
International Journal of Control, Automation, and Systems (2015) 13(3):680-688 
DOI 10.1007/s12555-013-0092-y 

 

ISSN:1598-6446  eISSN:2005-4092
http://www.springer.com/12555

A Simplified Approach to Assessment of Mission Success for 

Helicopter Landing on a Ship 
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Abstract: In this paper, operation of a helicopter near a ship is statistically investigated to provide an 

estimate of the probability of successfully recovering manned rotorcraft on the deck of a moving ship. 

To this end, pitch, roll, and heave motion of the ship are calculated according to sea states. In addition, 

effect on dynamics of the rotorcraft from ship airwake is also considered in a simplified way. By as-

suming that a helicopter can land on a ship if a pilot maintains relative position and attitude difference 

within the safe boundary for a given time, the operational limits are probabilistically determined in 

terms of pilot’s workload for a specified mission. The simulation environment consists of linearized 

helicopter dynamics, an optimal pilot model, effect of turbulent ship airwake, and ship motion. Control 

activities of the piloted helicopter for position holding with respect to the moving ship are transformed 

to generalized workload ratings. Simulation results show the proposed approach can evaluate and pre-

dict mission success rates for various operational combinations, allowing implementation into the 

overall effectiveness assessment of the ship and ship-helicopter combination. 
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ACRONYMS 

 

WOD Wind over the Deck 

CFD Computational Fluid Dynamics 

ADS Aeronautical Design Standard 

HQR Handling Quality Rating 

MTE Mission Task Element 

SHOL Ship/Helicopter Operating Limit 

PSD Power Spectral Density 

JONSWAP Joint North Sea Wave Project 

RMS Root Mean Square 

RPM Revolutions Per Minute 

OCM Optimal Control Model 

LQ Linear Quadratic 

WR Workload Rating 

CG Center of Gravity 

 

1. INTRODUCTION 

 

From a systems point of view, the effectiveness of 

naval assets can be greatly increased by the inclusion of 

air assets. In mission effectiveness studies, the effective-

ness of a naval ship can often times be doubled (e.g., 

search and rescue, anti-submarine warfare, maritime 

interdiction operations) if a rotorcraft can be deployed 

and recovered from the ship. However, ship-based 

rotorcraft operations continue to be of significant 

concern to both military and civilian operators.  

While rotorcraft play a significant role in at-sea 

operations, the launch and recovery of rotorcraft under 

at-sea conditions can prove challenging. Turbulence in 

the ship-induced airwake causes a time-dependent 

disturbance rejection task for the pilot. Meanwhile, the 

interaction of the rotor and rotor wake with the ship’s 

turbulent airwake can cause undesired and uncomfort-

able aircraft motion and also dangerously high pilot 

workload. If the workload is unacceptably high as the 

pilot attempts to control the vehicle, the helicopter pilot 

is not able to achieve a safe landing on the deck of the 

ship.  

In addition to the complex aerodynamic environment, 

the motions of the ship also increase the level of 

difficulty in conducting onboard operations with aerial 

vehicles. Thus, over the past few decades there has been 

a significant amount of research devoted to clearly 

understanding helicopter and ship motions as well as the 

aerodynamic interactions between the two. These 

aerodynamic interactions, in particular, result in a 

dynamic coupling between the helicopter and ship, and is 

usually referred to as the dynamic interface. References 

[1,2] show detailed analyses of the complex aerodynamic 

coupling between the helicopter, the ship, and the 

atmosphere. 

Successfully predicting the safe operation of ship-

based rotorcraft requires determining the maximum 

limitations of the helicopter in the presence of a ship. 

This limit is usually called the WOD envelope. A larger 
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envelope allows greater operational capability. However, 

obtaining this envelope is not an easy task and can prove 

costly and time consuming. This is due to a number of 

reasons. First, sufficiently modeling the dynamic 

interface can require extensive computational power, 

especially since high-fidelity CFD models must be 

created. Secondly, it can easily be expected that a 

tremendous number of evaluation tests have to be 

performed for various ship-helicopter combinations in 

order to establish the WOD envelope for all possible 

conditions. Moreover, if human pilots are involved this 

increases the complexity of the analysis; Since one is 

attempting to decide the very edge of the envelope, there 

may be safety issues associated with such experiments. 

Therefore, it is necessary to have the capability to predict 

in advance the performance of a given heliopter/ship 

combination.  

Due to the aformentioned reasons, there currently 

exists a well-established methodology for evaluating the 

stability and control characteristics of rotorcraft, yet 

estimating the likelihood that ship-based rotorcraft 

operations can be carried out safely is seldom assessed. 

US Army ADS-33 sets forth the standards for rotorcraft 

handling qualities as well as measures for flying qualities 

[3]. Within [3], there are also evaluation procedures of 

HQRs for a set of standard maneuvers termed MTEs. 

HQRs are typically rated on a scale of 1-10 by human 

subject pilots, but also require piloted simulation 

facilities with expensive hardware in order to conduct the 

analysis [4]. Furthermore, there is a well developed body 

of research focused on the development of robust 

controllers so that a pilot’s workload can be reduced and 

the operational boundaries are expanded [5].  

The quantified evaluation of flying characteristics 

mentioned above are usually only focused on the 

rotorcraft perspective, not the combined system 

perspective. This means that analysts recognize that the 

effectiveness of naval assets can be greatly increased by 

the addition of rotorcraft, but no analysis is conducted to 

estimate the likelihood that such benefits will be 

realizable. Thus, it is necessary to provide a quantitative 

estimate for the successful operation of ship-based 

rotorcraft by considering environmental conditions, both 

ship and helicopter dynamics, and the pilot’s responses. 

With this in mind, it is attractive to consider the 

feasibility of providing a preliminary evaluation 

methodology using desktop simulation based on 

simplified mathematical modeling. The problem that 

arises, however, is how to accomplish this early in the 

design process when there is the least amount of 

knowledge regarding rotorcraft/ship interactions. These 

interactions undoubtedly will impact rotorcraft handling 

qualities and pilot workload.  

In this study, a simplified approach to the assessment 

of mission success for helicopter landings on a ship is 

developed, making it possible to determine upfront the 

maximum boundaries for current vehicles as well as new 

acquisitions. This represents various combinations of 

helicopter and ship operations. As reviewed in [4], 

however, previous studies on the helicopter/ship 

operations usually aim to support flight tests or build 

flight simulators by using higher fidelity models of 

specific combinations of these components. This paper 

considers parameterized ship characteristics, sea states, 

operating conditions, and pilot skill levels. In addition, 

two helicopters with different handling characteristics 

are also included for comparison. The objective of the 

study is to develop a probabilistic evaluation environ-

ment that supports decision-making at the early stage of 

the design process. Thus, the operational perspectives 

associated with the effectiveness of a helicopter/ship 

combination can be taken into account throughout the 

system design. The primary benefit is that the WOD 

envelope can be defined well within the margins of 

safety in terms of pilot workload. Similarly, SHOLs can 

be determined and used to define operational safety 

requirements for a given pilot, vehicle, and ship during 

various operating conditions [6]. 

This paper is organized as follows: Section 2 explains 

all modeling components included in the simulation 

environment, Section 3 provides a discussion about the 

criteria used in determining mission success, simulation 

results are shown in Section 4, and conclusions are given 

in Section 5.  

 

2. MODELING COMPONENTS OF THE 

DYNAMIC INTERFACE 

 

A simulation environment for helicopter landings on a 

ship includes the wave-induced ship motions, the heli-

copter dynamics, aerodynamic coupling, a human pilot 

representation, and sea states. In this section, each com-

ponent will be explained in detail.  

 

2.1. Ship motion 

Reference [7] shows closed-form expressions describ-

ing ship motions caused by various sea states. These 

formulas depend only on the key dimensions of the ship: 

length, breadth, block coefficient, and forward speed. On 

the other hand, a more detailed calculation of the ship 

motions induced by the sea wave can be performed by 

taking into account the hull form, the mass distribution, 

and the operational profile [8,9]. However, this may 

prove too time-consuming and not very useful in the 

conceptual design phase. Therefore, in this study, the 

simplified method in [7] is directly taken so as to provide 

a rational and efficient prediction of the wave-induced 

motion with sufficient engineering accuracy in the early 

stage of the design phase. 

The ship motions considered in this paper include 

heave, pitch, and roll motion of a monohull ship 

characterized by ship size, geometry, speed, and heading. 

PSD of each motion can be obtained by 

( ) ( ) ( )
2

,
m m

H j Sω ω ωΦ =  (1) 

where ( )
m
ωΦ  represents the PSD of each motion, 

( )
m

H ω  is the frequency response function of the motion, 

and ( )S ω  the PSD of the sea wave. Since the frequen-

cy response functions rely on values of the ship characte-
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ristics, the resulting PSDs of the ship motions reflect the 

design variables of the ship. Furthermore, it is noted that 

one cannot generate time histories of the ship motion by 

means of spectral factorization [10]. Thus, based on the 

assumption that the vertical (heave and pitch) and roll 

motions can be decoupled, PSDs of heave, pitch, and roll 

are obtained separately. Table 1 lists definitions of va-

riables associated with the ship characteristics. 

In particular, inputs for the frequency response func-

tions of heave and pitch motions are self-explanatory, 

and the results show fairly good correlation with outputs 

of the frequency response functions and experimental 

data [7]. In the meantime, an approximation for roll mo-

tion requires more variables such as the roll mode time 

constant, the transverse metacentric height, and an em-

pirical correction to match actual responses. The percen-

tage critical damping μ is used to artificially increase the 

roll damping in the calculations [7]. 

It now becomes necessary to convert the PSDs of the 

heave, pitch, and roll motion to the time histories so as to 

simulate the ship motion over time. Reference [10] 

shows a technique for generating the time histories by 

using the sum of a finite number of sinusoidal signals. 

To this end, the first thing to do is to integrate the PSD 

over frequency. Then, one can select frequencies ω1 and 

ωn as follows: 

( ) ( )
1

0 0
0.05 ,

m m
s ds s ds

ω ∞

Φ = Φ∫ ∫  (2) 

( ) ( )
0 0

0.99 .
n

m m
s ds s ds

ω ∞

Φ = Φ∫ ∫  (3) 

Now, 
2 1
, ,

n
ω ω

−

�  can be equally distributed between 

ω1 and ωn. Amplitudes ak at the select frequencies are 

obtained as follows: 

( )( )
1

1/ 2

2 , 1,2, , .
k

k
k m
a s ds k n

ω

ω
−

= Φ =∫ �  (4) 

Equations (2)~(4) imply that the PSDs calculated in 

(1) are represented as the sum of n sinusoidal signals, 

whose amplitudes are condensed so that the frequency 

distribution over power closely match that of the 

integrated PSD. However, it should be noted that 

information on the relative phase of each motion’s time 

history is lost with this technique. In the end, though, one 

can obtain heave (hs), pitch (θs), and roll (ϕs) of the ship 

in the form of time series. In this paper, motion variables 

of a ship follow the definitions and sign conventions 

given in [12]. 

 

2.2. Sea waves 

The stochastic properties of ocean waves can be 

modeled by the generalized JONSWAP wave spectrum 

depending on the wave frequency ω, the significant wave 

height Hs, the zero-upcrossing period Tz, and the peak 

enhancement factor γ. In this study, the standard JONS-

WAP model is used by setting γ equal to 3.3. Detailed 

information about the wave spectrum model can be 

found in [7]. In addition, based on relative frequency of 

occurrence given in [11], ranges of Hs and Tz are chosen 

to be 1 to 7 meters and 5 to 10 seconds, respectively.  

 

2.3. Helicopter model 

The helicopter models used in this paper include the 

BO-105 and PUMA. It is assumed that the helicopter 

starts at a trim condition near a landing pad so that a 

linearized dynamic model can be used for the simulation. 

Using a linear interpolation, trim data for each helicopter 

can be obtained from [13], and the state-space 

representation can be expressed by 

( ) ( ) ( ),X t AX t BU t= +
�  (5) 

where  

( ) [ ] ,T
X t u w q v p rθ φ ψ=  (6) 

( ) [ ] .Tc lon lat pU t δ δ δ δ=  (7) 

It can be noted from (6) that rotor flapping angles are not 

included in the state vector based on the quasi-steady 

approximation [14]. This means that a coupling between 

rotor and fuselage is neglected for a simplified approach 

to the integrated simulation. In (7), ,
c

δ ,
lon

δ ,
lat

δ  and 

δp depict the collective input, the longitudinal cyclic in-

put, the lateral cyclic input, and the pedal input, respec-

tively. In this paper, a non-zero trim speed is selected 

according to the results from Refs. [2,15], which will be 

explained later. A second-order transfer function is also 

used for the control actuator dynamics as follows: 

2

2 2

30
( ) .

2(0.75)30 30
act

G s

s s

=

+ +

 (8) 

 

2.4. Turbulence model 

A helicopter is required to operate in the atmospheric 

turbulence caused by the disturbed air stream around 

box-like structures on the deck. Besides this, the strong 

air stream generated by the rotor wake also changes the 

air flow over the deck. Thus, there exists a mutual 

aerodynamic coupling between a helicopter and a ship. 

However, high-fidelity analysis tools to support complete 

understanding of the coupled aerodynamics may take 

excessive time and cost at the early stage of the system 

design. Therefore, a simplified approach will be taken by 

making use of results from Refs. [2,15]. Experimental 

Table 1. Modeling variables for ship characteristics. 

 Definition 

T  Mean draft (m) 

0
B  Maximum waterline breadth (m) 

b
C  Block coefficient 

L  Length at waterline (m) 

β  Heading angle with respect to the wave 

V  Ship velocity (m/s) 

N
T  Roll time constant (s) 

GMT Transverse metacentric height (m) 

µ  Percentage critical damping 
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results show that there exists an approximate ratio among 

mean wind speed (V), mean wind speed at the landing 

pad (Vr), and the RMS turbulence (σt) as follows: 

: : 1: 0.4 ~ 0.58 : 0.05 ~ 0.13.
r t

V V σ =  (9) 

In (9), the values of Vr and the RMS value of gust speed 

are about 50% and 10% of the speed of the ship, 

respectively. This also explains why a nonzero trim 

speed is chosen for a linearized helicopter dynamic 

model. In addition, it is assumed that there are no steady 

crosswinds over the deck.  

Furthermore, the effect of turbulent airwake on the 

helicopter dynamics can be represented by the undesired 

and unexpected imposition of rotor control inputs. 

NASA Ames Research Center performed flight tests for 

the UH-60 and provided deterministic transfer functions 

representing relationships between turbulence and 

control inputs [15]. For example, equation (10) 

represents the deflection angle of the main rotor 

collective input due to the turbulent air as follows: 

( )
2

0.7069

UH 60

3
0.149

33.91

,

1.46 9.45

c t r

t

t m

r

m

r r

m m

V
s

w R

V
s

R

V V
s s

R R

δ σ
σ

π

−

−

=

⎡ ⎤
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⎢ ⎥
⎢ ⎥⎛ ⎞⎛ ⎞
⎢ ⎥+ +⎜ ⎟⎜ ⎟
⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

 (10) 

where Rm is the main rotor radius and wt is a white noise 

signal with unity covariance. In addition, it is possible to 

obtain approximate expresstions for different helicopters 

by the scaling procedures found in [16]. Assuming that 

the same ratio of V, Vr, and σt is applicable to different 

helicopters, controller deflections due to the turbulence 

are scalable using the main rotor radius (Rm) and the ro-

tor RPM (Ω). For example, the effect on the main rotor 

collective control of BO-105 can be given by 

( ) ( ) ( )
BO-105 UH 60

, , ,

c c

m r

t t

s s H s R V
w w

δ δ

−

= ⋅  (11) 
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s V R
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π
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+
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Ω
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Similarly, expressions for different control inputs of 

different helicopters are obtained. 

 

2.5. Pilot model 

During recovery procedures, the pilot is required to 

maintain a relative position with respect to the moving 

landing spot as desired. It is possible that pilots can wait 

for a quiescent period in ship motion while hovering at a 

prescribed height over the deck. Reference [17] presents 

a way to predict the motion of a landing pad so as to 

catch the quiescent moment, but the relative position 

change due to the aerodynamic coupling is not 

considered for the motion prediction. In this paper, it is 

assumed that the pilot is tasked with tracking the 

changing position of the landing pad. Since pilot 

behavior is time-varying, adaptive, and nonlinear by 

nature, there exist several ways to model human manual-

control activities [4]. Among those, the OCM of a human 

pilot is chosen in this paper because of its computational 

efficiency and wide applicability. A pilot is modeled 

using the LQ Gaussian formulation so as to regulate the 

disturbing effect of turbulence over the deck [1].  

In this paper, to represent the OCM of the human pilot, 

the LQ tracking problem is considered in conjunction 

with the linearized helicopter model given in (5)~(7). 

This formulation is based on two clear reasons: First, the 

turbulence effect is separately included in the simulation 

environment in the form of an undesired control 

deflection. Secondly, the pilot is asked to follow the 

landing spot position. The reference command will be 

the position of the landing pad observed by the pilot, and 

the objective will be to find a compensator that 

minimizes the quadratic performance index given by 

( ) ( ){ }
0

,

T T

c c
J CX r Q CX r U RU dt

∞

= − − +∫  (13) 

where rc represents the position change of the landing 

spot. A solution for the LQ tracking problem can be ex-

pressed by [20] 

1
,

T
U KX R B λ

−

= − +  (14) 

1
,

T
K R B S

−

=  (15) 

1
0 ,

T T T
A S SA SBR B S C QC

−

= + − +  (16) 

0 ( ) .T T

c
A BK C Qrλ= − +  (17) 

As shown in (14), the control inputs have a 

feedforward term as well as a feedback term. In addition, 

control inputs are passed through a model of the 

neuromotor dynamics [1], which represents the 

physiological limitations on the ability of human pilots, 

given by 

( )
1

.
1

nm

nm

G s
sτ

=

+

 (18) 

In (18), a time constant τnm is usually identified as 0.2 

[21]. In this paper, it is assumed that τnm can adequately 

depict the skill level of the pilot. During the simulation, 

mean value of τnm is given a range from 0.2 to 0.6. 

 

3. DECISION CRITERIA FOR MISSION SUCCESS 

 

Once every component is modeled within the inte-

grated environment, one can obtain ship motion variables, 

helicopter motion variables, and control inputs applied 

by the pilot for a given combination. Fig. 1 represents the 

integrated environment for assessing mission effective-

ness. In order to determine whether the results are ac-

ceptable for the recovery mission, the first thing to con-

sider is the task performance and pilot workload. 
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Fig. 1. Dynamic interface simulation environment. 

 

3.1. Task performance 

The effectiveness of pilot’s control activities can be 

measured by tracking errors. This implies that the task is 

considered a mission failure when the tracking error goes 

beyond the boundary value. To this end, a rectangular 

parallelepiped can be imposed as a maximum tolerance. 

The size of the imaginary rectangular parallelepiped may 

vary according to the location of the landing spot, the 

helicopter size, and the deck size. Relative attitude as 

well as relative position is important in deciding mission 

success, because a larger difference in attitude may result 

in a higher possibility of inclined landing. The main task 

of the pilot is assumed to be to track the deck position, 

and attitude angles of the ship are not of primary interest. 

However, since a helicopter needs to tilt its attitude to 

generate desired accelerations, attitude difference may be 

significant despite small position errors. In addition, lack 

of visibility during the mission can be included in the 

assessment by reducing the size of the rectangular 

parallelepiped.  

 

3.2. Pilot workload 

Besides a system of vehicles, the pilot’s perspective is 

also important for the evaluation of the limits early in the 

design cycle for shipboard operations of rotorcraft. It is 

possible that the pilot’s efforts are totally different for 

similar maximum tracking errors. This means that the 

emphasis may be solely on workload if the performance 

level is the same. In addition, there exists physical 

limitations on enduring fatigue due to an excessive 

workload. Therefore, the maximum pilot workload 

becomes an important criterion for determining mission 

success. 

Reference [22] developed a methodology associated 

with the workload questionnaire, and [23] suggested a 

predictor of the workload in the form of a polynomial 

regression model. However, the regression model in [23] 

shows negative sensitivities to some control activities, 

which contradicts a general tendency in pilot’s workload. 

In this paper, a neural-net based model is used to predict 

pilot workload using four control surface positions and 

speeds as inputs. An increase in rapid control movements 

reflects a growing workload, and a larger control surface 

deflection requires a larger control stick force [13]. In 

particular, the standard deviation and the standard 

deviation of the rate of control inputs are correlated with 

the pilot workload. Since the motion of the landing spot 

is very close to a sinusoidal signal, averaged values of 

control inputs do not seem to be significant [23]. Thus, 

the WR can be expressed by 

( ){ }max , 1,2, ,8,
i i

WR f iµ= = �  (19) 

where 

( )
10

,
1 exp( )

i i

i i

f
c

μ
μ

=

+ −

 (20) 

( ) ( ) .
T

T T
U Uμ σ σ⎡ ⎤= ⎣ ⎦

�  (21) 

The principal idea behind (19) is that the most difficult 

pilot activity out of all control channels is a dominant 

contributor to the WR. In addition, as shown in (20), a 

sigmoid function is used to determine difficulty level of 

each control activity. In order to consider the fact that the 

highly skilled pilot can endure a wider range of control 

stick changes, the centroid ci decreases as the time 

constant of the pilot neuromotor in (18) increases. By 

doing this, a pilot model with a smaller time constant 

results in a smaller WR for same control activities.  

 

4. SIMULATION RESULTS 

 

4.1. Simulation setup 

Once the ship motion variables heave (hs), pitch (θs), 

and roll ( )
s

φ  are obtained, vertical (hl) and lateral (sl) 

position changes of the landing spot are calculated as 

follows: 

( )( )

2 2

2 2

sin

cos cos ,

l s l l s

l l l l s

h h x z

y z

θ

α α φ

= + +

+ + − +

 (22) 

( )( )2 2
sin sin

l l l l s l
s y z α φ α= + + − , (23) 

where ( ), ,
l l l
x y z  denote the location of the landing spot 

from the CG of the ship, and 1tan ( / ).
l l l

y zα
−

=  In 

order to calculate aerodynamic properties of the selected 

helicopter, the ratio in (9) is selected to be 1:0.5:0.1. 

 

4.2. Test case evaluation 

In order to evaluate the feasibility of the integrated 

simulation environment developed in this paper, an 

example case is taken from [7]. A TMV114 fast ferry is 

modeled, with the main parameters as follows: L = 96m, 

B0 = 13.8m, T = 2.5m, Cb = 0.53, TN = 6.3s, GMT = 4.19m, 

β = 135o(180o corresponds to a head sea), and V=20 

knots. In addition, the value for μ is selected to be 0.4 so 

as to match the experimental roll motion data. The 

location of the landing spot is assumed to be (0.6 ,L  

0,3 ).T  The significant wave height Hs = 2m and the 

zero-upcrossing period Tz = 9 s is chosen since this 

condition occurs most frequently. A dynamic model of 

the BO-105 helicopter is linearized at 10 knots forward 

speed according to the assumed ratio. The pilot response 

delay τnm in (18) randomly changes during the simulation, 

with a mean of 0.2s and standard deviation of 0.1s. All 
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positions and attitudes for the BO-105 helicopter are set 

to zero initially. 

Position changes of the landing spot and the helicopter 

are compared in Fig. 2. The longitudinal position change 

of the landing spot is assumed to be negligible so that it 

remains at zero. As shown in Fig. 2, the heave motion 

along the vertical axis is the largest displacement change. 

Fig. 3 compares attitude changes of the ship and the 

helicopter. Yaw angle of the ship is also assumed to stay 

unchanged. Yaw angle of the helicopter shows the 

largest changes, and pitch angle of the helicopter changes 

most rapidly. As explained in Section 3.1, the pilot is 

supposed to primarily track the landing spot. In order to 

achieve position tracking, the helicopter needs to tilt its 

attitude angles. Thus, attitude difference is imposed as 

auxiliary criteria of task performance. As a result, Fig. 2 

shows that the helicopter tracks well the landing spot, 

while maintaining attitude difference small enough for 

the recovery task as seen in Fig. 3. Both the control 

inputs and their rates applied by the pilot model are 

shown in Fig. 4. As mentioned before, collective control 

and longitudinal cyclic control are more actively 

involved and a pilot needs to endure the workload 

associated with these control activities. According to 

(19), the WR turns out to be 3.88. 

 

4.3. Model validation 

Every component of the dynamic interface modeling 

in this study is integrated by means of simplification and 

parameterization for the purpose of analyzing system 

effectiveness. Even though all simplified components are 

previously validated, it is important to check if any 

unexpected coupling effects occur during the system 

integration. Therefore, it is required to prove that the 

simplified approach presented in this paper shows 

agreeable correlation with actual phenomena during the 

helicopter landing on the deck. In this section, the system 

validation is performed by comparing the results of the 

proposed environment with those of high fidelity 

simulations and/or flight experiments.  

An adaptive airwake compensator is designed for 

dynamic interface of the combination of UH-60 and USS 

Saipan [24]. In [24], pilot workloads and helicopter 

locations resulted from piloted simulation-based 

evaluations are presented to show the effectiveness of the 

airwake compensator for a 29th order linearized 

helicopter model. In order to run a case in the 

environment developed in this study, the following ship 

parameters are used: L = 250m, B0 = 32m, T = 7.9m, Cb 

= 0.67, TN = 24.9s, GMT=1.5m, β = 0o, and V = 0 knots. 

Landing spot 8 on the deck is assumed to be located at 

0
(0.7 ,0.4 ,1.5 ).L B T  Furthermore, a linearized model of 

the UH-60 at hover is obtained from [25], and the value 

of Vr is chosen to be 10 knots. 

Fig. 5 shows distributions of maximum tracking errors 

and the WR of 200 simulation runs with the proposed 

method in this paper. Mean values of maximum position 

errors are 1.75m, 1.58m, and 1.84m, respectively. It is 

also observed that the averaged WR is 3.35. In addition, 

a piloted test for the 10 knot head wind condition is 

presented in [24]. It can be seen that that maximum 
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position errors along the longitudinal and lateral 

directions from the piloted test are about 1.8m and 1.5m, 

respectively. The averaged WR is about 3.7. Unfortu-

nately, vertical position errors are not presented in [24]. 

As shown in Fig. 5, it can be concluded that the proposed 

method shows fairly acceptable agreement with the 

piloted simulation test using the high-fidelity helicopter 

model. 

 

4.4. Assessment of mission success 

In this section, the decision criteria proposed in 

Section 3 have been applied to various combinations of 

ship design parameters, sea states, helicopter types, and 

pilot skills. In addition, the maximum limits of position 

and attitude difference may vary depending on different 

operating conditions. In this paper, the width, depth, and 

height of the imaginary rectangular parallelepiped for 

maximum tracking errors are set to 0.2Bo, 0.03L, and Rm, 

respectively [1]. Performance criteria for yaw, pitch, and 

roll difference are set to ±10o, ±5o, and ±5o, respectively 

[11]. In addition, the maximum WR is assumed to be 

bounded to a value of 5 as expected in [26]. In general, 

HQR for a recovery landing is expected to be near 5 [13]. 

For a given operating combination, 1000 cases are 

simulated with randomly selected initial conditions of the 

helicopter within the criteria. As a result, a mission 

success rate can be represented by the ratio of the 

number of cases satisfying all criteria to the total number 

of cases. 

Tables 2~6 show representative results for various 

design parameter combinations. Table 2 lists the results 

of the case shown in Section 4.2 and Table 3 shows the 

case where β = 180o. Comparing Tables 2 and 3 shows 

that the helicopter has a better chance of landing safely 

on the deck when the ship aligns itself in the direction of 

the oncoming seas. The results of a PUMA-TMV114 

combination is also summarized in Table 4. Table 5 

shows the results of the case where a pilot of a BO-105 

helicopter tries to land on a ship with different 

characteristic values. It can be seen that a certain 

combination of ship design variables shows more robust 

responses so that the mission success rate may improve 

for more expected sea states. In addition, Table 6 shows 

Table 2. Mission success rate of BO-105 (L = 96 m, B0

= 13.8 m, T = 2.5 m, Cb = 0.53, TN = 6.3 s, GMT

= 4.19 m, β = 135o, τnm = 0.2 s). 

 
H

s
 (m) 

1 2 3 4 5 6 7 

T
z 
(s)

5 1.00 1.00      

6 1.00 1.00 0.12 0.03 0.00 0.00  

7 1.00 1.00 0.06 0.00 0.00 0.00 0.00

8 1.00 0.88 0.08 0.00 0.00 0.00 0.00

9 1.00 0.89 0.10 0.01 0.00 0.00 0.00

10 1.00 1.00 0.10 0.01 0.00 0.00 0.00

 

Table 3. Mission success rate of BO-105 (L = 96 m, B0

= 13.8 m, T = 2.5 m, Cb = 0.53, TN = 6.3 s, GMT

= 4.19 m, β = 180o, τnm = 0.2 s). 

 
H

s
 (m) 

1 2 3 4 5 6 7 

T
z 
(s)

5 1.00 1.00      

6 1.00 1.00 1.00 0.53 0.35 0.25  

7 1.00 1.00 1.00 0.34 0.11 0.00 0.00

8 1.00 1.00 0.88 0.21 0.06 0.00 0.00

9 1.00 1.00 1.00 0.58 0.00 0.00 0.00

10 1.00 1.00 1.00 0.93 0.13 0.00 0.00

 

Table 4. Mission success rate of PUMA (L = 96 m, B0

= 13.8 m, T = 2.5 m, Cb = 0.53, TN = 6.3 s, GMT

= 4.19 m, β = 180o, τnm = 0.2 s). 

 
H

s
 (m) 

1 2 3 4 5 6 7 

T
z 
(s)

5 1.00 1.00      

6 1.00 1.00 1.00 1.00 0.84 0.30  

7 1.00 1.00 1.00 0.87 0.41 0.05 0.02

8 1.00 1.00 1.00 0.18 0.03 0.02 0.00

9 1.00 1.00 1.00 0.89 0.01 0.00 0.00

10 1.00 1.00 1.00 0.89 0.24 0.00 0.00

 

Table 5. Mission success rate of BO-105 (L = 150 m, B0

= 17.0 m, T = 5.0 m, Cb = 0.53, TN = 15 s, GMT

= 2.0 m, β = 180o, τnm = 0.2 s). 

 
H

s
 (m) 

1 2 3 4 5 6 7 

T
z 
(s)

5 1.00 1.00      

6 1.00 1.00 1.00 1.00 1.00 0.91  

7 1.00 1.00 1.00 0.91 0.67 0.59 0.52

8 1.00 1.00 0.96 0.54 0.28 0.21 0.19

9 1.00 1.00 1.00 0.38 0.23 0.18 0.14

10 1.00 1.00 1.00 0.42 0.26 0.18 0.16

 

Table 6. Mission success rate of BO-105 (L = 150 m, B0

= 17.0 m, T = 5.0 m, Cb = 0.53, TN = 15 s, GMT

= 2.0 m, β = 180o, τnm = 0.5 s). 

 
H

s
 (m) 

1 2 3 4 5 6 7 

T
z 
(s)

5 1.00 1.00      

6 1.00 1.00 0.93 0.69 0.55 0.48  

7 1.00 0.93 0.61 0.51 0.44 0.35 0.29

8 1.00 0.63 0.34 0.20 0.11 0.01 0.00

9 1.00 0.57 0.38 0.24 0.15 0.08 0.00

10 1.00 0.68 0.40 0.25 0.15 0.11 0.05

Fig. 5. Comparison of proposed method to high fidelity 

modeling. 

   proposed method 

   pilot test for a high fidelity model 
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the results for a case where a less skilled pilot operates 

the helicopter. It is clearly shown that pilot skill is also 

important in determining the success rate. The authors 

realize that the results may more accurately reflect the 

real task when prediction and tracking of the deck 

motion are simultaneously implemented as a pilot model.  

 

5. CONCLUSIONS 

 

A simplified approach for assessing and predicting 

mission success rates of helicopter landings on ship 

decks is studied in this paper. Closed-form expressions 

of ship motion dependent upon ship design 

characteristics and sea states are implemented in the 

simulation. Linearized helicopter models and wind-over-

the-deck statistical data are used to represent a simplified 

helicopter dynamics model. In addition, the effects of 

turbulent air flow on the helicopter are modeled as 

undesired control surface movements. A pilot is modeled 

by a LQ tracking controller in conjunction with the 

neuromotor dynamics. Criteria to decide mission success 

are set by position error, attitude difference, and 

workload rating. Simulation results of various 

combinations of ship, helicopter, and pilot demonstrate 

the feasibility of the proposed technique for evaluating 

and predicting mission success rates. In addition, this 

simulation environment can be used at the early stage of 

the ship design process, particularly when mission 

effectiveness is considered as one of the performance 

criteria. 

The results of this simplified approach should be 

compared with those of more detailed modeling methods 

and components. For example, dynamic influence from 

the rotor flapping angles, the effect of crosswinds over 

the deck, and the flight mode transition from approach to 

station keeping need to be considered for further 

investigation. It is also expected that parameterized 

simulations would be useful for easy integration into an 

overall analysis tool by means of generating a surrogate 

model of the mission success rate.  
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