
system standards [19].

3) The landing points of carrier-based aircraft are
relatively concentrated, most of which are located
within the scope of ideal landing points, namely be⁃
tween the second and third arresting cables. Only a
few landing points fall outside the area, so the land⁃
ing safety is higher.
4 Conclusions

In this paper, the simulation model of the aircraft
landing guidance control system is established in the
Matlab/Simulink simulation environment. Also, the
ship's extremely short-term motion prediction and
the dynamic simulation of the aircraft landing are de⁃
veloped. According to the simulation results, the

landing end point errors are analyzed, and the distri⁃
bution of landing points is predicted.

The method established in this paper can more re⁃
alistically consider the impact of ship motion on air⁃
craft carrier landing. The research results can pro⁃
vide reference for the determination of the aircraft
carrier landing method and the reasonable layout of
the arresting cable.
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Fig.6 Influence of ship speed on aircraft track angle

Fig.7 Simulation of angle stable optical beam riding

Fig.8 Landing point distribution of carrier-based aircraft
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纵向减振推力轴承液压减振系统的热平衡性能分析
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摘 要：［目的目的］为分析活塞液压减振器稳定工作状态时的热平衡性能，解决纵向减振推力轴承液压减振系统

的油路封闭且外部扰动输入未知的产热计算难题，［方法方法］将活塞摩擦损失和液压油液动损失微观产热机理的

计算方法应用于液压减振系统的产热分析中，以推导出活塞振动及液压油往复流动时的功率损耗计算公式。

针对具体模型的活塞摩擦产热及液动损失，计算和分析液压减振系统产热功率随振动角频率及活塞行程变化

的规律。通过计算外部扰动输入功率，建立轴承部位的热学有限元模型，以得到结构的稳态温升及热流分

布。［结结果果］计算结果表明，外部扰动输入功率与各部分产热功率之和大体相等，系统稳态温升较低，热流分布

状况合理。［结论结论］所提产热计算方法可行，计算得到的系统近似温升在许可范围内。根据系统的热流分布图，

可在热流集中部位采取相应措施来降低系统局部温升。

关键词：液压减振系统；摩擦产热；液动损失；推力轴承；散热

基于极短期运动预报的舰载机着舰过程仿真分析

杨柳 1，徐东昊 1，2

1 哈尔滨理工大学 自动化学院，黑龙江 哈尔滨 150080
2 哈尔滨工程大学 青岛船舶科技有限公司，山东 青岛 266400

摘 要：［目的目的］舰载机着舰过程是其整个飞行过程中的一个关键环节，由于受到舰船运动的影响，技术难度较

大。［方法方法］基于舰船极短期运动预报，开展舰载机着舰过程的仿真研究。首先，基于传统的舰船极短期运动预

报方法，采用波形匹配和仿射变换，提出一种最优预报算法的确定方法；然后，建立基于光波束导引的舰载机着

舰导引系统模型，并提出 3个衡量着舰导引系统性能的终端误差指标；最后，开展舰载机着舰过程的仿真研究，

分析舰载机对光波束运动轨迹的跟踪偏差及落点分布，得到着舰终端误差。［结果结果］由仿真结果可知，舰载机的

着舰点相对集中，大多位于理想着舰点范围内，着舰终端误差满足着舰引导系统规范的要求。［结论结论］研究成果

对于舰载机的着舰引导具有参考价值。

关键词：舰载机；着舰导引；极短期运动预报；落点分布；终端误差

［14］ HUANG L M，DUAN W Y，HAN Y，et al. A review of
short-term prediction techniques for ship motions in
seaway［J］. Journal of Ship Mechanics，2014，18
（12）：1534-1542.

［15］ XU D H，YANG L，ZENG J. An accuracy improved
analytical approach for very-short term prediction of
ship motions［J］. Ship Engineering，2017，39（9）：

40-43（in Chinese）.
［16］ SCHUST A P，YOUNG P N，SINPSON W R. Automat⁃

ic landing system certification manual：AD/A118181
［R］.［S.1.:s.n］,1982：324-387.

［17］ HU E Y. Research on optical landing aid system［D］.
Nanjing：Nanjing University of Aeronautics and Astro⁃
nautics，2008（in Chinese）.

［18］ DURAND T S，TEPER G L. An analysis of terminal
flight path control in carrier landing：AD606040［R］.
［S.1.:s.n］,1964：9-13.

［19］ DURAND T S，WASICKO R J. An analysis of carrier
landing［C］//Aircraft Design and Technology Meeting.
Los Angeles，USA：［s.n.］，1965：67-78.

[Continued from page 70]



90

downloaded from www.ship-research.com




