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Abstract

Safety and security of the pilot and the vehicle are of paramount importance during typical air
combat/defense missions. This essentially translates to requiring the vehicle to be able to perform
various complex maneuvers. Controlling the motion of the vehicle during such maneuvers becomes
challenging as the flight dynamics becomes significantly nonlinear and the aerodynamics may also
become both nonlinear and uncertain. The problem gets compounded when the center of gravity
(c.g.) of the aircraft gets deviated from the body centerline due to asymmetric distribution/release of
stores, structural wing damage, uneven fuel consumption etc. causing coupling in the dynamics and
hence further nonlinearity. Control design to enable the aircraft to perform low alpha (negligible
aerodynamic nonlinearity and uncertainty) as well as high alpha (large aerodynamic nonlinearity and
uncertainty) autonomous maneuvers under such predominantly lateral c.g. uncertainty is not

adequately addressed in the literature and the present thesis is aimed at filling this gap.

First, low alpha maneuvers are considered and a robust linear control such as LQR and a nonlinear
control such as backstepping are tried and either of them is found to fail to properly execute some
relevant lateral maneuvers in the face of significant lateral c.g. uncertainties. To overcome the
problem, first an ad-hoc model-based two-step adaptive backstepping control is proposed to
automatically adapt to the unknown c.g. position through an adaptation law. Thereafter, for further
performance enhancement, a strict feedback form is derived from the asymmetric equations of
motion under lateral c.g. offset and a novel adaptive backstepping control is designed after
identifying and retaining useful system nonlinearities. In either case, asymptotic stability of the
closed loop system is mathematically established. As an additional novel finding, the adaptation law

is shown to accurately estimate the actual c.g. position in either case.

Next, the focus is shifted to high alpha maneuvers. Because of the additional uncertainty issue with
the high alpha maneuvers, a fast-sliding mode control is combined with the second step of the ad-
hoc model-based two-step adaptive backstepping control. Thereafter, for a less conservative control
design, the asymmetric dynamics based adaptive backstepping formulation is considered and in a
novel way, two sliding mode controls are combined with each of the two individual steps. Asymptotic
stability is mathematically proved in both the cases. Both the proposed hybrid controls are shown to
be able to successfully mitigate the c.g. uncertainty issue when validated against some benchmark
high alpha maneuvers with the second scheme yielding better performance. Hardware in loop

simulations are also performed to establish the real time viability of all the proposed controls.
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Chapter 1

Introduction and Literature Review

1.1 Background

Controlling the motion of an air vehicle is a challenging task not only because of the availability
of full six degrees of freedom (translating in three linear dimensions and rotating in three angular
dimensions) in the motion, but also due to complex aecrodynamic interactions [1]. Therefore, stability
and control are the linchpin of any such vehicle and many of the mission objectives are naturally
dependent on the flight control systems. Advancements in control engineering have led to the
development of highly advanced control systems that have greatly enhanced the capabilities of such

vehicles.

The history of fighter aircraft dates back to the early 20th century, when military strategists
recognized the need for specialized aircraft that could engage in aerial combat and provide air
superiority over the battlefield. During World War 1, fighter aircraft were used primarily for
reconnaissance and aerial observation, but as the war progressed, they became more specialized and
were equipped with machine guns and other weapons. The first aircraft to be designed specifically

for air-to-air combat was the Fokker Eindecker, which entered services in 1915 [2]. The outbreak of
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World War II in 1930s and 1940s and parallel developments in the field of linear control theory saw
a further evolution in fighter aircraft technology, with fighter planes such as the Messerschmitt Bf
109, the Spitfire, and the P-51 Mustang becoming legendary for their role in air combat [3]. During
the war, fighter aircraft were used not only for combat but also for escort missions. Gain scheduled
linear controllers could meet the reasonable mission demands from the fighter aircraft of those times.
Linearization of the dynamics led to separation of the complete six degrees of freedom equations of
motion into longitudinal and lateral-directional parts thereby simplifying various flight control
problems to great extents and allowing for linear control techniques to be applied effectively. Such
controls were extensively used in aircraft such as the F-86 Sabre, the MiG-15, and the F-4 Phantom
II [4]. Later, after the end of cold war, during 1990s interests in sophisticated aircraft flight control
continued with the emergence of various sophisticated robust, nonlinear control design techniques.
Enhanced stability and maneuverability derived out of such advanced control lead to the development
of the F/A-18 and the Su-30 Flanker which became the dominant aircraft in many air forces around
the world. Overall, the advancements in control engineering have greatly improved the capabilities
of fighter aircraft and have made them more effective in a wide range of missions and they also
helped to make the aircraft safer for the pilots. The early 2000s marked the introduction of armed
unmanned aerial vehicles (UAVs). UAVs have become integral to modern military operations, used
for everything from surveillance and reconnaissance to targeted strikes and electronic warfare [5].
This trend of making the aircraft safer and more effective in increasingly complex warfare situations

continues even today.

Therefore, the capabilities of the present-day fighter aircraft are not only limited to their firepower
alone but also to their high speed, extreme maneuverability and the agility to execute large number
of rapid and complex maneuvers autonomously. Such complex flight conditions invariably lead to
trigonometric nonlinearities and inertial and kinematic coupling [6]. Moreover, the maneuver

demands sometimes force the vehicles to operate in the high angle of attack regions i.e. regions
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beyond the stall limit. The nonlinear and uncertain aerodynamics in these regions make the control
task even more challenging. On top of that, the control surfaces are position, rate, and bandwidth

constrained. All these factors combine to make the flight control problem a formidable one.

1.2 Literature Review

In this section, we lay out the background and related literature pertaining to the work done in this
thesis is presented. It covers the reported literature that motivated us to carry out this research work.
It is a well-established fact that stability and control are the linchpins of any aerospace vehicle, and

therefore we start with reviewing the previous work from a control design perspective.

In general, well-established linear control techniques are predominantly used to design a flight
control system. Various design methods, such as proportional-integral-derivative (PID) control, pole
placement, H-infinity control, Linear quadratic regulator (LQR) design, optimal control, etc. [7-11],
have been used for flight control of linear aircraft models in the past. It is beyond doubt that linear
controllers are easy to implement and provide adequate performance under normal operating
conditions. In this approach, the system is linearized around a finite set of trim points in the flight
envelope and a specifically tuned controller for each of them is designed. In other words, the flight
envelope is discretized into a desired number of operating points, and a single independent controller
is developed for each one [12-14]. As the flight configuration changes, the appropriate control law
needs to be loaded. This limits this approach to specific areas of the flight envelope due to a finite
number of linearization points and thus limits the domain of stability. In order to circumvent these
limitations, nonlinear control techniques become unavoidable. The standard approach for flight
control design for nonlinear systems is gain scheduling. In this approach, a linear approximation of
dynamic equations at several important operating points within the flight envelope is achieved.
Depending on these points, linear controllers are designed and then combined continuously as the

vehicle flies from one operating point to another [15,16]. Due to linearization, the actual system
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performance and stability can be significantly different from the design results due to the
approximated nonlinearities. With the rapid development of high-performance computational
computers, sensor technology, and integrated electronic devices, nonlinear flight control design
methods are expected to provide a control system with high precision and reliability. Thus, the
investigation and development of advanced control methods for nonlinear aircraft flight dynamics
have been addressed considerably by the aerospace control community but are by no means

complete.

Instead of gain-fitting and interpolating between several operation points, the application of a
variable-gain optimal output feedback control design methodology is proposed in [17,18] where the
feedback gains are continuously calculated and scheduled as a function of the state variables. In the
approach in [18], the feedback gains are calculated and scheduled by minimizing a cost function that
is dependent on attack angle and surface deflections. The approach is not fully effective and robust
for short-period mode control due to the computational cost and convergence of the associated

constrained optimization problem.

Nonlinear dynamic inversion (NDI) in [19-24] for flight control system design has been proposed to
eliminate the drawbacks of gain-scheduling-based design. [20] uses assumptions in which
aerodynamic force coefficients and moment coefficients are nonlinear functions of the angle of
attack, sideslip angle, and thrust coefficient but linear functions of the elevator, aileron, and rudder.
The motion equations can be rewritten as a triangular system of general form and then a nonlinear
dynamic inverse controller is generated and proven valid over the entire flight envelope. The main
limitation of NDI based controller in application to flight control problems is its dependence on a
precise knowledge of the acrodynamic coefficients, which is not easy to have in high angle of attack
regions as the flow separation is a very complex aerodynamic phenomenon. To compensate this
deficiency of NDI, in [25] an adaptive neural network-based NDI control design is proposed. As an
alternate to the proposal in [25], some researchers proposed gain scheduled linear Hoo based control
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as reported in [26, 27]. Many researchers also combined Heoo or mu-synthesis or probabilistic robust
control techniques with NDI controllers to make the overall closed loop system more robust [28-30].
A better approach of NDI design for full nonlinear flight control is presented in [23, 24] which uses
the fact that control surface deflections do not directly affect slow dynamics. Therefore, control
systems are designed separately for slow-state variable dynamics and fast-state variable dynamics.
With the designed fast-state controller, a separate and approximate inversion procedure is carried out
to design the slow-state controller for slow-state variable dynamics. The achieved slow-state control
system outputs are used as commands for the controller augmenting the fast-state variable dynamics.
A justification of the reliability of the proposed algorithm is confirmed analytically using the
longitudinal dynamics. A general disadvantage of the NDI approach that prevents the popular
adoption of the method for nonlinear flight systems is the poor robustness of NDI-based control
design, i.e., system parameters of the aircraft dynamics are included and essentially inverted in the
control law. Therefore, the aircraft model used for control design needs to be accurate in order to

achieve good performance and stability of the system.

In past, many researchers have addressed backstepping control (BSC) design [31-36]. The concept
of backstepping design was introduced for the first time in [31,32] and has been a motivation for
exploring new directions in control design for nonlinear dynamic systems. The backstepping control
design is seen as a recursive design process that breaks a design problem on the full system down to
a sequence of sub-problems on lower-order systems. Considering each lower-order system with a
control Lyapunov function (CLF) and paying attention to the interaction between the various
subsystems makes the design of a stabilizing controller modular and easier. The advantages of
backstepping control are a stability guarantee, avoidance of dynamic nonlinearity cancellation, wide
applicability for a class of nonlinear dynamic systems, and elimination of the requirement for the
designed system to appear linear, as noted in [31, 36]. Applications of the backstepping design

approach for nonlinear flight control have been considered by many researchers in [37-42]. An online
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approximation-based backstepping control approach for advanced flight vehicles is presented in [37]
in which the control law is designed using three feedback loops with an online approximation of the
aerodynamic force and moment coefficient functions. The approach maintains stability (in the sense
of Lyapunov) of the online function approximation process in the presence of magnitude, rate, and
bandwidth limitations on the intermediate states and the surfaces. [40] shows how the equations of
motion for aircraft are restructured in linear strict-feedback form, and then backstepping control
design and adaptive gain scheduling are employed to achieve full envelope flight control. The
research in [42] assumes aerodynamic forces and moments as a linear function of attack angle, pitch
angle, and elevator. Then backstepping control design is applied to the aircraft model in strict-
feedback form. The new contribution is that the aerodynamic parameters of the aircraft are
approximated by nominal values and error models and then a parameter adaptive scheme using a
multilayer neural network is employed to improve the performance and stability of the aircraft.
Limitations of these approaches in [40, 42] are the assumptions of linear-like behavior for the design
model used for generating the control law. These above works have not yet addressed in a significant

way the robustness and adaptive issues in flight control of nonlinear dynamic systems.

One of the most important ingredients needed for achieving reliable flight is flight safety. Flight
safety may be violated when an aircraft meets unforeseen circumstances. Therefore, an advanced
control method that can guarantee stability in the presence of these unforeseen flight conditions is
needed. Adaptive control has been believed to be a strong candidate to achieve this goal with the
potential to improve flight safety. In the context of the underlying dynamic model, most of the non-
normal flight conditions can be directly mapped into parametric uncertainties, and adaptive control
is the theoretical discipline that was developed with the aim of maintaining stability against
parametric uncertainties. Therefore, an adaptation-based reconfigurable flight controller is believed
to maintain satisfactory performance under unforeseen changes in the system dynamics. Adaptive

control theory itself has been extensively studied over the past three decades, with its basic
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performance and robustness properties currently well understood [43-46]. With promising features,
such as stability against parametric uncertainties, adaptive control theory has been studied
extensively in the context of adaptive flight control systems too after the 2000s and its potential has
been verified both theoretically and numerically. More recently, there has been significant interest
[47-49] and success in applying adaptive methods to flight. In [50,51] the adaptive backstepping
control technique is discussed for controlling the longitudinal flight dynamics of UAV with thrust
saturation. Most of the work available in the literature is for control of longitudinal dynamics only
and very few works in the literature can be traced for control of lateral/directional dynamics. Control
design for lateral/directional dynamics is more challenging because of coupling between roll and
yaw dynamics. Though [52] consider adaptive backstepping control of UAV for lateral/directional
dynamics, they design two separate controllers for sideslip and roll rate under uncertainty in

aerodynamic coefficients.

Sliding mode is another popular nonlinear control design technique applied in many flight control
problems [53-55]. It is inherently robust, in particular to parametric uncertainties [56]. In [57],
Sliding mode based robust flight path control of aircraft using two-time scale design approach was
proposed. [58] considered a MIMO adaptive sliding mode controller for the longitudinal dynamics
of a generic hypersonic air vehicle. In [59] a sliding mode controller was designed for controlling
angle of attack and velocity by using the modal decomposition into short-period and phugoid
approximations. In [60] researchers designed sliding mode controllers for three different maneuvers
namely minimum radius level turn, velocity vector roll and spin recovery maneuvers. All the works
reported so far in the literature are carried out for symmetric aircraft only i.e. aircraft with their center

of gravity (c.g.) located in the plane of symmetry coinciding with the origin of the body frame.

The problem becomes even more challenging when unbalanced payload deployment or release,
unbalanced fuel consumption or structural damage etc. contribute to lateral mass asymmetry further
complicating the problem. As the center of gravity (c.g.) of the aircraft drifts away significantly from
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Figure 1.1. Source of ¢.g. variation: (a) asymmetric mass distribution (b) partial structural damage

the fuselage centerline leading to further coupling between the longitudinal and the lateral/directional
channels. This important issue has been taken up recently by some researchers and have reported
some works on modeling and control design for asymmetric aircraft. In [61] asymmetric c.g. issue
in aircraft dynamics for an asymmetric aircraft is first modeled. Soon after, [62-64] carried out some
further work on control of asymmetric aircraft. Works on modeling the aerodynamics of an
asymmetric aircraft were carried out in [65-67]. However, their focus was on civil aircraft; hence,
the control objectives were limited to securing steady level flight condition only. Recently, a few
works were reported in the context of fighter aircraft performing drastic maneuvers under lateral c.g.
offset where, it is shown that even robust nonlinear controllers would fail to automatically execute
these demanding maneuvers if the lateral c.g. variation was completely ignored. To overcome this
challenge, they designed controllers presuming the actual c.g. information of the aircraft to be known
to the controller at every time step. However, in reality, it is rather impractical to assume the exact
c.g. information to be available at every time step [68,69]. To gain insensitivity to both matched and
unmatched uncertainties and disturbances backstepping and sliding mode controls are combined in

the literature in various application domains [70-78]. However, herein, SMC is integrated in the final
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step of the backstepping control only. To handle the flight control problem with uncertainties and
external disturbances, recently some researchers reported disturbance observer based design [ 79-81].
However, this approach requires an additional controller which further increases the complexity and
computational burden. These gaps present opportunities for further investigation and form the
foundation for the research objectives outlined in the subsequent section/chapter. The subsequent
chapters will elaborate on the research design, methodology, and findings that build upon the insights

gained from the literature review.

Figure 1.2. Aircraft body reference frame and c.g. position

1.3 Research Gap

Researchers have been applying nonlinear, robust, and adaptive (classical and intelligent) control
design techniques to various flight control problems over the last few decades now. Over the last ten-
fifteen years, considerable amount of research has been carried out on controls of aircraft having
geometric asymmetry due to lateral c.g. movements and partial structural damage. However, most of
these efforts were confined to civil aircraft within the framework of steady level flight conditions
only. A few works were reported in the literature in the context of fighter aircraft performing complex
maneuvers under lateral c.g. variations also; however, therein, it was presumed that the actual c.g.
position of the aircraft was known to the controller. In reality, it is rather impractical to assume the
exact c.g. information to be available at every time step. To bridge this gap, the present investigation
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is aimed at offering some automatic control solutions so that a fighter aircraft undergoing significant

and unknown lateral variations of c.g. position can still execute some useful maneuvers and complete

its intended mission.

1.4 Research Objectives of the Thesis

In regard to the previous section's discussion, the objectives of the thesis can be succinctly

summarized as follows:

Y/
0'0

To investigate the effects of lateral mass asymmetry arising from the asymmetrical release
of onboard stores on closed-loop performance while executing some standard low alpha
maneuvers and offer a practical solution by designing an adaptive backstepping control

based on an ad-hoc representation of the flight dynamics of the asymmetric aircraft.

To explore if further maneuver performance enhancement can be achieved through a more
accurate representation of the asymmetric flight dynamics and design of adaptive

backstepping control scheme based on this improved model.

To further investigate the effects of lateral mass asymmetry on closed-loop performance
while performing some high alpha maneuvers. Since in the high alpha regime, the
aerodynamic data contain significant uncertainty, therefore, to explore the possibility of
robustness enhancement of the backstepping control through hybridization with sliding

mode control.

To explore if further maneuver performance enhancement and mitigation of c.g. uncertainty
can be achieved through a more accurate representation of the asymmetric flight dynamics
and design of the adaptive backstepping sliding mode hybrid control based on this improved

representation.

10
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1.5 Contributions of the Thesis

The present thesis encompasses a comprehensive investigation of an asymmetric aircraft performing

both low and high angle of attack autonomous maneuvers. Robust nonlinear control design to

mitigate the adverse effects of asymmetry on such maneuver performance is addressed in detail. The

main contributions and novel elements of the thesis are summarized below.

0/
0'0

Ineffectiveness of robust linear control (LQR) and nonlinear control (Backstepping) to

perform low alpha lateral maneuvers in the face of lateral c.g. uncertainty is established.

An ad-hoc modelling approach is adopted to convert the asymmetric dynamics to strict
feedback and c.g. affine form to make backstepping control design possible. Thereafter, a
two-step adaptive backstepping control is designed to automatically adapt to the unknown

c.g. position through an adaptation law.

In order to obtain a more accurate model (as opposed to the ad-hoc model), the strict
feedback and c.g. affine form is also shown to be obtainable from the asymmetric equations
of motion neglecting second order terms of c.g. offset. Useful system nonlinearities are also

identified and retained in backstepping control for a less conservative control design.

It is proved that the adaptation law can accurately estimates the actual c.g. position for the

low alpha maneuvers in either of the above two cases.

For high alpha maneuvers, first a fast sliding mode control is combined with the second step
of the ad-hoc model based adaptive backstepping control to mitigate the effects of model
simplifications and aerodynamic uncertainties. Asymptotic stability of the proposed hybrid

control is proved from first principle through a novel interval matrix analysis.

The asymmetric model based adaptive backstepping formulation is also extended to high

alpha maneuvers. In a novel way, two sliding mode controllers are combined with the two
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individual steps of backstepping design and further performance improvement is achieved.

¢ Along with MATLAB simulations, hardware in loop simulations are also performed to

establish the real time viability of the proposed controls in all the above mentioned cases.

1.6 Key Assumptions of the Thesis

In order to make the analysis tractable, the following reasonable assumption are made in the present

investigation.

+» The aircraft is considered to be a rigid body which means that any two points on or within
the airframe remain fixed with respect to each other. This assumption is valid as fighter
aircraft are smaller and structurally more compact than civil aircraft, the flexible modes are

negligible [82, 83].

Y/

« Effects of rotating parts such as the engine fan on the aircraft dynamics is neglected.

« The aircraft is assumed to be equipped with thrust vectoring capabilities in both horizontal

and vertical planes.

«» All the aerodynamic and thrust control effectors are assumed to be constrained by position

and rate saturation limits.
«» All the control effectors are assumed to be described by first order stable dynamics.

«¢» All the state variables are assumed to be measured and the measurements are assumed to be

perfect or noise free.

1.7 Layout of the Thesis

The thesis is divided into six chapters. Throughout the thesis to cover the entire spectrum of air

vehicle low alpha maneuvers are carried on Aerosonde UAV while the high alpha maneuvers are

12
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carried on F-18 HARYV fighter aircraft. The main contributions are covered in the second, third, fourth
and fifth chapters, the present i.e. first chapter introduces the thesis and the sixth one concludes the

same.

In Chapter 2, first the nominal lateral/directional dynamics of a fixed wing Aerosonde UAV is framed
into strict feedback form and then the block backstepping approach is used to design the controller
to execute low alpha namely horizontal turn and aileron roll maneuvers under no lateral c.g. variation.
Thereafter, an adaptive block backstepping controller is designed to adapt to uncertainty in lateral

c.g. position considering an ad-hoc model of the asymmetric dynamics.

Chapter 3 starts with an approximation made for the complex 6-degree-of-freedom equations of
motion, accounting for the asymmetric center of gravity position. These equations were then
transformed into a strict feedback form, enabling the use of a two-step adaptive backstepping control
design. Subsequently, an adaptation law was employed to estimate the lateral center of gravity
position, allowing the unmanned aerial vehicle (UAV) to execute low alpha namely horizontal turn
and aileron roll maneuvers automatically. The proposed adaptive scheme is validated and compared
against the same two maneuvers with an approach used in Chapter 2, that utilized an ad-hoc model

of the asymmetric equations of motion.

In Chapter 4, first the aircraft flight dynamics under predominantly lateral c.g. movement, is
expressed in a block strict feedback form considering an ad-hoc model of dynamics and thereafter
an adaptive backstepping controller is proposed to adapt to the c.g. variations. To alleviate the model
uncertainty caused by this model approximation and to provide robustness to aerodynamic
uncertainties in high-alpha regions, a sliding mode control is further integrated with the adaptive
backstepping control law. To validate the proposed control scheme, the high-alpha maneuvers namely

cobra and Herbst maneuvers are implemented in simulation for the F18-HARYV aircraft.

In Chapter 5, first it is shown that the highly coupled six degrees of freedom dynamics arising because

13
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of c.g. offset can be expressed in block strict feedback form under some reasonable model
simplifications. Thereafter, a two-step adaptive backstepping control is designed using an adaptation
law to explicitly adapt to the c.g. position. To provide robustness to the model simplifications as well
as to aerodynamic uncertainties, a fast sliding mode control is integrated with each of the steps of the
backstepping control and the asymptotic stability of the overall closed loop system is proved using
the Lyapunov approach. In support of the efficacy of the proposed control strategy, simulation results

are presented for two benchmark high-alpha maneuvers cobra and Herbst for the F18-HARV.

Chapter 6 concludes the thesis with concluding remarks and recommendations for further extensions
of the present work. Real time implementability of the proposed controls are also verified through
hardware in loop simulations and these simulation results along with the complete datasets of the

aircraft considered in the present work are provided in the Appendices.
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Adaptive Backstepping Control for Low Alpha Lateral

Maneuvers

2.1 Introduction

In modern aerial combat scenarios, the demand for extreme maneuverability in aircraft is paramount
for both operational effectiveness and pilot survivability. Moreover, achieving and maintaining
control of aircraft executing maneuver is itself a complex task. This complexity is further
compounded by various factors such as unbalanced payload distribution, fuel consumption, structural
damage, and other unforeseen events, all of which can cause the aircraft's center of gravity to shift
significantly away from its nominal position along the fuselage centerline. However, in the present
thesis lateral shift in c.g. position arising from asymmetrical release of payload is taken into

consideration.

When the center of gravity deviates, the aircraft's stability and controllability are compromised,
posing a serious threat to both the vehicle and the pilot. In such scenarios, the ability of the aircraft
to execute maneuvers effectively becomes crucial for survival. However, designing a robust

controller capable of handling these nonlinear dynamics is a formidable challenge. The design of
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such a controller requires a deep understanding of the complex interactions between aerodynamic
forces, propulsion systems, and control surfaces. These interactions give rise to complex, nonlinear
relationships that must be carefully considered to develop control systems capable of accurately
capturing and responding to the aircraft's behavior in real-time. After a comprehensive literature
survey, it is now appropriate to address how the sudden unknown lateral center of gravity (c.g.)
movement affects maneuver performance to enhance overall aircraft survivability in combat

scenarios.

Several control methods have been used over time to study the trajectory tracking control problem
for UAVs. Linear control techniques like the Linear Quadratic Regulator (LQR) [84] and the
proportional-integral-derivative (PID) approach have been used for UAVs flight problem [85, 86].
These studies, however, did not examine the effects of uncertainties in further detail, making them
ineffective for most real-life applications. Nonlinear control approaches have been explored and used
in the recent past to strengthen stability and widen the region of operation of the control schemes.
The approach of feedback linearization [19, 87, 88], which relies on the cancellation of all
nonlinearities to convert a nonlinear system into a system with linear dynamics, is the one that is
used frequently among the classical nonlinear control techniques. However, the major limitation of
the method comes from the requirement of a complete knowledge of the nonlinearities present in the
plant. This makes it susceptible to parametric uncertainty and modeling errors. In the case of flight
control systems, in addition to this, the method relies on the two-time scale separation of angular and
angular rate dynamics [89, 90]. Another popular nonlinear control algorithm that relies neither on the
complete cancellation of the nonlinear dynamics nor on the two-time scale separation principle is the
backstepping algorithm [36, 91]. Viewing some of the states as virtual control inputs offers a method
for iteratively designing a controller. The backstepping design is often made adaptive to enhance the
closed-loop system's robustness [37,41]. Therefore, in the present case, adaptive backstepping

control approach is considered.

16



Chapter 2

The outline of the chapter is as follows. The second section gives an introduction of the problem and
the same is formulated for low alpha maneuvers. Divided into four subsections, in the third section
linear control technique design for a symmetric fixed wing Aerosonde UAV is discussed first and
then the control is formulated utilizing the LQR technique. The same control technique is extended
for lateral c.g. variations as well. The fourth section discusses the necessity of nonlinear control
implementation and the block backstepping control technique is implemented first for symmetric
case and the same is extended again for asymmetric situation as well. Fifth section focusses on ad-
hoc formulation with unknown shift in c.g. position and estimation of lateral c.g. position using an
adaptation law within an adaptive backstepping control design framework. Section six concludes the

chapter with a brief prelude to the next chapters.

2.2 Problem formulation and System Dynamics for Low Alpha Lateral Maneuvers

In this section, the 6- degree of freedom (6-DOF) dynamics is formulated aimed at executing standard
low-alpha maneuver namely horizontal turn and aileron roll. To achieve these maneuvers, external
inputs provide appropriate time profiles of angular variables. Subsequently, the closed-loop
controller generates the requisite commands for control surface deflection. The standard symmetric

equations of motion in body axes, as described in [92], with conventional notation, are utilized for

this purpose.
u —qw + 1V —mgsind + qSCx + T
[1’7] =|—-ru+pw|+ i mgcosfsing + gSCy 2.1
W —pv +qu mgcosOcos¢p + qSCy
where, Ty = %Spmp Cprop((KmotorSr)? — V?) is the thrust model of the UAV [93].
Ly 0 -I, p (Iyy - Izz)qr + L2pq qSh(,
0 Ly 0 [QI = Uz — Le)rp + Ixz(r2 - pz) + CZSECm] (2.2)
_Ixz 0 Izz r (Ixx - Iyy)pq — Ixzqr quCn
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gl=10 cosg —sing q (2.3)

q[) 1 singtanf cosgbtanH] [p]
Y 0 sing cos¢psecOllr

Now (v,¢,p,7) € R* is the state vector associated with the lateral/directional dynamics. The

equations of motion of the UAV’s lateral/directional dynamics are given by

vV=-ru+pw+ % (mgcosOsing + qSCy) 2.4)
¢ = p + gsingtand + rcos¢ptand (2.5)
p = (c1rq + c3pq) + c3qShC; + ¢,qSbC,, (2.6)
7 = (cgpq — c37q) + c,GShC; + coqShC,, 2.7

where, ¢; = (I, — I,)I, = 12,/A,c; = (I = L, + 1) I, /A, c3 = L /A ¢y = Ly /D, cg = (I, —

L)L +1%,/A,cg = I,/A with A= LI, — IZ,

Under the assumption that a and § remain small throughout the maneuver, total velocity and the
longitudinal variables remain nearly constant at their initial steady wing level trim values, in Eq.
(2.4) control is ignored since the control surface deflections produce only considerable moments and

not force [69]. Egs. (2.4) — (2.7) can be modified as

¢ = p + rtanacos¢ (2.8)
B = —r + ptana, + %sinqﬁcosat + % (2.9)
p = c3qSbC; + c,qSbC, (2.10)
T = €4qSbhC; + c9qSbC, (2.11)

where a; is the trim angle of attack and V is the trim velocity.
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2.3 LOR based Linear Control Design for the Nominal System

In the realm of Unmanned Aerial Vehicles (UAVs) in this chapter, our prime objective is to
investigate how variations in lateral center of gravity (c.g.) position affect performance of low alpha
lateral maneuvers. Among various low alpha lateral maneuvers, we have considered two significant
maneuvers to elucidate this, the horizontal turn (banks the aircraft to one side to initiate a turn while
maintaining a steady altitude in a short span) and the aileron roll maneuver (aircraft executing a full
360° revolution about its longitudinal axis.). In low alpha region, the aerodynamics are fairly linear.

Therefore, linear control techniques should be applied first and tested.

Since the present problem involves model uncertainty due to c.g. variations, the LQR is considered
as the preferred linear control tool because of its excellent robustness property. Its fundamentals,
which are briefly outlined in the subsequent subsection, serve as a crucial backbone for ensuring the

UAV's stability and performance during these dynamic maneuvers.

2.3.1 A Brief Overview of LOR Theory [84]

The Linear Quadratic Regulator (LQR) is a control technique used in engineering and control theory
to design optimal control systems for linear dynamical systems subject to quadratic costs. It's
particularly useful for systems where the dynamics can be modeled linearly and the performance

criterion is expressed as a quadratic function of the system's state and control inputs.

Here's an overview of LQR control process:

Consider a continuous-time linear time-invariant (LTI) system described by the state-space

equations:
x(t) = Ax(t) + Bu(t) (2.12)
y(t) = Cx(t) + Du(t) (2.13)
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where:
e x(t) is the state vector of sizen X 1
e u(t) is the control input of size m X 1
e y(t) is the output vector of size p X 1
e Aisthe n X n system dynamics matrix.
e B isthe n X m control input matrix.
e ( isthe p X n output matrix.
e D isthe p X m feedforward matrix.
The goal is to design a control law of the form:
u(t) = —Kx(t) (2.14)

where K is the feedback gain matrix, such that it minimizes the following cost function:

J = Jy GT(®©Qx(t) + uT (HRu(t))dt (2.15)
where:

e ( is the state weighting matrix, a positive semi-definite matrix of size n X n.

e R is the control input weighting matrix, a positive definite matrix of size m X m.
The solution to the LQR problem involves solving the continuous-time algebraic Riccati equation:
ATP+ PA—PBRIBTP+Q =0 (2.106)
where P is the solution to the Riccati equation, a positive definite matrix of size n X n.
Once P is found, the optimal feedback gain matrix K can be computed as:
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K =-R71BTP (2.17)
The optimal control law u(t) = —Kx(t) minimizes the cost function J over an infinite time horizon.

Overall, the Linear Quadratic Regulator is a versatile and widely used technique for designing
optimal feedback controllers. It is a robust linear control technique that can handle uncertainties and
disturbances. The LQR achieves infinite gain margin and a minimum phase margin of 60°. Since the
main concern of the present problem is system uncertainty in a low alpha maneuver, the excellent

robustness property of LQR algorithm makes it an automatic choice.

2.3.2 Control Formulation and Design

In this sub-section, the main objective is to reframe the tracking problem into a regulator problem,
enabling it to be effectively addressed through LQR-based control design. Aim is to autonomously
execute the intended lateral maneuver when aircraft is symmetric along fuselage centerline. The
desired time profiles for x; i.e. ¢ (roll angle) and § (sideslip angle) are fed externally as reference
inputs and the controller generates u i.e. the control surface deflection commands in a closed loop

manner as shown in Figure 2.1. The formulation and analysis of the controller is discussed below.

. f(t)
— !
6 DOF
8, Controller e —K /)3\ u, — f(t) p-1 & Dynamics
RN &/

Figure 2.1. Closed loop diagram of LQR control scheme

The Egs. (2.8) — (2.11) provided in the previous section exhibit nonlinearity, prompting the
application of small-disturbance theory to linearize them. According to this theory, all variables can

be substituted with a reference value plus a perturbation, as outlined in [92].
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v = vy + Av; P = po + Ap; r =19+ Ar;

Y =Y, + AY; L=Ly+AL; N = N, + AN;

¢ = ¢o +A¢; Y =1 + AY; 8q = 8a0 + Ag;

6y = 6y + AS,; (2.18)
For steady level flight,

Vg = 0; po = 0; 19 =10 Yo =0; Ly =0;

N =0; $o = 0; Yo =0; 8a0 = 0; 8r0 =05 (2.19)

On substituting Egs. (2.18) in Egs. (2.8) — (2.11), we get
(¢ + AP) = (po + Ap) + (1 + Ar)tana,cos(py + Ap) (2.20)
(Bo + AB) = —(15 + A7) + (po + Ap)tana, + %sin(d)o + Ap)cosa; + % [Cyg(Bo + AB) +

CYp (pO-'Z'Ap)b + CYr (TO+AT)b

] (2.21)

0+Ap)b (ro +Ar)b

+ Gy

(Do + AP) = c3qSb[Cig(Bo + AB) + Cyp (Bo*2p)D + Ci5,(8q0 + A8,) + Ci5,(6r0 +

(o +Ar) b

g Ap)b
Ab,)] + C4qu[CnB(BO +4B) + Can + Cpr

= + Cos, (8a0 + AS,) +

Cns, (8ro + AS;)] (2.22)

+Ap)b +Ar)b
(fo + A7) = c4qSb[Cig (Bo + AB) + Cpp B2 4 €, T2 1 (5 (800 + AS,) + Cis, (8r0 +

(o +Ar) b

— Ap)b
D8] + CoGSB[Cag(Bo + AB) + Cop LT + €yt + Cos, (Ba0 + A8g) +

CntSr (81’0 + A6r)] (2.23)
Now utilizing the condition laid down in Eq. (2.19) in Egs. (2.20) — (2.23), we get
A¢ = Ap + Artana, (2.24)
: qs Apb
AB = —Ar + Aptana; + %A(ﬁcosat + %(CYBAB + Cyp 2p + Cy, 2V) (2.25)

Apb

Ap = ngSb(C]BAB + Clp o7

+C, 22 — %+ 5, A8 + C15,08,) +
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— Apb Arb
C4GSb(CapAB + Cnp =27 + Cny 5o + Cng,ASq + Cns, AS)) (2.26)
AF = 4 GSb(CighB + Cip ot + Cip 5 + Ci6, A8 + Cis,A8,) +
— Apb Arb
oG Sh(CnpAB + Crp % +Cpyr % + Cns, A8, + Cns AS,) (2.27)

The linearized model of aircraft in the state space form of lateral dynamics is given by

0 0 1 tana,
l[A(j)]l Vcosat — tana, + v -1+ V2 iqﬁ
|Aﬁ | — B quZ quZ .B
lApJ 0 qSb(csCip + calnp)  —r—(3Cip +Calp)  — (30 + c4Cnr) || AP
A7 ) gSh? gGSh? ar
0 qSb(csCip + c9Crp) ST (€4Cip + C9Chp) VA (4Gl + CoCnyr) |
0 0
0 0 AS,
+|@Sb(csCis, + caCns,)  GSb(c3Cis, + 4Crs,) l [ASr] (2.28)

1aSb(caCis, + coCns,)  ASb(caCis, + CoCns,) |
From the above Eq. (2.28) it is evident that to control four state variables we have only two available
control surface deflection elements. Hence, to resolve this issue, the above equation is converted into

second order equations in ¢ and S to make it amenable to LQR design as follows:

From Eq. (2.28) we can write,

Aqb] [ 0 0 ] [Aqb] [ 1 tana, ] p
| = (4 aSCvp + Cypbds Cyrb@s (2.29)
[Aﬁ v cosa; p— Ap tana; + Uy -1+ 2V [AT]

_ gsp® gsb?
[Ap] _ [0 qu(CSClB + C4Cnﬁ)] [A(p] + v (CBClp + C4Cnp) v (3G + €4 Cry) Ap] +
Ap

1 T [0 gSh(c,Cup + coC asb? asb®
Ar qSb(csCip + c9Chp) qZ_V(C4Clp+C9Cnp) qz—V(C4C1r+C9Cnr) ar

[C_ISb(C3 Cis, T calns,) qSb(c3Cis, + C4Cn6r)] [ASa]
AS.

_ _ 2.30
GSb(csCrs, + CoCns,)  TSB(csCrs, + CoCrs,) (2.30)

From Eq. (2.29), [25] is extracted as
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[AP] — [ ! Cypbds tancatb S]_ll . a9 gsc (2.31)
Ar tana; + 25mV -1+ Zy;m?/ AB — %cosatAd) — qm—VyﬁAﬁ

'y 0 0 H 1 tana;
o]~ lecose, 22| [ag] * ean + oty | 3 =
On substituting Eq. (2.29) and Eq. (2.30) in Eq. (2.32) can be finally expressed in the form
Ad = ay1A¢ + a1,A¢ + ay3AB + a4 AB + byy A8, + by AS, (2.33)
AR = ay A + azyAd + azsAB + azsAB + byy AS, + by AS, (2.34)

where a;; and b;; are constants. Since the equilibrium values of ¢,  and §,, 8, are all zero for steady
wing-level flight, A¢p = ¢, Af = B, AS, = 6,4, AS, = 6. Therefore,

¢ = ay1¢ + a12¢ + a138 + a4 + b118, + b126, (2.35)
B = az1¢ + azp + az3B + a3 + by1 84 + by26: (2.36)
To convert the tracking problem into a regulator problem, let us define the errors as follows:

ep =¢ —¢pgandéy = ¢ — ¢4 (2.37)
ep=Pf —Paandég = —fy (2.38)
Substituting Eq. (2.37) in Eq. (2.35) we get,

€p = ay1€p + a12€¢4 + ay3ep + A14€g + 1164 + b126, + a1 + 120 + a3 Ba +

1484 — ba (2.39)
€p = ar1€p + A12€p + ag3€g + A14€g + b1164 + b126, + f1(0) (2.40)
where
fi(®) = ay1ba + arzda + asz Ba + @1aBa — a (2.41)
Similarly,

€p = Ay1€¢ + Ag2€p + Agz€p + A14€p + D164 + byr6y + az104 + az2¢a + a3 Pa +

azaBa + Pa (2.42)

€p = A1€p + Az26p + Apzep + A14€p + D216 + D226, + (1) (2.43)
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where

fo(t) = az1$q + az2¢a + a3 Pa + a24B4 + Pa (2.44)

Lettlng X4 = e¢, Xy = e¢, X3 = EB, X4 = EB and u, = b118a + b128r + fl(t)’ U, = b215a +

by,6, + f2(t), Eqs (2.40) and (2.43) can be expressed as

.le 0 xl 0

x| _ a1 a12 a13 a14 X2 1
0
0

] (2.45)

2| +
X3 0 X3 Uy

0
0
0
X4 Az1 Gz QA3 QpqllXa 1

Now, considering the dynamics given by Eq. (2.45), u4(t) and u,(t) can be generated from LQR

algorithm. Since

Uq [bn b12] [ ] [fl (t)]

= + 2.46
[uZ] by1 by f2(t) (2.46)
the final control surface deflection commands can be obtained as
5a] [bn b12]_1 [ul - fl(t)]

= 2.47
[5r by1 by u, — f(t) (247)

LQR is a controller that is alike to pole placement method, but instead of computing the controller

gain matrix based on the selected pole locations, it is calculated by minimizing the cost functional
J= 000 (xTQx + uT Ru)dt where Q is the weighing function of states and R is the weighing function

of the control variables. Q and R, are normally treated as tuning parameters.

2.3.3 Simulation Results and Performance Analysis

In this sub-section, low alpha maneuvers namely the horizontal turn maneuver and the aileron roll
maneuvers are implemented using LQR control technique as formulated in the previous subsection
when the c.g. of aircraft is at the reference point in the plane of symmetry. To perform the horizontal

turn maneuver using LQR control design approach, a bell-shaped curve for desired roll angle (¢)

profile as shown in Figure 2.2 is generated as ¢4(t) = ﬁ the value of a, b, and ¢ are set with
1+

I
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trial and error and listed in Table 2.1 keeping sideslip angle (B) zero. A maneuver duration of 18s
starting at t = 0 is considered with the initial trim at a velocity of 20m/s at an altitude of 1000m.
The trajectory, time evolution of relevant variables and the profiles of the control signals are shown
in Figure 2.4. Similarly, for aileron roll maneuver, a sigmoid function for desired roll angle (¢) profile
as shown in Figure 2.2 is taken into consideration while keeping sideslip angle () zero. The UAV is
commanded to execute two full rotation about its body x-axis in 4s. Initial trim conditions are kept
at the same values as considered for horizontal turn maneuver. The time evolution of relevant
variables and the profiles of control signals for aileron roll maneuver are shown in Figure 2.5. On
substituting the values of various aecrodynamics and geometric parameters as given in Appendix-C

[93], the error dynamics given by Eq. (2.45) is

351 0 1 X1 0 0

X, 2 —7315 —366 —4168 xz2| |1 0|

|| 0 0 "o ol (2.48)

%] 1272 020 —5921 —6125 x] lo 1

LQR for above Eq. (2.48) will give u,(t) and u, (t).
Uy 39.56  43.78 f1(®)

Now, uz] B 6915 13. 256[ ]+ £ (2.49)
2] _[3956 43.78717! [ul_fl(t)]

hence [dr]_ —6.915 13.256] — £,(6) (2.50)

Various controller parameters such as Q, R and K are listed in Table 2.2.

40 ' T ' T v 800
o o L
é’ 5 600
3% € a0
&35 =2
Q
<0 © 200}
0 5 10 15 20 25 30 0 5 10 15 20
time(s)

Figure 2.2. Time profiles of reference signals for Horizontal turn and Aileron roll maneuver
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Table 2.1: Desired reference signal parameters: Horizontal turn maneuver

Reference signal a b c
Roll Angle (¢) 6 5 9
300 30
4 2 _
250 .g 520
200 1 o 5.10 L f
_ >
E 150 :
g 0
£ 100} i 0 5 10 15 20 25 30
£
a S5of 1
w o 1000
L f T
> "E E, 200
100 1 <
150 . . . . . 800 . . . . .
-200 <100 0 100 200 300 400 0 5 10 15 20 25 30
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(a) (b)
40 T T 20
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o 0
20
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Figure 2.3. Time evolution of states and controls for horizontal turn maneuver when c.g. at
nominal position: LQR design approach
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Figure 2.4. Time evolution of states and controls for aileron roll maneuver when c.g. at nominal
position: LQR design approach

Table 2.2: LQR controller parameters

Maneuver Q R Controller gain matrix K
) 1 0 0
Horizontal | % g [0.2 0] 67.0331 7.7252 —165118 —2.2863
wrn 0 0 01 0 01 —36.7360 —45726 148027  7.8315
0 0 0 01
Aileron 10 0 0 0
0 01 0 0 [0.001 0 ] 991795 11.2361 —18.5499 —3.5505
0 0 001 0 0o 0002l | l-142350 -1.7520 41753  1.5797
roll 0O 0 0 00
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In Figure 2.4, the results clearly showcase outstanding performance during the horizontal turn
maneuver, with the commanded and actual profiles nearly overlapping, and aileron and rudder
deflections well within their limits. Altitude and velocity variations are minimal, reflecting a good
tracking capability. This commendable tracking performance is also observed during the aileron roll

maneuver, as illustrated in Figure 2.5.
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Figure 2.5. Time evolution of states and controls for horizontal turn maneuver under lateral c.g.
variation: LQR design approach
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Figure 2.6. Time evolution of states and controls for aileron roll maneuver under lateral c.g.

However, when the same controller is subjected to the asymmetric conditions, the horizontal turn
maneuver could not be performed at all, whereas, for the aileron roll maneuver, the closed-loop
system experiences a noticeable decline in maneuver performance as evident from Figures 2.5 and
2.6. To simulate the asymmetric dynamics, the c.g. of the UAV is assumed to move laterally on either
side of the fuselage centerline. It is assumed that the UAV carries a single store of 1.5 kg (which is
10% of the mass of the UAV and the store combined) mounted either on the starboard side (referred
to as Asym+) or on the port side (referred to as Asym-) half of the semispan away from the body

centerline. This gives rise to a lateral c¢.g. movement of +7.0 cm. The UAV is assumed to be initially

30
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trimmed at the same conditions as considered before. The aerodynamic control surfaces are assumed
to have saturation limits (values given in Appendix-C). The failure of a robust linear control
technique such as the LQR to successfully mitigate the c.g. uncertainty issue prompts us to try a

nonlinear control law, which is discussed next.

2.4 Backstepping based Nonlinear Control Design for the Nominal System

The previous section highlights a limitation of linear control techniques in adequately handling
maneuvers when the center of gravity deviates from its nominal position due to various reasons such
as uneven fuel consumption, asymmetric payload distribution or release, structural damage, etc. This
inadequacy necessitates the implementation of nonlinear control techniques to automatically execute
such maneuvers. To investigate the effects of lateral c.g. variations on lateral maneuvers, let us first
consider the nominal or symmetric case. The same two lateral maneuvers namely horizontal turn and

aileron roll maneuvers are analyzed in the same manner as in the previous section.

In this context, a well-established nonlinear control technique capable of effectively handling
nonlinear dynamics is employed. Specifically, the backstepping control law is chosen as unlike the
nonlinear dynamic inversion technique, it does not have to rely on two time scale separation principle
when applied to flight control problems [41,111]. In the subsequent subsection, the basics of

backstepping control are briefly reviewed.

2.4.1 A Brief Overview of Backstepping Control [94]

Backstepping, as an energy-based method, emerges as a potent tool in tackling the control challenges
posed by nonlinear systems. Rooted in Lyapunov theory, it offers a versatile approach to control
design. A key strength lies in its unique ability to decompose the control problem of an nth order

system into n numbers of first order interconnected system. The general idea behind backstepping
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control is to transform the original nonlinear system into a series of subsystems, and then design
controllers for each subsystem. The control law is constructed in a recursive manner, starting from
the final state of the system and working backward toward the initial state. This recursive approach
of the backstepping often serves as an advantageous feature during the design of control law for

complicated nonlinear dynamic systems.

However, the ordinary integral backstepping method relies on the assumption that the system
conforms to a strict feedback structure, typically found in single-input single-output (SISO) nonlinear
systems. But, when dealing with multivariable control problems, it is common to encounter systems
that do not fit into strict feedback or semi-strict feedback (i.e., lower triangular) form. Consequently,
applying the integral backstepping approach directly becomes impractical for devising control laws
in multiple-input multiple-output (MIMO) systems. This limitation prompts the need for alternative
strategies. One such effective approach is the block backstepping technique, which offers a solution

for addressing control challenges in diverse nonlinear MIMO systems.
Here is an overview of the block backstepping control algorithm:
Let x'1 = fl(xl) + Gl(xl)xz (251)

be the highest-order dynamics of the system, where x4 represents the states that are being regulated,

f1(x1) represents the nominal dynamics, and G, (x4) represents the control input influence matrix.
To ensure asymptotic convergence of x4, the desired profile for the virtual control is computed as
X2a = (G1) 7' (—f1— K1x1) (2.52)
Now, considering the next highest-order dynamics as

X2 = f2(x) + Go(x) u (2.53)

the final control u can be computed as
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u = (Gy) " (—f2 — Kzez — G x1 + X24) (2.54)

to ensure asymptotic convergence of both of x; and e, where e; = x, — x4 is the error in the

virtual control.

Backstepping control finds extensive use in controlling highly nonlinear systems, such as those
encountered in robotics, aerospace, and many other engineering domains. . It is a powerful tool in
the control engineer's toolkit for addressing challenging nonlinear control problems. However, its

successful application requires accurate knowledge of the system dynamics.

2.4.2 Control Formulation and Design

In this sub-section, the coupled aircraft equations of motion are converted to strict feedback form to
make it amenable to backstepping based control design. The formulation is aimed to autonomously
execute the intended lateral maneuver when aircraft is symmetric along fuselage centerline. For
carrying out such maneuvers, suitable time profiles of appropriate angular variables are fed externally
as reference input in same manner as in previous section, and the closed loop controller then
generates the necessary control surface deflection commands as shown in Figure 2.7. The detailed

analysis of the proposed controller is discussed below.

. Asymmetric
Reference BSC BSC u | Position [ 6 DOF ad
Trajectory g STEPI > STEPIL i Limit Dynamies

Figure 2.7. Closed loop diagram of backstepping control scheme

From Egs. (2.8) - (2.11), angular and angular rate dynamics can be separated as
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é 0o [ 1 tanaicosp|p
| = , scy(B)| + 2.55
[g %smcpcosat + qm—YV tana, -1 [7‘] (2.35)
— pb rb
p1 ez cap| BPCpF+Cpop+ Cryy) | ez ca[Csa Cisr][0a
7l 7 lea ol | = pb b, | + 5P €4 Col|Chsa Cnsrlld (256)
qu(Cnﬁﬁ + Cnp v + Cnrﬁ noa ner "

)
Let x; = [2], and x, = [l;] be the virtual control, and u = [ 6“] be the actual control variables.
r

Therefore, Egs. (2.55) and (2.56) can be represented in the general block strict feedback form
X1 = f1(x1) + G1(x1)x; (2.57)
Xz = f2(x) + Gou (2.58)

where f1, f, are 2 X 1 vector valued functions and G4, G, are 2 X 2 matrices and all these are known

at every time step from the assumption of availability of full state feedback.

Introducing error variables e and e; as e; = xq — x14 and e; = X3 — X4 Where x14 and x4 are

the desired trajectories of x4 and x,, the dynamic equation of e, is given by

€1 =Xy — X9 = f1(x1) + G1(x1)x2 — X144 (2.59)
Let the Lyapunov function for the dynamics given by Eq. (2.59) be

vy =ele; (2.60)
On differentiating Eq. (2.60)

Vi = efey = ellf1+ Gixz — X14] (2.61)
Let, f1 + G1xy — X14 = —K €4 (2.62)

where K, is a constant positive definite matrix.

V, =—elK,e; <0 2.63
1 1721€1
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From Eq. (2.62), the desired profile for the virtual control is computed as
X2q = (G1)"'(—Kieq + %14 — f1)

The Lyapunov function for the complete dynamics is chosen as

V, = %e{el + %egez

Therefore,

V, = eléy + e} = ef[f1 + Giep + G1Xpq — K14] + €385
Substituting Eq. (2.64) in Eq. (2.66),

V, = —elK,e; + elG e, + ele,

Let, &, = —K,e, — Gleq

where K, is a constant positive definite matrix. This leads to

V, =—elKe; — elK,e, <0

Substituting Eq. (2.68) in Eq. (2.58), the final control input is computed as
u=(G)""(—f2 — Kre; — G{ eq + k34)

where X, 4 is computed from Eq. (2.64).

2.4.3 Simulation Results and Performance Analysis

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

In this sub-section, low alpha maneuvers namely the horizontal turn maneuver and the aileron roll

maneuvers are implemented using backstepping control technique as formulated in the previous

subsection when the c.g. of aircraft is at the reference point in the plane of symmetry. Let this control

approach be called nominal backstepping scheme. Both the maneuvers are considered under the
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same initial trim condition as in previous section. The trajectory, time evolution of relevant variables
and the profiles of the control signals of horizontal turn and aileron roll maneuvers are shown in
Figure 2.8 and Figure 2.9 respectively. Various controller parameters as tuned through trial and error
are listed in Table 2.3. Aerodynamic and geometric data of the UAV are summarized in the

Appendix-C for the sake of ready reference.
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Figure 2.8. Time evolution of states and controls for horizontal turn maneuver when c.g. at
nominal position: Backstepping design approach
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Figure 2.9. Time evolution of states and controls for aileron roll maneuver maneuver when c.g. at

nominal position: Backstepping design approach

From Figure 2.8 it is evident that an excellent performance for horizontal turn maneuver is achieved
with the flight taking exact turn of 180° within 90m turn radius and good tracking result is obtained
as commanded and actual profiles are almost overlapping with each other with aileron and rudder
deflections well within their saturation limits. Variations in altitude and total velocity are also
negligible. Similarly, excellent tracking performance within control surface deflection saturation
limit is also obtained for aileron roll maneuver as depicted in Figure 2.9. However, when the same
controller is retained in the asymmetric situation, again, the performance of the closed loop system

undergoes significant degradation as it is easily noticeable in both the maneuvers as represented in
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Figures 2.10 and 2.11. In fact, the controller completely fails to execute the horizontal turn maneuver.
To mitigate this performance degradation under lateral c.g. movement, an adaptive backstepping
control scheme based on an ad-hoc representation of the asymmetric dynamics is proposed in the

next section.
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Figure 2.10. Time evolution of states and controls for horizontal turn maneuver under lateral c.g.
variation: Backstepping design approach
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Figure 2.11. Time evolution of states and controls for aileron roll maneuver under lateral c.g.

variation: Backstepping design approach

Table 2.3: Backstepping controller parameters

Maneuver K, K,
Horizontal turn [105 100] [100 g]
Aileron roll [105 200] [108 100]
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2.5 Adaptive Block Backstepping Control Design under Lateral C.G. Uncertainty

It can be observed from the simulation results in the previous section that when the c.g. of the vehicle
vary in the lateral direction from the plane of symmetry, the backstepping control itself is not robust
enough to handle the c.g. variation caused by various reasons such as uneven fuel consumption,
asymmetric payload distribution or release, structural damage, etc. The lateral c.g., shift causes loss
of geometric symmetry of the vehicle, leading to complex coupled nonlinear flight dynamics that are
extremely challenging from control design perspectives especially when attempting some fast lateral

maneuvers.

To address this challenge, our focus shifts in this section towards making the backstepping controller
adaptive. This adaptability ensures that the controller can effectively handle maneuvers even in the
presence of realistic uncertainty regarding the lateral c.g. location. By making the backstepping
controller adaptive, we aim to maintain maneuver performance without experiencing degradation

due to unpredictable shifts in c.g. position.

2.5.1 Problem Formulation and System Dynamics

In this sub-section, we turn our focus to make backstepping controller adaptive when the entire mass
of the UAV is displaced by specific distances, denoted as X, Yem, and Zgp,, relative to its initial
nominal position. The body frame's origin remains fixed in the primary nominal position within the
plane of symmetry. As we primarily concentrate on lateral c.g. movements, hence we assume that
Xem and Zg,, are both zero. Since a c.g. offset will predominantly generate a rolling moment, an
additional rolling moment due to gravity term is added to the standard rotational dynamics. The
rotational kinematics part remains unchanged. This leads to the modified equations of motion as
given below by Egs. (2.71) and (2.72). The second term on the right-hand side of Eq. (2.72)

represents the extra rolling moment due to gravity.
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Continuing with the established notations from the preceding section, we can articulate the revised

lateral and directional dynamics as

X1 = f1(x1) + G1(x1)x; (2.73)

'X:Z = fz(X) + A(x)U + qu (274)

where o is the unknown/uncertain parameter (y,,, here), f1, f2, 4 are 2 X 1 vector valued functions
and Gq, G, are 2 X 2 matrices and all these are known at every time step from the assumption of

availability of full state feedback.

2.5.2 Control Design and Stability Analysis

Adaptation |
Law

1&

Asymmetric
Reference BSC BSC u Position ) 6 DOF a
Trajectory > STEP1 > STEPII i Limit i Dynamics

Figure 2.12 Closed loop diagram of adaptive backstepping control scheme

In this sub-section an adaptive backstepping control is formulated to autonomously execute the

intended lateral maneuver under unknown lateral c¢.g. movement on either side of the fuselage
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centerline. Referring to Egs. (2.73) and (2.74), the desired time profiles for x4 i.e. ¢ and S are fed

externally as reference inputs and the controller generates u i.e. the control surface deflection

commands in a closed loop manner as shown in Figure 2.12. The detailed stability analysis of the

proposed controller is discussed below.

Let us introduce the error state variables e4 and e, as follows:

€1 =X1— X14

€2 = X2 — X24

where x14 and X34 are the desired trajectories of x4 and x,.

The dynamic equations of the error states are given as follows:

€1 =x1 —X19 = f1(x1) + G1(x1)x2 — X414

The Lyapunov function for the x4 dynamics assuming x; to be the virtual control as

1
v, = Ee{el
Vl = e{él

Vi = ellf1+ Gixz — x44]

Let us choose

f1+Gixz — X149 = =Ky 4

where K; is a constant positive definite matrix. Substituting (2.81) in (2.80), we get
vy = e{(—l(lel)

Vl = _e{Kllel < 0
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Now, from Eq. (2.81),

Gi1x2 = —Kieq + X104 — f1

From here, the desired value of x5 is obtained as

x2q = (G1)"'(—Kieq + %14 — f1)

The Lyapunov function for the complete dynamics is chosen as

1 1 1. ~
v, = Ee{el + Eegez +267K36

where 6 = o — & is the error in parameter estimation and Kj is the adaptation gain.

V,=elé, +ele, + 6TK;6

Vo =el[f1 + Gixy — k4] + eé, + 6TK;6

Vy, =el[f1+ Giep + Gixpg — k14] + €5é, + 6TK;6
Substituting Eq. (2.85) in Eq. (2.89),

V, = el[f1+ Giep — Kiey + 14 — f1 — X1al + €36, + GTK36
V, = —elK,e; + elG e, + ele, + 6TK;6

Let us choose

e, = —K,e, —Gley

where K, is a constant positive definite matrix

Now from Eq. (2.92),

Xy = —Kye; — G{eq + g

fz +Aa+qu=—K2e2—GlTe1+5r2d
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Since o is not known, using its estimate in Eq. (2.94), the final control input is computed as

u = (G)'(—f2 — A6 — K,e; — G{ g + X34) (2.95)
Now, V, = efe, + ele, + 6TK;6 (2.96)
V, = el (Gie; — Kieq) + ek (x, — dkpq) + 6TK;6 (2.97)
V, = elG e, — elKieq + el (dy — x5q) + 6TK36 (2.98)

VZ = eIGlez — eIKlel + eg(fz + Ao — fz — A6 — KZeZ — G1Te1 + de - de) + 5TK35'

(2.99)
V, = —elK e; + elAc — elA(c — &) — el K,e, + 6TK36 (2.100)
V, = —elK e + elAc — elAc + el A6 — el K, e, + 6TK;6 (2.101)
V, = —elK,e; — elK,e, + el A + 6TK;6 (2.102)
Now, to ensure
V, =—elKe; —elK,e, <0 (2.103)
the following condition must be satisfied
elA6+6"K;6=0 (2.104)

Assuming 6 to be constant, and since the term eX A& is scalar, replacing it by its transpose, Eq. (2.104)

reduces to the final adaptation law
6=K;'ATe, (2.105)

Eq. (2.95) gives the final control input wherexs 4 is given by Eq. (2.85) and 4 is given by Eq. (2.105).
Since V, in Eq. (2.103) is positive semi definite, there is no guarantee that the estimation error in the

estimate of the uncertain parameter will converge to zero.
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Remark 1: The following theorem is used to prove asymptotic stability of the closed loop system.

Theorem 2.1 [95, 96]: For nonlinear non autonomous system. If there exist a positive definite
Lyapunov function V(x) and that its derivative V(x,t) is negative semi definite. For any initial
condition x(t = 0) = x define the domain Qy = {x|V(x) < V(xq)}. Since, Lyapunov derivative is
negative semi definite, it is clear that trajectories are bounded and contained within the domain ().
Now, define the domain Q, = {x|V(x,t) = 0} and Q; = {x|V(x,t) = 0}. Then if any of the
assumptions A or B holds, all limit points of the bounded trajectory x(t) belong to the domain Q; =

Qo N Q. In particular; limit points that are also equilibrium points of x(t) belong to Oy = Qg N Q.
(4) |f (x(t), t)| is bounded for any bounded x. Or

(B) | f:f(x(r), T)dt| is bounded for any finite time interval c = b — a.

where x = f(x(t),t) represents the system dynamics.

Substituting the controls in the system dynamics, the error dynamics can be expressed as

e, =G,e; —Keq (2.106)
e, = A6 — K,e, — Gleq (2.107)
And from Eq. (2.105),

&=—— (ATey) (2.108)
K3

Clearly, in the present problem, Condition (A) of Theorem 2.1 holds (referring to the dynamics given
by Egs. (2.71) and (2.73)). The main contribution of the new invariance principle i.e. Theorem 2.1 is
consideration of V = 0 instead of merely V = 0. Now, from Eq. (2.103), V, = 0 implies that e; = 0
and e, = 0. This, in turn, implies that &; = 0 and é; = 0 implying asymptotic stability of the

tracking errors e4 and e,. Further, under this condition, Egs. (2.106) - (2.108) now reduce to
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e, =0 (2.109)
é, = AG (2.110)
=0 (2.111)

It can be further concluded from Theorem 2.1 that if the condition tlim A = 0 is satisfied, then

lim & # 0 i.e. & will converge to some nonzero constant value. On the other hand, if tlim A+#0iso
—00

t—oo

then lim 6 = 0.

t—>oo

Since it is already established that the lateral dynamics is asymptotically stable, therefore, t]im p=
0 and tlim r = 0. However, tlim A # 0. Since the longitudinal dynamics is assumed to remain

unaffected during the maneuver, it can be safely assumed that the aircraft will retain longitudinal trim

c
post maneuver. Therefore, tlimA = [ c

—00

# 0. This proves the asymptotic

3 C4] mg cosa; cosQ
42 C9

mg sina,

stability of the parameter estimation error (i.e. ) as well along with the errors in states.

2.5.3 Simulation Results and Discussions

To validate the adaptive backstepping control, the same amount of lateral c.g. movement as
considered previously (£7.0 cm) is considered again. A large number of Monte Carlo runs are
performed considering lateral c.g. position randomly in the range [—7 cm, 7 cm] and nearly identical
maneuver performance is observed in each run. However, plots for the extreme ends on both sides
corresponding to Y., = 7.0 cm are shown for the sake of brevity. The ad-hoc model is considered
for the controller design only; the exact equations of motion under laterally asymmetric c.g. positions

are taken into consideration when simulating the 6-DOF dynamics (refer to Figure 2.12).
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Figure 2.13. Time evolution of states and controls for horizontal turn maneuver under lateral c.g.

shift: Adaptive backstepping design approach
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Figure 2.14. Time evolution of states and controls for aileron roll maneuver under lateral c.g. shift:

(c)

Adaptive backstepping design approach

Horizontal turn and aileron roll maneuvers are considered under the same initial trim condition as in
previous cases. However, due to the asymmetry there will arise a small sideslip angle in the initial
trim. The maneuver performance corresponding to the above mentioned two cases of c.g. locations
are illustrated in Figures 2.13 and 2.14. It is clearly observed from Figures 2.13 and 2.14 that the
nominal maneuver performance is almost completely recovered by the adaptive backstepping
controller. As theoretically established, y,,,, also asymptotically converged to the actual y,,, in either
case. Excellent tracking of the ¢ and P profiles are also achieved and the longitudinal variables also

remained near their initial trim values. Various controller parameters which are tuned from trial and

error are listed in Table 2.4.
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Table 2.4: Adaptive backstepping controller parameters

Maneuver K4 K, K3
Horizontal turn [108 305] [100 (5)] 0.01
Aileron roll [300 (5)] [305 (5)] 0.001

2.6 Conclusion

The practical problem of controlling the lateral/directional flight of a fixed wing UAV under
considerable lateral c.g. uncertainty was addressed in this chapter. First the linear control technique
namely LQR is implemented. However, under lateral c.g. variation results shows it is inadequate in
handling such cases. This inadequacy necessitates the implementation of nonlinear control
techniques. For implementing nonlinear control technique the dynamics was formulated in strict
feedback form for the nominal c.g. position and a block backstepping controller was designed to
execute a horizontal turn and an aileron roll maneuver. It was demonstrated that the control
performance deteriorated significantly when the same nonlinear controller was used under lateral
c.g. variations. To regain the lost performance, thereafter, an adaptive backstepping controller was
formulated considering a simplified dynamical model of the UAV for lateral c.g. offset. The c.g.
position of the UAV was estimated online using an adaptation law and stability of the proposed
control scheme was established using the Lyapunov stability approach. Furthermore, the analysis
presumed that the UAV would operate within the low angle of attack region exclusively.
Consequently, uncertainties associated with aerodynamic coefficients were deemed negligible for
this specific investigation. This issue is undertaken in next chapter once the UAV or the aircraft is

made to operate in the high angle of attack regions along with lateral c.g. movements.
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Robust Adaptive Backstepping Control for High Alpha

Maneuvers

3.1 Introduction

In the realm of modern aerial combat, agility is paramount for gaining air superiority. The previous
discussion centered on how c.g. shifts affect low angles of attack (AOA) maneuvers. To
comprehensively understand the aircraft's capabilities across its operational spectrum, it's imperative
to now explore how lateral c.g. movements influence specific high-angle-of-attack maneuvers.
Unlike low AOA maneuvers, where lateral ¢.g. movements were the primary focus and assumed to
be restricted to the y direction only, high AOA maneuvers introduce complexities as lateral c.g. shifts
affect the aircraft's c.g. position across all three axes. As it is established in the previous chapter that
the robust linear control technique was not able to handle lateral c.g. movement which compel us to
go for robust nonlinear control scheme. In particular, adaptive backstepping (ABS) control algorithm
is applied therein to execute maneuver in presence of lateral c.g. movement with the aim to adapt to
the c.g. uncertainty. Unlike low alpha maneuver, aerodynamic uncertainty in high alpha maneuver

is profound. This calls for further robustness enhancement of the adaptive backstepping controller.
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Among the available robust scheme for nonlinear uncertain systems, sliding mode control (SMC) is
widely used due to its attractive property of fast response and robustness to exogenous disturbances
and plant parametric uncertainties [55, 97, 98]. Moreover, it has been applied to various nonlinear
flight control problems also [53, 54, 60, 99]. Inspired from this, in the present chapter, a hybrid
control law is established where the adaptive backstepping technique is further robustified with a fast
sliding mode algorithm. Backstepping and sliding mode controls are combined in the literature in
various application domains to gain insensitivity to both matched and unmatched uncertainties and
disturbances [70-78]. However, the present approach to handle a part of the uncertainty, which can
be modeled in terms of an uncertain parameter (the c.g. position in the present work), with the help
of an adaptive backstepping algorithm and the remaining lumped uncertainties and disturbances with
the help of a sliding mode algorithm is a completely novel approach. Also, in the available literature,
mostly the sliding mode control part is made adaptive where the upper bound on the disturbance is
estimated; whereas here the backstepping part is made adaptive where the c.g. position is estimated
with an adaptation law. Further, most of the available works in the literature has a part of the dynamics
in the simple X; = x5 form, while in the present problem the same part is in the form X1 = f1(x¢) +
G, (x1)x5 leading to increased complexities in mathematical proof for stability. A comprehensive
stability analysis of the proposed controller is carried out using Lyapunov method and sufficient
conditions for guaranteed closed loop stability are also derived. Thereafter, asymptotic convergence
is proved using Barbalat’s lemma. To validate the proposed control, the F18-HARYV fighter aircraft
is considered as its acrodynamic dataset is available in the open domain [60, 100] and a standard
high-alpha cobra and Herbst maneuver which are regarded as benchmarks for maneuverability and

agility of modern-day fighter aircraft is implemented in simulation.

The outline of the chapter is as follows. The second section presents the problem formulation, while

the third section starts with brief introduction of sliding mode control and thereafter gives the design
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and stability analysis of the proposed hybrid adaptive backstepping sliding mode control. Simulation
results obtained by applying proposed control technique are presented in the fourth section with a
comparison against a standard adaptive sliding mode control. Section five concludes the chapter with

a brief prelude to the next chapter.

3.2 System Dynamics for High Alpha Maneuvers under Lateral C.G. Uncertainty

In this section, the aircraft dynamics is expressed in strict feedback form so as to make it amenable
to the proposed backstepping based sliding mode control scheme under lateral center of gravity
uncertainty. Further, the formulation is aimed at executing some standard high-alpha maneuver. For
executing such maneuvers, the angle of attack, angle of sideslip and bank angle profiles are supplied
externally and the closed loop controller generates the required moments about the three body axes
[68, 101]. The moment commands are then converted to the control surface deflection commands
through a control allocation method such as the matrix pseudoinverse [102]. However, when the c.g.
of the aircraft undergoes arbitrary movements the standard equations of motion get modified. The
complete 6-degree of freedom (DOF) equations of motion of an aircraft when the c.g. of the aircraft

assumes an arbitrary position are given in the body frame as [61, 68]

1 0 0 0 Zem  “Yemlruq | —qw + 71V 1
0 1 0 —Zem 0 Xem ||| | —Tu +pw |
0 0 1 Vem  —Xem 0 |w —pv +qu
0 —MZey mYem I)ch _I)Icy _I;cz p - I,'czpq + (13,/3/ - Iéz)qr - I;Cyrp + IJI/Z(qZ - rZ) +
MZem 0 —MXcm _IJ,cy Ijlzy _13’12 q Ialcyqr + (Iéz - IJ,cx)rp - Ijlfzpq + I)’cz(rz - pz)
—MYem  MXcm 0 ke =L I 10 Lrp+ (I — Ly)pq — Lizqr + Ly (0 — %)
- Fx
[ (qz + rz)xcm —PqYem — TPZcem ] [ —gsinG ‘| m
| (TZ + pZ)YCm —PAXem — qTZem | gCOSGSin¢ %
(pz + qZ)Zcm —TPXem — qTYem | + | gcosbcos¢ | + F (3 1)
m(qu — pv)yem + m@u — pw)z., —Z;mmgcosfsing + y.,mgcosfcosed m )
m(pv — qu)Xzy, + m@rv — qw)z.y, —Zemmgsing — xymgcosfcosd M,
m(pw — ru)x., + m(qw — rv)ych | Yemmgsing + xopymgcosfsing | I\A/;y

N
L

where (Xcm, Vem, Zem) 18 the actual c.g. position w.r.t. the nominal c.g position or the origin of the
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] is the new inertia matrix. Extracting the translational
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0 Mmzem —MYem
where A £ |—mz., 0 MX o
myem —MXem 0

Clearly, Eq. (3.2) and Eq. (3.3) are not in strict feedback form, a prerequisite condition to apply
backstepping control. Hence, backstepping control cannot be directly applied to system dynamics

represented by Eq. (3.2) and Eq. (3.3).

In order to design backstepping control, system dynamics are now modeled in strict feedback form

by applying the concept of ad-hoc modelling.

As, @ — f — ji equations are largely kinematic in nature. Therefore, these equations may safely be
considered to remain nearly unchanged under c.g. movements. They are given by Eq. (3.5) in wind
frame under further assumptions that the trigonometric nonlinearities involving the thrust vectors
(i.€. Spty, 8yty) are small and control surface deflections produce only moments and no force [92]. It
is proposed in the literature that an additional moment due to gravity term can be added to the angular
rate dynamics to represent the asymmetric dynamics reasonably accurately [68]. Following this
approach, the rotational dynamics under c.g. variations can be modeled in ad-hoc manner and

expressed by Eq. (3.6).
Lx 0 I,
[Il=| 0 I,, 0 [isthe inertia matrix and the control surface deflection dependent terms are

_Ixz 0 Izz

collected in [ch M, MZC]T as

8q
M. qsbCis, qSbCis, gSbCis, 0 ~1,8¢T1| 6,
My | = 0 qScCps, 0 =1, 67T 0 6y (3.4)
M, gSbCys, qSbCns, GSbCys, 0 —1,.8;T || Optv

6ytv

where [, [, denote the location of the engine nozzle from the origin of the body frame, § denotes

throttle setting and T is the gross engines thrust.
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where (X¢m, Vems Zem) 18 the actual c.g. position w.r.t. the origin of the body/wind frame and
[dy d, d3]” denotes a vector representing the error incurred due to the approximate
representation of the c.g. shifted dynamics along with the matched external disturbances. Therefore,

the final system dynamics i.e. Egs. (3.5) and (3.6) can be expressed respectively as

x1 = f1(x1) + G (x1)x (3.7)
Xy = fo(x) +A(x)0 + G,u+d (3.8)
where ¢ is the uncertain/unknown c.g. position [X¢my, Vem Zem]? Which can be estimated online in
an adaptive backstepping setting. It can be noted that Egs. (3.7) and (3.8) are now in strict feedback

form. To nullify the effects of the disturbance d, a sliding mode control is combined with the adaptive

backstepping control in the present work. The complete closed loop scheme is depicted in Fig. 3.1.

Adaptation |
Law
Disturbances
& & Uncertainties
5 !
xm - B r 5

H’R

E., ABS Fad | ABS Y| Control [, Position & [~ 7| 6 DOF
(STEPI) | sTEPI) Allocation Rate Limit ’_’ Dynamics

h L T3] sMmC
?

Throttle

Figure 3.1. Block diagram of the overall closed loop system

3.3 Adaptive Backstepping Sliding Mode Control Design

To investigate the effects of lateral c.g. variation on a fighter aircraft performing high alpha
maneuvers, this section addresses the control design issues for an asymmetric aircraft. For this
purpose, two well-known high alpha maneuvers, Cobra, and Herbst, are considered. In the Herbst

maneuver, the aircraft is made to quickly reverse direction or change heading during aerial combat.
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The maneuver involves a combination of yaw, pitch, and roll to rapidly change the aircraft's
orientation while maintaining energy and speed. The Herbst maneuver in aviation is a high-
performance maneuver used to outmaneuver opponents and gain tactical advantage in aerial
engagements. It is considered a standard maneuver for evaluating the agility and maneuverability of
an aerial vehicle. In the cobra maneuver, the aircraft pitches up rapidly to a near-vertical angle of
attack while maintaining its forward velocity. This causes the aircraft to briefly stand on its tail in a
vertical position before quickly returning to level flight. The nose of the aircraft points upward, while
the aircraft's velocity vector remains mostly forward. As both are high AOA maneuvers, aerodynamic
as well as thrust vectoring control is available. This calls for nonlinear control implementation for
carrying out such maneuvers automatically. In the subsequent subsection, the basics of sliding mode
control are briefly reviewed to provide context and understanding for its application in addressing

the nonlinear dynamics of the aircraft during high alpha maneuvers.

3.3.1 A Brief Overview of Sliding Mode Control [56, 107]

Sliding mode control (SMC) is a nonlinear control method used to regulate the behavior of dynamical
systems which is derived from the variable structure systems (VSS) theory recognized as one of the
popular and powerful control tools. Its popularity comes from the robustness feature, which
eliminates the burden of the necessity of system parameters required for accurate modeling. The
main idea behind SMC is to force the system states to make a motion on a predefined sliding surface
using discontinuous control, which switches between two different system structures. When a system
is in the sliding mode, its state trajectory coincides with the sliding line, which depends neither on
the system parameters nor on the disturbance; rather, it depends only on the sliding coefficient. In
such a case, the order of the controlled system is reduced by one leading to simplification in the

design and decoupling of the state variable dynamics [78]. Despite these attractive advantages, the
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SMC method suffers from chattering. Since chattering is the major obstacle in the practical

implementation of SMC, its effects should be reduced to acceptable level. Here's an overview

Consider the following nonlinear system:

x(t) = fx, t) + glx, tu(t) 3.9

where x(t) represents the derivative of the state variable vector x(t), f(x,t) and g(x,t) are

continuous function depending on x(t) and time t and u(t) represents control input vector
The discontinuous control switching between two different system structures is designed as

ut@®) if S(x) >0

u@® = {u_(t) if S(x) <0 (3.10)

where ut (t) and u~ (t) are two distinct control inputs and S(x) is the sliding surface

The control input in Eq. (3.10) should be designed such that the state variables reach to the sliding
surface, move along this surface, and keep the movement on the surface. When the surface is reached,
the sliding surface function should satisfy S(x) = 0 and, in such a case, the sliding mode exists. The
necessary and sufficient condition that ensures the existence condition for the system in Eq. (3.9) is

given by
S(x)S(x) <0 (3.11)

The main objective of SMC is to force the state variables onto the sliding surface. Hence, the control
input should be designed carefully to ensure the above objective. One well-known method is the
equivalent control, which is derived by imposing S(x) = S(x) = 0 and solving for control input

Hence, the derivative of the sliding surface function on the surface can be written as
: as as
S = £t + 2 g, e (1) = 0 (3.12)

Assuming that g—i g(x,t) # 0 and solving u,,(t) from Eq. (3.12) yields
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teq(® = = [Zge.0] Zfx,t) G.13)

Clearly, the equivalent control requires knowledge of f(x,t) and g(x,t). On the other hand, the
constant rate reaching law method, which is widely used as an alternative to the equivalent control,

can be derived from
S(t) = —Ksign(S(x)) (3.14)

where K is the parameter that determines the rate of convergence. However, the use of the sign
function leads to chattering, which is not desired in practical applications. To reduce chattering, a
boundary layer can be introduced around the sliding surface. Overall, sliding mode control is a
powerful technique for achieving robust and stable control in nonlinear systems, particularly those

subject to uncertainties and disturbances.

3.3.2 Control Design and Stability Analysis

Backstepping-based sliding mode control is a sophisticated control strategy used in nonlinear control
systems to achieve robust performance in the presence of uncertainties and disturbances. It combines
the principles of backstepping control and sliding mode control to design a controller that drives the

system states onto a predefined sliding surface.

In this sub-section a backstepping based sliding mode control is formulated to execute explicit high-
alpha maneuvers, the desired smooth time profiles for a,f and p (i.e. x14) are normally fed
externally as reference inputs [68, 69] as shown in Fig. 3.1. The aircraft flight dynamics is assumed
to be in the form as given by Egs. (3.7) and (3.8) in the previous sub-section. The proposed
backstepping based sliding mode controller design methodology and its stability proof is discussed

below
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The tracking error variables e, and e, are defined as e; = x; — x14 and e, = x, — x4 wWhere, x14

and x,4 are the desired profiles of x4 and x, respectively. Therefore,

e1=f1+G1x2 — X4 (3.15)
Choosing the Lyapunov function for the e; dynamics as

V1 =ele; (3.16)

and on differentiation

Vi = el (f1+ Gix; —X1q) (3.17)
Let
fl + G1x2 - de = —K181 (318)

where K; = diag (kq1,ky5 k33) is chosen as a constant positive definite matrix to render V;

negative definite.

Therefore, from Eq. (3.18), the desired profile for the virtual control x, is obtained as

Xaq = G{'(—Kie1 — f1 + X1q) (3.19)
The Lyapunov function for the complete dynamics is now chosen as

V,=eles + 3818, + S67K,@ (3.20)

where §1 = 0 is the sliding surface (chosen as a function of the tracking error e;) and @ = ¢ — @ is
the parameter estimation error. K, = diag (k,11,k222, k233) is the adaptation gain chosen as a

constant positive definite diagonal matrix. To achieve fast convergence, a nonlinear sliding surface

S1= [Sp,Sq,Sr]T = 0 is chosen element wise as
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Sp =ny1e, + m11|ep|alsgn(ep); Sq = Nyzeq + m22|eq|alsgn(eq); S, = nzse, + mysle | % sgn(e,)

The above three Egs. in (3.21) can be expressed in a compact form as

S1 = Nye; + M;sig(ez)™

(3.21)

(3.22)

where, N; = diag (n11,n,2,n33) and M; = diag (m44,m,,,m33) are constant positive definite

matrices and a, is positive constant (>1).

sig(ex)™ 2 [|ep|alsgn(ep) |eq|alsgn(eq) |er|alsgn(er)]T
Now from Eq. (3.20),

V, =elé; + 878, + 7K, o

Substituting &4 from (3.15), computing $; from (3.22) and letting G = -0,
V, = el (f1+ Gixp — X14) + ST(N1é2 + Mya;|ex| 71 ;) — 67K,
Now defining

F;(ez) 2 Ny + Mya,diag(lez|*~)

and substituting in Eq. (3.25),

V, = el[f1 + Gi(ez + X2q) — X14] + S1[Fs(e2) €3] — 87K,

Since e; = x5 — Xq4,

ey =fr+A0+ Gu+d— x4

Substituting Eqgs. (3.19) and (3.28) in Eq. (3.27), V, reduces to

V, = e](G,e; — Kieq) + S1[F3(e2)(f2 + Ao + Gyu + d — k4)] — 57K,0

Further substituting ¢ = @ + @
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V, = —elK ey + e]Gie; + ST[Fs(e2)(f2 + AG + Gou + d — kp9)] — 7 (K,6 — ATF] (€2)S1)

(3.30)
Choosing the adaptation law as
6 = K;'ATFI (e5) S4 (3.31)
equation (3.30) reduces to
V, = —e]K,eq + e1G e, + ST[Fs(e3)(f2 + AB + Gou + d — k)] (3.32)
Considering a fast reaching law for the sliding mode control for a faster convergence rate,
S; = —H;S; — Hisgn(Sy) (3.33)

where H; = diag (n11,M22,133) 1S a constant positive definite matrix. Now, designing the control

law as

u = (F3(ez) G2) 7' [F3(e2)(—f2 — AG + X2q) — H1S1 — F3(e2)H;5gn(S1)] (3.34)
Eq. (3.32) reduces to

V, = —elKies + e1Gie; — STH,S1 — 81 F3(ez)[ Hy sgn(Sy) — d] (3.35)

Setting the constant matrix H; higher than the upper bound of d, and observing that F5(e;) is a

positive quantity,

V, < —elK e, +elGe, — STH, S, (3.36)
Introducing a variable ¢ = M, |e,;|%t sgn(e;), S can be expressed as §; = N; e, + c. Therefore,
V, < —elK,e; + elGe; — (Ne; + ¢)TH; (N e, + ) (3.37)

Now, except the second term all other terms on the right hand side of Eq. (3.37) are negative definite.

Adding and subtracting the term e N; ¢ in Eq. (3.37),
g 2 q
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V, < —elK,e; + elGe; — (Nye; + ¢)"H (Nye; +¢) + elN;c —elN;c (3.38)

Expanding the last term —e} N, ¢ into its elements,

. +1
V, < —elK,e; + e[G e, — (Nyey + ¢)THi(Nye, + ¢) + e Nyc —ngymyqfe, | —

a;+1
n22m22|eq| T = ngzmgsle,|4tt (3.39)

The first four terms of the right-hand side of Eq. (3.39) can be expressed in the form —z” Qz where

K, ~26y 0
1 N €1
zTQz=1[el el (] —EG{ NZH, NyHy — [ez] (3.40)
Ny c
| o Ny Hy == H |

Therefore, Eq. (3.39) can be simplified to

a,+1 a,+1

— nzzmazle,|1t! (3.41)

V, < -z"Qz _n11m11|ep| - n22m22|eq|

Clearly, V, < 0 and therefore, z (i.e. e1, e; and S;) is bounded if and only if the Q matrix in Eq.

(3.41) is positive definite. Therefore, conditions for positive definiteness of Q are derived next.

Remark 1: Referring to Egs. (3.5) and (3.7), the matrix G; can be expressed as

pScCy, .
[ —cosa tanf (1 - —q) —sina tanpf ]
4m cosf
. pSbCy sbC
G, =| (sma + —”) 0 (—cosa + u) |
4m am
tany cosu pSbCy- (tanB+sinu tany)pSecy, . tany cosu pSbhC
l(cosa secf + yi p) ( — q) (sma secf + W)

(3.42)

Now the terms containing ﬁ in Eq. (3.42) can be safely neglected as the mass of the aircraft m is

very high (~10*kg) compared to the other terms. Also, the term tany does not go beyond the range
3 to 4 as the flight path angle y usually does not go beyond 70-75° even for very drastic high-alpha

maneuvers such as the Herbst [103]. Further, S is also kept small and therefore tan f is also very
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small. Therefore, the matrix Q in Eq. (3.40) can be simplified to the following form after

substituting Ky, Ny, H;.

(eve)

€€, C _ espeey |

sty 0 0 0 0 0

0 0 L _ ey 0 0 0 0

<y
0 0 0 % — Mt 0 0 0
u

< _ gE sy € sy 0 0 ¢ 4 4
Egy ¢ goasouis 0S02 Juviouis

[4

0 0 eelciy 0 0 0 1
[4 [4 [4
Ity — —
0 0 0 ¢ (goasvsod) ouls gunivsoo
4 [4
0 - 0 - ey 0 0
goasvouis goasnsoo
0 . 0 L 0 e 0
0500 ouls
[4 [4 4
0 - -— - 0 0 Ty

Juviouis 1 Juninsoo i
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Theorem 3.1: The 9 X 9 Q matrix given by Eq. (3.43) is positive definite if and only if

1
N1 M22,M33 > 3 (3.44)

and the following 3 X 3 matrix is positive definite

4k, — aq(cosa tanB)? — a,, — az,(sina tanB)? (a1 — azq)cosa tanP sina a,4 cos?a tanf secf + az,sina tanf secP
(ayq — azg)cosa tanf sina 4k,, — (a1 Sin? @ + ag, cos? @) —(a,q — azq)sina cosa secf
a,4 cos?a tanf secf + az.sina tanf secf —(a,q — azq)sina cosa secf 4kg5 — arq(cosa secB)? — as,(sina secB)?
(3.45)
4111 a 422 a 4733

> Aaq =

where a;, £ ,O3q 2

4nf my1-ni, 4n3,mz2—n3, 4n3zmaz—nj; |
Proof: The following lemma is needed to prove Theorem 3.1.
Lemma 1: According to Schur Complement method [104] for any block symmetric matrix of the

form Q = [;T g] if Cis invertible, then Q > 0 if and only if C > 0 and 4 — BC™1BT > 0.

Partitioning the Q matrix as shown in Eq. (3.43), 4, B, C are given by

ki1 O 0
A=K =10 ky, O ] (3.46)
0 0 ki3
cosatanfi —1 sinatanf 0 0 O
B=2| -sina 0 cosa 0 0 O (3.47)
—cosa secf 0 —sinasecB 0 0 O
niing 0 0 Ni1M1 — % 0 0
0 n35;M22 0 0 Na2M22 — % 0
C= 0 0 N33Ms3 0 0 N33733 — 73
N117M11 — n; 0 0 M1 0 0
0 Na2M22 — % 0 0 M22 0
0 0 N33M33 — % 0 0 N33
(3.48)

67



Chapter 3

Clearly, C is also a block symmetric matrix of the form [;(T g] with X, Y, Z all being 3 X 3 diagonal
matrices. Therefore, applying Lemma 1 once more, C = 0 if and only if Z = diag (011, 122,
733) >0 and X —YZ~1YT > 0. The condition Z > 0 is already satisfied since 111,722,733 are
positive constants. For the condition X — YZ~1YT > 0 to be satisfied, substituting the corresponding

expressions of X, Y, Z yields,

diad Inz.m . — L _m) a1 2\ a1 _m3\ s
lag |niinNu — N11M11 5 )+ M2zl N22M22 > )+ TM33lls3 N33733 >

N22 N33

(3.49)
which, on further simplification, reduces to
1
N1, M22,M33 > 3 (3.50)

Condition (3.50) ensures that C > 0. Now for the condition A — BC™*BT > 0, C~! can be computed

using the Matrix Inversion Lemma [105] as

. 41y, 413, 4133 . 2(1—-2n44) 2(1 — 2n5,) 2(1 — 2n33)
diag 2 2 2 7 2 5 diag , ,
L Anginig —Nip ANglar — Ny, ANgsfaz —ng Ang Ny —Nyy ANgallay — Moy 4Mgsllsz — Ngs
c1l=
. 2(1—2n4,) 2(1—2n,,) 2(1 —2n33) . 4ny4 41, 4133
diag ' ' g\ 1 Ty —1 Imp—1 ]
ANy —Nyy ANgallan —MNpp 4Mgsllss — Ngs M1 MN22 733
Denoting

diag (Ma 4200 A3a)  diag (biay brar b3a)
e (3.51)
diag (bla' bZa' b3a) diag (Cla C2q C3a)

and substituting A,B,C~! from (3.46), (3.47) and (3.51) respectively results in the following

inequality for the condition A — BC™1BT > 0

4k, — ayq(cosa tanB)? — a,, — as,(sina tanf)? (a1q — azg)cosa tanf sina  a,, cos’a tanf secf + az,sin*a tanf secf
(ayq — agg)cosa tanf sina 4k,, — (a4 Sin% a + ag, cos? a) —(a,q — az,) sina cosa secf
a,4 cos?a tanf secP + az,sin*a tanf secB —(1q — Azq)sina cosa secf  4ksz — ayq(cosa secB)? — az,(sina secB)?
0 (3.52)
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Remark 2: It is evident that the condition in Eq. (3.52) is state (i.e. angle of attack and the angle of
sideslip) dependent. Therefore, the condition is further simplified in the following proposition

considering realistic ranges for these two state variables.

As inequality (3.52) involves a and £ dependent terms, maximum possible range of variations in
their values are considered to establish stability. For F18-HARYV, the aircraft considered in the present
study, aerodynamic data are available over the a range of -14° to +90°. Moreover, for the standard
high alpha maneuvers, usually 8 is commanded to remain zero. It is observed from the literature [66,
99] that even under feasible system uncertainties and external disturbances  remains well within
+15°. Therefore, considering 8 € [—15°,+15°] and a € [—14°,+90°], and considering the worst
case variations in the elements of the matrix in (3.58) the following condition involving an interval

matrix can be arrived at

4k11 - (ala + a3a) [0, 0.07] - aZa (ala - a3a) [_0.13, 0.13] (ala + a3a) [_0.27, 0.27]
(ala - a3a) [_013, 013] 4k22 - (ala + a3a)[0, 1] _(ala - a3a) [_026, 052] > 0
(ala + a3a) [_027, 027] —(ala - a3a) [—026 B 052] 4k33 - (ala + a3a) [0, 107]

(3.53)

Clearly, for the above condition to hold

4k11 - (ala + aga) [0, 0.07] - aZa > 0 (3.54)
4ky11 — (a1 + a30) [0, 0.07] —az, (a4 — azq) [—0.13,0.13] >0 (3.55)
(ala - a3a) [_0'1310'13] 4k22 - (ala + a3a) [0' 1]

4ki1 — (14 + a34) [0, 0.07] —ay,  (a;4 — azq) [—0.13,0.13] (a1q + aszq) [—0.27,0.27]
(ala - a3a) [_0.13, 0.13] 4k22 - (ala + a3a)[0, 1] _(ala - a3a) [_0.26, 0.52] > 0
(ala + a3a) [_0.27, 0.27] _(ala - a3a) [_0.26, 0.52] 4k33 - (ala + a3a) [O, 1.07]

(3.56)

Now applying the interval arithmetic formulas [106] such as:

If [x4,y4] and [x,, y,] are bounded, nonempty, real intervals, then
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[x1,%2] + [y1, 2] = [x1 + y1, %2 + ¥2]
[x1, 2] = V1, ¥2] = [x1 — Y2, %2 — y1]
[x1, 2] [¥1,y2] = [min(Z), max(Z)] where Z = {x1y1, X1Y2, X2¥1,X2Y>}

and considering the worst case scenarios i.e. upper limit for negative terms and lower limits for

positive terms, the above three inequalities are simplified one by one as

First Condition

iy > 2{0.07(arq + asq) + @z} (3.57)

Second Condition

{4ki; — (a4 + asg) [0,0.07] — ay H4ék,, — (a4 + asg)[0,1]} — {(a;, — asg) [—0.13,0.13]}2 > 0
(3.58)

On expanding Eq. (3.58), we get

16ky1kyy — 4kqq(arq + a34)[0,1] — 4kyy (a1 + a34)[0,0.07] + (a1, + a34)[0,0.07](as4 + as,)[0,1] —

4kyy0yq + azq (A1 + a3)[0,1] — {(a1, — azq) [-0.13,0.13]}2 > 0 (3.59)

Now, applying interval arithmetic and considering the worst case scenarios i.e. upper limit for

negative terms and lower limits for positive terms, the Eq. (3.59) reduces to

16k 1Koy — 4k11(A1q + 3q) — 4kor(a1q + a36)(0.07) — 4kypa, — (a14 — a34)?(0.169) > 0 (3.60)
Further rearranging Eq. (3.60) leads to

kyo{4ki1 — (a1q + a34)0.07 — Ay} > k(14 + A3q) + (@14 — a34)?0.0423 (3.61)
Third Condition

{4ki1 — (a14 + a3q) [0,0.07] — ap,}{(4kz; — (@14 + a30)[0, 1)) (4k33 — (a1, + a34)[0,1.07]) — (a4 —

a34)% [-0.26,0.52]} — {(a14 — a3q) [—0.13,0.13]}{((a14 — asq) [-0.13,0.13]) (4k33 — (a14 +
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asq) [0,1.07]) — ((ayq + aszq) [—0.27,0.27]) (—(a1q — aza) [—0.26,0.52])} + {((a14 +
asq) [—0.27,0.27DH((a1q — asq) [-0.13,0.13]) (—(ayq — a34) [-0.26,0.52]) — ((4kaz — (@14 +

a3)[0, 1) (a1 + asg) [-0.27,0.27])} > 0 (3.62)
On expanding Eq. (3.62), we get

64ky1kaoks3 — 16k11ky;(a14 + a34)[0,1.07] — 16kysk33(arq + azq)[0,1] + 4kyq(arq + aza)[0,1](ar +
a34)[0,1.07] — 4ky1(a;, — a34)?[—0.26,0.52]% — 16k,,k33(ar4 + a34)[0,0.07] + 4k,,(a,, +
a34)[0,1.07] (a4 + as¢)[0,1.07] + 4k35(a, + as4)[0,1]1(a14 + a34)[0,0.07] — (a,4 +

a34)[0.0.07](a14 + a34)[0,1.07](a14 + a34)[0,0.07] + (a1, + a34)[0,0.07](a,4 — as,)?*[—0.26,0.52]* —
16k, k33054 + 4k, (A1 + a34)[0,1.07] + 4ks3a,, (a1, + a30)[0,1] — azq(as, + ase)[0,1] +
A34(A1q — G34)?[—0.26,0.52]% — 4kq5(a,, — a34)[—0.13,0.13](a;, — a34)[—0.13,0.13] + (a;, —
3)[—0.13,0.13] (a1 — a3,)[~0.13,0.13](ayq + a34)[0,1.07] — (@14 — a3q)[—0.13,0.13](ay, +
a34)[—0.27,0.27] (a1, — A34)[—0.26,0.52] — (a14 + a3,)[—0.27,0.27](a14 — a34)[—0.13,0.13](a;, —
a34)[—0.26,0.52] — 4k,, (a4 + a34)[—0.27,0.27] (a4 — a3,)[—0.27,0.27] + (a,, +

a30)[—0.27,0.27](ay, + a32)[0,1](ay4 + as4)[—0.27,0.27] > 0 (3.63)

Now, applying interval arithmetic and considering the worst case scenarios i.e. upper limit for

negative terms and lower limits for positive terms, the Eq. (3.63) reduces to

64ky1kyoks3 — 16ky1kpp(a1q + a34)(1.07) — 16k k33(a14 + azq) — 4k11(arq — a34)%(0.27) —
16ky,k33(a1q + a34)(0.07) — (a1, + a34)*(0.07)*(1.07) — 16Kk5,k33054 — A2q (14 + a34)*(1.07) +
Aq(a1q = a36)?(0.06) — 4k33(a;, — a34)%(0.169) — (ay4 — a34)%(0.13)(0.52) (a;4 + a34)(0.27) —

(ala + aga)(0.27)(a1a - a3a)2(0.13)(0.52) - 4k22a2a(a1a + a3a)2(0.27)2 > 0 (3.64)
Further rearrangement of Eq. (3.64) leads to
k33{16kq1kay — 4kq1(a1q + azq) — 4ko2(a14 + a34)0.07 — 4ky0,4 — (a1, — a34)?0.169} >

4kqi1ko(a1q + azq)1.07 + (a1, — A34)%{k110.27 — a,,0.0150 — 0.0423 + 2(a,, +

430)0.0046} +  (ayq + asq)?{ks20.0729 + (ay4 + a34)0.0013 + a,,0.2675} (3.65)
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Remark 3: The design parameters a,,, a,4, a3, are dependent on the elements of the matrices H;
and N ; therefore, they should be chosen first (H; further satisfying the conditions in Eq. (3.44)) and
thereafter the elements of the matrix K; should be designed so that the inequalities given by Eq.

(3.57), Eq. (3.61), and Eq. (3.65) are satisfied.

Remark 4: Equation (3.41) establishes negative semi-definiteness of V,. Therefore, Barbalat’s

lemma can now be invoked to investigate asymptotic stability of the origin. Integrating Eq. (3.41),

@ +1 +1 .
f (ZT(T)QZ(T)+7111m11|ep (T)|a1 + Nymy, |eq (T)|a1 + N3zM33 |er(T)|a1+1) dt < —f V,(t)dr
0 0

=1,(0) — V() < o (3.66)

a+

1 1 .
Because }im fot (zT(‘r)Qz(T)+n11m11|ep(r)| + nzzmzz|eq(r)|alJr + ngzmaszle, ()41 *? ) drt 1is

bounded, according to Barbalat’s lemma [56, 107] it can be concluded that

ai+

tlLrg (ZT(T)QZ(T)+n11m11|ep(T)| ' + n22m22|eq(‘[)|a1+1 + n33m33|er(7)|a1+1) =0 (3.67)

In other words, z (i.e. e, e; and §1) converges to zero asymptotically. Therefore, the proposed

controller guarantees asymptotic stability of z.

3.4 Simulation Validation and Performance Analysis

To validate the proposed control scheme, high-alpha cobra and Herbst maneuver is considered for
the F18-HARYV aircraft. The geometric and mass properties of the aircraft along with the control
surface characteristics and the aerodynamic coefficients can be found in [60, 100] and for the sake
of ready reference is also given in Appendix-C. Three cases of c.g. positions are considered for the
simulation studies. First the c.g. is assumed to be at the nominal position and thereafter at laterally
shifted positions on both port (denoted as Asym(-)) and starboard sides (denoted as Asym(+)) and

the controller performances in each of the three situations are compared. It is assumed that the aircraft
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is initially trimmed at an altitude of 2000 m and at a velocity of 150 m/s before initiating the
maneuver. To simulate a significant c.g. variation, the aircraft is assumed to carry a single store
weighing 800 kg housed first on the starboard side and thereafter on the port side under the wing at
a lateral distance of one third of the semispan from the fuselage centerline. Along the x- and z- body
axes, the store is assumed to be at 0.45 m downward from the local horizontal plane and 0.5 m along
the nose from the nominal c.g. position or the origin of the body reference frame respectively. These
would cause the aircraft c.g. to shift to the location [2.3 + 8.8 2.1]7 ¢cm with respect to the origin
of the body frame. The 6-DOF aircraft dynamics is simulated considering the exact asymmetric
equations of motion under c.g. offset as shown in Eq. (3.1). Further, along with the c.g. variations,
the aerodynamic coefficients are also assumed to be uncertain with a +30% uncertainty band about
their nominal values. Large number of Monte Carlo runs are performed taking aerodynamic
coefficients randomly within this band and almost identical maneuver performance is observed in
each run. However, the results corresponding to only three sample runs (one each for maximum c.g
variations denoted as Asym(+) and Asym(-) and one without any c.g variation denoted as Sym) are
presented in the figures below for the sake of brevity. Also, a tanh function is used instead of signum
function to reduce chattering. Numerical simulations are performed using the standard fourth order

Runge-Kutta method.

To perform cobra maneuver, the aircraft is pitched up to a high value and then quickly brought back
to the initial pitch to achieve a sudden and drastic drop in forward velocity [68, 69]. Therefore, a

smooth bell-shaped curve for desired angle of attack («) profile as shown in Fig. 3.2 are generated

W the value of a, b, and c are set with trial and error and listed in Table 3.1 and is fed
1+

as g =

to the controller (where peak value of desired « is taken to about 60°). Bank angle (1), and sideslip
angle (B) are commanded at their initial trim values i.e. zero throughout the maneuver. The total

maneuver duration is considered to be 6s initiated at t = 0. To enhance the thrust vector control
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power, throttle is increased to 50% in an open loop manner over the maneuver duration. Figures 3.3
and 3.4 depict the time evolutions of various states, c.g. estimates, sliding surfaces corresponding to
the aforementioned three cases of c.g. locations and the control surface deflections respectively
Figure 3.3 shows that the desired «, 8, u profiles are very closely tracked. As expected in cobra
maneuver, the aircraft pitches up to a maximum of 90° and its velocity nearly halves in about 4s.
Control surface deflections are also found to remain largely within their respective saturation limits.
It is also observed in Figures 3.3 and 3.4 that the responses corresponding to all the three cases of
c.g. positions are almost completely overlapping. This clearly demonstrates excellent robustness of

the proposed controller to the c.g. and aerodynamic uncertainties.

To perform the Herbst maneuver, the aircraft is first taken to a high angle of attack value and then a
velocity vector roll is initiated [68, 103]. Therefore, bell-shaped curves for @ and ¢ commands as
shown in Fig.3.5. are generated same as in cobra maneuver the value of a, b, and ¢ are set with trial
and error and listed in Table 3.2 keeping f§ at the initial trim value. The total maneuver duration of
18s is considered initiating the maneuver at t = 0. Bank angle command is increased from the initial
trim value after 3s. Figures 3.6 and 3.7 shows the time evolutions of the states and the controls.
Figure 3.6 clearly manifests excellent tracking performance as well as robustness of the proposed
closed loop scheme since responses for all the situations are nearly overlapping. The ground track of
the trajectories do not show any significant variations either. From Fig. 3.7 it is readily observed that
the controls remained largely within their saturation limits. For pitch and yaw thrust vectors position
and rate limit values are considered to be +20 deg and +80 deg/s respectively. Other control
surface properties are given in Appendix-C. Throttle is increased in an open loop manner during the
maneuver. A stable first order throttle dynamics is considered. Various controller parameters designed

satisfying the set of conditions as given in Egs. (3.57), (3.61), and (3.65) are listed in Table 3.3.
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For c.g. estimates and actual c.g. positions (i.e. @ and @), however, the results corresponding to only
three sample runs (one each for maximum c.g variations denoted as Asym(+) and Asym(-) along
positive and negative y- directions respectively and one without any c.g variation denoted as Sym)
are presented for the sake of brevity for both the maneuver. It is clearly observed that the error in c.g
estimate i.e. & does not converge to zero. The asymptotic stability proof as presented through
Barbalat’s lemma in Remark 4 in Section 3.3.2, guarantees asymptotic convergence of the tracking
error vector eq and the sliding surface vector §1, but does not guarantee asymptotic convergence of
G, G is guaranteed to remain only bounded as established from negative semi-definiteness of the
Lyapunov function V,. The inexact estimate & will impact the controller output u as evident from
Eq. (3.34), and therefore, will have some effect on the transient response of the tracking error e;.
However, the steady state value of eq will remain zero as mathematically guaranteed from Barbalat’s
lemma. Figure 3.3(d) and 3.6(h) also shows the asymptotically convergent nature of the sliding

surface vector S.

Table 3.1: Desired reference signal parameters: Cobra maneuver

Reference signal a b c
Angle of attack (a) 15 1 3
60 T ;
4
8
5 e~ -
5 g
% ~20F -
c
<
0 . :
0 5 10 15
time(s)

Figure 3.2. Time evolution of desired reference signal: Cobra maneuver
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Figure 3.3. Ground track, time evolution of states, sliding surfaces and c¢.g. position: Cobra
maneuver (c.g. at nominal as well as shifted position)
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Table 3.2: Desired reference signal parameters: Herbst maneuver

Reference signal a b c
Angle of attack (a) 7 4 9
Bank angle (u) 5 3 10.5

f=2)
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(deg}
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Angle of attack
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o
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time(s) time(s)

(a) (b)

Figure 3.5. Time evolution of desired reference signal: Herbst maneuver

Table 3.3: Controller parameters

Maneuver K, N4 M, a, H, K,
Cobra (12 0 0] | [7 O O] (1 O O]|2|[3 0O 0] 30 0 O
0 4 0 0 4 0 0 02 0 0 1 0 0 50 O
0 0 31|10 0 11 (Lo 0 4] 0 0 0.8l 0 0 25
Herbst 8 0 O0]|[7 O O] (1 O O]|2([2 O 07|25 O 0
0 10 0 0 4 0 0 02 0 0 1 0 0 140 O
0 0 31|10 0 11 (L0 0 4] 0 0 0.8l 0 0 60
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Figure 3.6. Ground track, time evolution of states, sliding surfaces and c.g. position: Herbst
maneuver (c.g. at nominal as well as shifted position)
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3.5 Comparison with a Standard Adaptive Sliding Mode Control

To further demonstrate the efficacy of the proposed ABSMC control, the results are now compared
against a standard Adaptive Sliding Mode Control (ASMC). A standard ASMC control is not directly
applicable to the system dynamics described by Egs. (3.7) and (3.8) as control input u is not directly
appearing in Eq. (3.7). To make it amenable to SMC design Eq. (3.7) can be approximated, if the
angle of attack and the sideslip angle remain small, as
p 14 dy
[ d‘] = [q] + |dgy (3.68)
—B r dg
where [d, dg dg]T represents a lumped uncertainty which will evidently be particularly
significant when the aircraft moves into high angle of attack regions. Under this simplification,

defining x4, = [ @ —PB]7, Egs. (3.7) and (3.8) can now be combined in the form of a second

order nonlinear dynamics given by the generic form
xll = fz(x) + qu + dl (369)

It is needless to emphasize that the lumped uncertainty d; is now much higher than the d as
considered thus far. Eq. (3.69) is amenable to an adaptive sliding mode control design where the
unknown upper bound of d; (denoted as say, D) can be estimated through an adaptation law in the
line of [ 108]. Defining the tracking error €11 = X11 — X114 the sliding surface and reaching law can

be chosen in similar lines as considered in Section 3.3 as
Sy =é11 + Nieyy + Mysig(eq)™ (3.70)
S, =—H;S; — Dysgn(S,) (3.71)

ASMC control design can be carried out in the same line as described in Section 3.3.2 with a

Lyapunov function
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V=158, + 1D, K,D, (3.72)
It can be shown in the same line as previously that
V< -STH;$, <0 (3.73)

Thus, the stability is proved. Asymptotic stability can be proved applying Barbalat’s lemma in the

same way as done in Section 3.3.2. The control and adaptation laws are given by
u= G;'[~fz+ X114 — F3(e11)€11 — H;S1 — Dysgn (S1) (3.74)
Dy = K3 IS4 (3.75)

Since the representation of the system dynamics got changed, the various controller parameters are
tuned afresh and are listed in Table 3.4. The maneuver performance under the standard ASMC control
is shown in Fig. 3.8 and Fig. 3.9 for the three c.g. positions namely Sym, Asym(+) and Asym(-) for
both cobra and Herbst maneuver respectively. Figure 3.8 and 3.9 clearly shows that the cobra and
Herbst maneuver could not be performed properly under the degree of lateral c.g. variations
considered in the present work. Comparison of Fig.3.8 with Fig. 3.6 and Fig. 3.9 with Fig. 3.7 reveals
clear and significant performance and robustness improvement in the proposed ABSMC control

scheme as compared to the ASMC scheme.

Table 3.4: ASMC Controller parameters

Maneuver N1 M1 aq Hl KZ
Cobra 3 00 1 0 O 2 05 0 0 25 0 0
0 4 0 0 02 0 0 25 0 0 140 O
0 0 11]10 0 4 0 0 38 0 0 60l
Herbst [4 0 O 1 0 O 2 25 0 0 25 0 0
0 2 0 0 02 0 0 1 0 0 140 O
0 0 1 0 0 4 0O 0 3 L 0 0 60
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Figure 3.8. Time evolution of tracking errors, relevant states and controls under ASMC control:

Cobra maneuver
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Figure 3.9. Ground track and time evolution of tracking errors, relevant states and controls under

ASMC control: Herbst maneuver
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3.6 Conclusion

The novel and challenging problem of controlling an aircraft performing autonomous high-a
rmaneuver under significant lateral center of gravity uncertainties was addressed in this chapter. For
controller design purpose under asymmetric c.g. position, the aircraft flight dynamics was first
simplified and expressed in block strict feedback form. A multivariable adaptive backstepping
control law was then proposed so that the aircraft flight could be controlled even under arbitrary and
unknown c.g. variations. To mitigate the model uncertainty arising from the approximate
representation of the off-nominal c.g. dynamics, a fast-sliding mode control was combined with the
adaptive backstepping control law. The sliding mode controller was also meant to handle the
parametric uncertainties in the aerodynamic coefficients of the aircraft occurring in the high angle of
attack regions. A detailed stability analysis of the proposed control scheme was presented and
conditions on the controller parameters were derived using the Lyapunov approach. Thereafter, the
proposed controller was validated against a popular high-alpha cobra and Herbst maneuver
considering the F18-HARYV aircraft under significant c.g. movements on either side of the fuselage
centerline as well as moderate uncertainties in the aerodynamic dataset. Results demonstrated the
effectiveness of the proposed controller in retaining nearly the same level of maneuver performance
under the c.g. and aerodynamic uncertainties. Moreover, the results were compared with a standard
adaptive sliding mode control-based scheme and it was observed that the proposed adaptive
backstepping and sliding mode hybrid control was able to produce considerably superior maneuver
performance. The work is further extended in the next chapter by modifying the asymmetric

dynamics and making control design less conservative.
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Asymmetric Dynamics based Adaptive Backstepping

Control for Low Alpha Lateral Maneuvers

4.1 Introduction

In the previous two chapters, for executing low as well as high alpha maneuver under c.g. shift
scenario, the asymmetric equations of motion were described in an ad-hoc manner by simply adding
an extra rolling moment due to gravity term to the standard symmetric equations of motion to
mathematically represent the lateral c.g. offset scenario. The present chapter analyzes that the highly
coupled 6-DOF equations of motion resulting from lateral c.g. offset can be rearranged, simplified
and cast in the required strict feedback form while attempting some specific low alpha lateral
maneuvers without resorting to any heuristic ad-hoc method as already discussed in detail in previous
chapter(s). The c.g. position can be cast as an adaptable parameter which can be estimated through
an adaptation law in an adaptive backstepping setting. However, in the formulation, it is observed

that the adaptable parameter appears in both steps of the two-step backstepping design. The works
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reported in the literature normally have the adaptable parameter appearing only in the final step of
the backstepping design [109, 110]. Therefore, in the present chapter, in a novel way, both the steps
are made adaptive. Further, it is detected that the dynamics in both the steps contain some nonlinear
terms which are favorable from the point of view of stability. Therefore, these terms are retained in
designing the backstepping control law. This is another novel contribution of the present chapter as
the available literature where backstepping control is applied to flight control problems, these
favorable terms are also cancelled by the controller [41, 111]. Retention of useful nonlinearities has
the obvious advantage of resulting in a less conservative control. Asymptotic stability of the overall
closed loop system is established using Lyapunov’s direct method and the new developments in
LaSalle’s invariance principle [95, 96]. Both tracking errors and the estimation error in the adaptable
parameter are proved to remain asymptotically stable. Establishing asymptotic convergence of the
parameter estimate, which is the lateral c.g. position in the present problem, is of particular
significance since it also allows for accurate online estimation of the actual c.g. position of the vehicle

through the proposed adaptation law.

Overall, this chapter contributes novel insights and methodologies in adaptive control, particularly
in handling coupled nonlinear dynamics with adaptive parameters appearing in multiple steps of the
backstepping process, and demonstrates the benefits of retaining useful nonlinearities in the control

design.

The outline of the chapter is as follows. The second section gives an introduction of the problem and
the same is formulated for low alpha maneuvers. Third section discusses the design and stability
analysis of the proposed adaptive backstepping control. Simulation results obtained by applying
proposed control technique is presented in fourth section. The effectiveness of the proposed control
scheme is validated by comparing it with ad-hoc model-based control technique. Section five

concludes the chapter with a brief prelude to the next chapters.
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4.2 Asymmetric Dynamics based Modelling for Low Alpha Lateral Maneuvers

In this section, the highly coupled 6-DOF dynamics under lateral c.g. offset is cast in block strict
feedback form which is essential for a multivariable adaptive backstepping control design. The
present work focuses particularly on lateral maneuvers. For carrying out such maneuvers, suitable
time profiles of appropriate angular variables are supplied externally and the closed loop controller
then generates the necessary control surface deflection commands [68]. When an aircraft's c.g.
moves to an arbitrary position (X¢m, Yem» Zem) W.I.t. the nominal ¢.g position or the origin of the

body/wind frame, the complete 6-DOF equations of motion are given in the body frame by [61, 68]

1 0 0 0 Zem  —Yem i —qw t+ TV
| O 1 0 —Zem 0 Xem || | —Tu+ pw
| o 0 1 Yem —Xem 0 ||| —pv +qu
| 0  —Mzew Myom L Ly —I | pl~ I 12 + (Iyy = 12,)ar = Lyrp + L,(q* = %) [+
| MZcem 0 —MXcm _IJ,Cy 13’131 _13’12 | qJ| l xyqr + (Izz - xx)rp yzpq + Ialcz(r - pZ)J
l —MYem MXcm 0 _I;CZ _Illfl IZ’Z J o zrp + (Ixx )pq xzqr + IJ’cy(p - q2)
- Fy
[ (qz + rz)xcm —PqYem — TPZem ] [ —gsin@ ;"
r*+ PZ))’cm —P9Xem — qTZem gcosbsing ] Ey
(pz + qz)zcm —TPXem — qTYVem gcos@cosd) Fz (41)
m(qu — pv)yem + m(ru — pw)zg, —zcmmgcosesinqb + y.mmgcosOcosgp I\T/In
m(Pv — qu)Xem + m@v — qw)zey, —Zcmmgs'me9+— xcmmgcoseec'm(l) o
mPW — r)xem + mgw — rv)yemd L YemMgsin® + xcpmgcosfsing MY
M, |
Ixx 0 _Ixz I)’cx _IJ’C_’V _IJ,CZ
where = 0 I,, 0 |isthe nominal inertia matrix and I' = [—Iyy, IL,, —I,;]|is the
_Ixz 0 Izz Ialcz _Ijllz Iéz

new inertia matrix under c.g. offset. In the present investigation since the focus is on lateral c.g.
movement, therefore, x.,,, and z.,,, are assumed to be zero. As a result, the asymmetric equations of

motion given by Eq. (4.1) simplifies to

1 0 o0 0 0 ~Yemlraq | —qw + v | [ 7PDem

o 1 0 0o 0 0 |[s | Trutpw | | C*+D)em |

0 0 1 Yem 0 0 w —pY + qu | —qrYem |
| o 0 Mmyun ILix 0 -, | p - Le,pq + (Iyy - Iz’z)qr m(qu — pv)ycm
| 0 0 0 0 Iyy 0 | q (Izz - Ixx)rp + IXZ(TZ - p2) [ ‘
|~_‘rnycm 0 0 Ixz 0 Iéz J 4 l (ch - Iyy)pq - Ixzqr J m(qw - rv)ycm
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— F_x -
—gsiné m
| gcosBsing | Zy
gcosBcosp Fy (42)
VemMgcoslcose m )
0 M,
VemMgsing M,
M,
From equation (4.2),
U—YemT = —qW + 1V — pqYem — gSinb + % 4.3)
W+ YemP = =PV + qQu — qrYem + gcosBcosep + % 4.4)

mycmw + IJ,cxp - Ixzf = Ixzpq + (Iyy - Iéz)qr + m(qu - pv)ycm + YCmmgCOSBCOqu + Mx

4.5)
~MYemt — Lz + 17,7 = (Ialcx - Iyy)pq — L, qr + m(qw — 10)Yem+Yemmgsing + M,

(4.6)
Now, multiplying Eq. (4.3) with —my,,,, and Eq. (4.4) with my,,,
_my'cmu + mycsz” = _m(_qw + rv))’cm + myczmpq + ycmmgSine + YCmFx (4-7)
mycmw + myczmﬁ = m(_pv + qu))’cm - myczmqr + YCmmgCOSBCOSQb + }’csz (4-8)

From Egs. (4.5) and (4.6) and Eqs. (4.7) and (4.8) eliminating ©t and w, the lateral-directional angular

dynamics can be expressed as
(Iﬁlcx - mYCZm) P - Ixz 7= (Iyy - IéZ)QT + Ixzpq + myczmqr + Mx - ycmFZ (4-9)
—L,p+ (I — mygm) 7= (Ialcx - Iyy)pq — Lyqr — mygmpq + M, + YemFx (4.10)

For carrying out a lateral maneuver, a desired roll angle (¢) profile is supplied externally keeping
the desired sideslip angle (f) at zero [101]. Therefore, the system dynamics is required to be
expressed in terms of the state variables ¢, 8 and the lateral-directional body rates p, r. The roll angle

dynamics is given by [92]
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¢ = p + gsingtand + rcos¢ptand 4.11)
and side velocity component can be extracted from Eq. (4.2) as
v=—ru+pw+ (r? + p?)y.m + gcosfsing + %’ (4.12)

Assuming a and f to remain small throughout the maneuver and the total velocity and the
longitudinal variables to remain nearly constant at their initial steady wings level trim values, Egs.

(4.11) and (4.12) modifies to

¢ = p + rtana.cosp (4.13)

2) ych + %sinqﬁcosat + BX @) (4.14)

5 _ 2
B =—-r+ptana, + (r“ +p p—r

where a; is the trim angle of attack and V is the trim velocity. Egs. (4.13) and (4.14) can be expressed

in compact form as

¢ _ 0 _ 0 1 tanat Cos¢ p
[ﬁ B % sing cosa; + qSTCnYV(B) + TZ;pz Yem + [tanat ] [ ] (@.15)

Further, assuming pitch rate g to be zero, angular rate dynamics from Egs. (4.9) and (4.10) can be
expressed as

(Ialcx mycm) _Ixz p [Mx ] _}’csz]
[ xz (Iéz - mygm) [ ] MZ ycmFx ( )

Since y.,, is small, the changes in inertia due to c.g. shift can be safely ignored in Eq. (4.16).

Therefore (after substituting M,. and M,,),

. qSh (C C C _

Ixx _Ixz] [P] _ 1 l‘B'B + vy ZV + roy ZV [ [quCl6a quClé‘r] [561]
J Yem + ShC qShbC. o)
r C_[Sb( nﬁﬁ +Cppy e q néa 9 nér r

_Ixz Izz

P 2V Cnr zv
(4.17)
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X

qu(Cnﬁﬁ + Cn + C _IxZ Izz

nr ZV

_Ixz Izz »
2V

(4.18)

Ixx _Ixz]_1 _C_ISbClé‘a C_ISbCISr [6(1]
.C_ISané‘a C_ISanSr 6r

_Ixz Izz

Since control surface deflections do not contribute significantly to force, they can be ignored in force

components F, and F, in the above equation. Therefore, F, and F, are state dependent terms given by

E. = qS [(CLO + Crqa + CLq )sma (CDO + Cpoax + CDq ‘4 Cpp ZV) cosa cosf — (Cyo +

Cyp + Cyp Py Cyr zv) cosa smﬁ] + Ty (4.19)

_ b
I [— (CDO + Cpoa + CDq v ‘4t Cpp zv) sina cosf — (CYO + Cyf + Cypﬁ +

Cyr s—;) sina sinf — (CLO + Crqa + CLq )cosa] (4.20)

Usually the aerodynamic coefficients Cyg, Cy, and C,, are negative and the same is true with the

aerodynamic dataset of present UAV as given in the Appendix-C. Therefore, referring to Eq. (4.15)

the term Sy (B)
mVv

and in Eq. (4.20) the term quClp " ® and quCnr , are favorable terms as far as

stability is concerned and, therefore, should be retained. It is further noted that [I]™! is positive

definite. Therefore, we can separate the unfavorable and favorable terms in Egs. (4.15) and (4.20) as

¢l _ 0 0 0 1r¢ 0 1 tanat cos¢ p
[ﬁ - gsimp cosay 1o % [ﬂ]+ TZ;IDZ ycm+[tanat ] ] (4.21)
— b
[P] - [ Lyx _[xz]_l qu(ClB'B + C“’ 2V [ —Ixz]_l quClpﬁ 0 [P] n
T =L, Iy qu(CnBﬁ + Cnp Lz 0 C_ISanr% r
L —Ixz]_l —F, y Ly —Ixz]—l [quclda qSbCys, [Sa] 422)
~lxz Iz Fy em + —ly I, C_ISan(sa quCntSr oy :
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Now defining x; = [¢ B]7, the virtual control x, =[P 7]7 and the control signal u =
[6, 6,]7, the asymmetric flight dynamics described by Egs. (4.21) and (4.22) can be expressed in

strict feedback form
X1 = f11 + Fiox1 + f13 0+ Gix; (4.23)
562 = f21 + Fzzxz + f23 o+ qu (424)

where ¢ is the uncertain/unknown c.g. position y,,,, from the origin of the body frame which can be
estimated through a suitable adaptation law. Further, f11,f13,f21,f23 are 2 X 1 vector valued
functions and F,, F,,, Gy, G, are 2 X 2 matrices and all these are known at every time step from the
assumption of availability of full state feedback. Moreover, F;,, F,, are negative semidefinite

matrices representing the favorable nonlinearities.

4.3 An Efficient Adaptive Backstepping Control

Adaptation |
Law Disturbances
&
& Uncertainties
3
h Asymmetric 6 DOF
Desired FABSC EABSC L .. S Dynamics x|
Trajectory *| sTEPI 1 sternm ’ Pf_i::l';:“ ’ Y. *
b r ‘_#

Figure 4.1. Block diagram of the proposed closed loop system

In this section, an efficient adaptive backstepping control (EABSC) is proposed to autonomously
execute the intended lateral maneuver under significant lateral c.g. variations considering the system
dynamics as formulated in the previous section. Referring to Eq. (4.23) and Eq.(4.24), the desired

time profiles for x4 are fed externally as reference inputs and the controller generates u i.e. the
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control surface deflection commands in a closed loop manner under the assumption of availability
of state feedback. The shift in c.g. position, ¢ is assumed to be unknown and made adaptive through
a suitable adaptation law. Since the control explicitly retains useful nonlinearities, resulting in a less
conservative control, the name EABSC is coined. The complete closed loop scheme is illustrated in

Figure 4.1. The detailed stability analysis of the proposed controller is discussed below.

Let the errors in the states x4 and x, be defined as e = xq — x14 and e; = x, — x4 Where, Xq4

and x,4 are the desired trajectories of x4 and x, respectively. Therefore,
e1=X1 —X1g = f11 + FraX1 + f13 0 + G1X2 — X14 (4.25)

€y =Xy —Xoq = fa1 + Faxp + f23 0+ Gou— Xaq (4.26)

Let the Lyapunov function for the dynamics given by Eq. (4.25) be

vy =ele; (4.27)
Therefore, on differentiation and on substitution of Eq. (4.25),

Vi = ef[f11 + Fizxq + f13 0 + G1X3 — X14] (4.28)
Let us choose,

f11+ f13 6 + Gix2 — X194 + F12X14 = —Kq€4 (4.29)

where K; = diag (kq1,k,2) is chosen as constant positive definite matrix and & is the estimate of

the unknown parameter o. This will ensure stability of the e; dynamics when & tends to o as we get
V, = el[F,e; — Kie1]1 <0 (4.30)
From Eq. (4.29), the desired profile for the virtual control x, can be obtained as

X2q = Gi '(—K1eq — f11 — f13 6 + X194 — F12X14) (4.31)
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The Lyapunov function for the complete dynamics is now chosen as

V, =ele; +2ele, + S K357 (4.32)
where & is the parameter estimation error and K3 is a constant positive adaptation gain.

Now from Eq. (4.32),

V, =ele, +ebe, + Ky 66 (4.33)
Substituting corresponding expressions of &4, €5 into Eq. (4.33),

V, = e][f11+ Fize1 + Fiox1q + f13 0 + GyXpq + Gre; — K1) + €5 [f21 + Faz€z + FypXaq +

fa3 0+ Gou — dp4l — K36 6 (4.34)
Substituting x4 from Eq. (4.31) into Eq. (4.34)

V, = —elKieq + e]Gie, + e1Fi,eq + e} [f21 + Fazey + FoyGr(—Kieq — f11 — f13 6 +

k14 — Fi2X14) + f23 6 + Gou — k] — G(K36 — f13 1 — 33 €3) (4.35)
Now, designing the control law as

u=Gy"'[—G{es— fa1— f23 6 + X9 — Koy — FouGi ' (—Ky€9 — f11 — f13 6 + X14 —

Fi12%14)] (4.36)

where K, = diag (k,4, k,,) is a constant positive definite matrix and the adaptation law as,

A 1

0= (fis e1+f13 €2) (4.37)
Eq. (4.35) reduces to

; T T T T

V, £ —e1K,eq —e3K,e, + ejFreq + e3Fsse, (4.38)

Since F;, and F,, are negative semidefinite matrices, Eq. (4.38) can be further simplified to
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V, < —elKie; — elK,e, (4.39)

Clearly, V, is negative semidefinite guaranteeing boundedness of the tracking error vectors e; and

e,. The control signal from Eq. (4.36) can also be expressed as

u=G;"(—G{ey — fa1— f23 6 + X2q — Kr€5 — Fp3 X24) (4.40)
Remark 1: In the similar line of Theorem 2.1 as stated in chapter 2 is now used to prove asymptotic
stability of the closed loop system.

Substituting Eqs. (4.31) and (4.36) in Eqs. (4.25) and (4.26), the error dynamics can be expressed as
e, =Gie; —Kieq+ f136 + Fieq (4.41)
ey = f236 — K,e; — Gl eg + Fyze, (4.42)

And from Eq. (4.37),
X 1
6=-4 (fise1 + f13€2) (4.43)

Clearly, in the present problem, condition A of Theorem 4.1 holds (referring to the dynamics given
by Eqgs. (4.15) and (4.23)). The main contribution of the new invariance principle i.e. Theorem 4.1 is
consideration of V = 0 instead of merely V = 0. Now, from equation (4.39), V, = 0 implies that
eq; = 0 and e, = 0. This, in turn, implies that €; = 0 and é, = 0 implying asymptotic stability of

the tracking errors e and e;. Further, under this condition, Egs. (4.41) - (4.43) now reduce to

f136 =0 (4.44)
520 (4.46)
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It can be further concluded from Theorem 4.1 that if both of the conditions tlim f13 =0 and
tlim f23 = 0 are satisfied, then tlim 0 # 0 i.e. 6 will converge to some nonzero constant value. On
—00 -0

the other hand, if either of tlim f13 or gim f 23 is nonzero then lim & = 0.
—00 —00

t—>oo

0
From Egs. (4.15) and (4.23), f13 = [r2+p2]. Since it is already established that the lateral dynamics
v

is asymptotically stable, therefore, tlim p =0 and tlim r = 0. As a result, tlim f13 = 0. However,

tlim f23 # 0 as evident from the following.

L O717'[-F : :
From Egs. (4.18) and (4.24), f,3 = ’6" I ] [ FZ] where F, and F, contain aerodynamic and
zZZ X

propulsive components of forces as per Egs. (4.19) and (4.20). Since the longitudinal dynamics is
assumed to remain unaffected during the maneuver, it can be safely assumed that the aircraft will

retain longitudinal trim post maneuver. Now, under the longitudinal trim condition, Fgrgyity +
Faerodynamic + Fpropulsion = 0. Therefore, tlgg (Faerodynamic + Fpropulsion) # 0 implying

tlim f23 # 0. This proves the asymptotic stability of the estimation error (i.e. &) as well.
—00

4.4 Simulation Results and Discussions

In this section, the coordinated horizontal turn and aileron maneuver is simulated in MATLAB
environment for the Aerosonde UAV to validate the effectiveness of the proposed control scheme.
To perform the maneuver, c.g. is assumed to move laterally on either side of the fuselage centerline.
To simulate the c.g. offset conditions, it is assumed that the UAV carries a single store of 1.5 kg
(which is 10% of the mass of the UAV and the store combined) mounted either on the starboard side
(referred to as Asym+) or on the port side (referred to as Asym-) half of the semispan away from the
body centerline. This gives rise to a c.g. movement of +7.0 cm. Further, the vehicle is assumed to
have an initial trimmed flight at an altitude of 1000 m, with a velocity of 20 m/s. A large number
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of Monte Carlo runs are performed considering lateral c.g. position randomly in the range
[—7 cm, 7 cm] and nearly identical maneuver performance is observed in each run. However, plots
for the extreme ends on both sides corresponding to y.,, = £7.0 cm are shown for the sake of
brevity. The exact equations of motion under laterally asymmetric c.g. positions, which are
enumerated in Eq. (4.2), are taken into consideration when simulating the 6-DOF dynamics (refer to
Fig. 4.1). The aerodynamic control surfaces are assumed to have saturation limits and availability of

state feedback is also assumed.

To perform a coordinated horizontal turn maneuver, a smooth bell-shaped curve for desired roll angle
profile (¢p4) is considered keeping desired sideslip angle (8;) at the initial trim value throughout the
maneuver. The total maneuver duration is taken to be 18s starting at t = 0. Figure 4.2 depicts the
ground track, time evolutions of various states, c.g. estimates and the control surface deflection
profiles corresponding to the above mentioned two cases of c¢.g. locations. Clearly, these results
reveal high robustness to lateral c.g. variations and excellent tracking performance as the desired
profiles and actual variables are nearly identical for all different c.g. positions. The estimate of c.g.
is also found to converge to the actual c.g. position as predicted mathematically. Moreover, it was
observed from Figure 4.2 that control surface deflections remained well within their respective

saturation limits. Various controller parameters tuned through trial and error are listed in Table 4.1.

Table 4.1: Adaptive backstepping controller parameters

Maneuver K, K, K;
Horizontal turn [18 0 ] [10 0 0.01
0 35 0 5
Aileron roll [30 0] [35 0] 0.001
0 5 0 5
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Figure 4.2. Ground track, time profile of states, c.g. position and control deflections
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In a similar way, for aileron roll maneuver, a sigmoid function for desired roll angle (¢4) profile is
taken into consideration ensuring sideslip angle (8;) remains at initial trim value. The UAV is
directed to execute two full rotations about its body x-axis in 4s starting at ¢ = 0. Initial trim
conditions are kept the same as considered for horizontal turn maneuver. Figure 4.3 shows the time
evolutions of various states, c.g. estimates and the control surface deflections. The results obtained
demonstrate the system's robustness against lateral c.g. variations, showcasing excellent tracking
performance as the actual variables almost overlap with the desired profiles. The c.g. position

estimate converges to the actual c.g. position as well.

Q
Qo |=——Desired —— Asym(s) ———Asym(+ o |_Deiined ———Asym() ——Asym(+)|
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< 8400} &8 0)C
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Figure 4.3. Time profile of states, c.g. position and control deflections: Aileron roll maneuver
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Figure 4.4. Ground track, time profile of states, arbitrary c.g. position and control deflections:

Horizontal turn maneuver
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To provide a more comprehensive validation of the proposed control scheme, a scenario is also
examined where the lateral center of gravity position undergoes arbitrary multiple step changes
during the maneuver and the results are presented in Figures 4.4 and 4.5. It is evident from these two

sets of figures that the same level of tracking and maneuver performance is achieved under this

situation too.
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Figure 4.5. Time profile of states, arbitrary c.g. position and control deflections: Aileron roll
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4.5 Comparison with the Control Proposed in Chapter 2

As discussed earlier in detail in Chapter 2, that a lateral c.g. offset issue can also be tackled by
considering an ad-hoc dynamics where simply a moment due to gravity term is added to the
symmetric 6-DOF dynamics. Therefore, tracking performance under the proposed controller is

compared against the same under the ad-hoc model-based control and the proposed controller is
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found to give significantly improved control performance. The standard ITAE, IAE, ITSE and ISE
performance index values are compared and tabulated in Table 4.2. These indices are calculated for

each of the three errors components ey, eg and & (i.e. tracking errors in roll angle, sideslip angle and
error in c.g. estimate) separately and then added up; E.g., ITAE = fooo t (|e¢| + |eﬁ| + |&|) dt (other
indices are also calculated in a similar manner). Units of ey, eg are considered to be radian and that

of & is considered to be meter in computing the entries of Tables 4.2 and 4.3. These three error
profiles are also compared in Figures 4.6 and 4.7. Clearly, Table 4.2 and Tables 4.3 and Figures 4.6
and 4.7 show performance improvement substantiating the superiority and the significantly less

conservative nature of the present control.

System dynamics considered for the ad-hoc model-based control design (obtained from Chapter 2)
are summarized below in Eqgs. (4.47) - (4.50) for ready reference. These equations are parallel to the

Egs. (4.21) - (4.24), which represent the approximate model of the asymmetric dynamics.

¢ = 0 _ 1 tana; cos}|[p
[ﬁ] B [% sing cosa; + %”V(m] + [tanoc,t . ] [r] (4.47)

— pb rb
[p] _ [ Ly —Ixz]‘l qSb(CipB + Cip 7, + Cir 5)

; — b b
r qu(CnB.B + Cnp Iz)_V + Cnr ;_V)

[ Ly —Ixz]_l mg cosa; cosQ + Ly _Ixz]_1 [qu Cisa  qSh Cisr [Sa] (4.48)
mg sina, Yem —I,, Iz, qu Cnsa C_ISb Cnsrl L6 ’

_Ixz Izz

_Ixz Izz

Equations (4.47) and (4.48) can be expressed in generic vector-matrix forms as

X1 =f1+Gixy (4.49)
X2 =f2+f30+Gu (4.50)
The control and adaptation laws as formulated for this ad-hoc model-based control are given by

u=G;y'[—Gles —f1— f3 6+ x2q — Kz€3] (4.51)
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X2q = Gy ' (—Kyeq — f1 + X14) (4.52)

1

6= - 15 e, (4.53)
3

Egs. (4.51), (4.52) and (4.53) are comparable to equations (4.40), (4.31) and (4.37) respectively as
the latter set describe the control and adaptation laws proposed in the present work. It is needless to
mention that, for comparison purpose, the same control parameters, as listed in Table 4.1, are used

for both the ad-hoc model-based control and the proposed control.

S5 1 ) | —— Approx. Asym(-) —— Adhoc. Asym(-) S5 0 i i ' . M

= Z =2 T.0. 4
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9(deg)
(=] N
Errorin
9(deg)
(=] N
=
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52 o 8% o ——————
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Figure 4.6. Tracking errors in Ad-hoc and Approximate (Proposed) model-based controls:
Horizontal turn maneuver
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Figure 4.7. Tracking errors in Ad-hoc and Approximate (Proposed) model-based controls: Aileron
roll maneuver
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Table 4.2: Comparison of different performance indices: Horizontal turn maneuver

Model Case ITAE IAE ITSE ISE
Ad-hoc Asym(-) 7.2981 0.6354 0.1569 1.51 x 102
[Chapter 2]
Asym(+) 6.4789 0.5690 0.1277 1.26 x 102
Approximate Asym(-) 0.8026 0.0860 0.0014 5.95 x 10*
(Proposed)
Asym(+) 0.7580 0.0808 0.0014 5.81 x 10*

Table 4.3: Comparison of different performance indices: Aileron roll maneuver

Model Case IAE ITAE ISE ITSE

Ad-hoc Asym(-) 0.4945 2.6839 1.597x 107 0.0678
[Chapter 2]

Asym(+) 0.5651 2.8995 2.72 x 102 0.0882

Approximate Asym(-) 0.1045 0.3039 2.05 x 10 0.0015
(Proposed)

Asym(+) 0.1186 0.3249 257 x 10 0.0022

4.6 Conclusion

This chapter addressed the challenging problem of designing robust nonlinear controller for
executing lateral/directional maneuvers with a fixed wing UAV having significant unknown lateral
c.g. movements. First, the highly coupled 6-DOF equations of motion under asymmetric c.g. position
was approximated and cast in strict feedback form making it appropriate for a two-step adaptive
backstepping control design where the lateral c.g. position could be estimated from an adaptation
law. An adaptive backstepping control law retaining the useful nonlinearities in the dynamics was
then proposed so that the UAV could perform the maneuvers automatically. The asymptotic stability
of the proposed control was established using Lyapunov’s method and new invariance principle. The
proposed controller was found to yield very good maneuver performance and high insensitivity to

lateral c.g. perturbation while performing two maneuvers - horizontal turn maneuver and aileron roll
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considering the Aerosonde UAV. The proposed control scheme was also found to outperform an ad-
hoc model based adaptive backstepping control scheme which is discussed in detail in chapter 2. It
can be emphasized that the work can be easily extended to fighter aircraft or other airborne vehicles
and to longitudinal maneuvers also. This issue is undertaken in next chapter once the UAV or the

aircraft is made to operate in the high angle of attack regions along with lateral c.g. movements.
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Asymmetric Dynamics based Robust Adaptive

Backstepping Control for High Alpha Maneuvers

5.1 Introduction

The previous chapter demonstrated that the complex 6-DOF equations of motion, under asymmetric
center of gravity (c.g.) positions, can be approximated and reformulated into a strict feedback
structure. This makes it suitable for a two-step adaptive backstepping control design, where the
lateral c.g. position can be estimated through an adaptation law. Additionally, it was shown that an
adaptive backstepping control law, which preserves useful nonlinearities in the dynamics, can
autonomously execute maneuvers. However, in previous chapter the focus is on how c.g. shifts affect
low-angle-of-attack (AOA) maneuvers. The present chapter investigates how ¢.g. movements impact

specific high-angle-of-attack maneuvers.

In the present chapter, the first objective is to cast the off-c.g. equations of motion in the strict

feedback form. It was proved that the coupled longitudinal and lateral/directional dynamics under
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c.g. offset can also be cast in block strict feedback form under some reasonable assumptions such as
neglecting the second order terms involving c.g. shifts (retaining the first order terms) and assuming
the lateral c.g. movements to affect largely the rotational dynamics and not the translational
dynamics. The final mathematical model turned out to be expressible in the form x; = x5 + d4 and
X3 = f(x) + A(x)o + Gu + d, where the vector @ is the c.g. shift from the nominal c.g. location.
Since the equation is in affine form of o, it becomes amenable to a two-step adaptive backstepping
framework where o can be estimated through an adaptation law. It was further observed that the
model simplifications led to two additive exogenous disturbance inputs of d; and d, in the
individual steps of the backstepping design calling for further robustification of the proposed
adaptive backstepping control. It is needless to emphasize that the uncertainties in the aerodynamic
coefficients at high angles of attack will further increase the magnitudes of these exogenous
disturbances. Further, it is also observed that the nonlinear term f(x) in the dynamics contains both
favorable and unfavorable nonlinearities. Therefore, in the present chapter, the backstepping
controller is designed in such a way that the favorable nonlinearities are explicitly retained (instead
of cancelling them) in the same manner as in chapter 4, so that a less conservative control is achieved.
As already emphasized, this is a novel addition since the works available on backstepping method

applied to aircraft flight control problems such as [41, 111] do not retain the useful nonlinearities.

It has already been discussed in detail in chapter 3, for nonlinear uncertain system, sliding mode
control (SMC) is widely used due to its various attractive properties. Using sliding mode in both the
steps of the backstepping control is a novel situation as faced in the present problem. A
comprehensive asymptotic stability analysis of the proposed hybrid controller is carried out using
Lyapunov direct method and Barbalat’s lemma. Two high-alpha maneuvers namely cobra and
Herbst, are simulated in MATLAB and it is shown that almost identical maneuver performance is
obtained over a wide range of lateral c.g. uncertainties on either side of the body centerline as well

as under considerable aerodynamic uncertainties.
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The outline of the chapter is as follows. The detailed mathematical modeling to represent the off c.g
dynamics in strict feedback form is presented in second section. Third section describes the proposed
adaptive backstepping adaptive sliding mode hybrid control law and its asymptotic stability proof.
Simulation results are given in fourth section to validate the proposed control scheme against two

benchmark post stall maneuvers and finally conclusions are drawn in section five.

5.2 Asymmetric Dynamics based Modelling for High Alpha Maneuvers

In this section, the coupled aircraft equations of motion under c.g. offset are converted to strict
feedback form to make it amenable to backstepping based control design. The formulation is aimed
at autonomously performing high alpha maneuvers such as cobra and Herbst, for which, usually the
desired angle of attack («), angle of sideslip (f) and bank angle (u) time-profiles are supplied
externally and the closed loop controller generates the required moments about the three body axes
[68]. This requires the dynamics in terms of the state variables «, 8, u and the body rates p, g, r to be
extracted from the complete set of equations. The complete 6-degree of freedom (DOF) equations of
motion when the c.g. of the aircraft assumes an arbitrary position (X¢, Ve, Zem) from the nominal

c.g position or the origin of the body/wind frame are given by [63, 69]

—qw +rv
[ 1 0 0 0 Zem  “Yem]ru qw
IET I B o B
Yem  —Xcm [w]
I 0 —MZeyn Myem Ialcx _Ialcy _IJ,CZ Ilp | I xzpq + ( Iéz)qr - IJ,cyrp + Igrzz(qz - rZ) l +
| MmO mmxew <Ly Ly L, ||qu| [ 11 + 0Ly = 11 = Lyp + L (7 ) J
l_mycm MXem 0 _Ialcz _Iglzz 15, J r 27D + (Ixx - I}y)PCI - I,’CZCIT' + I;Cy(pz - q2)
- Fy
[ (qz + Tz)xcm —PGQYem — TPZem ] —gsine ;"
T2+ 0D Yem — P9Xem — AT Zem [ gcosfsing ] ;y
(pz + qz)zcm —TPXem — qTYem + gFOSQCOSd) Ez (51)
m(qu — pv)yem + m(ru — pw)zg, —Z;mmgceosfsing + y.,mgcosfcosgp m
m(pv — qu)xey + m@rv — qw)ze, —Zemmgsing — xymgcosfcosd M,
m(pw — ru)xe, + m(@w — 1) Yem YemMgsin® + Xoumgcosfsing 11:/1/[3’

N
L
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IJ(cx _I;y _I;cz
where I'=|—Iy, 1, —I,,| is the modified inertia matrix (modified because of c.g. shift).
_I),CZ _I)’/z Iéz

Eliminating the translational dynamics part (i.e. &, v, w equations) from Eq. (5.1), the rotational

dynamics can be extracted as

1
—gsind + —=(qSCx + T,
—qw + 1V + (qz + rz)xcm —PqYem — TPZcm [ g m (q X X) ]

p
(i A + I’) q|=—-A|-ru+pw —pqxey + * + D) Yem — qrZem | — A| gcosBsing +%(c‘156‘y +T,)|+
7 =PV + QU = TDXem = qTVem + 0% + 41 Zem |gcosbeose + 2 @sc, +T,)|
m
_Iaz:zpq + (13,131 - Iéz)qr - IJ,cyrp + Iglz(qz - rZ) + m(qu - pv)ycm + m(ru - pW)Zcm
12Icyqr + (Iz’z - IJ’CX)rp - ]}’Izpq + IJ’cz(T'2 - pZ) + m(pv - qu)xcm + m(rv - qw)zcm +
_Ijlzzrp + (I;cx - Ijlzy)pq - I),czqr + I),cy(pz - qZ) + m(pW - ru)xcm + m(qw - rv)ycm
[—Zmmgcosfsing + y.,mgcosfcosp + qSbC, + My
—Zemmgsingd — xg,mgcosdcosd + GScC,, + Myy (5.2)
YemMgsing + x.,,mgcosOsing + qgSbC,, + My,
0 —MZcm MYem
where as in Chapter 3, A £ | mz., 0 —MXem|.
—MYcm MXem 0

In Eq.(5.2), thrust components are given by Ty = 87 T c058p¢, C0SOyry, Ty = 67 T Sinbypy, T, =
=67 T sindpt, cosdyy, and moments due to thrust are given by Mry = —1,67Tsind, s, Mry =
—1,67Tcos6y 1,086y, — 187 TSING 1, €088y 1y, Mpz = =1, 87 TSNS, 1y, With 61y, 8y, being the
thrust vectoring angles in the pitch and yaw planes respectively, d the throttle setting, T the gross
engine thrust and [, [, denoting the distances of the engine nozzle from the origin of the body frame
along the x- and z- body axes respectively. Now, a predominantly lateral c.g. variation will not have
significant impact on the translational dynamics. Further, the & — 8 — i equations are largely
kinematic in nature. Therefore, these equations may be considered to remain nearly unchanged under
c.g. movements. The standard equations (i.e. for no c.g. offset) for & — § — ji are given in Eq. (5.3)
below in wind frame under further assumption that the trigonometric nonlinearities involving thrust
vector angles (i.e. 8y, Syry) are negligible and control surface deflections produce only moments
and no force [92].
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If the angle of attack and the sideslip angle are assumed to remain small, Eq. (5.3) can be drastically

simplified to

[ i ] P [
a|= [q] + |dg

where the vector [d,

(5.4)

dy dg]T represents a lumped disturbance which captures the effects of
modelling approximations. Clearly, the disturbance term will be particularly significant when the
aircraft moves into high angle of attack regions. Now, substituting the matrix A on the right-hand

side of Eq. (5.2) and also denoting I"" 2 = A% + [’

1
m

IJ,qur + (Iéz - IJ’cx)Tp

[—ZcmMmygcosOsing + y.,mgcosOcosp + qSbC; + Mry
—Zemmgsing — x.,mgcosfcosp + qScCp, + Mpy
YemMgsind + x.,,mgcosfsing + gSbCp, + My,

0 Mz, MY | __qW +1v+ (qz + 7'2)xcm —P9QYem — TPZem
—MzZcy 0 MXem -ru+ PW — DPq4Xem + (rZ + pz)ycm —qrigm +
L MYem —MXem 0 M —pv+qu—rpxcn, — qryem + @ + 4% Zem

- 1
—gsi - T.

0 mze. iy gsind +— (@SCx + T,) ]I
—mz.p, 0 mx., ||gcosOsing + %(QSCY +T,)|+
| — 0o |

MYem MXem | gcosOcosp + i (GSC; + T,)

-Ialczpq + (Ijlzy - IéZ)QT - I,’CyT'p + Iglzz(qz - TZ) + m(qu - pv))’cm + m(ru - pW)Zcm
- Ijlzzpq + IJ,CZ(TZ - pZ) + m(pv - qu)xcm + m(rv - qW)Zcm +
_IJI,ZT‘p + (IJ’CX - [;zy)pq - I),czqr + I;cy(pz - q2) + m(pW - ru)xcm + m(qW - rv)ycm

(5.5)

Carrying out the multiplications on the right-hand side, Eq. (5.5) takes the form
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+

+

UL (as — mbyws + “x(ns — mdyw + (b — ,d) ] + abZ — bd (4 — *3]) + a4
CX9) Wz (mb — aryw + “x(nb — adyw + (,d — L) + bd*p — da(¥f] — ) + 4b“]
wWz(md — nw + “A(ad — nb)w + (4 — ,b)* + da’ST — ab(# — “47) + bd%]

ZLpr + Y9qsh + puisgsosbux + guisbu oA (“L + 4osb)"x — pursgsosbwx — (*L + X9sh)“A + guisbw A

ALpr + Y9o6b + ¢psoogsorbuw™x — guisbw™z— (PL + 298b)*x + ¢psoogsoobw™x + (¥ + X9sb) Wz — guasbwu™z
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Since the c.g. shift would be typically a small fraction of one metre; therefore, their second order
terms in the first term on the right-hand side of Eq. (5.6) can be neglected. Further, adding the second

and third terms on the right-hand side of Eq. (5.6)

] WMZ,y, — TUMZpyy, — PUMX o, + QUMX +
q cm cm cm cm

i) —TUMZy + PWMZp, + DPVMY oy — QUMY
"1|g| =
e —qQWmMY,m + VMY + TUMX 0y — PWMX o,

[ Zcm(C_ISCY + Ty) - YCm(qSCZ + Tz) + quCl + MTX
—Zcm((?SCX + TX) + xcm(ﬁSCZ + TZ) + qSC_'Cm + MTY +
B YCm(C_ISCX + Tx) - xcm(C_ISCY + Ty) + C_ISan + MTZ

[ 120q + (Iyy = 132)qr — Iyyrp + 1,(q% — r2) + m(qu — pv)yem + m@ru — pw)zen,
Ialcyqr + (Iéz - IJ,cx)rp - Ijllzpq + Ialcz(rz - pZ) + m(pv - qu)xcm + m(rv - qW)Zcm (5-7)
_Ijlzzrp + (IJ,CX - ]Jl,y)pq - IJ,Cqu + Iylcy(pz - q2) + m(pW - Tu)xcm + m(qW - Tv)ycm

On further rearrangement of the right-hand side of Eq. (5.7),

ql = IJ,cqu + (Iéz - alcx)rp - I:;/qu + Ialcz(rz - pZ) +

p1 [Hapa + Ly = I2)ar — Lyrp + 1,(¢* = 12)
[III] [ ]
L + (L — By )Pq — Leqr + Ly (% — ¢2)
yzT'P xx yy )P4 xzdq xy\P q

0 —(@SC;+T;)  (GSCy+Ty) J1Xem] [GSHC, + Myy
GSC, +Ty) 0 —(@SCx + T | [yem | + |aSTCp + M7y (5.8)
—(gSCy +T,) (@SCx+Ty) 0 Zeml  1qSbCy + Mry
Ly 0 Iy,
Since [I'']71 can be expressed as [I'']"* = [I|"* + AwhereI =| 0 L, 0 [ isthe nominal
_Ixz 0 Izz

inertia matrix (before c.g. movement), the term A will give rise to an additive uncertainty in Eq. (5.8).
Further, in the first term on the right-hand side of Eq. (5.8), the change in the inertia terms due to c.g.
movements may also be ignored. These ignored inertia terms will add to the additive uncertainty

term appearing in Eq. (5.8). Therefore, Eq. (5.8) can be simplified as
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D Iy,pq + (Iyy - Izz)qr
[ l =[]

q - zz Ixx)rp + Ixz(r - pZ) +
7 (Lex = Ly )Pq — Lqr
0 —(qSCz +Ty) (qSCY + Ty) Xem qSbC; + Mry dp
[I117Y] (GSC; + Ty) 0 —(@SCx + T | [Yem | + [1171|GSCCrp + Myy [ + |dg|  (5.9)
—(gscy +T,) (@SCx+Ty) 0 Zem gsSbCy + Mzl |d,

where [dp, d; d;]T denotes the lumped disturbance vector capturing the matched model
uncertainties and external disturbances. Since control surface deflections do not contribute
significantly to force, they are customarily ignored for control design purposes in force components
in the equations of motion. Therefore, in Eq. (5.9), the terms (gSCx + T,), (qscy + Ty) and
(@SC, + T,) are state dependent and control independent. On the other hand, the external moment
term [gSbC; + Myy  qScCy, + Mpy G@SbC, + Mrz]T in Eq. (5.9) has both state and control

surface deflection dependent components given respectively by

[GSb(CipB + Cip 2+ Cir ) ]

Mis | |
Mys| =1 @Sc(Crn + Cpngq zv) l,6:T (5.10)
M
“ [qu(CnBﬂ + Cnp 2V + Cnr ZV)
_ _ _ [0 ]
M, qSbhCis, qSbCis, qSbCys, 0 —1,67T | 8 |
My | = 0 GScCps, 0 —1,6;T 0 || 6 | (5.11)
M| |GSbCns, GSbCns, GSbCns, O  —Ly87T l pwJ
ytv
Therefore, combining the state dependent terms together, Eq. (5.9) finally reduces to
p Ixzpq + (Iyy - Izz)qr + st
[q] = [1]_1 (Izz - Ixx)rp + Ixz(r2 - pZ) + Mys +
r (Ixx - Iyy)pq - Ixzqr + Mzs
0 —(@SCz+Tz) (GSCy +Ty) J1xem My [dp
(117 (@SCz +Ty) 0 —@SCx + T)|[Yem | + U7 |Myc| + |dq|  (5.12)
—(gSCy +T,) (@SCx +Ty) 0 Zem Mg | |d,

115



Chapter 5

Now, it is observed from the aerodynamic dataset of F-18 HARV [19] that Cy;, and Cy,,. are negative

over the entire a range. Therefore, referring to Eq. (5.10), the term Cjy, % in M,; and the term C,,,- %
in M, are useful as far as stability is concerned and hence should be retained. It is further noted that
[IT71 is positive definite. Therefore, we can separate the unfavorable and favorable terms in Eq.
(5.12) as

_ b
; [ Lopq + (Iyy — I,)qr + @Sb (Clﬁﬁ +Cir ;_V) l
H = U1 Ups = Ledrp + Ly (2 = p2) + ST (G + Comg 25) = 1,6,T | +

a2y

r _ b
(Ixx - Iyy)pq - Ixzqr + qu (Cn[s’.B + Cnp Z_V)

[ _ b _ _

GShCyp = 0 0 » 0 —-@SC;+ T (ASCy +Ty) | xem
[ 0 0 0 [q] + [I]7Y] (@SC; + Ty) 0 —(gSCy + T,) [ycm +

0 0 gShCproo| '™ —(3SCy +T,)  (@SCx +T) 0 Zem

ch dp
(117 [Myc| + |d (5.13)

MZC dr

Now, defining x; = [¢ a —p]7, the virtual control x, = [P @ 7]T and the control signal u =

[Myc My M,]T, Egs. (5.4) and (5.13) can be expressed in the generic vector-matrix form as
xl = X2 + d1 (514)
562 =f1(x)+F2x2 +A(x)0'+Gu+d1+d2 (515)

where the 3 X 3 matrix F, represents the favorable nonlinearity (clearly, F, is a negative semidefinite
matrix) and o is the uncertain/unknown c.g. position [Xcm Vem Zem]T from the origin of the body
frame. It is readily observed that Eqs. (14) and (15) are in strict feedback form making the system
dynamics suitable for a two-step backstepping control design with the term o being estimated in an
adaptive backstepping setting. However, since both Egs. (14) and (15) contain exogenous disturbance
terms, we propose to integrate sliding mode control with both the steps of the backstepping design

for robustness enhancement. Further, the sliding mode controls are made adaptive assuming the
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upper bounds of the disturbances d4 and d, (denoted as D4 and D, respectively) to be unknown. It
is needless to emphasize that d, will be particularly higher in high alpha regions due to aerodynamic
uncertainties. It may be noted that throttle is controlled manually in an open loop manner during the
maneuver period to further strengthen the thrust vector controls. The complete closed loop system is

depicted in Figure 5.1.

5.3 Adaptive Backstepping Adaptive Sliding Mode Hybrid Control

In this section, an adaptive backstepping based adaptive fast sliding mode control (ABAFSMC) is
proposed to autonomously execute high alpha maneuvers under unknown c.g. variations considering
the aircraft flight dynamics given by Egs. (5.14) and (5.15) as derived in the previous section. As
shown in Figure 5.1, the desired time profiles for x4 (i.e. u, @ and —f) are fed externally as reference
inputs and the controller generates the commanded moment vector u in a closed loop manner under
the assumption of state feedback. The moment command as generated by the controller can be
converted to the control surface deflection commands through the matrix pseudoinverse method

applied to Eq. (5.11).

.| Adaptation |_
Laws -
Disturbances
=T &
ABAFSMC ,D,,D; Uncertainties
I —_— — e fe— — o e — 1
Xyg = ﬂ’ﬂ I LA A ] | — 5 —
= 24 u osition | Asymmetric
alyl stePI ol sterm [, A‘]:l"“t:!” » & Rate Dynamics .
| | ocation Limit r (Eq. A1)
¥ ry
I | Throttle

Figure 5.1. Block diagram of the overall closed loop system
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Let the errors in the states x4 and x, be defined as e = x1 — X714 and e, = x5 — x4 With x14 and

X4 being the desired trajectories of xq and x, respectively,

e1=X1—X1g =Xy +dq—X14 (5.16)
Choosing the Lyapunov function for the error dynamics given by Eq. (5.16) as

vy = %5151 (5.17)
where the sliding surface §4 is given as

Si=K,[edt +e, (5.18)
with K; = diag (ky1, k12, kq3) being constant positive definite matrix

Differentiating V; w.r.t. time

v, =STS, (5.19)
V) = ST(Kieq + é1) = ST(Kieq1 + x, + dy — X1q) (5.20)
For faster convergence, a fast reaching law is chosen having both linear and power rate terms as
S1=—H;S; —Dysgn (8;) — Lisig(S§)P = Kjeq + x, + dq — X14 (5.21)
with H; = diag (hy1, h12, hi3),and Ly = diag (111, l12, li3), being constant positive definite
matrices and sig(Sy)Pr 2 [|Sﬂ|blsgn(5#) 1S, 1P1sgn(Sy) |Sﬁ|blsgn(55)]Twhere b, is

positive constants. Further, D4 is 3 X 1 vectors representing constant but unknown upper bounds of

the disturbances d4. The desired profile of x5 is computed from
Now from Eq. (5.21), if the desired profile for the virtual control is designed as
X2q = —H;S1 — D1sgn (S1) — L1sig(§1)" — Kieq + X1q (5.22)

then under the condition that x, = x,4 or e, = 0, V; reduces to
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Vi = —S1H;S1 — S1L;5ig(81)" — S7(D1sgn(Sy) — dy) (5.23)
Now defining D; = Dy — D4, Eq. (5.23) reduces to

Vi = —S1H;S1 — S1L;5ig(§1)" — ST1(D1sgn(Sy) — dy) + |S1" Dy (5.24)
Clearly, V; < 0 under the condition |S;| = 0.

For the second step in the backstepping design, considering a composite Lyapunov function for the

complete dynamics as

V, =2S7S; + 2558, + 287K, + 3 DI KDy + 5 DIK, D, (5.25)
where @ = ¢ — @ and D, = D, — D, are the estimation error vectors and K,, K3, K, are adaptation
gains and the sliding surface S, = 0 is chosen as

S, =851+ Ne,. (5.206)
On differentiation of Eq. (5.25) w.r.t. time,

V, =V, + Vy, — 67K,6 — DTK,D, — DIK,D, (5.27)
where, V; = ST§; and V,; = §7§,.

For the sake of brevity, the terms V; and V,;on the right-hand side in Eq. (5.27) are analyzed

individually.

Substituting x,4 from Eq. (5.22) into Eq. (5.20) and also noting that x, = e5 + x4, and D; = D; —

D4, Eq. (5.20) reduces to
Vl = S{(Klel +e;,+ x4+ dl - xld ) (528)
Vi = —S1H;S1 + STe; — STLysig(S1)P — ST1(D1sgn(S;) — dq) + |S1|" Dy (5.29)

which implies
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V, < —STH,S; + STe, — STL;sig($;)P + 15,17 D, (5.30)

Now differentiating e, w.r.t. time,

ey =Xy, —Xoq=f1+Fx; +Ac+Gu+d{+dy—xy4 (5.31)

Using the equations of §; and &,

Vo1 = 558, = 55(8; + Néy) (5.32)
=ST(Kieq +x, +dy — X140+ N(f1+ Fox3 + Ac + Gu + dq +dy — X24)) (5.33)

Further substituting x, = e; + x,4 and ¢ = ¢ + 0,

V21 :Sg(Klel+ez+de+d1—xld‘l'N(fl‘l'Fz(ez+de)+Aa+Gu+d1+d2—

X24)) + SINAG (5.34)

Substituting x,4 from Eq. (5.22) and noting that e, = N™1(S, — §;) from Eq. (5.26), Eq. (5.34)

reduces to

VZl = Sg(ez - H151 - ﬁlsgn(Sl) - SILlsig(Sl)bl + dl + N(fl + FZde + Ao + Gu + d1 +

dy — X34 ) + F,S; — F,81) + SHNAG (5.35)
Let us consider another fast-reaching law combining linear and power rate terms [116] for S, as

§2 = —=Dysgn(Sz) — HyS; — N(Dy + D3)sgn(S;) — Lpsig(Sz)™ (5.36)
with H, = diag (hyq, hyz, hy3) and L, = diag (l1, 1y, ly3) are constant positive definite
matrices and sig(§,)P2 2 [|Sp|bzsgn(5p) |Sq|bzsgn(5q) |ST|b25gn(Sr)]TWhere b, is positive

constants. D4 and D, are 3 X 1 vectors representing constant but unknown upper bounds of the

disturbances d4 and d respectively.

Now, designing the control law as
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u=(NG)}[N(—f1— AG + kpq — F,x24) — €2 + HS1 + Dysgn(Sy) + Lysig (§1) +
F,81 — D1sgn(S;) — HyS2 — N(Dq + D3)sgn(Sz) — L,sig(S2)"] (5.37)
and further substituting D; = D; — D4 and D, = D, — D, in Eq. (5.35)
Vo1 < —S3H,S, — S3L,519(S2)"2 — S3(D1sgn(Sz) — dy) + S3D15gn(S7) —
S7N(Dysgn(Sz) — dq) + S;ND1sgn(Sz) — S3N(D2sgn(Sz) — dp) + S3NDpsgn(S,) +

STF,S, + STNAG (5.38)
Finally, Eq. (5.38) reduces to

Vo, < —SYH,S, — STL,sig(5,)%2 + SYF,S, + |S5|TDq + |S,|TND, + |S,|TND, + SENAG
(5.39)

Substituting Egs. (5.30) and (5.39) into Eq. (5.27),
V, < —STH,Sy + STey — STLysig(S1)Pt — STH,S, — S5 L,sig(S2)P2 + STF, S, — 67 (K,0 —

ATNTS,) = D5(K4Dz — NT|Sz]) — DY (KD — 1511 — IS21 = NTIS41) (5.40)

Now, choosing the adaptation laws for @, D, and D, as

6 =K;'ATNTS, (5.41)
Dy = K31 (ISq| + 1S2| + NT|S;]) (5.42)
D, = K;INT|S,| (5.43)

Eq. (5.40) reduces to
V, < —STH,S; + STe, — ST H,S, — ST Lysig(S1)Pr — ST L,sig(S3)P2 + SYF, S, (5.44)
Since F, is negative semidefinite, so is the term S F,S,. Hence, Eq. (5.44) can be simplified to

V,< —STH,S; + STe, — STH,S, — STL,sig(§1)P — STL,sig(55)"2 (5.45)
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On substitution of S, = §; + Ne;,
V, < —STH,S, + STe, — (51 + Ne3)TH, (S, + Nep) — STLysig(§1)Pr — STL,sig(S5)P2 (5.46)

Clearly, all the terms on the right-hand side of inequality (5.46) are negative definite except for the

second term. However, the first three terms of the right-hand side can be expressed in the form

—zTQz where
1
H1 + H2 NH2 - = s
270z =[S] e€}] z [ 1] (5.47)
1 2 e
NH, —- N*‘H, 2
2
Therefore, the inequality in (5.46) can be finally expressed as
. by +1 by +1 by+1 by +1
V, < _ZTQZ_ l11|5u| - l12|5a|b1+1 - l13|5ﬁ| - lz1|5p| - lzz|5q| - lz3|5r|b2+1
(5.48)

Clearly, V, < 0 if the Q matrix in Eq. (5.48) is positive semidefinite. Substituting the corresponding

expressions of H{, H,, N, the  matrix is given by

[hyy + hyy 0 0 nitha —5 0 0
0 his + hyy 0 0 nizhzs =5 0
0 0 hys + hys 0 0 nishys =3
Q= 1 3 (5.49)
Ny1ho — > 0 0 ni1ho1 0 0
0 Nyzha, — % 0 0 nizha, 0
0 0 Ny3hy3 —% 0 0 nizhys
Lemma 1 The 6 X 6 Q matrix given by Eq. (5.49) is positive semidefinite if and only if

Proof As per the Schur complement method [104], for any block symmetric matrix Q of the form

Q= [;T g], if C is invertible, then @ > 0 ifand only if C = 0 and A — BC~*B” > 0. Partitioning
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the Q matrix as shown in Eq. (5.49), the condition C >0 is already satisfied since

Nq1, N12, N3, N1, Rao, Ky are chosen to be positive constants. For the second condition,

hi1 + hyy 0 0
1 1
[n11hoy — > 0 0 ]l[n§1h21 0 ]lrnnhu - 0 0 ]
1
0 nlzhzz _é 0 | 0 @ 0 | 0 nlzhzz - - 0 | 2 0
1 1
l 0 0 Nnyshys — EJ 0 0 n§31h23 [ 0 0 Nnyzhys — EJ
(5.51)

which on expansion and simplification yields 4n?,hiihy; +4ny1hy; =1, 4n?,h 50y, +

4n12h22 = 1, 4‘n%3h13h23 + 4n13h23 > 1.

Remark 1 Since negative semi-definiteness of the composite Lyapunov function V, is established
through the preceding proposition and lemma, the $1 and S, dynamics are stable, which in turn,
implies stability of e; and e, dynamics. Now, Barbalat’s lemma can be applied in the line of [56,

75, 107] to investigate asymptotic stability of the errors. Integrating both sides of inequality (5.48),

by+1 by+1 by+1
+

Iy (ZT(T)QZ(T) + 1Sy @7 + LalSa@IPH + 1 [Sp @[T + LS (0]

b,+1

lzzlsq('f)| + lz3|5r(T)|b2+1)dT = —fooo VZ(T)dT = V5(0) = V3(0) < o (5.52)

bi+1 bi+1 by+1
+

As tlg'go fot (ZT(T)QZ(T) + l11|5u(7)| + 112]S, (D * + l13|SB(T)| + 121|Sp(7)|

l22|Sq(T)|b2+1 + I,3|S,(7)| P2+t )d‘t’ is bounded, according to Barbalat’s lemma, it can be

concluded that

.t by+1 by +1 by+1

lim J (27 (@02 + L[S, + LalSa@IPH + LilSp @[T + Lals, @ +
by+1

L2 |Sq@| " + LS, (@174 )dr =0 (5.53)
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In other words, the variables z,§¢,5, all converge to zero asymptotically. Clearly, asymptotic
stability of the sliding surfaces, in turn, implies asymptotic stability of the tracking error variables

eq and ey.

5.4 Simulation Results and Discussions

To validate the proposed control, the same two high-alpha maneuvers as considered in Chapter-3
namely cobra and Herbst are simulated for the F18-HARYV aircraft. The same initial steady wings-
level trim conditions (at 2000 m altitude and 150 m/s true air velocity) and the same extent of c.g.
movements (i.e. [2.3 + 8.8 2.1]7 cm along the three axes from the nominal location) are retained.
Maneuver durations are also kept unchanged (6s for cobra and 18 s for Herbst). A tanh function is
used in place of sgn functions in the simulations to reduce chattering and to enhance the thrust vector
control power, throttle is increased to 50% in an open loop manner over the maneuver duration.Along
with the c.g. variation, the aerodynamic coefficients are also assumed to be uncertain within a
uniform +30% uncertainty band about their nominal values. As earlier, again several tens of Monte
Carlo runs are performed considering random values of the aerodynamic coefficients from within the
given uncertainty band and y,.,;,, in the range +8.8 cm to test maneuver performance. Nearly identical
performance is observed in each sample run; however, the results corresponding to only three cases
one for no c.g. variation and one each for the two extreme lateral variations on either side of the body
centerline are shown below. Various controller parameters which are tuned satisfying the set of

conditions given in Eq. (5.51) are listed in Table 5.1 and Table 5.2..

Figures 5.2 and 5.3 depict the time evolutions of various states, sliding surfaces corresponding to the
aforementioned three cases of c.g. locations, c.g. estimates and the control deflections respectively.
Figure 5.2 shows that the desired «a, 8, u profiles are very closely tracked. As expected in cobra

maneuver, the aircraft pitches up to a maximum of 90° and its velocity nearly halves in about 4s.
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Control surface deflections are also found to remain largely within their respective saturation limits.
It is also observed in Figs. 5.2 and 5.3 that the responses corresponding to all the three cases of c.g.

positions are almost completely overlapping. This clearly demonstrates the excellent robustness

property of the proposed controller to the c.g. and aerodynamic uncertainties.

Herbst maneuver results are shown in Figs. 5.4 and 5.5. In Fig. 5.4, the ground track of the trajectory
reveals that the aircraft successfully performed a proper vertical plane turn. Good tracking
performance and high insensitivity to c.g. perturbations are again observed from Figure 5.4 justifying

the effectiveness of the proposed controller. Control deflections are again found to remain mostly

within saturation limits as evident from Figure 5.5.
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It can be observed from both Figures. 5.2 (g, h) and 5.4 (i, j) that the error in c.g estimate i.e. @ does
not converge to zero in either maneuver. This is because asymptotic stability as established from
Barbalat’s lemma in Remark 1 in Section 5.3, guarantees asymptotic convergence of the sliding
surface vectors §4 and S, and the tracking error vectors e; and e; however, it does not guarantee
asymptotic convergence of @ @ is guaranteed to remain only bounded as established from negative

semi-definiteness of the time derivative of the composite Lyapunov function V,.
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Table 5.1: Controller parameters

K4 Hy Ly b4 N K,
2 00 14 0 O 25 0 O07(05([06 O 0 20 0 O
0 6 0 0 2 0 [ 0 1 0 ] 0 04 O 0 12 0
0 0 4 0 0 3 0 0 08 0 0 05 0 0 15
Table 5.2: Controller parameters (contd...)
K3 K, H, b, L,
30 0 O 15 0 0 03 0 0710901 O 0
0 60 O [ 0 30 O ] 0 05 0 0 02 0
0 0 40 0 0 20 0 0 04 0 0 0.6

To further demonstrate the effectiveness of the proposed control, a more generic situation is
considered when lateral c.g. position is assumed to change in multiple steps during each of the
maneuvers. Arbitrary y,,, time profiles are considered as shown in Figs. 5.6 and 5.7 (x,, and z.,
are kept constant at the values considered in the previous cases). Tracking errors and some other
relevant plots are shown and it is observed that the same maneuver performance is achieved in both

of the maneuvers.

Desired o
40 F Actual |- §A150
oW
2 E 100 .
3 - Q =
20 =

Angle of attack
(deg)

w

= = : . r
o5 I ]
58 8
= g 0 w g E 2200 //—\
£ < 2000 .
L=
=5 : : 1800 | .

0 5 10 15 0 5 10 15

time(s) time(s)
(a) (b)

130



Chapter 5

2 T 100
<] —
2 £ $
<D 0 o~ 5T 50
=3 -
o S oF
o <
-2
1] 5 10 15 0 5 10 15
2 10
) —-
— o
o o 0 — — 1] R
T 5 E
o c 55
<
-2 L 10 M N
0 5 10 15 0 5 10 15
time(s) time(s)

(c) (d

Aileron
(deg)

o 3
Pitch Nozzle
(deg)

N r
o o o

0 5 10 15 0 5 10 15

Elevator
(deg)
(=}
Yaw Nozzle
(deg)
8 e

20

0 5 10 15 0 5 10 15

= 20 T T K} 1 T T
] E

£3 o 005 k
S E - p-
[ 20 . . F o . :

0 5 10 15 0 5 10 15

time(s) time(s)

(e) U]

Figure 5.6. Time profile of states, arbitrary c.g. position and control deflections: Cobra maneuver

400 T T T T T T

w
[
o

M

w
(=
o

M

2500 T T T T

East Direction(m)

2000

1500

Altitude
(m)

i 1000

0 500 1000 1500 0 5 10 15 20 25
North Direction(m) time(s)

(@) (b)

131



Chapter 5

w
=
2
L4
& - & I & - 18 I 1& I 7
2 - 2 I < - 12 - 12 - 7
) )
s £=
o L o = 3 W L 4 o L 4 2 L o
w 3 wn F ol 3 -4 3 =4 - E
. . ° o L = . . . . -
ggs=- & ° 3 g 8 ° R=g 8°§ "5
(Bap) (Bap)ajbuy yueg ui (Bap)a|Buy {Bap) (Bap) amomL
albuy jueg Joua Buppoel] Buipeay 9|ZZON Yolld  9JZZON MEA
12 9 9 — Y — & v n & v v
™
3
8
<
o L [=] L| _ (=3 L - 2 - - © L - © L -
o~ w o™ ™~ ™~ o~ ™~
|
| )
a
© - w 1 _ a - 12 - 12 - 12 - -
o ) 5 _
g £
—— -
o L o - 2 - 12 L {2 L {2 L E
{w L 4w [ A b i 1@ - 4w L 4w L 4
=) i 1 (=] L L L L 1 I
8 § R ° ° o W 5 ¥ =7 8 8 =g~ 8°§  8°3
(6op) (Bap)vov (Bap)a|buy (Bop)ajbuy (Bap) (Bap) (Bap)
yoepe jo ajbuy Joua Buppoel] disapis yredybi 4 uoJay J03eA3|] Jappny

20 25

15
(h)

time(s)

10

25
132

Herbst maneuver

20

15
@)

time(s)

10

Figure 5.7. Ground track, time profile of states, arbitrary c.g. position and control deflections:
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5.5 Comparison with the Control Proposed in Chapter 3

As discussed earlier in detail in Chapter 3, that a lateral c.g. offset issue can also be tackled by
considering an ad-hoc dynamics where simply a moment due to gravity term is added to the
symmetric 6-DOF dynamics. Therefore, tracking performance under the proposed controller is
compared against the same under the ad-hoc model-based control and the proposed controller is
found to give significantly improved control performance. The standard ITAE, IAE, ITSE and ISE
performance index values are compared and tabulated in Table 5.3 and 5.4. These indices are

calculated for each of the three errors components e,, eg and e, (i.e. tracking errors in angle of
attack, sideslip angle and bank angle) separately and then added up; E.g., ITAE = fooo t (|ea| +

|eﬁ| + |eﬂ|) dt (other indices are also calculated in a similar manner). Units of ey, eg and e, are
considered to be radian in computing the entries of Table 5.3. These three error profiles are also
compared in Figures 5.4 and 5.5. Clearly, Table 5.3, Table 5.4 and Figures 5.6, 5.7 shows performance
improvement substantiating the superiority and the significantly less conservative nature of the
present control. It is needless to mention that, for comparison purpose, the same control parameters,
as listed in Table 5.1 and Table 5.2, are used for both the ad-hoc model-based control and the

proposed control.
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ggo A= Y
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Figure 5.8. Tracking errors in Ad-hoc and Approximate (Proposed) model-based controls: cobra
maneuver
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Figure 5.9. Tracking errors in Ad-hoc and Approximate (Proposed) model-based controls: Herbst
maneuver

Table 5.3: Comparison of different performance indices: cobra maneuver

Model Case IAE ITAE ISE ITSE

Ad-hoc Asym(-) 0.2645 3.7819 0.0014 0.0218
[Chapter 3]

Asym(+) 0.2498 3.5785 0.0013 0.0201

Approximate Asym(-) 0.0840 1.1842 0.0002 0.0032
(Proposed)

Asym(+) 0.0792 1.0024 0.0002 0.0020

Table 5.4: Comparison of different performance indices: Herbst maneuver

Model Case IAE ITAE ISE ITSE

Ad-hoc Asym(-) 0.8354 7.5125 0.0187 0.1754
[Chapter 3]

Asym(+) 0.7845 7.2748 0.0175 0.1712

Approximate Asym(-) 0.5214 4.0684 0.0068 0.0514
(Proposed)

Asym(+) 0.5061 3.9214 0.0061 0.0491
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5.6 Conclusion

The novel and challenging problem of designing robust nonlinear controls for executing high angle
of attack autonomous maneuvers with a fighter aircraft undergoing significant lateral c.g.
uncertainties was addressed. Ignoring the second order terms of the c.g. shift from the nominal
position, the highly coupled 6-DOF dynamics under asymmetric c.g. position was successfully cast
in strict feedback form affine in c.g. position. This made it possible to design a two-step adaptive
backstepping control which could automatically adapt to the unknown c.g. variations. Backstepping
control, in turn, allowed for retention of useful nonlinearities in the dynamics thereby resulting in a
less conservative control. The effects of neglecting the second order terms of the c.g. position in the
equations of motion were shown to give rise to two lumped additive disturbances (along with other
exogenous disturbances) in the two individual steps in the backstepping setting. To circumvent these
disturbances, an adaptive fast sliding mode control was combined with each step of the baseline
adaptive backstepping control. The upper bounds of the disturbances/uncertainties were assumed to
be unknown and suitable adaptation laws were designed to estimate the c.g. position and these two
upper bounds. Conditions on various controller parameters were derived from Lyapunov’s direct
method ensuring asymptotic stability of the closed loop system. Performance of the proposed
controller was validated against two demanding maneuvers cobra and Herbst considering the F18-
HARYV aircraft. Simulation results showed nearly identical maneuver performance under significant
lateral c.g. variations on either side of the fuselage centreline as well as under considerable

aerodynamic uncertainties. The work can be easily extended to various other useful maneuvers.
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Closing Comments

6.1 Conclusion

The impact of laterally asymmetric center of gravity (c.g.) movements in a fixed wing aircraft
especially during demanding maneuvers was thoroughly investigated in the present thesis. While
recent studies over the last decade or so examined asymmetric aircraft dynamics, they primarily
focused on civil aircraft in trim flight states. Works on fighter aircraft executing specific maneuvers
under such unfavorable conditions are very few. The present thesis was aimed at addressing this gap.
Managing c.g. asymmetry in a fighter aircraft is crucial, as it enables deployment of non-identical
pairs of stores, non-paired firing of stores, and eliminates the need for dummy stores thus avoiding a
mass penalty. The automatic flight control system must be able to handle such scenarios, ensuring
the aircraft can perform the necessary maneuvers to complete the mission successfully and prevent
a potential aircraft loss and pilot ejection. In this regard, the present thesis offers some robust and
adaptive nonlinear control solutions to successfully mitigate the significant system level uncertainty
arising from predominantly lateral c.g. movements. Findings of the thesis are presented four main

chapters namely Chapters 2-5.
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First, the effects of lateral c.g. uncertainty on low angle of attack lateral maneuvers were investigated.
Two standard lateral maneuvers such as horizontal turn maneuver and aileron roll maneuver were
considered for benchmarking and the fixed wing Aerosonde UAV dataset was considered for carrying
out the numerical validations. Findings of this work were reported in Chapters 2 and 4. Initially, a
robust linear control technique such as Linear Quadratic Regulator (LQR) was implemented.
However, results showed that, despite its robustness, the LQR failed to mitigate the effects of lateral
c.g. variations and the maneuvers could not be properly performed. Since the asymmetric c.g
movements led to coupling between the lateral/directional and longitudinal dynamics causing
enhanced system nonlinearities, therefore, next a standard nonlinear control algorithm namely the
backstepping control was tried. Like the LQR, even though the backstepping control could execute
the intended maneuvers for the nominal system, it also failed to execute them when the same
controller was used under lateral c.g. variations. To overcome the shortcoming of the nominal
backstepping control scheme, it was then proposed that the backstepping control be designed based
on an ad-hoc representation of the coupled asymmetric aircraft equations of motion. The idea of this
ad-hoc model was to represent the asymmetric dynamics by simply adding a moment due to gravity
term (the c.g. moving away from the nominal reference point gave rise to this additional moment) to
the standard nominal equations of motion. It was shown that this ad-hoc model was in strict feedback
form and therefore amenable to backstepping design. Further, it was shown that the model was also
affine in c.g. position and, therefore, an adaptive backstepping design was proposed where the actual
c.g. position was estimated through an adaptation law. It was further mathematically proved that the
c.g. estimation was accurate as the estimation error asymptotically converged to zero. Numerical
simulations demonstrated that the nominal maneuver performance could be nearly completely

recovered under c.g. variations on either side of the fuselage centerline.

A further improvement on the findings of these investigations of Chapter 2 was attempted in Chapter

4. Instead of the ad-hoc model, a more accurate model was derived, in a novel way, from the
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asymmetric equations of motion under the reasonable simplifying assumption that the second order
terms involving the shifts in c.g. position were negligible. It was shown that the derived model could
also be cast in strict feedback form with affine c.g. position. Also, some favorable nonlinearities
(from the perspectives of stability) were identified in the derived model. Thereafter, an adaptive
backstepping control was proposed adapting to the c.g. position using this model and retaining the
favorable nonlinearities. Again, asymptotic convergence of the c.g. estimate obtained from an
adaptation law was theoretically established using LaSalle’s invariance principle. Due to the less
conservative nature of this control scheme as compared to the ad-hoc model based adaptive
backstepping scheme proposed in Chapter 2, significant improvement in maneuver performance and

robustness to the c.g. uncertainty was observed through numerical simulations.

To comprehensively address the effects of lateral c.g. uncertainty on aircraft flight dynamics and
control, the more demanding high angle of attack maneuvers were investigated next and the findings
were presented in Chapters 3 and 5 of the thesis. Two benchmark high alpha maneuvers cobra and
Herbst were considered and the dataset of the F18-HARYV aircraft (available in the open domain) was
used for validation purposes. Since, the objective was to ensure a quick return of the aircraft under
such unfavorable flight conditions, performing the Herbst maneuver which is basically a turn in the
vertical plane (as opposed to the horizontal turn maneuver, which is a turn in the horizontal plane as
the name suggests) was particularly emphasized on. In the high alpha regime, nonlinearities in the
dynamics are much more pronounced due to aerodynamics and trigonometric nonlinearities,
kinematic coupling etc. Asymmetric c.g. variations lead to even higher degrees of coupling and
nonlinearities. Therefore, nonlinear control implementations become indispensable in this regime.
Apart from gross nonlinearities, the dynamics also suffers significant uncertainties in the
aerodynamic model because of flow separation. This called for considerable robustness

enhancements of the closed loop nonlinear controls.
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In Chapter 3, again the two-step adaptive backstepping control based on the ad-hoc model of the
asymmetric dynamics was considered. However, a fast sliding mode control was combined in the
second step for the necessary robustness enhancement. The main challenge and novelty of this work
arose in the mathematical proof of stability, using Lypunov’s direct method, as the input matrix
associated with the virtual control input in the first step of the backstepping design turned out to be
state dependent. The proof was established using interval analysis and simulation results
demonstrated that the proposed controller maintained nearly the same level of maneuver performance
despite the c.g. and aerodynamic uncertainties. Furthermore, when compared with a standard
adaptive sliding mode control scheme, the proposed hybrid control demonstrated significantly

superior robustness.

In line with the works on low alpha maneuvers, further performance improvement was attempted in
high alpha maneuvers also and the details were presented in Chapter 5. The asymmetric dynamics
were analyzed by ignoring second order terms of the c.g. shift from the nominal position and
successfully converted to the required strict feedback form affine in c.g. position. This formulation
led to the final model having one lumped disturbance term in each of the two individual steps of the
adaptive backstepping setting. Therefore, as in Chapter 3, when sliding mode control was combined,
it had to be combined in each of the two steps. This was a novel setting which, to the best of our
knowledge, was not reported in the literature. Moreover, these two sliding mode controls were made
adaptive estimating the unknown upper bounds of the two lumped disturbances. As in Chapter 4,
again the favorable system nonlinearities were identified and retained in the proposed adaptive
backstepping adaptive fast sliding mode hybrid control law and stability was proved from
Lyapunov’s direct method. Simulation results validated the usefulness of the proposed hybrid control
scheme as the maneuver performance and robustness improved considerablyfrom that obtained in

Chapter 3.
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Hardware in loop simulations were also performed in both the low and high alpha cases to establish

the real time viability of all the proposed controls. These results were given in an appendix.

6.2 Scope for Further Research

The present thesis highlights several areas ripe for further exploration and enhancement. Some of

them are suggested below.

Other sources of c.g shift introduce an additional layer of asymmetry to the aircraft. This

heightened level of imbalance significantly amplifies the complexity of controlling and

maneuvering the aircraft, adding an extra dimension of challenge.

e Modifications to the sliding mode control algorithm to furthrr strengthen the system's
robustness against lateral center of gravity variations may also be tried.

e Hybridization of other nonlinear control techniques with the baseline adaptive backstepping
control may be tried for further improvement in maneuver performance level.

e The large numbers of control parameters may be optimally tuned using some recent
evolutionary optimization algorithms.

e Some Model Reference Adaptive Control (MRAC) schemes and their hybrids with Neuro-

control may also be explored.

e The proposed controls may be extended to several other useful maneuvers.
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Appendix-A: Real Time Simulation Results

The proposed control scheme is validated on a real time simulator "OP4512" by Opal-RT. This
simulator facilitates rapid control prototyping and real-time testing through a controller hardware-in-
the-loop (CHIL) platform. For the sake of brevity one each case (c.g. shift in either port side or star
board side) of intended maneuvers as considered in chapters 4 and 5 is also validated on this CHIL
platform. Figure A1 illustrates the CHIL experimental setup, while Figures A2-AS5 presents the plots
of relevant states, parameter and control efforts. It is needless to emphasize that the plots in Figures

A2-AS5 are identical to those in chapters 4 and 5.

CPU- HOST PC

REAL TIME SIMULATOR

Figure Al. Complete work bench for real time CHIL Test
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Appendix-B: A Review of Aircraft Dynamics

Aircraft Equations of Motion [83, 92]

Figure B2. Illustration of the Euler angles and the aerodynamic angles
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The standard six degree-of-freedom equations of motion of a rigid aircraft in body axes are as

follows,

u —qw + 1V —mgsing + qSCx + Ty T
Translational Dynamics: [v] = |—ru+pw| + —|mgcosfsing + qSCy + Ty
W —pv +qu mgcosOcosp + qSC; + T,

Ly — 1,,)qr + L;pq GShC, + Myy
Rotational Dynamics: | 0 [ ] (IZZ — xx)rp + L, (r? —p?)| + |gScCp, + Myy
~ Iy, (L — Ly )pq — Ixzy, qSbCy + Mrz
X cosycosd —sinpcosp + cosypsinfsing
Translational Kinematics: |y | = |sinycos@  cosypcosep + sinysinfsing
h sin@ —cosfOsing
sinysing + cosypsinBcosep 1ru
—cosysing + sinlpsinecosqbl [
—cosfcosp w
) 1 singtan@ cosptanbyp
Rotational Kinematics: [g| = [0 cos¢p —sing l [ ]
Y 0 singsecd cospsecO
In the wind frame, the 6-DOF dynamics is described by the following equations,
iny + ! FyY
V gstny + - Fx
. . 1
Translational Dynamics: |a| = |q — pcosatanf — rsinatanf + %secﬁcosucosy + VsecﬂFZ
p
. g .. 1
—_ = _FW
psina — rcosa + y Sinucosy + Y
- 1,,)qr + L,pq GSbhC, + Myy
Rotational Dynamics: | 0 [ ] (IZZ - xx)rp + L,(r? —p?)| + |gS¢Cy, + Myy
—Iy, (Le — Ly )pq — Ixz qSbCy + Mrz
X Vcosycosy
Translational Kinematics: |y | = |[Vcosysiny
h Vsiny
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i [pcosasecﬁ + rsinasecf — %tanﬁcosucosy]

Rotational Kinematics: |y| = | g |
27 ~ 1 cosY |

| 0 |

1 w_ 1 1 w

” tanycosuFy — (tanp + sinutany)Fy ]
_ 1 w_ 1 w

+ — sinuFy ” cosuFy

I
1 w_ 1 w
l — cosusecyFy — sinusecyFy J

The relation between wind and body axis force components are as follows,

Fy —qSCp cosacosf  sinf  sinacosp 1[Tx
FY|=| qSCy |+ |—cosasinB cosB —sinasinB||Ty
Fy —qS¢, —sina 0 cosa T,

The linear velocity components in body and wind frames are inter-related as

Vsinf

Vcosacosﬁl
Vsinacosp

Modern fighter aircraft are equipped with thrust vectoring capabilities in both pitch and yaw planes.
If T is the total engine thrust then its components along the three body axes due to thrust vectoring

are given by

Ty Tsinéy,

Ty TcosGp,c086,4,
Tzl

—Tsindy,C088y¢,

If the engine nozzle to the c.g. of the aircraft distance are [, and [, along x; and z, body axes

respectively then the moment due to thrust along the body axes are given by

Moy 1,Tsindy,
[MTYI = | =L, Tcosbp,c086y1y — 1, TSINEp,C0SGy 1y
Mry =L Tsindy,
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The aerodynamic force and moment coefficients are usually given as follows,
qc

CL = CLO + CLaa + CLqﬁ + CL6866
qc

CD = CDO + CDaa + CDq ﬁ + CD5€56
bp br

Cy = Cyo + Cyﬁﬁ + Cyp E + CYTE + Cygasa + Cygrsr

pb rb
Cl = ClO + Clﬁﬁ + Clpﬁ + ClTﬁ + Cl5a5a + C1585e + CITST'

qc
Cn = Cipo + Crg@ + Crg v + Cpns, b

pb rb
Cp=Cyp + Cn;;ﬁ + Cpp 7 + Cnrﬁ + Cns,0a t Cys,0e + Cry0;
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Appendix-C: Aircraft Dataset

C1. Aerosonde UAV Dataset

Figure C1. Aerosonde UAV

Parameter Value Parameter Value
m 13.5kg Cy, 0
Ly 0.8244 kg — m? C, 0
L, 1.135 kg — m? Cn, 0
I,, 1.759 kg — m? CYﬁ —0.98
L., 0.1204 kg — m? Ciy —-0.12
S 0.55 m? Cn/s 0.25
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Parameter Value Parameter Value

b 2.8956 m Cy, 0
4 0.18994 m C, —-0.26
Cy, 0.28 Cn, 0.022
Cp, 0.03 Cy. 0
Ciny —0.02338 C, 0.14
CL, 3.45 Cn, -0.35
Cp, 0.30 Cys, 0
Cn,, —-0.38 Cis, 0.08
CL, 0 Crs, 0.06
Co, 0 Cys, -0.17
Crm, —-3.6 Cis, 0.105
Cls, —-0.36 Cns, —-0.032
Cos, 0 5, limit +30°
Crms, —-0.5 8, limit +20°
Cp 0.0437 8, limit +30°

C2. F-18 HARY Dataset

Figure C2. F18 HARV Aircraft
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Geometric Data:

Rate limit (deg/s)

100

Parameter Value
m 16375 kg
Ly 3.089 x 10* kgm?
Ly 2.396 % 10° kgm?
1., 2.599 x 105 kgm?
L, -3.124 x 103 kgm?
S 37.16 m?
b 11.40m
c 3.51m
Control Position limit (deg)
Surface
Sq (—=35,35)
O (—25,10)
5, (—30,30)
Sptv (—20,20)
Sytv (—20,20)
Aerodynamic Data:
Cyge = 0, Clae =0
2
15F
1 3
—~ 05
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