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(e large-scale system’s mission process and the interaction within the system are becoming more complex with the improvement
of the integration and intelligence, and the complex interactions amongmultiple factors, such as the unsafe behavior of personnel,
equipment failures, and environmental interference, make safety analysis a greater challenge. Aimed at the safety of carrier
aircraft, an integrated system modeling and safety analysis method for aircraft landing process were proposed based on System
Modeling Language (SysML) and Simulink. First, the SysML models were built according to the analysis of the mission process,
including system structure and behavior process, using multiple diagrams. Second, the SysML models were transformed into and
integrated with the Simulink platform to build entity models with continuous dynamic characteristics and to perform safety
analysis through simulation. Finally, an example of aircraft attitude control during landing was given to demonstrate the proposed
method, and the safety states were analyzed and assessed under different disturbance conditions.

1. Introduction

(e complexity of the large-scale industrial system, such as
aircraft, has rapidly increased in recent years because of the
integration and interactions among its multiple subsystems,
which brings new challenges to reliability analysis and safety
assessment. (ere are some classical techniques to evaluate
the safety of the system, including failure modes, effects, and
criticality analysis (FMECA), hazard and operability analysis
(HAZOP), and fault tree analysis (FTA). Although they have
shown the ability to support safety analysis in many do-
mains, these classical methods depending on the event chain
model may oversimplify the causal relationship and accident
processes [1]. In addition, many of these reliability and/or
safety analyses are mainly performed based on the experi-
ence of safety engineers, which are error prone and time-
consuming, and some potential hazards could not be ef-
fectively addressed or analyzed. Hence, it is difficult for them
to meet the requirements of large-scale complex systems.

(e modeling and simulation can provide a more de-
tailed description of performance characteristics, including

the component interactions and behavioral processes of
complex systems [2–4]. Hence, the method based on these
techniques can better satisfy the demands of modern systems
and provide a more practical and intuitive result. Many
researchers have focused on the modeling of the man-
machine system (MMS) because it is the core of the be-
havioral processes of complex industrial systems, including
the human and equipment factors [5–7]. At the same time,
the model-based safety analysis (MBSA) has become one of
the mainstream technologies to address the safety modeling
and simulation of modern large-scale systems [8]. In the field
of MBSA, different modeling tools and modeling languages,
such as SPIN and NuSMV, are chosen to conduct the
modeling to meet different requirements [1, 9]. Some MBSA
frameworks and data management techniques are designed
to simplify the interactions between system engineering
activities and reliability studies [10]. In addition, many kinds
of modeling languages, such as AltaRica, Architecture
Analysis and Design Language (AADL), Embedded Auto-
motive System Technology-Architecture Description Lan-
guage (EAST-ADL), and the Unified Modeling Language
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(UML), have been adopted and/or developed to support the
study of MBSA. (e UML has been used widespread for
system engineering, compared with EAST-ADL and AADL.
In UML, graphical notations are adopted to capture system
requirements and to support system design and analysis,
which can formalize and validate the specification of the
system. Nevertheless, UML suffers some limitations about
overly software-oriented semantics and lacks modeling
possibilities for concrete physical systems [11].

SysML is the extension of UML to support the design
and analysis of hardware. It inherits the advantages of UML
and supports the integration of a high-level model of a
physical system [12]. Moreover, it provides a method to
visualize and specify both the static and dynamic aspects of
the system [13]. (ere are 9 diagrams defined in SysML,
which can be used to represent different characteristics of a
system, so the SysML can provide a comprehensive hier-
archical description of the system with the appropriate
subset of diagrams [14]. Generally speaking, SysML has the
following advantages: (1) it supports modeling of complex
physical systems; (2) it focuses on modeling systems from
both structural and behavioral perspectives and provides a
more comprehensive description of the system, compared
with other modeling languages; and (3) the SysML model is
reusable and can be integrated with other modeling
languages.

Since SysML was proposed, it has been applied in many
fields and continuously developed, and the application can
be generally divided into two categories. One is to use the
SysML model to assist traditional safety analysis (e.g., FTA
and FMEA) based on model checking, which belongs to
indirect safety analysis. (e other is to directly apply the
SysML model to simulate system mission and/or behavior
process and state change.

For the former, the related research studies mainly focus
on how to generate safety artifacts or minimal cut sets that
violate specific attributes through the SysML model, and the
traditional FTA and FMEA can be supported by SysML
models [15, 16]. (e semiformal modeling approach based
on SysML was proposed to capture and structure safety
requirements, and the safety purposes were verified by
model-checking techniques [17]. (ese methods can realize
automatic or semiautomatic safety analysis and improve
efficiency, but it is difficult to analyze the influence caused by
the complex interaction and dynamic characteristics of the
system. For the direct approaches, the research studies in-
clude how to model the system mission and/or behavior
process and conduct the safety simulation for hazardous
scenarios through the SysML, and the interaction between
discrete behaviors and the logical behavior of fault pro-
tection function can be described and analyzed [18, 19]. (e
concept that integrates fault models into system models
using SysML was introduced to support the functional safety
testing [20]. (ese methods mainly get the safety models
through the decomposition of system behavior and the
description of the sequential logic. However, the behavior
model in SysML intends to describe the design information,
so it is difficult to represent the detailed execution infor-
mation required for simulation and the continuous

characteristics of the components in the SysML model. In
addition, the methods based on SysML could not directly
enable the quantitative modeling and performance simu-
lation based on the mathematical model.

Some researchers have combined the SysML with other
modeling tools to address the problem of quantitative
modeling and simulation, among which the combination of
SysML and Simulink is a typical solution. (e Simulink
platform has been extensively used inmany fields to simulate
discrete and continuous elements, especially for flight safety
[21, 22]. (e integration or transformation of SysML and
Simulink has been studied through the cosimulation
methods and extensible modules in Simulink [23–25]. A
formal approach for modeling continuous system based on
language mapping between SysML and Modelica is also
introduced [26]. However, most of these research studies
focused on the transformation rules for specific modules,
and there are few considering the overall structure of the
human-machine-environment and their interactions, which
may lead to the incomplete transferred model or the ig-
norance of the critical safety factors. Besides, the safety state
during the system mission is not described in detail.

In the practice of the safety field, flight process, especially
takeoff and landing, is usually regarded as a focus of at-
tention. As a typical complex process, flight safety during
takeoff and landing will be affected by various factors, in-
cluding equipment state, control and communication, and
environmental effect. Currently, the MBSA framework has
been introduced in the safety analysis of aircraft, and dif-
ferent modeling languages and software have been applied to
evaluate the safety of aircraft systems or airborne equipment
[27, 28]. On the other hand, flight safety is also impacted by
the human [29] and environmental states [30], and it is
necessary to study flight safety from an integrated per-
spective combining the man-machine system with envi-
ronmental influence, especially for the carrier aircraft whose
flight process is more dangerous because of the impact from
multiple factors.

(e safety analysis of the landing process mainly in-
cludes the simulation based on the dynamicmodel of aircraft
and the evaluation according to the flight data. (e main
purpose of constructing the aircraft dynamic model is to
simulate the movement of aircraft in the surrounding en-
vironment, so as to analyze the safety of the landing process
[31, 32]. At present, however, it is difficult to establish a
comprehensive model that contains all the influencing
factors, and the effect caused by the missed factors and their
interaction may be ignored. So many research studies tried
to quantitatively model the relationship between flight safety
and landing parameters to evaluate the landing process. (e
parameters or landing data and other coupling factors re-
lated to the carrier aircraft characteristics were evaluated to
assist in the analysis of the landing safety envelope [33–35].
Nevertheless, these methods need to handle a large number
of parameters that are not easy to acquire in some cases.
Moreover, these research studies precisely defined the
landing process but the man-machine system in the landing
is not detailed enough. Due to the influence of different
factors such as human, aircraft, and environment and their
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interactions, there are still large uncertainties in the change
in safety state in aircraft during the landing process.

Aimed at the above challenges, this study proposed a
safety analysis framework integrating conceptual model and
entity model based on the authors’ previous work [36]. (e
proposed framework improves the ability of the behavior
process modeling and the system safety evaluation based on
SysML and Simulink, thus providing a feasible and efficient
analysis method for the safety analysis of the landing pro-
cess. Different from other safety analysis methods, it em-
phasizes the modeling of system hierarchy and the
interactions between different components and provides a
standardized method for behavioral process modeling. (is
study directly uses elements in SysML to define and con-
struct the evolution path of safety state, which intuitively
represents the change in safety state and keeps the consis-
tency of modeling and evaluation. Moreover, because we use
a universal modeling language, the built model is easy to
adjust and reuse to improve the analysis efficiency.

(e rest of the study is organized as follows. A safety-
oriented process modeling and analysis method is intro-
duced in Section 2.(en, the formal process modeling based
on SysML is proposed in Section 3. Section 4 details the
integration of SysML and Simulink, and the entity modeling
of aircraft, personnel control, and environmental subsystem
based on Simulink is also represented. Section 5 takes the
aircraft attitude control as an example to illustrate the
simulation model and safety analysis. Finally, this study is
concluded in Section 6.

2. An Integrated Method of System Process
Modeling and Safety Analysis

An integrated method of process modeling and safety
analysis is proposed in this study, whose main process is
shown in Figure 1. (is method includes mainly 4 steps.
First, based on the analysis of themission process, the system
is described from the perspective of structure and behavior,
respectively, and the hierarchical structure of the system and
mission process is decomposed to identify components or
entities and their behaviors. Second, using different dia-
grams in SysML, the safety-oriented conceptual models of
the identified entities and their behaviors are constructed in
two dimensions, i.e., object and process. (e process di-
mension represents the dynamic evolution process during
the mission, while the models of object dimension are
transformed and integrated into the Simulink platform,
including the machine and personnel control model and the
environmental factors to support quantitative analysis. Fi-
nally, the state changes in the system are analyzed and the
safety assessment is performed through simulation based on
these models.

Combined with the safety objectives and requirements,
the safety states of the system can be determined, and then,
these states and their changes are described in the conceptual
models in the SysML, so the models can be used to support
qualitative safety analysis and identify the evolution process
of hazard in the mission. (e quantitative analysis needs the
simulation of the Simulink platform. According to the safety

requirements, one or more state parameters can be defined
as the safety indicators, and the safety boundary can also be
determined. Furthermore, the disturbance of risk influence
factors to the system is abstracted in the model. (rough the
simulation integrating SysML and Simulink, the dynamic
process of system states can be analyzed to assess the risk of
system mission.

3. The Formal Behavior Process Modeling
Based on SysML

3.1. Brief Introduction to SysML. SysML, as a typical tool of
model-based system engineering (MBSE), supports the
specification, analysis, design, and verification of complex
industrial systems that include hardware, software, infor-
mation, personnel, procedures, and facilities [37]. (e di-
agrams in SysML can be divided into three sections, i.e., the
structure diagram, the requirement diagram, and the be-
havior diagram. Figure 2 shows the division of different
types of diagrams. (e structure diagram can be used to
describe the hierarchical structure of a system, including
package diagram, block definition diagram, internal block
diagram, and parameter diagram. (e behavior diagram can
be used to describe the dynamic behavior of system objects,
including activity diagram, sequence diagram, state diagram,
and use-case diagram. (e requirement diagram is a kind of
cross structure that can be used to describe both static
structure and dynamic behavior.

In SysML, each diagram represents a slightly different
view of the model. A complex system can be described by
multiview visual diagrams to improve the integrality of the
model, but it is generally not necessary to use all of the
SysML diagrams in one model. A system process can be
completely described by modeling its structural and be-
havioral characteristics, and the former can be described by
the block definition diagram (BDD), while the latter can be
expressed by the use-case diagram (UCD), the activity di-
agram (AD), sequence diagram (SD), and state machine
diagram (stmD).

3.2. System Behavior Process Modeling Based on SysML.
(e characteristics of the behavior processes in complex
systems can be modeled using SysML. First, the composition
structure and organizational relationship of the system are
defined. Second, the behavior process is decomposed based
on the activities or events. Furthermore, the interactions
between objects can be modeled. Finally, the state changes in
system components and their impact on system safety are
characterized, as shown in Figure 3.

Step 1. System structure modeling: (e mission process
is analyzed to determine which objects or entities
should bemodeled.(e systemmission is an interactive
process of multiple factors, which are generally clas-
sified into three categories, i.e., human, machine, and
environmental factors, and the environment factors
can impact the behavior of human and machine.
(erefore, the whole system can be divided into three
types of entities: system operator, equipment and/or
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STAGE 1 �e analysis of the system
mission process

System
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components

behavior
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Figure 1: (e main process of the integrated method.
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Figure 2: (e SysML diagram taxonomy (as presented in [15]).
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Figure 3: (e system behavior process description based on SysML.
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components, and environmental factors. (e BDD
diagram is adopted to list the corresponding entities
and describe their properties including the values and
operations, as shown in Figure 4. Moreover, BDD can
represent the hierarchical relationships among these
entities and their attributes to support further
modeling.
Step 2. System behavior process modeling: (e be-
havior process can be divided into subprocesses,
which are successively modeled by the UCD and AD
diagram, where UCD is used to determine the func-
tional requirements and system architecture, and AD
is used to describe the detailed information. (rough
UCD, we can identify further the entities in the
process and their behaviors; then, AD supplies the
mechanism to describe the basic actions of different
entities during the process, including the transfer of
events, energy, or data. (e modeling of the specific
subprocess is shown in Figure 5, where the input and
output of the actions, and the object nodes and control
nodes are modeled.(e object node represents signals,
values, etc., that is passed between two actions, and the
control node displays the logical relationship between
the actions.
Step 3. (e description of interactions between en-
tities: (e interaction between entities in the system is
not only an essential process to complete system
mission but also the cause of exceptions and even
accidents. (erefore, it is necessary to analyze the
interaction between entities during each process. (e
SD is selected to describe the temporal sequence logic
and the interactions, including the lifeline, messages,
etc., which are transferred between various factors.
As shown in Figure 6, the interactions between
lifelines are represented by the messages that are
passed between the dashed lines, and the message is
described by a text on the line. (e conditions that
control the message delivery can be shown in square
brackets.
Step 4. (e description of states and state changes:
Description of object state can explicitly represent how
an object state changes over time with events or actions.
Accident is the unexpected and/or unaccepted state, so
the aim of process decomposition and interaction
description is to help identify the potentially unac-
cepted states, namely hazards. (e different states of
each entity in the system and the transition between
different states during the mission process can be
displayed in the stmD. (e specific steps of the analysis
of state change are as follows.

(1) (e lower-level object state changes are analyzed.
(e state changes in human, machine, and envi-
ronment are described, where the internal/external
behavior and the transition event will be
represented.

(2) (e indicators that could characterize the safety of
the system are defined. (e dynamical indicators

are taken as criteria for state changes in safety,
which can be established from historical data and
expert experience.

(3) (e safety of the system is evaluated. (e impact of
lower-level objects on the safety of the system is
analyzed through the simulation based on the
behavioral process models. As shown in Figure 7,
the safety of the system translates between different
states and is assessed according to the change in the
indicator.

4. The Entity Modeling of Landing Process

4.1. +e Integration of SysML and Simulink Models. (e
formal model using SysML can reduce the ambiguity of the
description and enhance the readability of the model.
However, SysML lacks the ability to model and quantita-
tively simulate the continuous operation process, especially
when the physical characteristics and behavior process of the
man-machine system are complicated. (erefore, it is
necessary to study the integration between the visual
modeling of SysML and the dynamic simulation of an entity.
In order to effectively analyze the behavior processes of the
system, this study chooses the Simulink platform to combine
with SysML models to simulate the behavior process in-
cluding man-machine system and environmental impact.
(ere exist many methods to support the model transfor-
mations between different modeling languages, among
which the OMG’s queries/views/transformations (QVTs)
and triple graph grammars (TGGs) are two common
transformation approaches. Compared with the QVT, the
TGG method can be bidirectional between the two lan-
guages and is more traceable, which benefits the parameter
passing. Hence, the TGG method is adopted in this study to
integrate SysML and Simulink, and the transformation
method is shown in Figure 8.

(e specific transformation rules based on TGG mainly
include the following aspects, as shown in Figure 9.(ere are
mainly three types of transformation, namely, object
transformation, parameter transformation, and control
transformation. (e object transformation transforms the
objects in the original model into the target model to ensure
that the objects in the two modeling languages are consis-
tent. (e parameter transformation can be achieved through
parameter sharing when the model parameters are simple.
For complex model, the parameters are transformed by
specifying the same transformative value attributes and types
between the different models. (e transformation rules of
control instructions and connection relationships in dif-
ferent models are defined to enable the corresponding
results.

(e TGG rule supporting the transformation between
the AD in SysML and the target model in Simulink is shown
in Figure 10. Since the action nodes, object nodes, and the
control nodes are the most critical components in the AD,
the transformation based on TGG is mainly focused on these
three kinds of nodes. In step 1, the same value type is defined
between the object node in srcObj1 and the data in trgObj1.
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In step 2, the action node in srcObj1 is converted into the
relevant subsystem block in trgObj2. In step 3, the control
node in AD is transformed into the logical operator, bus
creator, bus selector, etc., which can execute mathematical
calculations, relational operations, and logical operations.

Finally, the returned value from the target object can be
transmitted to the source object, ensuring the consistency of
the model.

(e other SysML models can also be transformed fol-
lowing the above rules. (e system hierarchy relationship,

bdd Structure [System Behavior Process]

«block»

«block» «block»

«block»«block»«block» «block»

«actor»

«actor»«actor»

System behavior process

Part1 Part2 Part3

System Operator Equipment

Equipment 1 Equipment N

Environmental conditions

Condition 1 Condition NActor NActor 1

value 1 value 1 value 1 value 1

value N value N value N value N

value 1

value N

value 1

value N

………

… … …
…

…
…

… …

operation 1operation 1

operation Noperation N

Figure 4: (e system structure of behavior process in BDD.

uc [package] Behavior [System Use Case]

System Behavior Process

Subprocess1 Subprocess2

Subprocess3 Subprocess4

«include»

«include»

Actor 2Actor 1

act [activity] Subprocess 3 [Use Case Specification]

Action 1 Action 2

Action 3

Action 4

Action 5

Action 6

Object Node

Control Node

Figure 5: (e specific subprocess model.
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the property of the object, and the corresponding object
entities in the BDD are converted to the subsystem module
(i.e., constant and integral module) in Simulink. In the SD,
the messages, constraints, and composite potion can be
translated into the bus creation, bus selection module, and
data transmission control between different modules to
demonstrate the interaction between entities. Based on the
description of the state and state transition of structural
elements in stmD, an object-oriented state-flow model can
be constructed to represent the entity state evolution process
of the system and subsystems.

Based on the transformation method, the entity models
can be established to describe and calculate the actual be-
havior of the objects in the mission process. According to the

system structure analysis in Section 3.2, the entity model of
the landing process can be divided into aircraft subsystem,
personal control subsystem, and environment subsystem.

4.2. Aircraft Subsystem Modeling. (e dynamic models of
aircraft during landing can be generally divided into two
categories, i.e., the nonlinear model of six degrees of freedom
motion and the small perturbation linearization model [38].
(e former can fully describe the motion of the aircraft, but
the strong coupling and nonlinear characteristics of the
motion equation may make it difficult to draw a conclusion
by direct nonlinear system analysis. (e landing process can
be regarded as a constant motion of constant speed and

«block» «block» «block» «block»
Object 1 Object 2 Object 3 Object 4

Message 1

Message 2

Message 3

[condition 1==True]

Figure 6: Example of a sequence diagram.

stm [stateMachine] system safety state

System safety

Critical state

internal behavior/

internal behavior/

internal behavior/

internal behavior/
Dangerous state�e normal state Safety

Safety indicator

indicator

entry/
do/
exit/
…

internal behavior/

entry/
do/
exit/
…

internal behavior/

entry/
do/
exit/
…

�e operator state

�e equipment state

�e environmental state

transition event

transition event

transition event

Figure 7: (e system safety state change.

System behavior System behavior
model in SysML

TGG
transformation

Transformation

rules model in Simulink

Source Model
Refers to Refers to

Target ModelDefinition

Figure 8: TGG-based model transformation method.

Mathematical Problems in Engineering 7



angle. (e flight speed is generally less than Mach 0.2 during
landing, and the aircraft movement can be considered as
linear because it is not almost impacted by air compress-
ibility during landing [39, 40]. (erefore, the linear small-
disturbance state equation is adopted to express the aero-
dynamic characteristics of the aircraft, which is convenient
to study its flight and stability characteristics.

In this study, we assumed that the aircraft only longi-
tudinally moves during landing and ignores its transverse
motion. When the aircraft is in longitudinal motion of the
landing, the external forces acting on the aircraft under the
track coordinates are shown in Figure 11.

(e dotted line in Figure 11 is the horizontal line; mg is
the aircraft gravity; P is the thrust generated by the engine
and refers to the longitudinal axis of the aircraft; X is the air
resistance to the aircraft; Y is the lift force on the plane; and

V is the velocity of the aircraft. (e angle α between the
plane’s velocity and the plane’s longitudinal axis is called the
plane’s angle of attack. (e angle θ is called the plane’s pitch
angle. (e angle c between the plane’s velocity and the
horizontal line is called the track angle of the plane. (e
angular velocity ωZ of the longitudinal axis of the aircraft in

SysML model

SysML2 Simulink

TGG rules Simulink model

BDD: modules,
associations

AD: action node, object
node, control node

SD: messages, constraints,
and composite fragments

StmD: state and transition

:Object transformation

:Control transformation

:Parameter transformation

Model 2 Block
…

…

…

Value 2 Parameter

Control 2 Operation

Subsysten blocks
Constant blocks
Integrator blocks

Logical relational
Logical operator

Bus creator
Bus selecetor

State
Transition

domain: target modeldomain: source model

Figure 9: TGG transformation rules.
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Figure 10: (e integration of the AD and the target model.
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Figure 11: Aircraft force diagram.
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the longitudinal plane is called the pitch angle velocity of the
aircraft.

(e longitudinal small-disturbance state equation of the
aircraft can be expressed as follows:

dx

dt
� Ax + Bu,

y � Cx + Du .

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(1)

where x is the state vector; u and y are the control vector and
output vector, respectively; A and B represent the matrices
including the flight state parameters and aerodynamic de-
rivatives of the aircraft; and C and D are parameter matrices
that support the computation. Moreover,

x � v, α, θ,ωZ, h( ,

u � δT
Z,

y � (VT, α, θ, q, h).

(2)

(e mathematical relationship between the flight state
attributes and aerodynamic parameters of the aircraft is de-
scribed in equation (1). Some basic attributes involved in the
system are shown in Table 1. (e table also displays the
belonged modules for different attributes. (ese include the
important performance parameters of the aircraft and the
main conditions that can affect flight.(e dynamic simulation
model of flight according to the longitudinal small-disturbance
equation is shown in Figure 12. (e flight state parameters of
the aircraft can be obtained through the model calculation, by
inputting the δZ into the state equation, including the vari-
ation of the speed (VT), the variation of the attack angle
(alpha), and the variation of the pitch angle speed (q).

4.3. Personnel Control Subsystem Modeling. During the
landing process, it is necessary to accurately control the glide
trajectory of carrier aircraft to ensure safety.When the actual
flight state deviates from the target, it can be restored by
adjusting the control. (e control mode of aircraft generally
includes manual control and autopilot control. (is study
focuses on the safety of the man-machine system, so the
manual control mode is modeled and analyzed.

(is study focuses on the longitudinal motion of aircraft
during the landing process, so the manual control can be
appropriately simplified. It is assumed that the pilot’s
manual control of the aircraft attitude is mainly achieved by
manipulating the elevator of the aircraft in longitudinal
motion, and the pilot’s operation of the aircraft is a con-
tinuous trajectory tracking behavior. (erefore, the attitude
control function of the aircraft in the personal control
subsystem can be realized by constantly changing the angle
of the elevator according to the relevant instruction. In this
model, the expected value of parameters in the instruction is
taken as input, and the deviation angle of the elevator is
taken as output. At the same time, the actual value of the
flight parameter is introduced as negative feedback to make
the actual flight parameter as stable as possible at the ex-
pected value.

(e system feedback control function is realized by using
the cascade proportional-integral-derivative (PID) control
model. (e control principle of the longitudinal motion of
aircraft is shown in Figure 13. (e altitude variation in-
struction and the value of the altitude feedback are taken as
the input to the PID in the outer loop, to adjust the pitch
angle. (en, the pitch angle rate is calculated with the value
of the pitch angle feedback. In the internal loop, the cal-
culated value and pitch angle rate feedback are taken as
input, processed by the limiter, to control the elevator op-
erating angle. Finally, the elevator operating angle is
transmitted to the aircraft model. (e relationship between
the input and output in PID can be expressed in equation
(3). (e e(t) is usually used to represent the deviation be-
tween the expected value and the actual value, as shown in
equation (4).

m(t) � Kpe(t) +
Kp

TI


t

0
e(t)dt + Kpτ

de(t)

dt
, (3)

e(t) � a(t) − c(t). (4)

where m(t) is the output of PID; e(t) is the deviation
between the expected value and the actual value; a(t) is the
actual value; c(t) is the expected value; Kp is the propor-
tional gain; TI is the integral time constant; and τ is the
derivative time constant.

4.4. Environmental Subsystem Modeling. (e influence of
environmental factors on the landing process is mainly
considered in environment modeling. (e carrier aircraft
may be disturbed by lots of external factors such as aircraft
carrier wake, crosswind, and precipitation during the
landing process [41]. In addition, due to the influence of sea
waves, sea surges, and wind, the aircraft carrier will generate
six degrees of freedom movement in the sea. It is believed
that the main influence of atmospheric disturbance on
aircraft landing is caused by the vertical component of
turbulence. In this study, therefore, only the disturbance of
the vertical component is considered on the altitude control
of the aircraft.

(ere are many external environmental factors that may
affect the landing process. (eoretically, it is necessary to
establish the corresponding models to describe their influ-
ence, but they are beyond the scope of this study because it
mainly focuses on the modeling and safety analysis of the
man-machine system. It is assumed that the influence of
different environmental factors on the aircraft can be syn-
thetically expressed. (e difference in the comprehensive
influence can be expressed by different degrees of effect on
the aircraft. Considering their actual effect in the model, the
influences are regarded as the disturbance to the human-
machine system in the instructions of the control module.
(e comprehensive influence is expressed as the deviation of
the elevator angle in the output of the personnel control
subsystem. It is implemented in the additive white Gaussian
noise (AWGN) module in the control loop in Simulink. (e
AWGN obeys the Gaussian distribution and is the most
basic noise and interference model. (e signal-to-noise ratio
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(SNR) and the controlling value are the actual input pa-
rameters to the AWGN. (is model adjusts the SNR of the
module to realize the different degree disturbances of the
comprehensive environmental impact. (e improved con-
trol loop schematic diagram is shown in Figure 14.

5. Case Study

5.1. Mission Process Modeling of Landing Process. (e
landing process was analyzed to identify the various objects
and main behavior involved in the system.(e basic process
of aircraft landing is shown in Figure 15. (e pilot, after
checking the state of the aircraft, sends a request to the
control center, and the control center issues an allowable

landing command to the aircraft and the landing signal
officer (LSO, the staff guiding the aircraft landing) according
to the landing situation. After receiving the order, the pilot
flies to the aircraft carrier. Meanwhile, the control center and
the LSO keep sending auxiliary navigation information to
the aircraft via the Fresnel lens (the equipment providing the
optical-assisted landing). (e pilot adjusts the aircraft atti-
tude until it touches the ground or goes around.

Considering the multiple factors and mission stages in
the landing process, the attitude control of the aircraft is
taken as an example to establish the safety-oriented SysML
models and conduct the safety analysis. During the landing
process, the aircraft glides at a certain speed when the LSO
uses the Fresnel lens optical landing system (FLOLS) to

Table 1: Some basic attributes of the system.

No. Attributes Symbol Belonged module Unit
1 (e variation of speed VT Equipment m/s
2 (e elevator operating angle δZ Equipment rad
3 (e variation of attack angle α Equipment rad
4 (e variation of pitch angle θ Equipment rad
5 (e variation of pitch angle speed q Equipment rad/s
6 (e variation of aircraft altitude h Equipment M
7 (e mass of aircraft M Equipment Kg
8 Pilot state E1 Human -
9 Avionic equipment state E2 Equipment -
10 Environmental state E3 Environment -

Elevator control values
1

Longitudinal

x = Ax + Bu
y = Cx + Du

.

1

2

3

4

5

VT

alpha

q

theta

h
Calculation operation

Figure 12: (e flight dynamic simulation module.
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instruction

_

+

+

+ +

+
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Pitch limiting Elevator order
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Pitch rate

Pitch angle

feedback

feedback

feedback
Altitude

Figure 13: (e control principle of the longitudinal motion.
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signal the pilot and guide the flight. (e pilot controls the
pitch angle by adjusting the elevator to ensure that the
aircraft can glide as much as possible on the ideal track. As
shown in Figure 16, the factors involved in the attitude
control are divided into three classes in BDD, i.e., system
operator: pilot and landing signal officer; equipment: air-
craft, arresting cable, and Fresnel lens; and environmental
conditions: aft flow, rainfall, and wind shear. (e definitions
of the operations and values are detailed in BDD. Taking the
aircraft module as an example, its values include the attack
angle α, the pitch angle θ, and the altitude h, and its op-
erations consist of the combat mission, takeoff, and landing.

According to the analysis of the attitude control process,
there are two parallel actions, i.e., aircraft manipulation and
optical guidance, which usually happen at the same time.(e
aircraft attitude control can be modeled and analyzed in
detail by using AD, as shown in Figure 17.(e “maintain the
state” and the “adjust the state” are the subprocesses and
subsequent actions of the “aircraft manipulation,” and the
pilot adjusts the state by adjusting the elevator and con-
trolling aircraft power.(e parameter value of the command
issued by the guide related to the ideal glide trajectory is
transmitted to the control subsystem through the input port.
In this way, the information interactions between different
entities in the process of attitude adjustment can also be
comprehensively and clearly presented.

(e state machine diagram is chosen to model the real-
time state and the state transition of the aircraft, pilot, and
LSO with the excitation events [42]. (e track deviation,
which refers to the positional relationship between the actual
landing track and the ideal landing one, is one of the most
important indicators for measuring the safety of aircraft
landing and attitude control. (erefore, the dynamic devi-
ation is taken as a criterion for state changes in this study.
Figure 18 shows the state change in carrier aircraft during
the landing process. When the pilot is ready to land and
receives the landing signal, the aircraft will be adjusted and
transferred between different altitude deviation states,
influenced by the external disturbance and pilot control
adjustments. (e deviation adjustment of aircraft in the
diagram is a compound state, which has a significant impact
on the aircraft state. (e ready-to-land, landing guidance
and successful landing nodes are all simple states, taken as a
cause or effect of a compound state. (e operational devi-
ation and environmental interferencemay lead to the state of
beyond ideal height deviation, which is originally within the
ideal altitude deviation. And the effective adjustment can
make it possible to return to the ideal state.

(e adjustment of altitude deviation has a critical effect
on flight safety during the landing. (e safety of aircraft can

be evaluated by the state change in stmD, as shown in
Figure 19. (ere are five state nodes in the stmD, in which
the normal, critical, and dangerous state nodes directly
indicate the safety state of the system, and the others rep-
resent the event state. (e normal state represents that the
system is in a safe state; the dangerous state represents the
unexpected and/or unaccepted state; and the critical state is
an intermediate state. (e system can change among these
three states relying on the relationship between the actual
deviation and the prescribed deviation. When the actual
deviation is greater than the allowable value, the system will
be in a dangerous state. When the actual deviation is less
than or equal to the ideal deviation, the system will be in a
safe state. Similarly, other conversion relations are shown in
the stmD as well.

Based on the above discussion and the models, the flight
attitude control model is constructed in Simulink, as shown
in Figure 20. Different modules represent the relevant
subsystem, respectively. (e ideal trajectory sent from the
LSO is taken as the overall system input and is processed into
the aircraft subsystem after being processed by the control
subsystem. (e flight parameters are calculated and dis-
played on the scope modules at the same time.(e influence
factors of the environmental subsystem participate in the
negative feedback adjustment in the control subsystem,
reflecting the impact of the comprehensive interference on
the human-machine system.

(e initial parameters of the aircraft during the landing
process are assumed as follows: the altitude of the aircraft at
the entrance to the glide trajectory is 240 m, while the glide
angle of the aircraft is -3°, and the initial flight speed is
102m/s.(e parameter matrix of the small-disturbance state
equation is also given.

A �

0.0555 −6.6382 −16.5890 −9.6783 0
−0.0020 −0.7187 1.0000 −0.0156 0
0.0003 −1.0945 −0.9745 0.0039 0

0 0 0.9950 0 0
0 −102.0900 0 102.0900 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

B �

−0.5653
−0.1303
−4.0098

0
0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

C �

1 0 0 0 0
0 57.3 0 0 0
0 0 57.3 0 0
0 0 0 57.3 0
0 0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

D �

0
0
0
0
0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(5)
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Figure 14: (e improved control loop schematic diagram.
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In this case, the carrier aircraft receives the landing
command at 300meters. (e pilot manipulates the elevator
in time to make maneuvers, corrects the initial vertical

trajectory deviation, maintains a 240meters fixed-altitude
flight for a period of time, and then executes gliding under
the guidance. (e change in aircraft pitch angle θ and the

bdd Structure [Aircra� Landing Process]

Value

ValueValueValueValue
Value

Value ValueOperationOperationOperationOperation Operation
Assist landing Landing guidanceCombat mission

Take-off and landing

Velocity disturbance: ν
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Angle of pitch: ϑ
Pitch rate: ω

z

Altitude: h

«block»«block»«block»
Wind shearRainfallA� flow

Condition assessment
Landing command

Aircra� control

State recognition: E1
Decision Control: R1
Mission time: T1 State recognition: E2

Decision Control: R2
Mission time: T2

Part1 Part2 Part3

«block»
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«block» «block»

«block» «block»
System Operator Equipment Environmental conditions
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Figure 16: Block definition diagram of the landing process.
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pitch angle speed q during the process are shown in Fig-
ures 21 and 22. According to the figures, it can be concluded
that a large maneuver is required because the aircraft does
not reach the specified glide height in the initial state,
resulting in a rapid change in the pitch angle. Figure 21
shows that the pitch angle first reversely increases and then
decreases. When the aircraft enters the sliding phase, the
pitch angle speed change is gradually stable, as shown in
Figure 22. Based on the analysis of these figures, it is con-
sidered that the flight attitude control function can realize
the effective control of the aircraft by adjusting the control
command in the process of landing and meet the require-
ments of safety.

5.2. Safety Analysis of Landing Process. Many factors, such as
pilot error, equipment fault, and complicated environmental
conditions, can have a great impact on the landing process,
all of which increase the uncertainty of the flight attitude
control. Here, we take the attitude control under different
disturbance degrees, for example, to illustrate the safety
analysis. In combination with factors such as personnel
control, environmental conditions, and landing conditions,
the different degrees of disturbance, used to indicate the
severity of influencing factors, can be classified into 3 cat-
egories, i.e., H1, H2, and H3, as shown in Table 2.

As mentioned in the above analysis, the landing track
deviation of the aircraft is a critical indicator, so we classified
the landing track deviation (as shown in Table 3) for further
analysis. According to the analysis in Section 5.1, when the
upper limit of the allowable value of the track deviation is
exceeded, the aircraft is considered to be in a dangerous
state. At this time, the pilot needs to take the emergency
operation of the deviation correction by adjusting the ele-
vator. For the safety analysis, the influence of different
factors in the event can be simplified as the comprehensive
interference of external environmental factors. Hence, the
comprehensive influence of H1, H2, and H3 can be rep-
resented by the AWGN module to be added into the per-
sonnel control subsystem. A certain signal-to-noise ratio
(SNR) of the AWGN module is determined based on the
state combination of different disturbance events. Different
degrees of disturbance to the environment can be realized by
adjusting the SNR.

According to the classification of ideal range and al-
lowable range of the vertical deviation in Table 3, the aircraft

state is divided into safe state, critical state, and dangerous
state. (e safe state refers to the vertical deviation within the
ideal range, the dangerous state refers to the vertical devi-
ation outside the allowable range, and other cases belong to
the critical state. (e transition among these 3 states can be
defined by the state diagram in Stateflow, where the letter “a”
is the vertical deviation from Simulink continuous system
(aircraft), as shown in Figure 23.

(e actual flight altitude under different disturbance
degrees is shown in Figure 24, where the green line is the
expected or ideal altitude during the landing process. (e
curves of H1, H2, and H3 are the actual flight altitude under
different interferences, respectively. In general, as shown in
the figure, the aircraft starts from the initial position (the
altitude is about 300 m) at the beginning of landing and
reaches the glide altitude after about 6 seconds of maneuver;
then, the aircraft confirms and keeps the altitude until it
enters the slide path at about the 20th second. It can be seen
that the actual altitudes under different interference con-
ditions are different.

Figure 24 only shows the macrotrend of the altitude of
aircraft, so a more detailed analysis is needed. (e real-time
vertical deviation between the actual path and ideal path is
shown in Figure 25. Same as Figure 24, it is obvious that the
deviation rapidly decreases from 60meters to about zero
after the maneuver. When the aircraft needs to turn into the
slide phase at about the 20th second, the deviation suddenly
increases again due to the delay of the corresponding ma-
neuver and gradually decreases after the aircraft stabilizes. In
the whole process, we can see that H1 maintains a stable
trend, while H2 and H3 need constant adjustment where H3
has a bigger fluctuation.

By studying the aircraft state with time, the influence of
different interference degrees on aircraft safety can be an-
alyzed further. (e change in the aircraft state is shown in
Figure 26. It can be seen that under the three interference
conditions, the changes in aircraft state have a similar trend,
that is, they have a similar time period in a dangerous state
and critical state. In these three cases, the aircraft is in the
dangerous state between 0 and 5 seconds and 40 and
62 seconds, in the critical state between 20 and 40 seconds
and 62 and 68 seconds, and in the safe state for the rest of the
time, because of different maneuver in different stage. (e
flight time in dangerous and critical states under different
disturbance conditions is calculated, as shown in Table 4.
Although the critical time of H1 is bigger than that of H3 and
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Table 2: Classification of influence factor.

Node Event Influence factor

H1 —
(i) Pilot has a slight operating deviation
(ii) Environmental condition is good
(iii) Landing conditions of aircraft carrier is good

H2 Altitude deviation adjustment during landing
(i) Pilot has moderate operational deviation
(ii) Environmental condition is serious
(iii) Landing conditions of aircraft carrier is serious

H3 —
(i) Pilot operating deviation is large
(ii) Environmental condition is harsh, and the wake has a great influence
(iii) Landing conditions of aircraft carriers are critical

Table 3: Classification of landing track deviation.

Deviation type Ideal range (m) Allowable range (m)
Horizontal position deviation −6.1–6.1 −12.2–12.2
Vertical deviation −3–3 −5–5
Transverse center deviation −1.52–1.52 −3.05–3.05

Safety
entry:S_value=2.2;

[a>=3]
[a<3]

[a>=5]

2
1

1

entry:S_value=2.6;

entry:S_value=3;

Critical

2

2

[a<5]
1

[a>=5]

Dangerous

[a<3]

Figure 23: Aircraft state change in Simulink.
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H2, the dangerous time in H3 increases about 11.7%
compared with H1, and both the critical and dangerous
times in H3 are all longer than H2. It can be concluded that
the risk gradually increases.

(e simulation results show that the degree of the air-
craft deviating from the safe state is different under different
interference levels as well as the time in the safe state. (e
pilot can adjust the operation to restore the aircraft to the
normal state from a small deviation. However, when the
interference is serious, the effectiveness of the pilot’s ad-
justment operation will be limited, and the risk level of the
aircraft will greatly increase. (erefore, the research on
improving the anti-interference ability and fault tolerance
will play an important role in improving flight safety.
Moreover, the time calculated based on quantitative simu-
lation can be used to support the optimization of the pilot’s
manipulation and improve the recovery ability of aircraft.

6. Conclusions

(is study proposed an integrated method based on SysML
and Simulink to model and analyze the safety of the complex
processes including the interaction of man-machine system,
and the landing process of aircraft was taken as a case study
to demonstrate the proposed method. (e formal modeling
of behavior process was construed by SysML, including the
models of system’s structure, dynamic process, interaction,
and state change. Based on the integration of SysML and
Simulink platform, the entity models of human, machine,
and environment systems are established. Finally, the safety
of the aircraft attitude control process is analyzed to verify
the proposed method.

Compared with the state-of-the-art approaches to be-
havior process modeling and safety analysis for mission
process, the main contributions of this study are as follows:
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Table 4: (e time of the aircraft in dangerous state and critical state.

Disturbance type (e time in dangerous state (s) (e time in critical state (s)
H1 22.3 30.4
H2 24.5 28.1
H3 24.9 28.9
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(1) the relationship between the system safety and com-
ponents is considered and represented, which can express
not only the logical relationship of behavior but also the
continuous dynamic characteristics of components, and (2)
the model of landing process is general and flexible, sup-
porting reuse and refinement of mission process scenarios as
required. Using a universal modeling language and platform,
the method can improve the analysis efficiency and reduce
the skill requirement for analysts. Moreover, this method
can be used to simulate the safety of aircraft during the
landing in different scenarios, which can also provide a
reference for the actual flight test and the formulation of the
flight plan. At the same time, the presentedmethodology still
has some limits. (e integrated impacts on the safety of the
system caused by the possible machine degradation and
human error and the environmental factors are not ade-
quately analyzed in the current version. Future works will
focus on strengthening the state evolution of human, ma-
chine, and environmental factors in the system. In addition,
we directly use the altitude deviation as the safety state
indicator, which limits the predictability of the evolution of
safety to a certain extent. (e evaluation model based on
flight parameters and disturbance parameters will be con-
sidered to help predict the safety of the system in the future.
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