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The parameter adjusting in Automatic Carrier Landing System (ACLS) is a time-consuming and tedious 
task. In order to improve the efficiency of the adjusting task and overcome the difficulties in the manual 
parameter adjustment, a multilayer optimization strategy, in which ACLS is clearly divided into four 
layers including inner loop, autopilot, guidance control and guidance compensation, is proposed in this 
study and adopted for the parameter design. Besides, a novel algorithm, named Cauchy Mutation Pigeon-
Inspired Optimization (CMPIO) which is inspired by Cauchy distribution, is proposed to optimize ACLS 
parameters in each layer. Comparative simulations are conducted to verify the feasibility of the multilayer 
design strategy and the superiority of CMPIO. To enhance the authenticity of the simulations in the 
guidance compensation layer, some stochastic conditions are considered with different deck motion, 
air wake and radar noise turbulences alleviated by several rejection methods. The simulation results 
prove that the designed ACLS based on the multilayer design strategy satisfies the acknowledged criteria 
including the time and the frequency domain. Furthermore, the stability of the inner loop and the 
autopilot integrated with Approach Power Compensation System (APCS) are confirmed.

© 2018 Elsevier Masson SAS. All rights reserved.
1. Introduction

Landing on carrier deck is a demanding task for carrier-based 
aircraft in all weather conditions. To help relieve the pilot and 
coordinate the attitude and the speed of aircraft, Automatic Car-
rier Landing System (ACLS) has been developed. ACLS incorporates 
shipboard tracking radar and digital computer to measure aircraft 
position and generate command via a radio data link [1]. The Auto-
matic Throttle Control (ATC) in ACLS maintains on-speed angle of 
attack during an approach by modulating engine thrust [2] to com-
plete precise landing assignment. In general, ACLS consists of flight 
control system, ACT, inertial navigation sensors, data link and the 
shipboard radar [3]. The main turbulences consist of deck motion, 
air wake and radar noise caused by shipboard radar.

In flight control system, to improve the capacity of resisting 
disturbances, H-dot ACLS is utilized and its superiority is con-
firmed by several flight tests [4]. Besides, modern control methods 
are also used for controller design, an Active Disturbance Rejec-
tion Control (ADRC) scheme is proposed in final approach [5]. 
Then the ADRC is confirmed it has better tracking performance 
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and robustness in the presence of air wake and deck motion. Be-
sides, an adaptive disturbance rejection method [6] is also pro-
posed for the final approach control, and an adaptive sliding 
mode control law is proposed in [7] to help aircraft track de-
sired landing trajectory. In guidance control, Proportional-Integral-
Derivative (PID) controller is designed for the guidance loop and 
compared with the Proportional-Integral-Derivative-Double Deriva-
tive (PIDDD) controller and the Fuzzy-PID Controller [8]. Moreover, 
model predictive control method has also been used in the guid-
ance law design [9], and the Back Propagation Neural Network has 
been used to predict the carrier landing position [10].

Nevertheless, in numerous ACLS former design researches, 
complicated system hasn’t been clearly divided into several lay-
ers specifically and guidance parameters haven’t been optimized
[3,11], so that the former research can’t take advantage of the 
structural feature of the ACLS.

The design goal of ACLS is to achieve a precise landing in both 
severe and normal conditions, which calls for a very high demand 
towards the parameters in ACLS [11]. Manual parameter adjust-
ing task is a difficult and time-consuming task and it can’t have 
excellent performance and take full use of the available advan-
tages of ACLS, which exist in coupled control structure. To over-
come the difficulties in manual adjusting, designing parameters 
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by intelligent optimization algorithm garners much attention in 
recent years [12]. Many intelligent algorithms and their improve-
ment methods were put forward, such as Particle Swarm Opti-
mization (PSO) [13,14], Ant Colony Optimization (ACO) [15], Dif-
ferential Evolution (DE) [16] algorithm and so on. These methods 
have been extensively applied, including parameter identification 
[17,18], gliding trajectories control [19] and controller optimiza-
tion [5,20].

Inspired by the pigeon homing behavior influenced by mag-
nets [21,22] and sunlight [23], Pigeon-Inspired Optimization (PIO) 
[24] is firstly demonstrated by Duan in 2014. PIO contains two 
operators which named map and compass operator and landmark 
operator. Map and compass operator relies on magnetic field and 
sun, and the other operator relies on the landmark.

Cauchy mutation mechanism has been applied in several al-
gorithms’ improvements in recent years, especially in PSO and 
Gravitational Search Algorithm (GSA). The advantages of Cauchy 
mutation, including providing longer jumps as well as large pertur-
bation [25] and having stronger global exploration capability [26], 
are verified with massive comparative experiments. Refer to [25]
and [27], although PSO is improved with the particles’ position 
changes multiplied with the additional coefficient which is related 
to the Cauchy mutation, improved algorithms are sensitive to the 
single scale parameter of the Cauchy distribution function. In [26]
and [28], Cauchy mutation and an adaptive mass weighting strat-
egy are adopted similarly in GSA’s improvements. Nevertheless, 
these Cauchy mutation improvement strategies are complicated so 
that the performances of improved algorithms are determined by 
more setting parameters.

To further improve the algorithm’s searching ability in com-
plicated and multidimensional search space, inspired by the ra-
tional randomness of Cauchy distribution, improved PIO which 
named Cauchy Mutation Pigeon-Inspired Optimization (CMPIO) is 
proposed in this study. The Cauchy mutation mechanism in CM-
PIO is derived by Cauchy distribution and it is only determined 
by a fixed Cauchy distribution parameter. The innovation of this 
paper is to propose the CMPIO which has stronger searching abil-
ity, then it is utilized to design the parameters in four layers’ 
ACLS. In this paper, at first ACLS is divided into four layers, in-
cluding inner loop, autopilot, guidance control and guidance com-
pensation. In the optimization of the four layers’ ACLS which has 
numerous parameters, comparative simulations are conducted to 
verify the feasibility of the multilayer design strategy and the 
superiority of CMPIO. To enhance the authenticity of the simu-
lations in the guidance compensation layer, some stochastic con-
ditions are considered with different deck motion, air wake and 
radar noise turbulences alleviated by several rejection methods. 
With optimized parameters, then touchdown errors are tested 
in different turbulence conditions. Finally, the simulation results 
are used to prove that the designed ACLS based on the multi-
layer design strategy satisfies the acknowledged criteria includ-
ing the time and the frequency domain. Furthermore, neglecting 
the nonlinear segments exist in APCS, the stability of the inner 
loop and the autopilot integrated with Approach Power Compen-
sation System (APCS) are confirmed with the zero-pole distributive 
chart.

The remainder of this paper is organized as follows. In sec-
tion 2, the F/A-18A aircraft longitudinal model and the components 
of ACLS are introduced specifically. A novel algorithm named CM-
PIO is proposed in section 3. Then the ACLS multilayer parameter 
design problem is demonstrated in section 4. Finally, comparative 
experiments are conducted in section 5 to verify the superiority of 
the designed ACLS and CMPIO.
2. Automatic Carrier Landing System

2.1. Longitude dynamic model of carrier-based aircraft

Supposing the earth curvature is neglected and the ground co-
ordinate system is identical to the inertial coordinate system, the 
longitudinal linear small perturbation model of F/A-18A refer to 
[29] is utilized in this paper:{

ẋ = Ax + Bu
y = Cx + Du

(1)

where x = (�v/V 0, �α, �θ, �q, �h/V 0)
T , u = (δe, δLEF, δPL,

uwind)
T and y = (�h, �γ , �nz/V 0, �α, �v/V 0, �θ, �q)T . �v , 

�α, �θ , �q, �h, �γ , �nz are the disturbances of velocity, an-
gle of attack, pitch angle, pitch rate, height, flight path of angle 
and normal acceleration respectively. δe is the deflection of eleva-
tor, δLEF represents the deflection of leading-edge flap which hasn’t 
been considered in carrier landing in this study, δPL is the con-
trol input of throttle and uwind is the vertical velocity turbulence 
caused by carrier air wake. In this study, since angle of attack is 
disturbed by the vertical velocity turbulence so that the aerody-
namic forces and moments are disturbed by the perturbation of 
the angle of attack, uwind can be treated as an input and inte-
grated in the aircraft model for simplicity. This is the only change 
compared with the model in [29]. The state space matrices A, B , C
and D are listed in Appendix A. The state values at the trim point 
in this model are α0 = 8.1◦ and V 0 = 69.96 m/s.

2.2. Autopilot

In order to design a stable and rapid control system which has 
resistance to several disturbances, ACLS is made up of autopilot, 
which contains inner loop and APCS, guidance control and guid-
ance compensation. Inner loop improves the pitch rate response 
performance to enhance the longitudinal static stability. The pitch 
rate command and the aircraft states, which include angle of at-
tack, normal acceleration and pitch rate, are used as inputs in 
autopilot system.

The inner loop control structure is shown in Fig. 1. The pa-
rameters can be designed are represented with K1 ∼ K6 in inner 
loop. K1 is the pitch rate command gain, K2 and K3 are the cor-
ner frequencies of the lead-lag filter, K4 is the feedback loop gain, 
while K5 and K6 are the gains of proportion and integral in PI 
controller respectively. Lead-lag filter provides the amplification of 
the low frequency signal and the lead phase effectively, and it re-
sists the high frequency signal in a degree. To solve the problem of 
structural mode interaction, a 2-order structure filter is adopted to 
eliminate adverse effects of the lowest frequency structural mode 
and all higher structural mode frequencies [1]. The position and 
rate limiters make elevator deflect within the position and rate 
limitations. The models of structure filter, elevator, position and 
rate limiters, and pitch rate sensor refer to [1], [30], [30] and [31]
respectively.

The function of ACT is implemented by the APCS which is 
shown in Fig. 2. The parameters that need to be designed are 
represented with K7 ∼ K11 in APCS. To satisfy the requirement 
of design criterion, angle of attack α, normal acceleration nz and 
pitch rate q are selected as the feedback signals in APCS, while 
the pitch rate command is the feedforward signal. Furthermore, 
one rate limiter and three position saturations [32] are induced in 
APCS to make signals not to exceed the allowed range. To prevent 
the frequent reversal phenomenon of throttle command, four low 
pass filters [32] are adopted to filter the high frequency signals in 
several control channels.

The structure of longitudinal autopilot which incorporates inner 
and APCS is shown in Fig. 3. K12 is normal acceleration feedback 
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Fig. 1. ACLS inner loop.

Fig. 2. Approach Power Compensation System.

Fig. 3. Longitudinal autopilot.
gain, K13 represents the gain of H-dot command. As the verti-
cal rate can be described as ḣ = V sinγ , where V is the velocity 
and γ is the flight path angle, the control of ḣ is equivalent to 
the control of γ when V is constant. For the purpose of decreas-
ing the feedback signal error caused by the derivative of aircraft 
height, flight path angle and normal acceleration rather than the 
derivative of aircraft height are adopted as feedback signals in H-
dot controller [33]. The saturation in autopilot restricts the pitch 
rate command not to exceed ±3◦/s at any time. Saturation limiter 
and the model of aircraft engine refer to [1] and [29] respectively.

2.3. Guidance control and compensation

There are three major disturbances in automatic carrier landing, 
namely deck motion, air wake and radar noise have great impacts 
on landing accuracy and safety. The structure of the guidance con-
trol and the compensation is shown in Fig. 4. A PID controller, 
which is determined by three parameters K14, K15 and K16, is 
utilized in guidance control for simplicity. K17 and K18 are the pa-
rameters of the air wake compensator. K19 represents prediction 
time in deck motion prediction and compensator. K20 and K21 in 
α−β tracking filter are α and β separately.

In the guidance loop, desired aircraft height is generated ac-
cording to the distance between aircraft and carrier. Taking into ac-
count the deck motion influences, desired height command is com-
pensated by deck motion prediction and compensator. After the 
error between the desired height and the aircraft current height 
is filtered by α−β tracking filter and processed by PID controller,
H-dot command is generated. The Disturbance Observer (DOB) [34]
is adopted to acquire the air wake compensation signal. The error 
between ideal H-dot and interfered H-dot is processed by air wake 
compensator, then it is added to the H-dot command. To allevi-
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Fig. 4. Guidance control and compensation.
ate the radar noise problem, aircraft real height is estimated by 
simplified autopilot model and then is directly derived to obtain 
the estimates of ḣ and ḧ. Height measured by radar can’t be di-
rectly derived because it can amplify the unwanted effect caused 
by radar noise. Aircraft radar height, ˆ̇h and ˆ̈h are blended by blend-
ing filter to acquire the estimate of aircraft real height and to 
remove noise, although aircraft real height is polluted by radar 
noise [35]. The specific models of guidance control law genera-
tion, deck motion, air wake, radar noise and simplified autopilot 
are listed in Appendix B. Besides, disturbances rejection methods 
which include deck motion compensator, air wake compensator, 
α−β tracking filter and blending filter are also introduced in Ap-
pendix B.

3. Cauchy Mutation Pigeon-Inspired Optimization

3.1. Overview of PIO

PIO [24] is composed of two operators, map and compass oper-
ator and landmark operator. In the first searching period, pigeons 
mainly take advantage of the map and compass operator which 
represents the influences of magnetic field and sun. In the later 
searching period, when pigeons get close to the destination, pi-
geons primarily rely on the landmark around them in navigation. 
Landmark operator that represents the navigation tools’ influences 
is conducted in this period.

Map and compass operator is calculated in each iteration along 
with the updating of pigeons’ position and velocity. The rules are 
defined in following equations [24]:

V Nc
i = V Nc−1

i · e−R×Nc + rand·(Xgbest − X Nc−1
i

)
X Nc

i = X Nc−1
i + V Nc

i

(2)

where Xi = [xi1, xi2, . . . , xiD ] and V i = [vi1, vi2, . . . , viD ] are N pi-
geons’ position and velocity in each iteration respectively, R is 
map and compass factor, rand is a random number ranging from 0 
to 1, and Xgbest denotes the global best position selected by fitness 
function among pigeons in iteration Nc − 1. Pigeons’ position and 
velocity are obtained by landmark operator in later iterations after 
the map and compass operator is repeated Nc1 max times.

In landmark operator operator, the pigeon number N reduces 
by half in each generation. After evaluating the pigeons’ position by 
fitness function, worse pigeons are abandoned so that the rest of 
pigeons fly straight to the destination. The position updating rules 
for pigeon at iteration Nc are given in following equations [24]:

X Nc−1
center =

∑N Nc−1
i=1 X Nc−1

i ·F (X Nc−1
i )

N Nc−1·∑N Nc−1
i=1 F (X Nc−1

i )

N Nc = N Nc−1

2

X Nc
i = X Nc−1

i + rand · (X Nc−1
center − X Nc−1

i

)
(3)

where Xcenter denotes the weighted reference center position 
among pigeons, rand is a random number ranging from 0 to 1. 
Optimization results are obtained after landmark operator is con-
ducted Nc2 max times.

3.2. Cauchy mutation PIO

PIO is easy to trap into local optimum when searching the 
solution in complicated search space because of its over fast con-
vergence rate. To further improve the algorithm’s searching ability 
in complicated and multidimensional search space, improved PIO 
which named CMPIO is proposed in this study. The Cauchy muta-
tion mechanism in CMPIO is derived by Cauchy distribution and it 
is only determined by a fixed Cauchy distribution parameter which 
is irrelevant to the optimization problem. This fixed parameter 
only determines the random alteration ability of pigeon’s position. 
Hence the performance of CMPIO can’t be influenced by many pa-
rameters compared with the improved GSA [26,28]. In CMPIO, the 
map and compass operator and landmark operator in PIO are im-
proved by Cauchy mutation mechanism respectively, then CMPIO 
algorithm is carried out by two improved operators sequentially.

The Cauchy distribution probability density function [28] is:

f (x) = 1

π

a

a2 + x2
, x ∈ (−∞,+∞) (4)

The Cauchy distribution cumulative distribution function is de-
rived from the definition of the relationship between distribution 
probability density function and the cumulative distribution func-
tion:

F (x) = 1

2
+ 1

π
arctan

x

a
, x ∈ (−∞,+∞) (5)

where the stochastic variable X that accords with Eq. (5) can be 
denoted by X ∼ C (a,0).
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(1) Map and compass operator improved by Cauchy mutation
In basic PIO, map and compass operator is primarily conducted 

to find global optimum pigeon in search space. With the same pro-
pose, in Cauchy mutation map and compass operator, the weight 
coefficient which accords with Cauchy distribution can expand the 
search area to reduce the probability of trapping into local opti-
mum.

If the cumulative distribution function is set to a certain value 
ranging from 0 to 1. The weight coefficient in map and compass 
operator can be determined by cumulative distribution function:

c1 = a × tan
[
π (rand − 1/2)

]
(6)

where rand is a stochastic number ranging from 0 to 1.
In each iteration, pigeons’ new positions are predicted by 

Eq. (7) and then compared with the former position by fitness 
function for every pigeon.

x′
i = xi (t − 1) + c1

[
xi(t − 1) − xgbest

]
(7)

where xi is the ith pigeon’s position, xgbest is the global best posi-
tion which has the minimum fitness function value in t − 1 itera-
tions, x′

i is the ith pigeon’s new position.
Refer to the elite selection mechanism, pigeons’ position in t

moment is updated by Eq. (8):

xi(t) =
{

x′
i, if fitness(x′

i) ≤ fitness (xi(t − 1))

xi(t − 1), otherwise
(8)

In Cauchy mutation map and compass operator, x′
i appears 

more far from xgbest when c1 is positive, and x′
i appears more 

close to xgbest when c1 is negative. Determined by Cauchy muta-
tion, a half of pigeons search the optimum towards outside and 
the others’ trend is reverse.

(2) Landmark operator improved by Cauchy mutation
In basic PIO, pigeon number reduces by half in each repetitive 

calculation, and the direction of pigeon’s motion is the center po-
sition of pigeon flock. Over fast convergence rate in PIO often lead 
to premature phenomenon which is adverse to the implement of 
landmark operator. To make pigeons not to converge too fast to 
miss the better solutions, a single-side Cauchy cumulative distri-
bution function, which is also derived with the same method in 
the map and compass operator derivation, is introduced to define 
the weight coefficient in landmark operator:

F (x) = 2

π
arctan

x

a
, x ∈ (0,+∞) (9)

With the same method, c2 which accords with Eq. (9) can be 
determined by Eq. (10).

c2 = a × tan

(
π

2
rand

)
> 0 (10)

In each iteration, every dimension of pigeon’s position is sub-
tracted with the corresponding dimension of xgbestk .

x′
ik = xik (t − 1) + c2

[
xgbestk − xik(t − 1)

]
(11)

where xik is the kth dimension of the ith pigeon’s position, xgbestk
is the kth dimension of the global best position.

Then xi(t) is selected from x′
i or xi(t − 1) in the elite selec-

tion. In the landmark operator of CMPIO, due to c2 is positive, we 
can see that every dimension of all pigeons converge to the corre-
sponding dimension of xgbest . c2 determined by single-side distri-
bution makes flock move effectively with an appropriate speed and 
stochastic factors. Furthermore, the astringency and the stability of 
CMPIO are guaranteed by Eq. (11).
3.3. Overview of PSO and DE

PSO is a bionic intelligent calculation method which simulates 
the behaviors of birds foraging. The particle movement is described 
by two vectors, representing its current position X and velocity V . 
X and V are updated by Eq. (12) [13].

V Nc
i = w V Nc−1

i + c1 · rand · (Xpbest − X Nc−1
i

)
+ c2 · rand · (Xgbest − X Nc−1

i

)
(12)

X Nc
i = X Nc−1

i + V Nc
i

where Xi = [xi1, xi2, . . . , xiD ] and V i = [vi1, vi2, . . . , viD ] denote 
the position and the velocity of particles, w is inertia weight, c1
represents self-best factor, c2 represents global best factor, rand
is a random number ranging from 0 to 1, and Xpbest denotes the 
self-best position selected by fitness function among particles in 
iteration Nc − 1. The definition of Xgbest is identical to basic PIO.

DE is an intelligent calculation algorithm based on the popula-
tion evolution. The standard DE consists of four operations, which 
named initialization, mutation, crossover, and selection [16]. The 
population is randomly initialized firstly. Then for each individual 
xi , i = 1, 2, . . . N , the mutation operation is conducted by Eq. (13):

vi = xr1 + F · (xr2 − xr3) (13)

where r1, r2 and r3 are different and random numbers, F repre-
sents the scaling factor.

The crossover operation is defined by Eq. (14),

uNc+1
i j =

{
v Nc+1

i j , if r( j) ≤ CR or j = rand j

xNc
i j , otherwise

(14)

where rand j is a random number ranging from 0 to 1, CR is the 
cross constant.

A greedy search strategy is adopted in the selection operation. 
Each objective has to compared with its corresponding experimen-
tal individual, which is determined by Eq. (14). Then the values 
that have better performance in the fitness function are selected. 
The selection operation is defined by Eq. (15).

xNc+1
i =

{
uNc+1

i , if f (uNc+1
i ) < f (xNc

i )

xNc
i , otherwise

(15)

4. Multilayer parameter design based on CMPIO

4.1. Problem formation

To achieve better response performance and reduce touchdown 
error, a multilayer optimization strategy is adopted to design 21 
parameters in ACLS, including six in inner loop, seven in autopi-
lot with ACPS, three in longitudinal control and five in guidance 
compensation.

Several quantitative criteria are considered in this study to ex-
amine the property and rationality of the optimized parameters in 
four layers’ ACLS. These acknowledged criteria include the quanti-
tative indices mentioned in references and the flying qualities:

(1) Pitch rate to command frequency response curve introduced 
in [1].

(2) The autopilot/autothrottle combination must have a flight 
path response bandwidth of at least 1.2 rad/s [1].

(3) Normal acceleration is not less than 0.5 g and is not more 
than 2 g in carrier landing [36].

(4) Oscillation in normal acceleration greater than ±0.05 g will 
be considered excessive [36].
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(5) Pitch rate command is limited not to exceed ±3 deg/s [1].
In the first layer, six parameters are optimized by fitting the 

inner loop desired frequency response curve demonstrated in [1]. 
Gains, lead-lag filter and PI controller are all adjusted to make 
inner loop have a low amplitude around the structure mode oscil-
lation frequency and have high amplitude between the frequency 
range 2∼30 rad/s. To obtain the frequency response curve which 
fits desired one better, gains in every channel and lead-lag filter 
both can be designed more flexible than the structure proposed 
in [37]. The fitness function is defined as the error between the in-
ner loop amplitude frequency response and the desired response:

fitness1 =
100∑
i=1

∣∣G ( jωi) − Gd ( jωi)
∣∣ (16)

where ωi , i = 1∼100 are sample frequency points in the logarith-
mic frequency response coordinate ranging 0.01∼40 rad. G( jω) is 
the amplitude frequency response and Gd( jωi) is the desired am-
plitude frequency response.

In the second layer, to acquire the desired ḣ response, the in-
tegration of ḣ error, angle of attack and the elevator command are 
taken into consideration in fitness function. The integration of ḣ er-
ror reflects the rise time, the overshoot and the steady accuracy of 
the response integrally. Fitness function in step response is defined 
as follows:

fitness2 = w21

∫
(ḣc − ḣ) + w22

∫
(αc − α) + w23

∫
δec (17)

where ḣc is step command, αc is angle of attack command and δec
is elevator command. w2i , i = 1∼3 are weight coefficients.

To describe height response specifically, overshoot, rise time, 
settling time, steady accuracy and elevator command integration 
are taken into account in the predefined fitness function in the 
third layer. In the optimization of this layer, a step height response 
with short rise time, settling time and little overshoot but without 
static error is obtained.

Overshoot : f O = max
t>0

∣∣∣∣ h(t)

hc(t)

∣∣∣∣
Rise time : f R = t2|h(t2)=0.9 − t1|h(t1)=0.1

Settling time : fSet = max { t|0.05hc ≤ |h(t) − hc|}
Steady accuracy : f S =

∫
t> fSet

|h(t) − hc|

Elevator command integration : f I =
∫

δec

Fitness function in third layer is predefined as follows :
fitness3 = w31 f O + w32 f R + w33 fSet + w34 f S + w35 f I (18)

where w3i , i = 1∼5 are weight coefficients.
The landing accuracy which is the dominant factor and the 

height error integration are considered in the last layer optimiza-
tion. In our model, uncertain factors in a landing process are de-
termined by stochastic initial conditions, including an initial deck 
motion phase, two stochastic numbers in air wake free-air turbu-
lence model and an initial phase in air wake periodic component 
model. To make guidance parameters are applicable to various con-
ditions, carrier landing is simulated in ten stochastic initial condi-
tions. The touchdown errors and the height error integrations are 
summed up to evaluate a set of guidance compensation parameter.

fitness4 =
10∑[

w41xerror + w42

∫ (
h(t) − hc

)]
(19)
i=1
where xerror represents final longitudinal touchdown error, and 
w4i , i = 1, 2 are weight coefficients.

4.2. Multilayer parameter design procedure

In ACLS multilayer parameter design, to fit the desired pitch 
rate magnitude frequency response curve, parameters in inner loop 
are optimized firstly. To ensure the time domain response qual-
ity of inner loop, the stability of the inner loop is confirmed by 
the zero-pole distributive chart and the step response. Then the 
parameters in autopilot with APCS are determined with the opti-
mized inner loop. After that the flight path response bandwidth is 
checked and the stability is analyzed by the zero-pole distributive 
chart. With the best optimized parameters, the simplified autopi-
lot and the blending filter can be determined. In the third layer 
design, several response characteristics are considered to describe 
height step response, then the parameters in guidance controller 
are optimized integrating with validated inner loop and the au-
topilot with APCS. Finally, parameters in guidance compensation 
are optimized to achieve higher landing accuracy with less height 
error integration. After four layers’ design, normal acceleration as 
well as its oscillation and pitch rate response are checked to accord 
with the criteria.

After the parameters are determined in optimization, ACLS is 
fixed and it can be used in automatic carrier landing. In this study, 
the parameters in ACLS can only be predesigned using the math-
ematical models of aircraft, actuator, deck motion, air wake and 
radar noise. Therefore in the practical engineering application, pa-
rameters should be adjusted again to ensure the safety of the 
carrier landing.

5. Simulation results and analysis

To verify the effectiveness of CMPIO and the performance of 
the designed ACLS, comparative experiments are conducted. The 
searching ability of CMPIO is compared to PSO, DE and basic PIO 
with identical initial conditions. All experiments are performed us-
ing MATLAB R2014a on a PC with a Core™ 3.4 GHz CPU and 8G 
of RAM. Weight coefficients in four fitness functions are prede-
termined to make every weighted item in one fitness function 
have the same magnitude. Control parameters of PSO, PIO, DE and 
CMPIO in four layers’ ACLS design are given in Table 1. The op-
timizations of four layers are performed separately, and in the 
optimization of any layer, the set of parameter which achieves the 
best performance in four algorithms is regarded as a set of known 
parameter in the next layer design.

5.1. Inner loop

Comparative evolutionary curves in inner loop design are 
shown in Fig. 5. It is obvious that CMPIO converges more effec-
tively than other algorithms and its final result is the best. PSO 
and PIO, which depend on individual’s speed to search, don’t have 
excellent performance in inner loop optimization.

In the frequency range of our interest, the comparative fre-
quency responses of different algorithms are shown in Fig. 6. It 
can be seen that in the low and the middle frequency segments 
where we are concerned, the frequency response of CMPIO is much 
closer to the desired response, and it almost coincides with the de-
sired response in high frequency segment. In this study, although 
the number of parameters designed in inner loop is more than 
the number of parameters in [37], PIO’s frequency response is still 
similar to [37], but the performance of CMPIO in inner loop opti-
mization is remarkable apparently.

After the frequency domain optimization, the quality of the in-
ner loop is analyzed. The inner loop zero-pole distributive chart 
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Table 1
Control parameters of PSO, PIO, DE and CMPIO.

Parameter Description Value Used in

w Inertia weight 0.5 PSO
c1 Self-best factor 2 PSO
c2 Global best factor 2 PSO
Nc1 max Maximum times of iterations of the map and compass operator 15 (25 in the second layer, 10 in the fourth layer) PIO
Nc2 max Maximum times of iterations of the landmark operator 10 (5 in the second layer, 5 in the fourth layer) PIO
R Map and compass factor 0.3 PIO
F Scaling factor 0.6 DE
CR Cross constant 0.5 DE
a Cauchy distribution parameter in Cauchy mutation 1 CMPIO
Nc max Maximum times of iterations 25 (30 in the second layer, 15 in the fourth layer) PSO& DE& CMPIO
N The number of individuals 30 All algorithms
and the step response are shown in Fig. 7(a) and (b) respectively. 
There is no pole in the right side of the S-plane so that the sta-
bility is confirmed. Although pitch rate step response has a big 
overshoot, the rapidity of the response is guaranteed.

5.2. Autopilot and APCS

In autopilot and APCS optimization, comparative evolutionary 
curves and H-dot responses are illustrated in Fig. 8 and Fig. 9
respectively. CMPIO has the shortest settling time and it has the 
smallest overshoot. Furthermore, it is clearly that CMPIO has sig-
nificant searching ability than the other algorithms, namely CMPIO 
has the advantage that is not easy to trap into the local opti-
mum.

Considering the autopilot/autothrottle combination must have 
a flight path response bandwidth of at least 1.2 rad/s. The band-
width of four algorithms’ results are tested in Simulink. The band-
 Fig. 5. Comparative evolutionary curves in inner loop design.
Fig. 6. Comparative magnitude frequency responses.

Fig. 7. Inner loop stability analysis and the step response.
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Fig. 8. Comparative evolutionary curves in autopilot and APCS design.

widths of PSO, DE, PIO and CMPIO are 1.3607 rad/s, 1.3510 rad/s, 
1.3607 rad/s and 1.3866 rad/s respectively. CMPIO has better dy-
namic characteristics while bandwidth requirement is achieved in 
all algorithms.

Furthermore, neglecting the nonlinear segments exist in APCS, 
the closed loop transfer function from the H-dot command to the 
H-dot response is obtained according to the CMPIO results. The 
zero-pole distributive chart of the closed loop system is illustrated 
in Fig. 10. All poles have negative real parts so that the stability of 
autopilot integrated with APCS is confirmed.

According to the best parameters optimized by CMPIO, the 
matched 2-order autopilot is acquired refer to Appendix B. The 
step response and the magnitude frequency response are illus-
trated in Fig. 11. It is clear that the simplified autopilot and the 
complex model have the similar responses. Subsequently, a f and 
b f in blending filter are determined refer to Appendix B.

5.3. Guidance control

The evolutionary curves and H step responses are shown in 
Fig. 12 and Fig. 13 respectively. The CMPIO searching ability is 
proved again in guidance loop optimization. Despite the rise time 
and the settling time of other algorithms are shorter than CMPIO’s, 
CMPIO has the smallest overshoot and its fitness function value is 
minimum.

5.4. Guidance compensation

With predesigned inner loop, autopilot, APCS and guidance 
loop, parameters in guidance compensation are optimized. Carrier 
landing is simulated in ten stochastic initial conditions to evaluate 
a set of parameter. Evolutionary curves in guidance compensation 
design are illustrated in Fig. 14. PIO and PSO trap into the local 
optimum obviously. As shown in Table 2 and Fig. 15, CMPIO has 
minimum landing error and fitness function value, which suggests 
CMPIO has the best carrier landing performance in 10 stochastic 
landing conditions.

In general, four arresting cables which at least have 12 m adja-
cent interval are fixed in carrier deck around the ideal touchdown 
point. The maximum landing error is 12.5557 m in optimization 
results. This means no matter which set of parameter is adopted in 
guidance compensation, the safety of carrier landing can be guar-
anteed with turbulences’ rejection methods adopted in this paper. 
There is no need to conduct the waveoff.

The comparative values of the optimized parameters in each 
layer are shown in Table 3. With the best four layers’ parameters 
Fig. 9. Comparative H-dot responses in autopilot with APCS.

Fig. 10. The zero-pole distributive chart of the autopilot with APCS.
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Fig. 11. The time and the frequency domain analysis of the simplified autopilot.
Fig. 12. Comparative evolutionary curves in guidance loop design.

(bold parameters in Table 3), in an automatic carrier landing sim-
ulation, deck motion and air wake are alleviated by deck motion 
compensation (Fig. 16(a)) and air wake compensation (Fig. 16(b)) 
successfully. The error between ideal H-dot and interfered H-dot is 
the compensation in H-dot command generation (Fig. 16(c)). Be-
sides, the comparison of radar height, aircraft height and filtered 
height is illustrated in Fig. 16(d). It is obvious that added sinu-
soidal noise component in radar height is rejected effectively.

Finally, the normal acceleration as well as its oscillation
(Fig. 16(e)) and the pitch rate command (Fig. 16(f)) are examined. 
Oscillation in normal acceleration is not greater than ±0.02 g. 
Pitch rate command hasn’t reached ±3 deg/s in the landing pro-
cess except the attitude adjustment at the beginning. Apparently, 
Fig. 14. Comparative evolutionary curves in guidance compensation design.

Table 2
Fitness function data of guidance compensation in 10 stochastic carrier landing con-
ditions.

Indexes PSO DE PIO CMPIO

Landing error mean (m) 4.8052 3.3758 4.8649 2.6675
Maximum landing error (m) 12.5555 7.8671 12.5557 5.5132
Height error integral mean 74.7493 76.0027 74.7502 75.7835
Fitness function mean 4.8425 3.4138 4.9023 2.7054

there is no discrepancy between the landing performance and the 
acknowledged criteria.
Fig. 13. Comparative H step responses in guidance loop.
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Fig. 15. Carrier landing errors in 10 stochastic initial conditions of PSO, DE, PIO and CMPIO.

Table 3
The comparative values of the optimized parameters in each layer. The bold parameters 
are adopted as the known parameters for the optimization of the nest layer. The results 
of K19 are processed by the rounding operation.

Parameters PSO DE PIO CMPIO

Inner loop K1 1.4626 1.4211 1.4876 1.3643
K2 1.2684 1.3250 1.3174 1.3932
K3 3.9424 3.7650 3.8950 3.5215
K4 1.1930 1.5605 1.2468 1.5612
K5 10.6938 8.8656 10.9731 8.0740
K6 10.2842 9.0027 10.5342 8.2581

Autopilot and APCS K7 0.7456 0.9164 0.6357 0.9251
K8 7.3268 5.6667 12.7557 8.9890
K9 12.9862 16.0398 18.9457 24.9812
K10 1.9183 1.9997 1.6412 1.9661
K11 0.8544 1.0010 0.7189 1.0563
K12 0.0511 0.0501 0.0753 0.1005
K13 1.0033 0.9941 1.0145 0.9990

Guidance control K14 0.6649 0.5460 0.6694 0.5236
K15 0.2275 0.1082 0.2318 0.0843
K16 0.6084 0.3916 0.5925 0.5188

Guidance compensation K17 7.9285 4.0746 7.8245 3.9928
K18 0.5117 0.6835 0.5166 0.9866
K19 3 2 3 2
K20 0.9714 0.2785 0.9449 0.9800
K21 1.1534 1.7532 1.1504 0.0899
6. Conclusions and future work

This paper presents a novel algorithm named CMPIO to solve 
the multilayer parameter design problem in automatic carrier land-
ing system. Numerous parameters in ACLS are divided into four 
layers and then obtained by optimization. In comparative experi-
ments, compared with PSO, DE and basic PIO, the advantages of 
CMPIO are demonstrated with evolutionary curves and time do-
main responses. Moreover, designed ACLS is confirmed with ac-
knowledged criteria, which include the time and the frequency 
domain, throughout design procedure. In our future work, more 
specific models will be established, and the CMPIO algorithm pro-
posed in this paper will be simplified to improve the efficiency.
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Appendix A. F/A-18A model

Matrices of the F/A-18A longitudinal linear model [29] are 
listed as follows:

A =

⎡
⎢⎢⎢⎣

−0.0705 0.0475 −0.1403 0 −0.000058
−0.3110 −0.3430 0 0.9913 0.00102

0 0 0 1 0
0.0218 −1.1660 0 −0.2544 0

0 −1 1 0 0

⎤
⎥⎥⎥⎦

B =

⎡
⎢⎢⎢⎣

0.0121 0.00248 0.2316 0.0475
−0.0721 0.0140 −0.0338 −0.343

0 0 0 0
−1.8150 −0.0790 0.0023 −1.166

0 0 0 0

⎤
⎥⎥⎥⎦
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Fig. 16. Automatic carrier landing simulation with the best parameters.
C =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 1
0 −1 1 0 0

0.311 0.343 0 0.0087 −0.01
0 1 0 0 0
1 0 0 0 0
0 0 1 0 0
0 0 0 1 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

D =

⎡
⎢⎢⎣

02×4
0.0721 −0.014 0.0338 0.343

0 0 0 1
0

⎤
⎥⎥⎦
3×4
Appendix B. The models and rejection methods of guidance loop

In the absolute coordinate system S−O xyz, which selects air-
craft initial position as the origin of coordinates O and uses three 
orthogonal directions as the X , Y , Z axes, X and Y axes are in the 
horizontal plane. X axis points to the carrier direction, Z axis is in 
the vertical direction and points to the top, and Y axis towards the 
left side of aircraft is perpendicular to X .

(1) Guidance control law generation:

hcommand = tanγ0 · (xcarrier − xaircraft) (B.1)
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where γ0 is the predesigned flight path angle, xcarrier and xaircraft
are the X-coordinates of carrier and aircraft respectively.

(2) Deck motion:
For simplicity, the heave and pitch motions are taken as sinu-

soids, with pitch leading heave by 90◦ and their frequencies are 
0.6 rad/s. The amplitudes of the sinusoids yield maximum pitch 
and heave motions of ±1.414◦ and ±8 ft respectively. We assume 
the horizontal distance from ideal landing point to carrier center 
is 90 m. Thus the ideal landing point vertical motion can be de-
scribed as follows [38]:

hdeck = 2.438 sin

(
0.6t + π

2

)
+ 1.414 × 90

57.3
sin(0.6t) (B.2)

(3) Air wake:
Only considering the aircraft longitudinal motion influenced by 

air wake, vertical air wake is determined by four components ac-
cording to their causes [36]:

uwind = W1 + W2 + W3 + W4 (B.3)

where four components are free-air turbulence, cocktail airflow 
(steady component), periodic component and random turbulence 
respectively. Four components are simulated refer to [36].

(4) Radar noise:
For simplicity, a sinusoid of 4 rad/s is used as the noise in-

put in the simulation. This model was chosen mainly because 4 
rad/s is the approximate corner frequency of the α−β−γ filter in-
tegrated with the controller, and this produces the largest effect 
on the pitch command [35]. Data processing delay and transmis-
sion delay in data link are neglected in this paper.

hradar = hreal + 0.71 sin (4t) (B.4)

(5) Simplified autopilot:
Because the air wake compensation and the radar noise rejec-

tion both need the estimated model of the autopilot combined 
with aircraft, to reduce the calculation of the control law, the 
high order complex model is replaced by a low order equivalent 
model which is a 2-order transfer function in this paper. Once 
K1∼K13 have been determined by the optimization of the inner 
loop and the autopilot with APCS, Nelder–Mead simplex direct 
search method is adopted to match the time domain response 
from ḣ command to ḣ response. According to the best parame-
ters optimized by CMPIO, the matched 2-order transfer function 
is:

Gḣ(s) = ḣ

ḣcommand
= −0.5115s + 1.4491

s2 + 1.3376s + 1.4491
(B.5)

(6) Deck motion compensator:
Deck motion model in time domain is transferred to Auto-

Regression (AR) model, then deck motion is predicted by Recursive 
Least Squares (RLS) method. Prediction period is set to 0.2 s then 
the prediction time is tpredict = 0.2 · round(K19), where round(·) is 
the rounding operation. Deck motion compensation is gradually in-
duced in the last 20 seconds before touchdown. In this study, the 
order of the prediction system is n = 20, which can achieve high 
prediction accuracy. Prediction algorithm is described as follows:

θ̂m+1 = θ̂m + Km+1
[
x(m + 1) − θ̂m X T (m)

]
Km+1 = Pm X T (m + 1)

[
w + X(m + 1)Pm X T (m + 1)

]−1

P = P − K X(m + 1)P

(B.6)
m+1 m m+1 m
where θ̂m is the parameters’ estimate matrix in previous moment, 
x(m + 1) is the current measurement, Km is gain matrix, X(m + 1)

records the measurement values of previous moments. w is weight 
coefficient. In prediction algorithm initialization, P0 = 103 × I p×p , 
θ̂0 = 10−3 × [1, . . . , 1]1×p and w = 1.

Then the deck position after tpredict is predicted by repeat-
ing (B.7), and the number of repetitions is equal to round(K19).

Z p = X(m + 1)θ̂m+1

X(m + 1) = [
Z p X ′(m + 1)

] (B.7)

where Z p is the deck position after tpredict , X ′(m + 1) is the first 
n − 1 elements of X(m + 1).

(7) Air wake compensator:
The DOB is widely used to estimate the disturbances with cer-

tain frequency components and it suppresses them without chang-
ing the input-output behavior [34]. To alleviate the air wake and 
improve the carrier landing accuracy, a simple DOB is utilized in 
air wake compensation. When the vertical air wake influences the 
H-dot response of the aircraft, the H-dot command is compensated 
by the DOB output. In DOB, simplified autopilot is used to estimate 
the ideal H-dot response without the air wake disturbance. The air-
craft filtered height is close to the real height, so it is derived to 
obtain the H-dot response interfered by the air wake. The DOB 
structure is shown in Fig. 4. Air wake compensation is gradually 
induced in the last 10 seconds before touchdown. To obtain the 
more effective compensation signal, the air wake compensator is 
the combination of gain and a low pass filter and its parameters 
are optimized:

G(s) = K18
K17

s + K17
(B.8)

(8) α−β tracking filter:
A α−β tracking filter is used for tracking the approaching air-

craft. The intent of the α−β tracking filter is to provide usable
estimates of the plane’s vertical position, velocity, and acceleration 
to the controller. α−β tracking filter is described as follows [35]:[

Ze

Że

]
(n) =

[
1 − α (1 − α)�t
−β/�t 1 − β

][
Ze

Że

]
(n − 1)

+
[

α
β/�t

]
Zer (B.9)

where α = K19 and β = K20, �t is the sampling interval of track-
ing filter, Ze , Że are the filtered error signals and Zer is the mea-
sured error.

(9) Blending filter:
As mentioned in (B.3), to alleviate the radar noise problem, air-

craft real height is estimated by simplified autopilot model and 
then is directly derived to obtain the estimates of ḣ and ḧ. Height 
measured by radar can’t be directly derived because it can amplify 
the unwanted noise. The function of blending filter is to synthe-
size three signals to produce an error signal that is less sensitive 
to radar noise. A Laplace transfer function representation of the 
noise rejection filter is [35]:

Y (s) =
ˆ̈h + a f

ˆ̇h + b f hradar

s2 + a f s + b f
(B.10)

where Y (s) is the noise rejection filter output, hradar is the radar 
height, ˆ̇h is the velocity estimate with aircraft model, ˆ̈h is the ac-
celeration estimate with aircraft model, and a f and b f are variable 
gains of the filter.
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The parameters a f and b f are chosen to minimize the amount 
of noise present in the control signal. The bandwidth of the blend-
ing filter should match with the bandwidth of the aircraft transfer 
function. According to the simplified autopilot, a f = 1.3376 and 
b f = 1.4491.
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