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Abstract: This paper provides the essential literature review of aircraft controller design for the crucial
landing phase. Fundamental ideas, modeling strategies, controller design approaches and most current
developments in establishing safe and stable landings are covered in this overview. The purpose of the
insights shared here is to support ongoing improvements in aircraft safety and operational effectiveness
during landing.
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1. Introduction

The number of air traffic worldwide has been on an increasing trend throughout the years. Though
COVID-19 pandemic has seriously interrupted the progression, it has been projected that the recovery
in the wotld’s air passenger volume post-COVID 19 will rapidly resume to the traffic levels of 2019 in
just one to two years [1]. In general, the high air traffic volume has brought about few important issues
and challenges to the aviation industry, particularly in term of ensuring passenger safety and maintaining
efficiency and sustainability of flight operations. Aircraft landing is one of the most crucial flight phases
and it needs to be safely and precisely performed [2]. More often than never, aircraft face hard landing
during an unstable approach, which is a concern for the aviation industry since this situation can cause
notable damage to the aircraft’s structure and affect the safety of the onboard passengers [3]. Unstable
approaches have been accounted for 5% of all approaches worldwide and in neatly all cases, it becomes
the leading risk factor for accidents during the landing flight phase [4].

The Accident Classification Task Force (ACTT) of International Air Transport Association (IATA)
defines unstable approach as a factor to an aircraft accident when the crew proceeded to land the aircraft
although they already had knowledge about any vertical, lateral or speed deviation in the portion of the
flight close to landing [5]. In order to obtain the safe approach and landing, a carefully ordered sequence
of changes to the configuration and also speed of the aircraft is necessary. These criteria must be met
for an approach to be classified as stable. When these criteria are not satisfied, often due to unexpected
changes, the approach is classified as unstable and the risk of landing accident or incident is increased
[6]. Based on the reported statistics, majority of aircraft accidents occurred during the landing phase,
which is about 65% of them, and these incidents were predominantly caused by unstable approach [7].
It should also be noted that pilot’s workload is high during the landing phase as it is necessary to change
both vertical and horizontal positions of the aircraft while at the same time reducing the aircraft speed
and altering its configuration by deploying landing gear and flaps for the landing [8]. There are several
different factors that could contribute towards unstable approaches in the landing phase. For instance,
on top of the human factors, the complexity of the aircraft’s flight dynamics during the landing phase
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and the influence of the flying environment such as weather conditions and characteristics of the aircraft
system can all affect the occurrence of unstable approaches [9]. A hard landing is a type of landing that
often occurs because of unstable landing approach where the aircraft makes excessive impact with the
runway due to a greater vertical speed than it supposed to [10]. Hard landing can have various negative
effects on the aircraft, especially in damaging its systems and compromising its structural integrity. As
reported, 41% of hard landing incidents have resulted from unstable approach [11].

There are limited literatures discussing about unstable approaches and most of them are focused
on the perspective of air crew and also on statistical analysis of Question—Answer Relationship (QAR)
ot flight record [12]. The Gaussian Process (GP) offers fundamental, realistic and probabilistic method
for creating kernel machines for data modelling [13]. A research on unstable approach detection method
has been developed using previous real life flight data and several methods are introduced to determine
unstable approach such as using the tracking data of surveillance with wind data, parameters of aircraft
and knowledge of navigation [14]. This method improves the results of detecting of unstable approach,
which has been proven by a case study. In the meantime, another study uses Gaussian process to detect
unstable approach based on the historical flight data by analyzing the flight path anomaly. A model has
been made for anomaly detection continuously throughout the aircraft’s flight path to detect instability.
It detects anomaly continuously during flight and sends data to ACTO to take the necessary action [13].
On the other hand, Ref. [15] discussed the hard landing incidents from the perspective of crew members
and maintenance personnel. In the maintenance guidelines, certain SOP is provided to detect the hard
landing and unstable approach for different aircraft. Furthermore, another conducted study is focused
on understanding hard landing and unstable approach with the data of airspeed, runway, altitude and
other related factors. It should be noted that different air traffic law and regulation agencies impose
different SOPs to determine unstable approach and guidance to be followed by pilots in order to avoid
hard landing and ensure the safety of onboard passengers and the aircraft’s structure [16].

Different analyses are done to understand hard landing according to QAR data. By understanding
the QAR data for different aircraft, specific hard landing criteria for different aircraft could be identified
and the requirements for safe and stable landing can be established and implemented. Information from
flight data monitoring (FDM) is typically used to find indicators of problematic approaches in aviation.
Investigating the variables or parameters that might signal the presence of unstable approaches during
aircraft’s landing is the ultimate goal. In this paper, several flying parameters and their links with unstable
approaches, most likely using dataset of flight data gathered during landing operations, are examined.
Patterns and correlations between the flight parameters and the occurrence of unstable approaches can
be established using statistical analytic techniques and machine learning algorithms [17]. In conjunction
to this, such prediction of unstable approach can then be applied to develop suitable controller in order
to avoid hard landing. In order to effectively provide a solution to this problem, this study will explore
the answers for the following critical questions:

e What are the primary causes of hard landing during unstable approach?

e How can flight dynamic models accurately represent the behavior of an aircraft during unstable
approaches?

e What are the control techniques that can be used to design suitable controller for preventing hard
landing during landing phase?

e What are the limitation for designing the controller?

e How might the information gained from this study be used to improve landing procedures and
flight safety in various types of aircraft?

Finding the answers to these questions will provide better understanding and leads to the best approach
to improve safety during landing.
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2. Flight Dynamic Modelling for Aircraft Landing

To understand stability of any aircraft in order to design a control system for it, it is very important
to develop its flight dynamic model. The development of flight dynamic model of an aircraft during the
landing phase has been discussed [18]. Such model development process is challenging since the landing
process consists of several different phases and the aircraft’s movement is continuously changing during
each of these landing phases. In addition to the aerodynamic moment and force, gravitational force also
acts on the aircraft during landing and once it touches down on the ground, the friction force starts to
act on its wheels and subsequently on its structures. The longer the aircraft moves through the runway,
the effects of aerodynamic forces become smaller and those of friction force are increased, which affect
the longitudinal motion of the aircraft. Figure 1 show the forces acting on the aircraft during flight and
the aircraft’s motion parameters in the vertical plane.

Figure 1: Forces acting on the aircraft during flight [19]

During landing, the forces acting on the aircraft are expressed by Equation 1 to Equation 3, where
C, and C; are the acrodynamic force coefficients, S is the wing area, o is the air density and v is the air

speed.
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As the airplane flies during flight, aerodynamic forces that are acting on the aircraft includes lift, Y
and drag, X. They can be calculated using the following Equation 4 and Equation 5, respectively.
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Furthermore, adding the consideration of effects from gravitational forces, G and aircraft’s engine
thrust, P, the resultant equations are derived.

dv
m (d—; + wyv, — wzvy> =Py —X—Gsinf (©6)
dv,
m rr + w,v, — wyv, | =Y — Gcos O (7

In the meantime, the kinematic properties of the aircraft will also undergo several modifications as
it moves along the runway. The aircraft's angular velocity will not change and both angle of attack and
pitch will be constant. The direction of the aircraft’s engine thrust, P is changed after its wheels make
contact with the runway. The rolling resistance force will take the form of Equation 8, where kfrl is the
rolling resistance coefficient and G is the aircraft’s weight. Furthermore, the dynamic model of aircraft
landing can be stated as Equation 9.

Fe1q = kf11(GY) ®)
dv
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Since X and Y components of the aerodynamic forces are also developed in accordance with Uj,
the relationships can be re-written as Equation 10 and Equation 11.
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3. Automatic Control of Aircraft During Landing

Flight Dynamics Model (FDM) is representation of a set of mathematical equations that are used
for calculation the forces that are physically acting on any flying vehicles. The motion of an aircraft is
related to its six degrees of freedom (6DOF) from the second Newton’s Law, which could be described
as a system of first-order non-linear differential equations. The equations of motion can be taken as the
fundamental for all models related to flight dynamics. In FDM, non-linear equations have been used to
describe the flight stability of an aircraft. In this case, mathematical representation of the aerodynamic
forces and moments that are acting on the aircraft and the equations of motion for the aircraft are used
to develop the 6DOF non-linear flight model.

A unique sliding mode control strategy in lateral-directional plane has been proposed to be used
to automatically manage an aircraft during the landing phase. A navigation system and a control system
make up the two main components of this proposed control system. With this system, the aircraft will
follow the intended lateral path and heading angle generated by the guidance system during the landing
approach. The aircraft's roll and yaw rates are managed by the control system while the tracking of the
intended lateral path and heading angle is done using a sliding mode controller. The effectiveness of
this suggested control system in managing lateral motion of the aircraft during landing has already been
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demonstrated in Ref. [20], even in the presence of external disturbances and uncertainties, using a high-
fidelity aircraft simulator. The non-linearization of the aircraft’s non-linear dynamics is achieved based
on the small disturbance method of a trajectory of equilibrium. The general non-linear model can be
expressed by Equation 12 to Equation 19.
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0
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Virtual dynamic model design and analysis is very important for understanding and design of flight
characteristic of any aircraft. It is recommended to explore all mechanisms and fundamental concepts
of flight dynamics. This is an initial inquiry that commences by scrutinizing the modeling of all pertinent
actions that affect the system being studied through utilization of the aircraft’s dynamics. The primary
objective is to devise a simplified approach for mathematical calculation of the dynamic equations of
the aircraft and then forecast the initial phase of flight via dynamic simulation. This is accomplished by
using both symbolic and numerical computations in a versatile program constructed on the MATLAB
simulation environment. Initially, the system dynamic model is symbolically generated and proficient
computational techniques are then employed to numerically solve it, resulting in a solution. A sample
flow chart diagram of the control system for the aircraft’s motion in lateral plane is shown in Figure 2.
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Figure 2: Block diagram of an aircraft’s controller in lateral plane using H-infinity control [20]
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A study shows the effectiveness of using PID controller design theory in designing an automatic
landing system of an aircraft for the longitudinal plane using dynamic inversion concept to non-linearize
the system. The design of aircraft’s landing control for longitudinal phase using fuzzy logic technique
has been discussed and from the result, the performance of the controller is significantly enhanced [21].
Moreover, controller design in the longitudinal plane using dynamic inversion and H-infinity control
method can also improve the performance of the designed controller, which can be applied in the lateral
directional plane of the aircraft. The idea of the "H-infinity norm", a mathematical way of defining how
sensitive a system is to disturbances, serves as the foundation for H-infinity management. In H-infinity
control, a controller is developed to minimize the system transfer function's H-infinity norm while still
adhering to certain performance criteria such as stability and also tracking demands [22]. The dynamic
inversion technique provides an excellent precision tracking whereas H-infinity control provides robust
stability against uncertainties introduced by various disturbances and noise signals. This combination
makes the outcome of the controller better and decreases the overshoot and settling time [23].

When designing the controller for the H-infinity control, optimization procedures and linear matrix
inequalities (LMIs) from control theory are used. The process usually entails simulating the dynamics
of the system, including uncertainties and disturbances, then formulating an optimization problem to
identify the best controller for minimizing the H-infinity norm. The control system's implementation
of the resulting controller allows for reliable performance. For designing the aircraft’s landing control
system, both longitudinal and lateral planes are treated simultaneously and the controller’s performance
is similar to the controller designed for different planes. The pilot must correct the lateral deviation of
the aircraft from the runway before the two main phases of landing in longitudinal plane. The automatic
landing system (ALS) consists of three different sub-systems that have been developed separately. The
numerical simulations are used to implement, test and validate the entire ALS. For longitudinal stability,
pitch controller is developed using linear quadratic gain (LQR) method, which is the controller design
method that gives optimal controlled feedback gains for close loops and is used for high performance
control system designing. LQR is widely used to design high performance control systems and to find
optimal gains [24]. LQR is a controller that is similar to the method of selecting the location of poles.
The difference is that, instead of select the poles location, feedback gain values of matrix K is obtained
by minimizing the cost function to design the controller according to the design requirements.

A continuous-time linear system could be expressed as Equation 20 while the cost function could
be defined as in Equation 21. In these equations, the state weighting factor is Q whereas the weighting
factor is R of the variables of the control. Unlike the classical or digital logic, which processes discrete
values of 1 or O (true or false, respectively), fuzzy logic analyzes the analog input values using the logical
variables that take continuous values between the analog input values. It is a mathematical system that
ranges between 0 and 1. The algorithm provides a scope to represent uncertainties based on a complex
model. Fuzzy controller with use of a neural network can provide signal of aircrafts stability in different
landing phase and the linearized model provides error signal and improve the performance of automatic
flight control system of aircraft [25].

x =Ax + Bu (20)

] = Joo (xTQx + uTRu)dt 1)
0

4. Conclusion

From the literatures, it has been found that there are many literatures that have discussed the hard
landing and also unstable approach criteria and determination. Aircraft often face hard landing during
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an unstable approach, which is a matter of concern for the aviation industry at it causes damage to the
aircraft’s structure and affects the passenger’s safety. Many published articles are discussing the unstable
approach criteria for different types of aircraft, which are dictated by the different safety and regulation
authorities. Nevertheless, there are limited literatures that talk about determining the unstable approach
and most of them have been focused on the perspective of air crew and others such as statistical analysis
of QAR or flight record. There are some conducted studies on developing new models for the aircraft’s
unstable approach. These models can detect unstable approach to prevent hard landing more efficiently
and link with flight control system to make the aircraft stable. Another important aspect of the research
is the flight dynamic modelling of the aircraft during flight and during landing. Regarding the automated
flight control system for landing, there are different studies based on PID, LQR and H-infinity control
strategy. For aircraft’s control during landing, the important aspect is its stability for longitudinal plane
and lateral plane. There are studies discussing control design in these planes. The current limitation of
the literatures is that there are not many literatures that study about controller design for hard landing
prevention during aircraft’s unstable approach for landing. Therefore, use of existing methods and data
to develop a controller for unstable approach that can prevent hard landing needs to be further explored
in future.
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