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Abstract
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Dynamic Stall Influence
Author: Mir Alikhan Bin Mohammad Feroskhan
Major Advisor: Tiauw Hiong Go, Sc.D.

Perching is a type of aggressive maneuver performed by the class ‘Aves’ species to
attain precision point landing with a generally short landing distance. Perching
capability is desirable on unmanned aerial vehicles (UAVs) due to its efficient
deceleration process that potentially expands the functionality and flight envelope of
the aircraft. This dissertation extends the previous works on perching, which is
mostly limited to two-dimensional (2D) cases, to its state-of-the-art threedimensional (3D) variety. This dissertation presents the aerodynamic modeling and
optimization framework adopted to generate unprecedented variants of the 3D
perching maneuver that include the sideslip perching trajectory, which ameliorates
the existing 2D perching concept by eliminating the undesirable undershoot and
reliance on gravity. The sideslip perching technique methodically utilizes the lateral
and longitudinal drag mechanisms through consecutive phases of yawing and
pitching-up motion. Since perching maneuver involves high rates of change in the
angles of attack and large turn rates, introduction of three internal variables thus
becomes necessary for addressing the influence of dynamic stall delay on the UAV’s
transient post-stall behavior. These variables are then integrated into a static
nonlinear aerodynamic model, developed using empirical and analytical methods,
and into an optimization framework that generates a trajectory of sideslip perching
iii

maneuver, acquiring over 70% velocity reduction. An impact study of the dynamic
stall influence on the optimal perching trajectories suggests that consideration of
dynamic stall delay is essential due to the significant discrepancies in the
corresponding control inputs required. A comparative study between 2D and 3D
perching is also conducted to examine the different drag mechanisms employed by
2D and 3D perching respectively. 3D perching is presented as a more efficient
deceleration technique with respect to spatial costs and initial altitude range.
Contraction analysis is shown to be a useful technique in identifying the state
variables that are required to be tracked for attaining stability of optimal perching
trajectories. Based on the selected tracking variables, two sliding control strategies
are proposed and comparatively examined to close the control loop and provide the
required robustness and convergence to the optimal perching trajectory in the
presence of perturbations and dynamic stall model inaccuracies. This dissertation
concludes that the sliding controller with the adaptive gain feature is more effective
and essential in providing better tracking performance through illustrations of the
corresponding convergence area and at higher intensity of perturbations.

iv

Table of Contents
Table of Contents .......................................................................................................v
List of Figures ........................................................................................................ viii
List of Tables........................................................................................................... xii
Acknowledgements ................................................................................................ xiii
Dedication .............................................................................................................. xiv
Chapter 1 Introduction ...............................................................................................1
1.1
Background ................................................................................................1
1.2
Motivation ..................................................................................................9
1.3
Research Objectives, Scope and Contributions .......................................12
1.4
Chapter Organization ...............................................................................16
Chapter 2 Literature Review ...................................................................................18
2.1
Background ..............................................................................................18
2.2
Related Work ...........................................................................................19
2.3
Challenges in Three-Dimensional Perching.............................................40
Chapter 3 Optimization Formulation of Sideslip Perching Maneuver....................44
3.1
Overview ..................................................................................................44
3.2
Description of the UAV ...........................................................................45
3.3
Aerodynamics ..........................................................................................48
3.3.1 Background .........................................................................................48
3.3.2 Aerodynamic Model............................................................................52
3.4
Equations of Motion.................................................................................62
3.5
Optimization Model .................................................................................67
3.6
NLP Formulation .....................................................................................73
3.7
Chapter Summary.....................................................................................78
Chapter 4 Dynamics of Sideslip Perching Maneuver under Dynamic Stall
Influence...................................................................................................................80
4.1
Overview ..................................................................................................80
4.2
Optimization Results ................................................................................81
4.3
Impact Study of Dynamic Stall Influence on Sideslip Perching Trajectory
..................................................................................................................88
4.4
Chapter Summary...................................................................................100
Chapter 5 Two-Dimensional Perching Maneuver Vs Sideslip Perching Maneuver
................................................................................................................................101
5.1
Overview ................................................................................................101
v

5.2
Drag Mechanism Comparison................................................................102
5.3
Comparative Study .................................................................................110
5.3.1 2D Perching Optimization Model .....................................................110
5.3.2 Discussion .........................................................................................113
5.3.3 3D Maneuvering with 2D perching maneuver ..................................119
5.4
Chapter Summary...................................................................................124
Chapter 6 Sliding Control of Sideslip Perching Maneuver ...................................126
6.1
Background ............................................................................................126
6.2
Identification of Tracking State Variables .............................................128
6.2.1 Contraction Analysis .........................................................................129
6.2.2 Identification Methodology................................................................132
6.2.2.1 Translational Dynamics .............................................................132
6.2.2.2 Rotational Dynamics ..................................................................134
6.3
Sliding Model Control Strategy .............................................................139
6.4
Sliding Control Performance .................................................................150
6.4.1 Varying Initial Launch Conditions....................................................151
6.4.1.1
Initial Spatial Displacements.....................................................151
6.4.1.2
Varying Initial Spatial and State Displacements .......................163
6.4.2 Perturbation Response during the Course of Perching Maneuver ....171
6.4.2.1 Aerodynamic Perturbations........................................................172
6.4.2.2 Full-State Perturbations ..............................................................180
6.5
Exponential Sliding Mode Control with Adaptive Gain Feature ...........189
6.5.1 Formulation ........................................................................................190
6.5.2 Perching Control Performance ...........................................................194
6.5.2.1 Aerodynamic Perturbations........................................................194
6.5.2.2 Full-State Perturbations ..............................................................202
6.6
Dynamic Stall Model Inaccuracies ........................................................210
6.7
Chapter Summary...................................................................................215
Chapter 7 Extension of Sideslip Perching Maneuver ............................................217
7.1
Background ............................................................................................217
7.2
Three-Dimensional Perching Trajectories .............................................217
7.2.1 Arc Perching Trajectory ....................................................................218
7.2.2 Other Variants of Three-Dimensional Perching Trajectory ..............225
7.3
Sideslip Perching with a Bigger-sized UAV ..........................................231
7.4
Chapter Summary...................................................................................236
Chapter 8 Conclusions and Recommendations ......................................................237
8.1
Conclusions ............................................................................................237
8.1.1 Conclusions Related to Optimization of Three-Dimensional Perching
Maneuvers ......................................................................................................237

vi

8.1.2 Conclusions Related to Influence of Dynamic Stall Delay on Perching
Trajectories .....................................................................................................238
8.1.3 Conclusions Related to Comparative Study of Two- and ThreeDimensional Perching Maneuvers .................................................................239
8.1.4 Conclusions Related to Sliding Mode Control Strategy for Sideslip
Perching Maneuvers .......................................................................................240
8.2
Recommendations ..................................................................................242
References ..............................................................................................................244

vii

List of Figures
Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:
Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:

Bird's aerobatic perching sequence [4] ...................................................2
Different phases in aircraft perching maneuver ......................................4
Fruit bats’ crabbed turn (left) [12] and a spiral-like avian perch-landing
(right) [13] ...............................................................................................8
Typical 2D perching (above) compared to 3D perching trajectory
(down, side view) ....................................................................................8
Morphing UAV through rotations of A) the variable-incidence wing, B)
tail boom, and C) horizontal stabilizer [2] ............................................20
Control authority achieved due to presence of attached flow (dashed)
[2] ..........................................................................................................20
Aircraft modified with aerodynamic vectoring and thrust vectoring
capability [11] .......................................................................................22
Perching trajectories for different combinations of vectoring feature
[11] ........................................................................................................22
LQR-Tree spatial coverage involving a number of funnels (Note that
trajectory begins from the right and ends on the left) [15]....................25
LQR-Tree velocity coverage involving a number of funnels [15] .......25
Comparison of perching trajectories using baseline controller (left) and
augmented ℒ1 adaptive controller (right) in the presences of altitude
and velocity uncertainties [17] ..............................................................28
The perching task. This trajectory of the glider illustrated here is
actually derived from real flight data of a successful perch. [6] ...........30
MAV articulated wing (top) hand-deployed to perch successfully on a
human hand [7]......................................................................................32
Sticky-Pad Plane (right), Perching line (left,top) and razor mechanism
(left,bottom) [18] ...................................................................................35
Leg prototype and gripper prototype doing active grasping [19]..........36
Grasping sequence of MAV at 3 m/s [20].............................................37
Microspines clinging onto the wall [22] ...............................................39
Glider’s perching maneuver based on different initial velocities [21, 22]
...............................................................................................................39
Views of the initial aircraft model compared to ‘Hummer’ (at top, left
position [23]) .........................................................................................46
Views of final aircraft model ................................................................47
Airfoil separation point profile at varying rates of change of angle of
attack .....................................................................................................54
Static nonlinear lift coefficient of wing based on attached and separated
flow models ...........................................................................................57
viii

Figure 23: Nonlinear lift coefficient variation under dynamic stall. ......................57
Figure 24: Force and moment breakdown of the elliptical cross-section fuselage in
longitudinal plane ..................................................................................61
Figure 25: Side force and yaw moment coefficient of fuselage as function of
sideslip angle. ........................................................................................62
Figure 26: Finite-element collocation of state and control trajectories ..................74
Figure 27: Sideslip perching trajectory in multiple views (aircraft model not drawn
to scale) .................................................................................................83
Figure 28: Optimal control inputs...........................................................................84
Figure 29: Velocity and orientation angles profile .................................................85
Figure 30: Aerodynamic angle and gamma angle profile.......................................86
Figure 31: Turning rates of UAV ...........................................................................87
Figure 32: Control inputs comparison ....................................................................90
Figure 33: Lateral plane angles history comparison ...............................................91
Figure 34: Lateral plane angles and velocity history comparison ..........................92
Figure 35: 3D Perching trajectory comparison (with and without dynamic stall) ..97
Figure 36: 3D Perching trajectory comparison (with dynamic stall, without
longitudinal/lateral dynamic stall) .........................................................98
Figure 37: Velocity profile comparison (with and without dynamic stall).............98
Figure 38: Velocity profile comparison (with and without dynamic stall).............99
Figure 39: Climb phase of typical 2D perching maneuver ...................................102
Figure 40: 2D Perching trajectory constrained for only downward motion .........107
Figure 41: Optimal control inputs, velocity profile and angle of attack history...108
Figure 42: Body axes velocity orientation before and after yaw ..........................109
Figure 43: 2D Perching trajectories with varying initial altitude .........................117
Figure 44: Variation of normalized deviation with respect to initial altitude .......117
Figure 45: 3D Perching trajectories with varying initial altitude .........................118
Figure 46: Perching trajectory comparison with 3D maneuvering .......................122
Figure 47: Velocity, aerodynamic angle and orientation angle profiles for 2D
perching and 2D perching with 3D maneuvering capability...............123
Figure 48: Eigenvalue 𝜆𝑡𝑟 history of translational dynamics of sideslip perching
maneuver .............................................................................................133
Figure 49: Eigenvalue history 𝜆𝑟𝑜𝑡 of rotational dynamics of sideslip perching
maneuver .............................................................................................136
Figure 50: Eigenvalue history of 𝑍1 rotational dynamics .....................................138
Figure 51: Sliding control of sideslip perching trajectory based on varying initial
vertical conditions ...............................................................................156
Figure 52: Tracking of velocity, aerodynamic angle and orientation angle profiles
under varying initial vertical conditions..............................................157
Figure 53: Sliding control inputs for tracking of perching trajectory under varying
initial vertical conditions .....................................................................158
ix

Figure 54: Sliding control of sideslip perching trajectory based on varying initial
lateral conditions .................................................................................159
Figure 55: Tracking of velocity, aerodynamic angle and orientation angle profiles
under varying initial lateral conditions................................................160
Figure 56: Sliding control inputs of sideslip perching trajectory based on varying
initial lateral conditions .......................................................................161
Figure 57: Convergence area (shaded) based on varying initial starting location 162
Figure 58: Sliding Control of sideslip perching trajectory for 2 scenarios with
varying initial spatial and state displacements ....................................168
Figure 59: Tracking of velocity, aerodynamic angle and orientation angle profiles
for 2 scenarios with varying initial spatial and state displacements ...169
Figure 60: Tracking of turn rate profiles under varying initial conditions for 2
scenarios with varying initial spatial and state displacements ............170
Figure 61: Control inputs for 2 scenarios with varying initial spatial and state
displacements ......................................................................................171
Figure 62: Trajectory convergence in response to aerodynamic perturbations given
at 𝑥𝑒 = -30, -20, -15, -10 meters ...........................................................176
Figure 63: Aerodynamic variable profiles in response to in-maneuver perturbations
.............................................................................................................177
Figure 64: Convergence area (shaded) given aerodynamic perturbations at 𝑥𝑒 = 30, -20, -15, -10 meters .......................................................................178
Figure 65: Trajectory convergence in response to full-state perturbations 𝑘𝑝 = 1
.............................................................................................................184
Figure 66: Aerodynamic variable profiles under full-state perturbations 𝑘𝑝 = 1 185
Figure 67: Turn rate and control input profiles under full-state perturbations
𝑘𝑝 = 1 ................................................................................................186
Figure 68: Convergence area comparison between 2 controllers given aerodynamic
perturbations at 𝑥𝑒 = -30, -20, -15, -10 meters ....................................195
Figure 69: Trajectory convergence comparison between 2 sliding controllers in
response to aerodynamic perturbations ...............................................199
Figure 70: Aerodynamic variable profile comparison between 2 sliding controllers
in response to aerodynamic perturbations ...........................................200
Figure 71: Turn rate and control input comparison between 2 sliding controllers in
response to aerodynamic perturbations ...............................................201
Figure 72: Control gain matrix Q of the modified controller in response to
aerodynamic perturbations ..................................................................202
Figure 73: Control gain matrix Q of the modified controller in response to fullstate perturbations ...............................................................................206
Figure 74: Trajectory convergence comparison between 2 sliding controllers in
response to full-state perturbations 𝑘𝑝 = 2.5 .....................................207

x

Figure 75: Aerodynamic variable profile comparison between 2 sliding controllers
in response to full-state perturbations 𝑘𝑝 = 2.5..................................208
Figure 76: Turn rate and control input comparison between 2 sliding controllers in
response to full-state perturbations 𝑘𝑝 = 2.5 .....................................209
Figure 77: 3D Perching trajectory comparison under different time constants based
on optimal control inputs.....................................................................213
Figure 78: 3D Perching trajectory comparison under different time constants based
on sliding control with adaptive gains.................................................214
Figure 79: 3D arc perching variable profiles ........................................................221
Figure 80: 3D arc perching trajectory ...................................................................222
Figure 81: 3D arc perching variable profiles ........................................................223
Figure 82: 3D arc perching trajectories with varying maximum turn rates ..........224
Figure 83: U-turn landing .....................................................................................227
Figure 84: Helical landing ....................................................................................228
Figure 85: 90-degree point landing .......................................................................229
Figure 86: 180-degree reverse-bearing landing ....................................................230
Figure 87: Sideslip perching trajectory with a bigger-sized UAV .......................233
Figure 88: State variable profiles of a bigger-sized UAV executing sideslip
perching maneuver ..............................................................................234
Figure 89: Turn rates and optimal control inputs of a bigger-sized UAV executing
sideslip perching maneuver .................................................................235

xi

List of Tables
Table 1: Aircraft geometric parameters ...................................................................47
Table 2: State variable bounds .................................................................................70
Table 3: Internal state variable bounds ....................................................................71
Table 4: Control variable bounds .............................................................................71
Table 5: Time-dependent constraints .......................................................................71
Table 6: Trajectory error (absolute) at t f ..................................................................96
Table 7: 2D perching state variable bounds ...........................................................112
Table 8: 2D perching internal state variable bounds ..............................................112
Table 9: 2D perching control variable bounds .......................................................112
Table 10: 2D perching time-dependent constraints ...............................................113
Table 11: Spatial cost reduction .............................................................................119
Table 12: Maximum magnitude during yaw phase ................................................119
Table 13: Parameters comparison of 2D perching with 3D maneuvering .............124
Table 14: Sliding control bounds ...........................................................................149
Table 15: Aerodynamic perturbations ....................................................................174
Table 16: Full-state perturbations ..........................................................................182
Table 17: Terminal Trajectory deviations given Full-State Perturbations kp =
1.0, 1.5, 2.0 .....................................................................................................187
Table 18: Convergence criteria comparison subjected to aerodynamic perturbations
........................................................................................................................198
Table 19: Terminal Trajectory deviations comparison based on full-state
perturbations kp = 1.0, . . , 3.0........................................................................203
Table 20: Convergence criteria comparison subjected to full-state perturbations .205
Table 21: Spatial divergence comparison subjected to varying τ values ...............211
Table 22: Spatial divergence under sliding control based on varying τ constants 212
Table 23: Geometric parameters of the bigger-sized UAV ...................................231

xii

Acknowledgements
It is a great gift to have met a model for emulation in Dr. Go, who has been the
beacon of wisdom, guidance and confidence. I have had the esteemed privilege to
journey with him and felt enlightened by his mentorship. For these, I am beholden to
my academic advisor and research supervisor Dr. Go for the lasting impact he has
left on me. The faculty members of the Aerospace Engineering Department namely,
Dr. Sepri, Dr. Archambault and Dr. Subramanian, have been very encouraging
towards the pursuit of my Ph.D., which boosted my endeavors as well. Of course,
there has been the unequivocal emotional and psychological support from my
mummy, aba and Babar. I would like to thank my fiancée, Aisha, who has been my
rock and without whose constant support, none of this would have been possible.
The support from members of my extended family members cannot be requited as
well, which include my extended cousins and relatives. I am especially blessed to
have met Mohsen and Shariff Alhaddad who have been my best friends, fatherfigures, role models and whose families are essentially my family away from home.
I am very fortunate to have had friends by my side who kept me motivated and
inspired towards achieving my goals and completion of this dissertation.

xiii

Dedication

To my beloved…

xiv

Chapter 1
Introduction

1

1.1 Background
Research in advanced mini unmanned aerial vehicles (UAV) constantly strives to
attain higher efficiency and more advanced capabilities in meeting new mission
objectives. Mankind’s intrinsic motivation to continuously break barriers has
stretched our technological horizons to cater to various needs. With nature as our
source of inspiration and allusions, we emulate nature for its excellence in efficiency
and capability that surpasses even the best man-made aircraft systems. For example,
birds, which are the inspiration for man to fly, have exhibited their agile maneuvering
capabilities for the longest time. The intricate natural mechanisms inbuilt in class
‘Aves’ species enable them to morph their wings and bodies and execute these
extreme agile maneuvers. Modeling after natural maneuvering phenomena such as
avian perching and insect cruise-to-hover transition maneuver [1], morphing or
rotatable wing flight [2] and flapping wing flight [3] poses to be the instinctive step
towards the evolution of versatile UAVs. Man-made aircraft equipped with the
capability to perform such agile maneuvers consistently have the potential to offer
new functional possibilities that will enhance its applications, especially in the field
of intelligence, surveillance and reconnaissance (ISR). One maneuver in particular
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that is the focus of this research is the perching maneuver, as illustrated in Figure 1
below.

Figure 1: Bird's aerobatic perching sequence [4]

Avian perching is an aggressive maneuvering technique executed by birds to arrive
at their point of landing subtly, with a generally short distance. During perching, birds
often exceed 90 degrees in angle-of-attack to take advantage of the unsteady
aerodynamics, viscous and pressure drag for a rapid deceleration. This is followed
by a precision landing with low touchdown velocity. Although man-made Vertical
and/or Short Take-off and Landing (V/STOL) high-powered equivalents are
promising in the development of new landing capabilities, this pales in comparison
to the perching maneuver that allows birds to land in much less time and with much
less energy (scaled) than the man-made VTOL equivalents. Perching maneuver can
be differentiated based on two classes of aircraft, thrust-to-weight (T/W)max > 1 and
(T/W)max < 1. For (T/W)max > 1 aircrafts, relatively slow rotary-wing type of flight
such as hover can be utilized for perching. Quadcopters are gaining prominence in
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this category of aircrafts. For aircrafts with (T/W)max <1, such techniques are not
possible due to limited thrust generation. Hence, analogous to birds, aircrafts with
thrust-to-weight ratio below unity can employ similar drag mechanisms to actualize
a comparable form of perching as a landing alternative.
However, the efficient deceleration process in perching is easily attainable by birds
due to two main factors, namely, the multifarious operation of the plumage and the
wing-body morphing mechanism- characteristics that are absent in conventional
aircraft systems. The use of their plumage to deliberately induce flow separation
allows birds to enter the post-stall regime immediately. High drag can thus be readily
generated. This synergizes well with their lightweight and flexible skeletal structure
that enable their bodies and wings to be objectively morphed to enhance the
aerodynamic braking and facilitate its diving maneuver and the steep pull-up motion
which is an innate feature in avian landings. Aircrafts however, require a lot of
control effort and time to bring itself into the post-stall aerodynamic state. This can
possibly be carried out by pitching up the aircraft rapidly to induce the required high
angles of attack. However, this is infeasible for most conventional aircrafts as a rapid
pitch up motion from a cruise state would inevitably lead to an upward flight
trajectory that deviates away from the natural mode of perching trajectory as depicted
in Figure 1. As such, either the pitching-up motion has to be delayed to when its
velocity is much lower than its cruising velocity or the pitching-down motion (nose-
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dive) can be initiated first before the subsequent pitching-up motion.
In addition to pitch-up motion, high frequency flapping of the bird’s plumage can
generally be observed during the final moments of perching. The lift generated
through the flapping wings is essential to combat the gravitational forces when
generation of large drag is not feasible due to low velocities. For this very reason, the
downward perching sequence as shown in Figure 1 is unattainable by fixed-wing
conventional aircrafts owing to the absence of flapping capability that does not allow
them to produce enough drag to decelerate the aircraft further. Hence, the solution to
both cases comes in the addition of a climbing phase to the aircraft mode of perching,
as shown in Figure 2. The climbing phase allows the pitching-up motion of the
aircraft and the utilization of gravity as the other deceleration mechanism.

Figure 2: Different phases in aircraft perching maneuver

As a result, the most typical form of UAV perching maneuver trajectory is divided
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into 2 continuous phases: the dive phase and the climb phase, as shown in Figure 2.
The multifaceted perching maneuver is undertaken on a 2D plane or bidimensionally across the x and y axes and involves an overall loss of total energy of
UAV through the interchange of its kinetic and potential energy during these phases.
It should be highlighted that the direct consequence of having the climb phase is the
undesirable undershoot that can be represented as the height of an inverted apex on
a 2D trajectory. The trajectory of the undershoot is critical for the continuity of
UAV’s momentum to sustain the successive climb phase. It is not uncommon for the
UAV to surpass its stall point for the duration of momentary climb phase. High angles
of attack that often exceed over 90 degrees cease the acceleration caused by the dive
phase due to resulting drag from flow separation. Loss of kinetic energy due to
displacement in position coupled with rapid deceleration brings about UAV’s
cessation at its final landing point. The precision landing occurs at a higher altitude
with low touchdown velocity which completes the 2D perching motion. One of the
bio-inspired maneuver characteristics in UAVs is the accompanying rapid
deceleration, which in turn offers a greater degree of versatility for the vehicle to
perform its swift maneuvers.
The conventional form of 2D perching maneuver has been exhaustively analyzed in
the past. Some of the researchers with academic acquaintance in this field and have
provided illustrative literature on the concept and realization of the perching
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maneuver are Wickenheiser and Garcia [2, 5], Cory and Tedrake [6], Paranjape, et al.
[7, 8], Robertson and Riech [9] and Rao and Go [10, 11]. Inferences drawn from the
research of 2D perching maneuver highlight the application of separation drag from
the wing and the heavy reliance of gravity to decelerate the aircraft rapidly.
Particularly, the literature has also highlighted the drag mechanism in gravity that is
attributed to the climb phase brings about the undershoot implicit to the 2D aircraft
perching maneuver. The undershoot is generally viewed as an undesirable
characteristic that reflects inefficiency in the context of time, energy and space.
Minimizing the undershoot has most often become the goal of most 2D perching
optimization procedures in the mentioned literature. Circumventing the undershoot
may even become obligatory in scenarios where there is no allowance for vertical
displacement. Besides this, the undershoot characteristic represents a severe
drawback to the UAV’s versatility and is therefore deemed a hindrance for high-risk
stealth and reconnaissance missions where the perching criterion might be more
restrictive.
The studies above have only demonstrated and focused on the concept of perching
in the longitudinal plane. From the limited demonstrations of perching so far, its
performance potential is yet to be scrutinized for trajectories other than on a
longitudinal plane. The full potential of perching or decelerating maneuver in the
three-dimensional (3D) space has not been explored. The typical form of 2D perching
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as described earlier which lies on a longitudinal plane is not the most efficient of its
maneuvering concepts as the inevitable undershoot that accompanies 2D perching
acts as a major drawback for such a maneuver. However, inclusion of the third spatial
dimension to accommodate a 3D perching maneuver might provide a breakthrough
to a wide range of quixotic trajectories previously improbable with the 2D version of
perching. Inspiration for such 3D mode of perching can be drawn from the fruit bats’
crabbed turn and a spiral-like avian perch landing (as depicted in Figure 3 below).
This extreme mode of perching executed adeptly by class ‘Aves’ species introduces
new challenges when it comes to emulation of such 3D maneuvering techniques in
UAVs, of which very little have been explored substantially in comparison to the 2D
mode. The overall drag subjected to the vehicle in a 3D perch maneuver can be
synergized via coupling of the drag from both the longitudinal and lateral planes to
provide the aircraft with a prompt landing as opposed to the 2D perch comprising of
the undershoot which delays the final touchdown. The undershoot characteristic is
now defunct in the overall 3D trajectory due to its less reliance on gravity as a
decelerating force which renders the undershoot as immutable in the 2D trajectory,
as observed in Figure 4.
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Figure 3: Fruit bats’ crabbed turn (left) [12] and a spiral-like avian perch-landing
(right) [13]

Dive Phase

Climb Phase

Dive Phase only

Figure 4: Typical 2D perching (above) compared to 3D perching trajectory (down,
side view)
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Via accommodation of the third dimension, the UAV’s flight capabilities are
significantly enhanced. As a result, this opens up a whole new inventory of dynamic
maneuvers that is yet to be explored in aircraft flight motions. The distinguishing
feature highlighted in the paper by Feroskhan, Peyada, and Go [14] was the UAV’s
arc perching trajectory facilitated in a 3D coordinate system, which helped to
demonstrate the use of controlled drag contrivance in a 3D perch maneuvering
technique. This particular mode of flight execution diffused the plane’s speed over
75 percent of its initial velocity in the absence of the undershoot. This finding
suggests that perching can be extended to the 3D space. One of the typical maneuvers
undertaken by aerobatic pilots is a deceleration maneuver called S-maneuver due to
the resemblance of its flight path to the letter ‘S’. Such a technique can be
hypothesized to provide an alternate formulation of perching generated from the
sideslip drag to bleed off the UAV’s excessive velocity. The 3D perching using
sideslip maneuvering can thus be accomplished without any precession of adverse
effects due to gravity which was formerly a decisive factor in reducing the aircraft’s
landing velocity for 2D perch.

1.2 Motivation
Ongoing research in design of sophisticated UAVs have yielded phenomenal flight

10

capabilities for modern day reconnaissance aircrafts. Superlative flight attributes due
to recent innovations in the aviation military technology have made the modern day
UAVs more suitable to demanding mission objectives. Future military aviation might
employ unconventional flight motions such as the perching maneuver which would
provide

ground-breaking

advancements

in

intelligence,

surveillance

and

reconnaissance (ISR) missions. The possibilities range from a bird-like UAV capable
of perching in urban environments to surreptitious landings for exploiting the quality
of surveillance. The motivation for this research is derived from the promise that
perching capability is an asset, which enhances the functionality of the aircraft,
making control strategy to achieve perching and its associated dynamics and
modeling characteristics worth studying. The advantages which include the
prospective applications of aircraft capable of performing perching maneuver are
described below:


Perching capability will allow the aircraft to land in much less time and energy
(scaled) than its man-made Vertical Take-off and Landing (VTOL) equivalent.
Furthermore, VTOL capabilities are not applicable for aircrafts with T/W ratio of
less than one. Instead, perching mechanisms and technologies developed for the
use of aircraft of this category can also be scaled up and be used for aircrafts with
T/W > 1



Perching-capable UAV can perform significantly longer mission durations. This
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is because such an aircraft can perch and recharge its power source without
returning to its base. This occurs when the UAV is equipped with solar cells or
has the technology to tap electricity from existing power grids. Perching
capability thus enables even small UAVs to perform long mission durations. This
would eventually allow perching-capable UAV to attain wider area of coverage
per mission.


Perching capability allows for low impact and high precision landing. Perchingcapable UAVs thus require significantly less landing area than conventional
fixed-wing UAVs. With less landing area and certain mechanism designs, UAVs
are also able to land in unusual locations. For example, the UAV may perch on a
traffic-light pole and serve as a portable traffic camera at a busy road intersection.
Another example is to perch a UAV on tall tree branches for nature/science
observations or for search and rescue missions. Perching-capable vehicles will
serve as a superior alternative to rotary vehicles such as quadcopters due to their
flight speed limitations and endurance, albeit having the ability to hover.



Perching capability enables low-impact landing and avoids causing damage to
UAV components, unlike current practices of belly-landing or capturing UAVs
using nets.



Perching maneuver has great potential for applications in space missions. The
maneuver can be utilized for landing on the surface of space-bodies with
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atmosphere, such as in planetary landing missions. The perching technique can
slow down the spacecraft as it enters the atmosphere of the terrestrial body and
prevent high-speed crash landing.
Equipping the perching capability in a conventional aircraft would hence represent a
major aerospace accomplishment and milestone that offers the prime motivation of
this research. Furthermore, in the context of the sideslip perching maneuver,
incorporating the drag mechanism in extra spatial dimension (from 2D to 3D) for
advanced 3D maneuvering has been unprecedented. Although research and analysis
related to the field of 2D perching maneuver has been extensive, the fact remains that
the study of this subject in aerodynamics and flight control discipline is still in its
rudimentary stages. The scope for advancement in perching technology provides a
tremendous incentive for engineers and researchers alike in a bid to further explore
the subject and contribute towards its progressive development.

1.3 Research Objectives, Scope and Contributions
The main objective of this research is to formulate an optimization framework to
generate 3D perching trajectories based on a befitting aerodynamic model, analyze
the dynamics involved, with focus on a sideslip perching maneuver and devise a
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robust control strategy required for the challenging maneuver. Detailed objectives
are drawn up as follows:


To extend previous works on perching, which is mostly limited to 2D cases, to
its state-of-the-art 3D variety and understand the dynamic characteristics and
flight performance associated with it.



To conduct a feasibility study of 3D perching by formulating a dynamic nonlinear
optimization based on a 6 Degrees-Of-Freedom (DOF) flight dynamics model
and explore other variants of the 3D perching trajectories by varying the
boundary conditions and constraints and creating different scenarios in the
optimization framework.



To present an analytical aerodynamic modeling methodology and conduct an
impact study of dynamic stall influence on the sideslip perching maneuver.



A set of performance metrics for the 3D perching maneuver will be developed as
a systematic way to examine perching performance and evaluate its effectiveness
with reference to the 2D perching.



To develop an appropriate robust control strategy to achieve the 3D perching of
a conventional aircraft under uncertain dynamic stall behavior with
understanding of the dynamic phenomena involved.
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The scope of the proposed research is restricted to the conventional, fixed-wing
aircraft with (T/W)max < 1. The simplicity of the configuration allows for
fundamental and convenient observations concerning the dynamics of 3D perching
to be made before other unconventional advanced features can be considered. In view
of the challenges that the 6-DOF flight scheme offers, the mentioned simplification
to the aircraft model would promote more in-depth analysis. As described, the 3D
perching maneuver involves operating at high angles of attack and large sideslip
angles. However, to date, there is not much data provided on aerodynamic
coefficients at high angles of attack and sideslip angles. Furthermore, the
aerodynamic behavior of flow during the transition to angles higher than 90 degrees
has not been fully fathomed. Hence, in this research, the perching maneuver is
limited to the angles of attack of no more than 90 degrees. In addition, the effects of
wind gusts and asymmetric flows that include the influence of the spanwise
development of the flow’s boundary layer are excluded in the dynamics framework
to minimize the computational overheads.
The research features a novel approach for expanding the functionalities of an aircraft
by allowing it to perform aggressive-unconventional 3D perching maneuver through
the use of proper control techniques. Specifically, the research contributes to the
advancement of the flight dynamics and control field in the following aspects:


Improvement to the generic 2D perching maneuver in accomplishing more
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possibilities of mission objective and certain performance parameters such as the
lateral/longitudinal deviations and the perching distances by introducing the
unprecedented 3D variant of the perching trajectories.


Analytical approach to aerodynamic modeling of 3D perching maneuver under
the influence of dynamic stall delay that is computationally less expensive yet
able to demonstrate the essence and qualitative behavior of perching.



6-DOF optimization procedure to generate extreme 3D maneuvering trajectories.
Optimization framework includes the integration of three internal variables to
address variations in flow state. Optimal sideslip perching trajectory state
solutions are used in a simulation framework to conclude that there is a
significant discrepancy in trajectories in the absence of the dynamic stall, as
opposed to the counterpart trajectories inclusive of this phenomenon.



Development of adaptive exponential sliding mode control strategy for
controlling the unsteady flight maneuver taking into account the aircraft’s
constraints, modeling uncertainties and the flight conditions. The control
technique guarantees the contraction of the perturbed states to the optimal
maneuver and ensures landing within proximity of the target location.

1.4 Chapter Organization
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This dissertation consists of seven chapters that are outlined as follows:


Chapter 1 elaborates on the introductory material includes background and
definitions of certain terminologies in perching study. Objectives, scope and
contributions are also briefly described in this chapter.



Chapter 2 features a brief literature survey on related perching work and a
highlight on research challenges.



Chapter 3 presents analytical approach for the aerodynamic modeling of the UAV
model and the formulation of the optimization framework for perching
maneuvers.



Chapter 4 discusses the results of the optimization procedure in which the
dynamics of the sideslip perching maneuver will be described. The significance
of the dynamic stall influence on the perching trajectory is also examined.



Chapter 5 describes the different drag mechanisms employed in 2D and 3D
perching maneuver. A comparative study on the performance of both perching
techniques is presented.



Chapter 6 delineates the contraction analysis as an approach for identifying the
state variables that are required to be tracked in order to achieve stability in the
perching optimal solutions.

Formulation of the sliding control strategy is
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presented and its performance in the sideslip perching maneuver is analyzed.


Chapter 7 briefly describes other variants of 3D perching trajectories.



Chapter 8 completes the dissertation with a section on conclusions and future
work for the progress of the 3D perching topic.

Chapter 2
Literature Review
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2.1 Background
Perching study is a multi-disciplinary field and its successful realization requires the
collaboration of various fields such as dynamics and control, materials and structures
and aerodynamics. Although the study of perching is still in its infancy stages,
perching research as reported in the published works can presently be categorized
into 3 classifications, namely, perching simulations, perching experiments and perchlanding mechanisms. In the category of perching simulations, the main coverage of
these research papers involves trajectory generation through optimization schemes,
dynamic analyses and control formulation for perching in a theoretical domain. In
the category of perching experiments, researchers carried out demonstrations of
aircrafts performing the perching maneuver under real-time control implementations.
These aircrafts consist of a myriad of designs that range from the conventional fixedwing configuration to a sophisticated bird-like design. In the research of perching
mechanisms, studies are focused on developing hardware devices that allow the UAV
to grasp on the target landing surface.

2.2 Related Work
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Notable pioneers in the category of perching simulations, Wickenheiser and Garcia,
have described the longitudinal dynamics for perching of a modified Aerial
Regional-Scale Environmental Survey (ARES) Mars scout craft that utilizes the
separation-induced pressure drag from its wing-fuselage as the main deceleration
mechanism [2, 5]. The unconventional morphing aircraft is able to pitch the body up
to a high angle-of-attack and simultaneously rotate its variable-incidence wing back
down into the traditional envelope of attached airflow through additional degrees of
actuation in its unconventional rotatable wing, tail boom and horizontal stabilizer (as
shown in Figure 5 and 6). Similarly, the tail is also rotated down and out of the
unsteady wake of the body in order to ensure attached flow. Although this adept
mechanism maintains control authority in its ailerons and elevator, a redesign of the
vehicle is required. With only a portion of the vehicle contributing to pressure drag,
the performance of the aircraft is compromised as pressure drag is vital for the
velocity reduction.
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Figure 5: Morphing UAV through rotations of A) the variable-incidence wing, B)
tail boom, and C) horizontal stabilizer [2]

Figure 6: Control authority achieved due to presence of attached flow (dashed) [2]

An optimization procedure is formulated with the objective to minimize either the
horizontal perching distance or the undershoot, in which the latter is deemed as a
higher priority and became the underlying motivation in the formulation of a doublephase (dive and climb phase) optimization procedure. The climb phase is first solved
with the goal of minimizing the undershoot by establishing altitude gain as its cost
function. The result yields an optimal climb trajectory whose starting state condition
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specifies the terminal condition of the subsequent dive phase optimization scheme.
The objective of the secondary optimization is to minimize the distance for the
perching maneuver. The initial condition for the second optimization is a trimmed
cruise-flight condition. Vehicle parameters such as thrust-to-weight ratio and center
of gravity position are studied to analyze their influence on the perching maneuver.
An unstable aircraft is observed to produce a shorter perching trajectory distance. It
can be deduced that high pitch maneuverability requirement in perching favors an
unstable aircraft. Under the non-morphing configuration, higher maximum T/W ratio
impacts the performance of the perching by decreasing the undershoot and overall
perching distance substantially. In the case of morphing configuration, the
undershoot is further reduced due to the added pitching moment capability.
The subject of minimizing the perching undershoot has enthused Rao and Go to
investigate aircraft features, such as aerodynamic and thrust vectoring, for the
suppression of the perching undershoot in a generic 2D perching maneuver. A
trajectory optimization-based study is carried out on an 0.8 kilograms aircraft model
with a wingspan of 1 meter (Figure 7) [11]. Through four permutations of the
aerodynamic and thrust vectoring features, the least minimum undershoot is achieved
with uncoupled aerodynamic and thrust vectoring as shown in Figure 8, in which the
term ‘uncoupled’ suggests that both features are allowed to vary independently.
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Figure 7: Aircraft modified with aerodynamic vectoring and thrust vectoring
capability [11]

Figure 8: Perching trajectories for different combinations of vectoring feature [11]

The perching undershoot minimization is further investigated by studying the
optimization approach for generating the perching trajectories [9]. Using the
unmodified version of the conventional fixed-wing aircraft in Figure 5, a
comparative study on the single-phase and double-phase formulations is carried out,
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with the latter alluding to the optimization approach of Wickenheiser and Garcia
using similar boundary conditions. The results indicate the superiority of the singlephase formulation based on the minimization of the trajectory length and the
perching undershoot. Based on the single-phase optimization framework and the
same aircraft model, a parametric study is carried out to identify key parameters that
minimize the undershoot [10]. It is found that high aspect ratio, high maximum T/W
ratio and low zero-lift drag coefficient reduce the undershoot and trajectory length to
a certain point before the stagnation of their effect occurs. It is also revealed that the
optimal center of gravity location and wing sweep angle exist for minimizing the
undershoot. Stability analysis of the optimal perching trajectories in Ref. [9],
performed using contraction analysis, shows that these trajectories are not stable. To
address the vulnerability to initial state and spatial perturbations, Rao and Go devised
a sliding mode control technique that successfully tracks the reference trajectory
within the duration of the maneuver. However, the robustness of the controller in
response to state perturbations during the perching maneuver is not investigated. The
controller response to initial perturbations only validates its effectiveness in the prestall regime. The performance of the controller in the post-stall regime requires
further validation that may dictated the need for a more powerful reaching law in
addressing the disturbances in this regime.
To cope with the nonlinearity in the post-stall flow regimes and the limited control
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authority associated with it, Moore and Tedrake proposed a feedback controller for a
simple glider. The controller is based on the concept of Linear Quadratic Regulator
(LQR)-Trees, which generates a family of neighboring optimal alternative
trajectories computed offline [15]. Time varying LQR design is used to locally
stabilize the optimal trajectories generated by Snopt optimization software via direct
collocation method. Subsequently, by using the S-parameterization technique, the
time-varying Lyapunov functions are computed to identify the region of initial
conditions around the reference trajectory in which the perching trajectories can still
reach the target within some tolerance. The visual presentation of the region for the
overall perching maneuver interestingly resembles a funnel that depicts the region of
attraction to optimal trajectory. To extend the coverage of the initial conditions,
random samples from the set of initial conditions are examined to see where they lie
in the verified region. When a particular initial condition does not lie in the verified
region, a new optimal trajectory will be generated, its corresponding funnel
computed and added to the Tree. This process is repeated until the required coverage
is achieved. The depiction of the resulting LQR-Trees is shown in Figure 9 and 10.
Although the LQR-Tree controller ensures contraction of the trajectories over a range
of initial flight conditions, the control technique presented does not cater to handling
disturbances and model inaccuracies during perching. This proves to be a setback as
uncertainties in the aerodynamic modeling is inevitable and robustness to
disturbances such as wind gust is crucial for outdoor implementation of the perching
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maneuver.

Figure 9: LQR-Tree spatial coverage involving a number of funnels (Note that
trajectory begins from the right and ends on the left) [15]

Figure 10: LQR-Tree velocity coverage involving a number of funnels [15]

The idea of developing a control strategy around the use of a nominal trajectory such
as the LQR-Tree controller is commonly preferred as online generation of optimal
trajectories is computationally intensive and infeasible for real-time applications. A
similar approach, known as neighboring optimal control, is investigated by Regisford
and Parry [16]. A nominal trajectory, hereby referred to as primary trajectory, is first

26

generated using a MATLAB-based software named DIDO that converts the twopoint boundary problem to an optimal control problem to be solved. It is known that
by using the same cost function for the optimal control problem, several secondary
optimal trajectories subject to different initial conditions can be computed. The
controller’s strategy is to treat the different initial conditions as perturbations from
the initial conditions of the primary trajectory. Next, by individually comparing with
the secondary trajectories, the difference in the control input is assumed to be a linear
function of the difference in the states between the primary and a particular secondary
trajectory. Hence, a system of linear equations that encompass all the linear equations
of all neighboring trajectories can obtained for each discretization point along the
perching trajectory. For each point, the coefficients of the state differences in the
system of linear equations are solved by the least squares fit. Having obtained all the
coefficients, the control solution for the neighboring trajectory can therefore be
obtained by combining the nominal control with the known difference in the control
input. Although the concept proposed is promising, the control approach failed to
produce an acceptable trajectory. One possible reason is that by assuming a linear
function in the control derivation, the method might overlook critical control
responses given by the nonlinearities in the system. This further suggests that
perching is highly sensitive to state perturbations especially due to its high turn rates.
Choe and Hovakimyan delved into the concern of handling disturbances and
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uncertainties in perching. A closed-loop control augmentation system is developed
to improve the system’s robustness [17]. Based on a biomimetic micro aerial vehicle
(MAV), the reference state and control histories of the perching maneuver are firstly
generated through the use of DIDO optimization scheme. An ℒ1 adaptive controller
is then implemented to augment the open-loop control inputs with the feedback of
the optimal state trajectories. Fast estimation scheme (FES) in the controller provides
estimates of the uncertainties inherent in the plant through an adaptation process that
uses both the state error 𝑒̂ (𝑡) between the actual and predicted system states and the
state error 𝑒(𝑡) between the reference and the actual sates as inputs to the FES. Based
on the uncertainty estimates, the ℒ1 adaptive control law generates the additional
control to be combined with the nominal control to ensure accurate tracking of the
reference trajectory in the presences of uncertainties. As shown in Figure 11, the
flight control system proposed improves the tracking performance reasonably, when
tested in the presence of uncertainties such as time-delay in the state feedback,
erroneous control commands and variation in the aerodynamic stability derivatives.
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Figure 11: Comparison of perching trajectories using baseline controller (left) and
augmented ℒ1 adaptive controller (right) in the presences of altitude and velocity
uncertainties [17]

In the category of perching experiments, Cory and Tedrake provide further
vindication of accomplishing a longitudinal perching maneuver of a 77 grams foam
glider through an aggressive high angle-of-attack application [6]. They presented an
approximate optimal feedback control design procedure for the perching problem.
The perching problem is formulated as an infinite-horizon optimal control problem
with full-state feedback that exploits a recurrence relation in its cost-to-go function.
They have first acquired an accurate aircraft aerodynamics model from the real
kinematic flight data taken from a Vicon MX motion capture system that consists of
16 cameras. As the glider enters the Vicon’s capture volume, the internal software
records the real-time tracking information of glider’s orientation, position and
elevator deflection through the infra-red light sensing of the reflective markers
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attached to the glider. The information is then relayed to a MATLAB software
operated by a computer that acts as the ground control station. The subsequent
elevator control signal required is computed by the ground control station and sent
back to the glider’s receiver via a radio transmitter. Their experimental results
demonstrate the success of the control scheme used to guide the simple glider in a
high-speed perching maneuver, as shown in Figure 12. Instantaneous aerodynamic
coefficients computed, based on the data collected from 240 flight trials, exhibited
two interesting observations. Firstly, averaged aerodynamic coefficients agree well
with that of flat plate aerodynamic model and the time-varying nature of the
coefficients at high angles of attack.

This justifies that a flat plate theory

approximation for estimating the aerodynamic coefficients at high angles of attack is
sufficient and would simplify aerodynamic computations. The second observation is
that the time-varying behaviour of the aerodynamic coefficients at high angles of
attack implies the influence of the dynamic stall due to varying pitch rates. This
suggests that a mathematical model of the influence of dynamic stall needs to be
utilized to augment the aerodynamic flat-plate model.
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Figure 12: The perching task. This trajectory of the glider illustrated here is
actually derived from real flight data of a successful perch. [6]

The use of advanced design features on an aircraft, such as morphing wing, variable
incidence wing, bird-like planform and variable dihedral wing to mimic the natural
mechanisms in birds, has been studied, at least at the simulation level. Robertson and
Riech have designed perching experiments dedicated to testing of several controllers
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that include PID, dynamic inversion and fuzzy logic to perch the unpowered
Dreamflight Alula glider based on reference 2D trajectories [9]. Elevator deflection
commands are passed on to the glider to track the reference trajectory. The
experiment is carried out in the Air Force's Micro Air Vehicle Integration and
Application Research Institute ( 𝜇 AVIARI) indoor flight laboratory. A catapult
launcher is used to launch the bio-mimetic remote controlled aircraft into the Vicon
motion capture volume where 60 cameras are present to record the position and
orientation states of the aircraft. The simple PID controller is observed to work fairly
well with at least 70% of the trajectories successfully landing within a 1-foot square
vicinity of the target. Several factors have been identified to increase perching
success in experiments that includes velocity drainage mechanics based on trajectory
shapes and addition of a propeller to facilitate the climb phase. The experiment also
highlighted that variations in the initial conditions have a significant impact on the
success of the perching maneuver.
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Figure 13: MAV articulated wing (top) hand-deployed to perch successfully on a
human hand [7]

The implementation of the variable dihedral wing in a control of perching maneuver
has been experimentally justified by Paranjape et al [7, 8]. The 44 grams MAV, as
shown in Figure 13, is designed without the vertical tail but features a flexible
articulated wing that can independently control the wing’s dihedral configuration.
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The independent dihedral actuation in the wing when varied symmetrically is used
for longitudinal control and control the velocity of the aircraft. This is possible as the
effect of inward vectoring of lift is independent of aerodynamic angles and flight
path angle. It also provides an unconventional technique for yaw control by varying
the dihedral wing asymmetrically to differentiate the lift and generate a net yawing
moment. Spatial guidance laws for desired motion in the lateral (dictated by heading
angle and lateral deviation) and longitudinal domain (dictated by flight path angle
and vertical displacement) are developed separately. Simple PID controllers, that
take advantage of a systematic gain tuning procedure, are then utilized to ensure
convergence of desired flight path angle and heading angle. In Vicon motion-capture
system comprising of 16 cameras, experiments are carried out by hand-deploying the
MAV at a height of approximately 2.5 meters. The perching maneuver ends with the
MAV successfully perching on a human hand, and lasts for about 1.5 seconds. Upon
landing, the MAV is observed to undergo rapid pitching-up motion with maximum
elevator deflection applied. The author utilizes a novel approach of perching control
based on guidance laws of flight path angle without tracking or generating a desired
perching trajectory. The time to pitch up the MAV is still determined through
perching simulations that are carried out to identify the point to pitch-up the MAV
based on factors such as perching distance, final velocity and initial velocity.
Robustness of the controller is not investigated.
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Perching studies described hitherto have mainly focussed on employing appropriate
open and closed loop control techniques based on the respective understanding of
perching dynamics to bring the aircraft to the target. However, guiding the aircraft to
the target is not sufficient in the context of practical application of perching as perchlanding mechanisms are required to ensure the UAV hold on to the landing point
stably. Although the subject of hardware perching mechanisms are beyond the scope
of this dissertation, a brief overview on the studies of perching mechanisms is
included to provide a holistic perspective on the feasibility of perching maneuver.
Anderson et al. have proposed many innovative concepts for perching UAVs [18].
One promising concept is the Sticky-Pad Plane. It involves the use of an adhesive,
known as rat glue, that enables the prototype MAV to perch or stick onto any vertical
surface in an urban landscape as shown in Figure 14. Its perch state involves the
aircraft being suspended on a perching line that is attached to the Sticky-Pad stuck
on the wall. The MAV can conduct ISR without consuming fuel for flight, increasing
the MAV’s endurance. When take-off is required, the Sticky-Pad's inbuilt razor
mechanism allows the perching line to be cut, detaching the aircraft from the vertical
surface. The MAV can subsequently be redeployed to resume its flight. Additionally,
multiple perch deployments are allowed though a Sticky-Pad puck dispenser system.
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Figure 14: Sticky-Pad Plane (right), Perching line (left,top) and razor mechanism
(left,bottom) [18]

Xie et.al have designed and fabricated a bio-inspired UAV leg-foot mechanism to
allow UAV to perform perch and take-off from surfaces that range from a flat ground
to a tree branch. The UAV is also able to carry out pick-up tasks and transport of
payload [19]. The aluminium device consists of a cable-driven (tendon-driven) leg
and a cable-driven underactuated 3-digit gripper, collectively designed to mimic the
lower limb anatomy of a bird (legs and claws), as seen in Figure 15 below. In the
study, the device is designed to be implemented with a quadcopter and intended to
provide passive and active grasping capabilities depending on the mission objectives
and power availability. Instead of using linkages, the gripper is designed based on a
number of pulleys that serve as joints and are connected through cables acting as
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tendons. Grasping test results show the device’s excellent capability of grasping
objects of varying dimensions, shapes and mass. The problem of achieving and
sustaining balance between the leg design and vehicle body is solved by
implementing a PID controller with DC motors to balance the body following the
case of an inverted pendulum.

Figure 15: Leg prototype and gripper prototype doing active grasping [19]

Thomas et.al. carried out successful demonstrations of an autonomous, high speed
aerial grasping using a quadcopter MAV, as depicted in Figure 16 [20]. The trajectory
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of the MAV, as illustrated in the figure 15, closely resembles that of an avian
predator’s trajectory towards scooping its prey. A nonlinear vision-based controller
is developed to track the optimal trajectory generated offline. The design of the
robotic claws and legs, inspired by the raptor’s legs, incorporates two servos; one
servo actuates the claw while the other servo serves to swing the leg section
backwards during payload grasping. This technique increases the time window to
execute grasping action. Although this work only covers the grasping feature, the
author mentioned that the perching task would be just a simple extension of current
study. The grasping mechanism would then be used to grip the perching target such
as a tree branch or a tight cable.

Figure 16: Grasping sequence of MAV at 3 m/s [20]

Desbians et.al. presented on the use of microspines as a mechanism to cling onto
vertical surfaces with high asperity such a brick wall for the perching maneuver [21,
22], as illustrated in Figure 17. Similar to the Sticky-Pad plane, the mechanism only
permits the perch-landing over vertical surfaces. The lightweight microspines
provide directional adhesion that can be used multiple times. To successfully engage
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the microspines to the wall, the aircraft should be in a predetermined region of
acceptable pitch angle orientation (between 60 to 105 degrees) and final velocity
(between 0 to 2.7 m/s) during touchdown. A range sensor on-board the aircraft
triggers an open-loop elevator deflection of 45 degrees to pitch up aircraft rapidly as
it detects the wall. As the aircraft pitches up, large separation drag from the high
angles of attack decelerates the velocity promptly. The remaining kinetic energy is
then absorbed by the aircraft’s suspension upon impact with the wall and at the same
time, assists in the engagement of the microspines. The shape of perching trajectory
for this scheme depends on the initial velocity. An upward translational trajectory can
be observed in Figure 18 for perching initiated at higher initial velocities. The ability
to resume normal flight is assured through a spine release actuator that pulls the spine
backwards to release the aircraft. However, this maneuver is more suitable for higher
powered aircrafts with (T/W)max of more than 1 to allow hover flight upon its release
and the transition of hover to cruise flight.
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Figure 17: Microspines clinging onto the wall [22]

Figure 18: Glider’s perching maneuver based on different initial velocities [21, 22]

2.3 Challenges in Three-Dimensional Perching
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The brief literature review of perching maneuver reveals the multi-disciplinary
enmeshment of academic research from fields such as biomechanics, biomimetics,
robotics, aerodynamics, dynamics and control. Therefore, a holistic approach of the
3D perching phenomenon becomes an arduous undertaking. This is compounded by
the fact that 3D perching is still in its infancy and involves the ambiguity of
computational and modeling demands. Furthermore, cumulative contribution of all
in-depth aspects of perching are required to eventually actualize consistency in
perching. As such, this dissertation primarily focuses on addressing the dynamics and
control of 3D perching. However, in the aforementioned context, a judicious
endeavor for progress in this study entails the adoption of requisite simplifications to
certain models of 3D perching while still incorporating its technical imperatives. This
is also to ensure that the usefulness of the research is preserved.
The literature examined in the field of dynamics so far reveals the glaring attribute
of undershoot which illustrates the heavy reliance of gravity in maximizing velocity
reduction during a 2D perch. This undershoot that precedes the final touchdown point
is therefore the focus of attention in most 2D optimization schemes whereby
solutions are directed towards diminishing this particular landing characteristic. The
research presented within this dissertation however aims to idealize the perching
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maneuver by eliminating the undesirable undershoot via adoption of a 3D
maneuvering technique, albeit to be comprehensively investigated. The maneuver
utilizes the aircraft’s rapid momentum shifts caused by sharp turning rates to leverage
drag generation on the lateral plane. Nevertheless, incorporating this additional
dimension to the perching motion brings into foray a whole new set of challenges
thereby raising the bar of difficulty for 3D perching computation. Firstly, the number
of state variables for consideration in a 3D perch doubles to 12 as opposed to 6 within
a generic 2D perch. This is due to the introduction of a 6-DOF flight model as the
aircraft now accesses a 3D mode of maneuver. Secondly, initial set of nonlinear
equations in the 2D flight model is compounded further by the inclusion of six other
nonlinear equations for 3D flight model. Moreover, mathematical operations
involving aerodynamic coefficients and derivatives are only expected to increase in
complication as part of computational efforts and analyses for 3D perching. Thirdly,
the integration of 3 internal state variables for the aerodynamic model further
increases the complexity of perching research. The number of state variables
therefore cumulatively sums to 15. Besides this, ailerons and rudder now undertake
an active role in an aircraft’s 3D perching motion as opposed to their dormancy
within 2D perching. Given 3D perching’s volatile dynamics and variations within its
pool of aerodynamic coefficients relative to angle of attack, the task of developing
and executing an optimization framework for a nonlinear system that now includes
15 state variables and 4 control inputs is unequivocally sophisticated.
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The unsteady flight profile with large turn rates in 3D perching makes the
development of control strategy a very challenging task. In the aspect of control,
perching study forces researchers out of their comfort zone as linear control methods
become less efficient in dealing with the nonlinear post-stall dynamics. Furthermore,
perching is relatively a short maneuver and hence offers a small window time period
for the controller to work with. The controller design has to be highly effective and
quick in stabilizing perturbations and tracking. In a 3D domain, the controller has to
deal with the demanding task of tracking a larger number of variables with more
sources of perturbations. Perching is a maneuver intended for precision target landing.
Therefore, on top of the small time window given, a high level of precision is also
required for a successful landing which makes control development in 3D domain
even more challenging. Most of the literature emphasize on dealing with variations
of initial conditions that have a large impact on the success of perching. Many control
schemes are proposed to address this problem but overlook the investigation of the
controller’s ability to handle state perturbations and model inaccuracies during the
course of perching. As the aircraft undergoes the trajectory, the time window for
control response decreases and the effect of control input diminishes due to its low
velocity and nonlinearity in the post-stall region. Some controllers proposed
unfortunately lack robust characteristics. As uncertainties in aerodynamic modeling
is unavoidable with respect to the chaotic behaviour of aerodynamic coefficients at
high angles of attack, the controller’s robustness becomes a necessary requirement.
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Hence, the dissertation serves to differentiate itself by undertaking the challenge of
devising a robust controller to address the above mentioned concerns in the 3D
domain.

Chapter 3
Optimization Formulation of Sideslip Perching
Maneuver
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3.1 Overview
The perching maneuver has been described as a specific trajectory in the spatial
domain undertaken by an aircraft for rapid deceleration and landing at a targeted
location. Essentially, it is a trajectory mapped out between two points which are the
perching initiation point and the landing point. Therefore, this provides a logical
justification to formulate the perching problem as a trajectory optimization problem
where appropriate cost functions can be appropriately defined depending on the
mission scenario. The initial point and end point can then be described as the
boundary conditions for the optimal problem. This chapter first presents the design
of the aircraft model which is acquired before the development of the optimization
framework. This is followed by a break down of the analytical approach adopted to
sufficiently model the aerodynamics of the aircraft in the perching context. The 6DOF nonlinear flight dynamics model considered for the optimization scheme and
perching simulation is also presented. Subsequently, the formulation of the
optimization procedure for 3D perching is delineated and would later it is show that
the optimization framework implemented is a trajectory generation tool to obtain
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other forms of perching maneuver. Optimization solutions in this chapter serves to
explore the nature of 3D perching maneuver and the open-loop control inputs needed
in order to achieve it.

3.2 Description of the UAV
A propeller driven UAV model with the conventional wing–tail configuration, as
shown in Figure 3 is considered in the simulation of the 3D perching maneuver. As
illustrated in Figure 19, the initial design of the aircraft is based on a conventional
Radio Controlled (RC) aircraft model called ‘Hummer’ that is commercially
available [23]. It has a vertically flat fuselage that is made of the lightweight EPP
foam. The flat plate fuselage design is essentially a peculiar design with respect to
existing UAV designs that function to accommodate some payload. The flat plate
fuselage is subsequently modified to a cylindrical shaped model, as depicted in
Figure 20, which is an apposite design in light of the test’s applicability to real-life
UAV operations. The UAV’s fuselage has an elliptical cross-section with a ratio
(major/minor axes) of 2.5. To maintain pragmatic relevance and fundamental
conceptualization, the model has deliberately been simplified and given precedence
before implementation of other unconventional advanced features such as
aerodynamic and thrust vectoring. The fuselage measures up to 0.322 meters in
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length. Its rectangular wing spans up to 0.417 meters long with an aspect ratio (AR)
of 5 and a mean aerodynamic chord of 0.0833 meters. The wing and the tail employ
the NACA0012 airfoil and are positioned along the fuselage reference line which
implies that α fuselage = α wing/elevator. The UAV selected is symmetrical about its
body z-axis. Hence, equations of motion derivation are simplified as the cross
product of inertia, 𝐼𝑥𝑦 and 𝐼𝑦𝑧 can be defined to be zero. The mass and geometric
parameters of the model are listed in Table 1 below.

Figure 19: Views of the initial aircraft model compared to ‘Hummer’ (at top, left
position [23])
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Figure 20: Views of final aircraft model

Table 1: Aircraft geometric parameters
Section

Notations

Descriptions

Dimensions

Units

Entire
Aircraft

𝑥𝑐𝑔

Center of gravity

0.0821

m

𝑚

Aircraft mass

0.0635

kg

𝐼𝑥𝑥

Moment of Inertia

0.00032715

kg m2

𝐼𝑦𝑦

Moment of Inertia

0.00049893

kg m2

𝐼𝑧𝑧

Moment of Inertia

0.00080268

kg m2

𝐼𝑥𝑧

Moment of Inertia

0.00001980

kg m2

𝑙𝑓

Length

0.322

m

𝑉𝑓

Volume

0.0002435

m

Fuselage
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Wing
(NACA0012)

𝑏𝑤

Span

0.41665

m

𝑐𝑤

Chord length

0.08333

m

𝑆𝑤

Wing Area

0.034719

m2

Tail
(NACA0012)

𝑐𝑡

Chord length

0.04666

m

𝑆𝑡

Tail Area

0.006686

m2

V Tail
(NACA0012)

𝑐𝑣

Chord length

0.05

m

𝑆𝑣

V.Tail Area

0.002750

m2

3.3 Aerodynamics
The approach to model the aerodynamics of the aircraft using empirical and
analytical methods is discussed in this section.

3.3.1 Background
Less than majority of perching work have not been assiduous in observance of
dynamic stall due to unsteady aerodynamics across their aerodynamic models. Such
effects are aggrandized when associated with perching and can be credited to the
enhanced degree of maneuverability. The aerodynamic coefficients under rapid
turning motions deviate from their static counterparts due to factors such as delayed
boundary layer separation owing to pitching motion.
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Theoretical studies such as in Refs. [24, 25] have explored the subject of unsteady
aerodynamics using indicial functions as their basis. While the approach by Tobak
and Schiff [24] is efficient, its integration into the aircraft’s ordinary differential
equations of motion is not convenient due to its use of incremental time-stepping
formulations that take the form of convolution integral. A state-space approach to
model unsteady airfoil behavior under attached flow conditions has been investigated
by Leishman and Nguyen [25]. Using Wagner’s function, the approach presented
serves to address the linearized aspects of unsteady airfoil behavior that considers
only the vortex wake time-lag effects. Its formulation of effective angle of attack to
determine unsteady force and moment coefficients is more suited for operation in the
linear region and also, does not capture the behavior of dynamic stall. Furthermore,
Wagner’s function deals with the variation of lift about an airfoil at a small fixed
angle of attack as an impulsive motion accelerates it from rest to uniform velocity
[26]. The small angle condition in Wagner’s function presumably renders the model
to be debatable for perching maneuvers at high angles of attack whereby resultant
dynamic properties such as boundary layer convection lag, moving separation point
effect and Von Karman wake shedding emerge from separated flow.
Robertson and Reich worked on a 3D Vortex Particle (Vorton) Method that is able
to measurably capture the time-variant aerodynamics of a finite wing undergoing
stall akin to the perching maneuver, that include wake effects and bluff body wake
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shedding [27]. The wing and the wake are modeled as a set of vortex particles that
induce velocity and torque to one another to formulate the flow. The numerical
method is in good compliance with the size and rotation of vortices of an impulsively
started flat plate in a water tunnel test and for approximating the separation time and
flow of a SD7003 airfoil undergoing a ramp and hold to 45° [28]. The vortex
shedding frequency can also be decently approximated by the Vorton Method.
However, there is a significant disagreement when it comes to modeling the lift
coefficients during shedding. Although the simulation has incorporated the presence
of vortex shedding fluctuations in the model, the significant difference between the
model’s drag and lift coefficients in relation to their experimental counterparts is still
a deterrent towards achieving a trajectory with improved fidelity. The numerical
instabilities and strenuous numerical computations involved in the Vorton Method,
albeit faster than CFD simulations, negate its efficiency as a repeatable model in
time-intensive optimization schemes of complex 3D perching maneuvers.
Furthermore, the impact of the vortex shedding should be minimal at very low speeds
during the deep-stalled phase of perching and thus, does not merit the laborious
computations. Also, these fluctuations are relatively not noticeable during the ramp
phase of the SD7003 airfoil as compared to the hold phase at 45 degrees. Since the
angle of attack profile in perching maneuver represents more like a ramp phase at
high angles of attack, these fluctuations can certainly be handled by a robust
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controller. Computational speed is of paramount importance in the scenario of flight
control and optimization. Hence, an analytical model is required that is less
computationally expensive and yet able to demonstrate the essence and qualitative
behavior of perching by incorporating the essential unsteady aerodynamic
characteristics.
Leishman and Boddoes have developed a comprehensive semi-empirical method
encompassing developments from their previous studies, to determine unsteady loads
of an airfoil undergoing dynamic stall [29]. This rigorous approach provides fairly
satisfactory predictions of unsteady aerodynamic characteristics of an oscillating
NACA23015 airfoil and can be implemented conveniently since it uses relatively
few empirical coefficients. Another expedient methodology which is developed by
Goman and Khrabrov [30] and also espoused by several authors in Refs. [2, 31]
suggests a first order lag model that can successfully capture the unsteady
aerodynamic forces and moments at high angles of attack, including the associated
time delays, and also retains the state-space representation of aircraft dynamics.
Reich et al. have substantiated the aerodynamic model’s capability in incorporating
these unsteady effects with a series of wind-tunnel tests involving transition wing
motions under different flow conditions [31]. This model has also been validated
with experimental data of NACA0015 airfoil ramp motions with different pitch rates
in Ref. [30].
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Perching’s high kinematic turning rates involve high rates of change in angle of
attack, which is a precursor to the increased effect of moving separation point on the
transient post-stall behaviour. Hence, this model is dually inter-dependent upon
kinematic turning rates of the UAV and location of flow separation. Although the
model does not account for any shedding fluctuations, the chaotic nature of these
fluctuations could perhaps be dealt as disturbances that can be overcome by a welldesigned robust controller. The analytical model is adopted in this paper for both the
longitudinal and lateral plane of the aircraft’s flight model. In the pursuit to explore
other variants of 3D perching trajectories for its application to different scenarios,
the aerodynamic model developed using empirical and analytical methods are
integrated into the dynamic nonlinear optimization procedure of the 3D perching
maneuver.

3.3.2 Aerodynamic Model
Due to the sophisticated nature of CFD methods which are time-consuming and
costly in their operations, they are uncongenial to extreme, rapid maneuvers such as
perching. Therefore, analytical methods that are fast and sufficiently accurate are
required to include the post-stall aerodynamic characteristics into the flight dynamics
model of the UAV. A mathematical model presented by Goman and Khrabrov [30]
suggests that the instantaneous position of the separation point should be taken as a
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non-dimensional internal state variable, 𝑥̅ ∈ [0,1]. Depending on this variable, the
aerodynamic forces and moments of a rapidly moving airfoil can either undershoot
or overshoot the coefficients of the static case. This is because at high angles of
attack, the mechanics of aerodynamic volatility at the airfoil can be categorized into
two exclusive events. The first event deals with quasi-steady aerodynamic effects
that impact the flow detachment conditions. As a result, the effect of the resultant
moving separation point effect becomes increasingly significant especially in a
perching denominated context of separated flow. The subsequent periodic lag is
correspondingly affected by the transient angle of attack. The event description finds
a mathematical expression in the form of 𝑥̅ 𝑜 (𝛼 − 𝜏2 𝛼̇ ); a domain shift where 𝑥̅ 𝑜 (𝛼)
is the position for separation point on the variation of angle of attack and 𝜏2 defines
the total time delay in flow separation and its reattachment. The second event
correlates the displacement of the moving separation point in the absence of angle of
attack variance due to any source that disturbs the steady separated flow. This
transient aerodynamic effect leads to the first order differential equation with a
relaxation time constant 𝜏1 as follows:

𝜏1

𝑑𝑥̅
+ 𝑥̅ = 𝑥̅𝑜 (𝛼 − 𝜏2 𝛼̇ )
𝑑𝑡

(1)

Both time constants 𝜏1 and 𝜏2 are proportional to the characteristic time scale
(𝑐𝑤 /2)⁄(𝑠𝑞𝑟𝑡(𝑢2 + 𝑤 2 )) [31]. As displayed in Figure 21, the 𝑥̅𝑜 parameter here

54

indicates the static flow separation point of the NACA0012 airfoil, as depicted by
the solid line in Figure 21, while the 𝑥̅ parameter is representative of the
instantaneous separation point subjected to dynamic stall, where 𝑥̅ = 1 corresponds
to fully attached flow and 𝑥̅ = 0 refers to fully separated flow. However, any
intermediary value between 0 and 1 implies a mix of attached flow and separated
flow known as a partially separated flow. The dashed lines illustrate the effect of an
argument shift by 𝛼̇ on the momentary separation point 𝑥̅ through the horizontal
displacement of the static separation 𝑥̅𝑜 curve. This denotes that a positive 𝛼̇ delays
the flow separation and vice versa.

1
static
0.8

𝛼̇ <<
α
̇ 00
𝛼̇ >>
α
̇ 00

Separation parameter
𝒙
0.6

0.4

0.2

0
-100

-50

0
Angle of attack, deg

50

100

Figure 21: Airfoil separation point profile at varying rates of change of angle of
attack
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The non-dimensional internal state variable, 𝑥̅ , can thus be viewed as a mixing
parameter, as quoted in [2], to describe the force contributions via additive effects of
attached flow and separated flow. As follows, the effective force and moment
coefficients at any angle of attack can be expressed using the Eq. (2) below:

𝐶𝐹 (𝛼, 𝛼̇ ) = 𝐶𝐹,𝑎𝑡𝑡 (𝛼) ⋅ 𝑥̅ (𝛼, 𝛼̇ ) + 𝐶𝐹,𝑠𝑒𝑝 (𝛼) ⋅ (1 − 𝑥̅ (𝛼, 𝛼̇ ))

(2)

Although the 𝑥̅𝑜 parameter can be determined experimentally through appropriate
identification methods, a reciprocal approach to obtain the 𝑥̅𝑜 (𝛼) profile can be used,
given the nonlinear 𝐶𝐿 (𝛼) profile for the orthogonal range of angle of attack is
known [32]. Therefore, the initial step in establishing the aerodynamic model of the
UAV is to obtain the nonlinear static aerodynamic coefficient profiles. Lift and drag
coefficients of NACA0012 airfoil for the cruising state Reynolds number prior to
stall are retrieved from the wind tunnel data collated by Sheldahl and Klimas [33].
Finite wing corrections are then performed on the pre-stall data. A methodology
suggested by Duquette [34] is used to compute the aerodynamic coefficients for the
post stall region which is in good agreement with experimental results according to
Viterna and Corrigan [35]. The Eqs. (3) to (8) from Viterna and Corrigan’s model to
calculate the post-stall aerodynamic coefficients are as follows:

𝐴1 =

𝐶𝐷,𝑚𝑎𝑥
2

(3)
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𝑠𝑖𝑛 𝛼𝑠𝑡𝑎𝑙𝑙
𝐴2 = (𝐶𝐿,𝑠𝑡𝑎𝑙𝑙 − 𝐶𝐷,𝑚𝑎𝑥 𝑠𝑖𝑛 𝛼𝑠𝑡𝑎𝑙𝑙 𝑐𝑜𝑠 𝛼𝑠𝑡𝑎𝑙𝑙 )
𝑐𝑜𝑠 2 𝛼𝑠𝑡𝑎𝑙𝑙
𝐶𝐿 = 𝐴1 𝑠𝑖𝑛(2𝛼) + 𝐴2

𝑐𝑜𝑠 2 𝛼
𝑠𝑖𝑛 𝛼

𝐵1 = 𝐶𝐷,𝑚𝑎𝑥
𝐵2 =

𝐶𝐷,𝑠𝑡𝑎𝑙𝑙 − 𝐶𝐷,𝑚𝑎𝑥 𝑠𝑖𝑛2 𝛼𝑠𝑡𝑎𝑙𝑙
𝑐𝑜𝑠 𝛼𝑠𝑡𝑎𝑙𝑙

𝐶𝐷 = 𝐵1 𝑠𝑖𝑛2 𝛼 + 𝐵2 𝑐𝑜𝑠 𝛼

(4)
(5)
(6)
(7)
(8)

These coefficients are then extrapolated from pre-stall data by a curve fitting method
to form the overall aerodynamic coefficient curve for angles of attack of 0 to 90
degrees, as depicted in Figure 22. The next step is to approximate 𝐶𝐿,𝑎𝑡𝑡 & 𝐶𝐿,𝑠𝑒𝑝
plots by curve-matching them against the computed overall nonlinear lift coefficient
profile as shown in Figure 22. As understood, 𝐶𝐿,𝑎𝑡𝑡 is a linear curve while 𝐶𝐿,𝑠𝑒𝑝
curve can be expressed as 𝐵sin(2𝛼) based on reasonable flat plate assumptions since
lift coefficients at high angles of attack behave independently of airfoil geometry and
akin to that of a flat plate. Subsequently, 𝑥̅𝑜 values can be derived through
interpolation or by solving.
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Figure 22: Static nonlinear lift coefficient of wing based on attached and separated
flow models
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Figure 23: Nonlinear lift coefficient variation under dynamic stall.

58

The effect of 𝛼̇ on lift coefficient for NACA0012 airfoil is distinctly discernible in
Figure 23. A positive correlation is established between 𝛼̇ and the stall lift
coefficient, which accounts for the lift coefficient’s higher magnitudes when 𝛼̇ is
greater than 0 and vice-versa for negative values of 𝛼̇ . The former experiences a
greater time-lapse preceding flow separation, thus enabling higher stall lift
coefficient while the latter’s effect is conducive for flow separation which lowers the
stall lift coefficient. Therefore, the influence of dynamic stall effects on overall
perching trajectory cannot be under-estimated and demands attention for an
inquisitive study on this subject. The same approach is applied to the elevator where
effect of downwash is not considered. Propeller slipstream effects on downstream
surfaces such wing, fuselage and tail are neglected to simplify the computational
effort substantially.
Deriving from this phenomenon, a similar framework can be conceptualized where
unsteady aerodynamic coefficients are modeled for both the horizontal stabilizer and
vertical tail. The mathematical formulae for the vertical tail is referenced on the
lateral plane. The parameter of momentary flow separation at the vertical tail, 𝑥̅ 𝑣 is
mathematically expressed in Eq. (9).

𝜏5

𝑑𝑥̅𝑣
+ 𝑥̅𝑣 = 𝑥̅𝑣 𝑜 (𝛽𝑎 − 𝜏6 𝛽𝑎̇ )
𝑑𝑡
𝑣

𝛽𝑎 = 𝑡𝑎𝑛−1 𝑢

(9)
(10)
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Both time constants 𝜏5 and 𝜏6 for the vertical tail are proportional to the
characteristic time scale (𝑐𝑣 /2)⁄(𝑠𝑞𝑟𝑡(𝑢2 + 𝑣 2 )). It should be understood that 𝛽𝑎
in Eq. (9) does not correspond to the formulae 𝛽 = sin−1 𝑣⁄𝑉 , except that they are
equivalent when the angle of attack is zero. The analytical beta 𝛽𝑎 has been derived
for maintaining mathematical precision of the aerodynamic force relative to the
lateral plane. This also serves the dual purpose of enabling efficient computation of
aerodynamic forces and moments generated from the vertical tail configuration,
which can be integrated thereafter into the aircraft’s body axes coordinate system.
For example, the aerodynamic coefficients in the lateral plane generated by the
vertical tail can be calculated using Eqs. (11) and (12). Side force coefficients can be
acquired by vectoring the forces into UAV’s body axes components using Eq. (13).
This method is also utilized to perform the calculation of yawing and rolling
moments produced by the vertical tail. Crossflow interaction between the flows in
the longitudinal and lateral plane are not considered for this study.

𝐶𝐿 𝑣 (𝛽𝑎 , 𝛽𝑎̇ ) =

𝑆𝑣
(𝛽 ) ⋅ 𝑥̅𝑣 (𝛽𝑎 , 𝛽𝑎̇ ) + 𝐶𝐿,𝑠𝑒𝑝 (𝛽𝑎 )
(𝐶
𝑣
𝑆 𝐿,𝑎𝑡𝑡 𝑣 𝑎

(11)

⋅ (1 − 𝑥̅𝑣 (𝛽𝑎 , 𝛽𝑎̇ )))
𝐶𝐷 𝑣 (𝛽𝑎 , 𝛽𝑎̇ ) =

𝑆𝑣
(𝛽 ) ⋅ 𝑥̅𝑣 (𝛽𝑎 , 𝛽𝑎̇ ) + 𝐶𝐷,𝑠𝑒𝑝 (𝛽𝑎 )
(𝐶
𝑣
𝑆 𝐷,𝑎𝑡𝑡 𝑣 𝑎
⋅ (1 − 𝑥̅𝑣 (𝛽𝑎 , 𝛽𝑎̇ )))

(12)
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(13)

𝐶𝑌 𝑣 = −(𝐶𝐿 𝑣 𝑐𝑜𝑠𝛽𝑎 + 𝐶𝐷 𝑣 𝑠𝑖𝑛𝛽𝑎 )

Jorgensen [36] recommended Eqs. (14) to (16) for the calculation of the normal force
𝐶𝑛 , axial force 𝐶𝑎 and pitching moment 𝐶𝑀 coefficients of a slender body, as shown
in Figure 24, which has a relatively constant elliptical cross-section shape. Valid for
angles of attack between 0 to 90 degrees, the equations are expressed as follows:

𝐶𝑛 =

𝐴𝑏
𝛼 𝐶𝑛
𝑠𝑖𝑛2𝛼 𝑐𝑜𝑠 (
)
𝑆
2 𝐶𝑛 𝑜

+ 𝜂𝐶𝑑 𝜂

𝑆𝐵

𝐴𝑝
𝐶𝑛
𝑠𝑖𝑛2 𝛼 (
)
𝑆
𝐶𝑛 𝑜

(14)

𝑁𝑒𝑤𝑡

𝐶𝑎 = −𝐶𝑎 𝑜 𝑐𝑜𝑠 2 𝛼

(15)

𝑉𝑓 − 𝐴𝑏 (𝑙𝑓 − 𝑥𝑐𝑔 )
𝛼 𝐶𝑚
𝐶𝑀 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 = (
) 𝑠𝑖𝑛2𝛼 𝑐𝑜𝑠 (
)
𝑆 ⋅ 𝑐𝑤
2 𝐶𝑚 𝑜

𝑆𝐵

+ 𝜂𝐶𝑑 𝑛

(16)

𝐴𝑝 𝑥𝑐𝑔 − 𝑥𝑐
𝐶𝑚
(
) 𝑠𝑖𝑛2 𝛼 (
)
𝑆
𝑐𝑤
𝐶𝑚 𝑜

𝑁𝑒𝑤𝑡

where (𝐶𝑛 ⁄𝐶𝑛 𝑜 )

𝑆𝐵

= (𝐶𝑚 ⁄𝐶𝑚 𝑜 )

𝑆𝐵

and (𝐶𝑛 ⁄𝐶𝑛 𝑜 )

𝑁𝑒𝑤𝑡

= (𝐶𝑚 ⁄𝐶𝑚 𝑜 )

𝑁𝑒𝑤𝑡

for a

constant cross-section fuselage. Subscript SB refers to the slender-body theory while
subscript Newt refers to the Newtonian impact theory.
𝐶𝑛 ⁄𝐶𝑛 𝑜 and 𝐶𝑚 ⁄𝐶𝑚 𝑜 are the ratio of the normal-force coefficient and pitching
moment coefficient for a noncircular cross-section fuselage to that of a circular crosssection fuselage, respectively. For the longitudinal plane, (𝐶𝑛 ⁄𝐶𝑛 𝑜 )
(𝐶𝑛 ⁄𝐶𝑛 𝑜 )

Newt

SB

=

= 0.4 where the values are obtained from plots published in Ref.
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[36]. Through the same approach, calculations of the lateral plane coefficients such
as CY fuselage and CN fuselage , can be carried out based on 𝛽𝑎 angle and 𝑏 as the
reference length. For the lateral plane, (𝐶𝑌 ⁄𝐶𝑌 𝑜 )

SB

= 2.5 and (𝐶𝑌 ⁄𝐶𝑌 𝑜 )

Newt

= 2.1.

Coefficients 𝐶𝑌 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 and 𝐶𝑁 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 are plotted as a function of sideslip 𝛽𝑎 angle
in Figure 25.

𝐶𝑚

𝑥𝑐𝑔
𝐶𝑛

𝐶𝑎

𝑥𝑐
𝑙𝑓

𝛼

Figure 24: Force and moment breakdown of the elliptical cross-section fuselage in
longitudinal plane
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Figure 25: Side force and yaw moment coefficient of fuselage as function of
sideslip angle.

3.4 Equations of Motion
The perching maneuver in this paper adopts a six-degree-of-freedom (DOF) model
with dynamic stability considerations based on local aircraft body coordinates.
Effects of wind gusts and asymmetric flows that include the influence of spanwise
development of boundary layer are excluded in the dynamics framework to minimize
computational overheads. Based on the nonlinear aerodynamic model elaborated in
the previous section, the aerodynamic derivatives for the UAV at each angle of attack
are specifically computed to include the effects of dynamic stall delay and
aerodynamic nonlinearity at high angles of attack.
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DIGITAL DATCOM program, a computer program that is able to calculate
aerodynamic coefficients based on aircraft geometry parameters using methods
contained in the USAF Stability and Control DATCOM (Data Compendium) [37].
It provides a list of longitudinal and lateral stability derivatives at different angles of
attack, albeit incomplete, and by interpolation of look-up tables, coefficients at a
specific angle can be computed. Modeling of the aircraft model is first carried out by
supplying the aircraft data inputs into the program systematically based on a typical
‘stacked case’ setup that utilizes name lists and control cards to avoid common input
errors. Inputs such as flight conditions, basic configuration geometry and relative
wing/body/tail location, control surface configuration and specifications of range of
angle of attack and Mach number are required. One of the advantages of this
program is that it can model body curved surfaces such as cylindrical fuselage design
by interpolating the coordinate inputs of the body along the lateral and longitudinal
axes using configuration synthesis computations. Modeling results would reflect
actual contours of the aircraft model.
However, in this dissertation, the damping stability and control derivatives are
assumed to be constant. The 6-DOF flight model usually deals with more than 15
stability damping derivatives which essentially would not vary much with angles of
attack. However, the variations within the large pool of these damping derivatives
coupled with the large number of state variables, that includes the 3 internal
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separation variables, raise the level of computational complexity during optimization
extremely. The process of attaining solution convergence in the trajectory
optimization is very difficult and further progress becomes improbable. Furthermore,
programs/resources that are able to provide a complete list of these damping
derivatives based on a specific aircraft model are scarce. Carrying out manual
computations of these damping derivatives at different angles of attack is not feasible
due to added computational complexity. Also, the methods used are based on steady
state assumptions and thus, the results would not be representative of actual
derivatives of an aircraft undergoing a swift and aggressive maneuver. Therefore, the
assumption for these damping derivatives to be constant is adopted in this
dissertation. These damping derivatives are further verified using TORNADO [38],
an open source program. TORNADO is a 3D Vortex Lattice program, derived from
potential flow theory. It can predict a wide range of aircraft stability and control
derivatives with good accuracy for arbitrary configurations. In this program, the
wake coming off the trailing edge of every lifting surface is considered to be flexible
and changes shape according to the flight condition. An example from Ref. [38]
describes that an aircraft undergoing a roll would have a “corkscrew” shaped wake,
which will subsequently influence the aerodynamic coefficients. Thickness effects
of the lifting surfaces and compressibility flow effects are neglected. The total
applied forces in the aircraft body axes can be expressed as follows:
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𝐹𝑥 = 𝑞̅ 𝑆𝐶𝑥 (𝛼, 𝛼̇ , 𝛽, 𝛽,̇ 𝑞, 𝛿𝑒 ) − 𝑚𝑔 𝑠𝑖𝑛𝜃 + 𝑇

(17)

𝐹𝑦 = 𝑞̅ 𝑆𝐶𝑦 (𝛼, 𝛼̇ , 𝛽, 𝛽,̇ 𝑝, 𝑟, 𝛿𝑟 , 𝛿𝑎 ) + 𝑚𝑔 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜃

(18)

𝐹𝑧 = 𝑞̅𝑆𝐶𝑧 (𝛼, 𝛼̇ , 𝛽, 𝛽,̇ 𝑞, 𝛿𝑒 ) + 𝑚𝑔 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃

(19)

𝐶𝑥 , 𝐶𝑦 and 𝐶𝑧 are coefficients of the body fixed components of aerodynamic forces
and 𝑇 is the thrust that acts in the plane of symmetry. 𝑞̅ is the dynamic pressure term
that is equals to 1/2𝜌𝑉 2 .Since 𝑥̅ (𝛼) separation parameter is now regarded as an
internal state variable, the 6-DOF system has been fortified with the 3 additional
states, 𝑥̅𝑤 , 𝑥̅𝑡 , 𝑥̅𝑣 and their associated dynamics that correspond to the separation
parameters of the wing, horizontal stabilizer and vertical tail. Based on the body axes
of the aircraft, the full state vector 𝑋̅ = [𝑢 𝑣 𝑤 𝑝 𝑞 𝑟 𝜙 𝜃 𝜓 𝑥𝑒 𝑦𝑒 𝑧𝑒 𝑥𝑤 𝑥𝑡 𝑥𝑣 ] 𝑇 will
yield a system of 15 first-order differential equations as follows:

𝑝̇ =

−

𝑢̇ =

𝐹𝑥
− (𝑞𝑤 − 𝑟𝑣)
𝑚

(20)

𝑣̇ =

𝐹𝑦
− (𝑟𝑢 − 𝑝𝑤)
𝑚

(21)

𝑤̇ =

𝐹𝑧
− (𝑝𝑣 − 𝑞𝑢)
𝑚

(22)

𝐼𝑧𝑧 𝑀𝑥 (𝛽, 𝛽,̇ 𝑝, 𝑟, 𝛿𝑎 , 𝛿𝑟 ) + 𝐼𝑥𝑧 𝑀𝑧 (𝛽, 𝛽,̇ 𝑝, 𝑟, 𝛿𝑎 , 𝛿𝑟 )
𝐼𝑥𝑥 𝐼𝑧𝑧 − 𝐼𝑥𝑧 2

𝑞𝑟[𝐼𝑥𝑧 2 + 𝐼𝑧𝑧 2 − 𝐼𝑦𝑦 𝐼𝑧𝑧 ] + 𝑝𝑞𝐼𝑥𝑧 [𝐼𝑥𝑥 − 𝐼𝑦𝑦 + 𝐼𝑧𝑧 ]
𝐼𝑥𝑥 𝐼𝑧𝑧 − 𝐼𝑥𝑧 2

(23)
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𝑞̇ = [𝑀𝑦 (𝛼, 𝛼̇ , 𝑞, 𝛿𝑒 ) − 𝑟𝑝[𝐼𝑥𝑥 − 𝐼𝑧𝑧 ] − [𝑝2 − 𝑟 2 ] 𝐼𝑥𝑧 ] ⁄𝐼𝑦𝑦

𝑟̇ =

[(𝐼𝑥𝑥 𝑀𝑧 (𝛽, 𝛽,̇ 𝑝, 𝑟, 𝛿𝑎 , 𝛿𝑟 ) + 𝐼𝑥𝑧 𝑀𝑥 (𝛽, 𝛽,̇ 𝑝, 𝑟, 𝛿𝑎 , 𝛿𝑟 ))]
𝐼𝑥𝑥 𝐼𝑧𝑧 − 𝐼𝑥𝑧 2

−

(24)
(25)

𝑞𝑟𝐼𝑥𝑧 [𝐼𝑥𝑥 − 𝐼𝑦𝑦 + 𝐼𝑧𝑧 ] − 𝑝𝑞[𝐼𝑥𝑧 2 − 𝐼𝑥𝑥 𝐼𝑦𝑦 + 𝐼𝑥𝑥 2 ]
𝐼𝑥𝑥 𝐼𝑧𝑧 − 𝐼𝑥𝑧 2
𝜙̇ = 𝑝 + 𝑞 𝑡𝑎𝑛𝜃𝑠𝑖𝑛𝜙 + 𝑟 𝑡𝑎𝑛𝜃𝑐𝑜𝑠𝜙

(26)

𝜃̇ = 𝑞 𝑐𝑜𝑠𝜙 − 𝑟 𝑠𝑖𝑛𝜙

(27)

𝜓̇ = 𝑟 𝑐𝑜𝑠𝜙𝑠𝑒𝑐𝜃 + 𝑞 𝑠𝑖𝑛𝜙𝑠𝑒𝑐𝜃

(28)

𝑥̇ 𝑒 = (𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜓)𝑢 + (𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜓 − 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜓)𝑣

(29)

+ (𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜓 + 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜓)𝑤
𝑦̇𝑒 = (𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜓)𝑢 + (𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜓 + 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜓)𝑣

(30)

+ (𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜓 − 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜓)𝑤
𝑧̇𝑒 = (−𝑠𝑖𝑛𝜃)𝑢 + (𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜃)𝑣 + (𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃)𝑤

(31)

𝑥̅̇𝑤 = [−𝑥̅𝑤 + 𝑥̅ 𝑤,𝑜 (𝛼 − 𝜏2 𝛼̇ )]⁄𝜏1

(32)

𝑥̅̇𝑡 = [−𝑥̅𝑡 + 𝑥̅𝑡,𝑜 (𝛼 − 𝜏4 𝛼̇ )]⁄𝜏3

(33)

𝑥̅̇𝑣 = [−𝑥̅𝑣 + 𝑥̅𝑣,𝑜 (𝛽 − 𝜏6 𝛽̇ )]⁄𝜏5

(34)

The 15 differential equations of motion can be categorized into 5 sets of 3 equations
that describe the translational velocity (𝑢 𝑣 𝑤), Euler angles (𝜙 𝜃 𝜓), rotational
velocity (𝑝 𝑞 𝑟), position vector (𝑥𝑒 𝑦𝑒 𝑧𝑒 ) and separation parameters of the aircraft
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as function of time (𝑥𝑤 𝑥𝑡 𝑥𝑣 ). 𝑀𝑥 , 𝑀𝑦 and 𝑀𝑧 are body-fixed components of the
aerodynamic moment vectors.

3.5 Optimization Model
Refs. [2, 10] presented investigations of the 2D perching problem using double-phase
approach in which Rao and Go concluded that double-phase formulation brings
about suboptimal trajectory solutions due to the iterative trial and error procedure
undertaken when choosing an appropriate bound for maximum angle of attack during
the climb phase optimization [10]. This additional bound imposed on the climb phase
optimization is necessary to ensure the feasibility of the dive phase in reaching the
initial state of the climb phase. Single-phase formulation avoids the use of manual
iterative processes and any additional bounds by directly minimizing the entire
trajectory length. Therefore, the single-phase approach is adopted for the
optimization framework. Furthermore, the existence of two similar phases in 3D
perching is still not apparent at this stage, and adopting the single-phase approach is
fitting in the context of a primal study and will explicitly simplify the computational
algorithm which is much needed in dealing with a complex system. To implement
the single-phase optimization approach, the total perching trajectory distance
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executed from 𝑡𝑜 = 0 to 𝑡𝑓 is specified as the cost function to be minimized, which
can be expressed as:
𝑡𝑓

𝐽 = 𝑚𝑖𝑛 ∫ 𝑉𝑑𝑡 = 𝑚𝑖𝑛 𝑆(𝑡𝑓 )
̅(𝑡)
𝑈

0

̅(𝑡)
𝑈

(35)

̅(𝑡)𝑇 = [𝛿𝑒 (𝑡), 𝛿𝑎 (𝑡), 𝛿𝑟 (𝑡), 𝑇(𝑡)] is the control input vector.
where 𝑈
Formulating the objective function in the Mayer form allows the integration of the
total velocity function to derive the trajectory length that can subsequently be
captured in a new internal variable, 𝑆. Its addition constitutes a 16 state variables
optimization procedure. Based on the cost function, the optimization results will
yield the shortest perching trajectory between the two fixed points.
The 3D perching maneuver can subsequently be framed as a trajectory optimization
problem between two fixed boundary points: the initial point at the coordinate (-30,3)
and the target endpoint at (0,0) origin. The initial point is characterized as a trimmed
steady state and the endpoint is described as velocity- reduced perched state. The
choice for the selected boundary points is reasonable as the horizontal distance that
spans between the two coordinates are considered to provide sufficient landing
distance for a typical perching maneuver and is also in an acceptable range with Ref.
[10]. The two boundary points are thus described as constraints that are explicitly
specified in the optimization procedure, as shown in Table 2 and 5. The 12 state
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variables at 𝑡0 , excluding the inertial position states, are predetermined by
establishing cruising and steady state conditions, as shown in Table 5.
Although the trimmed steady-state condition for the initial fixed point can be
computed internally by the optimization procedure through equality constraints to
produce zero net rotational moments and translational accelerations, the trimmed
initial condition for this case has been predetermined externally in order to hasten
computation time. Using a separate open loop MATLAB program for trimming
simulation, a simple proportional controller is designed where elevator deflection
input is updated through the use of current pitch rate, 𝑞 and flight-path angle, 𝛾
values as feedback. Through the damping effect of the feedback mechanism, the
pitch rate and gamma angle are damped to a value of zero and consequently, elevator
deflection input is stabilised to a constant value. Therefore, the controller input
̅(𝑡0 ) = [𝛿𝑒,𝑡𝑟𝑖𝑚 , 0, 0, 𝑇𝑡𝑟𝑖𝑚 ] can be obtained simply and are included as part of the
𝑈
initial constraints as seen in Table 5.
Feasible landing characteristics are desired for 3D perching maneuver. Accordingly,
at the endpoint, 𝑡𝑓 , state variables such as roll angle 𝜙, roll rate 𝑝, yaw rate 𝑟 and
side velocity 𝑣 are prescribed as zero-equality constraints. Some of the terminal state
variables, such as pitch angle θ and pitch rate q, are allowed to vary freely within
realistic bounds. As this study also serves to highlight the aspect of rapid deceleration
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in perching via extreme maneuvering. a percentage velocity reduction as high as 70%
is enforced as one of its terminal constraints (Table 5).
This optimization framework generates the optimal sideslip perching trajectories
including the reference state and control histories for the specific boundary points.
Throughout the maneuver, state and control bounds are imposed to preserve
practicality of the maneuver and validity of aerodynamic model, as presented in
Tables 2, 3 and 4. It should be noted that the following 𝑥, 𝑦, 𝑧 variables are based on
the inertial axes. As observed, the UAV’s turning rates are limited to 2 rad/s, and
bounds on the body axes velocity variables ensure that angles of attack and sideslip
angles do not exceed 90 degrees. Bounds on control input rates are validated with
current actuator specifications according to industry standards.
Table 2: State variable bounds
Lower bound

State variable Upper bound

0 𝑚/𝑠

𝑢

20 𝑚/𝑠

−10 𝑚/𝑠

𝑣, 𝑤

10 𝑚/𝑠

−2 𝑟𝑎𝑑/𝑠

𝑝, 𝑞, 𝑟

2 𝑟𝑎𝑑/𝑠

− 𝜋⁄2

𝜙, 𝜃

𝜋⁄2

−𝜋

𝜓

𝜋

−30 𝑚

𝑥

0𝑚

−100 𝑚

𝑦

100 𝑚

0𝑚

𝑧

3𝑚
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Table 3: Internal state variable bounds
Lower bound

State variable Upper bound

0𝑚

𝑆

100 𝑚

0

𝑥̅𝑤 , 𝑥̅𝑡 , 𝑥̅ 𝑣

1

Table 4: Control variable bounds
Lower bound

Control variable

Upper bound

Max rate

30 𝑑𝑒𝑔

𝛿𝑒 , 𝛿𝑟

30 𝑑𝑒𝑔

60 𝑑𝑒𝑔/𝑠

10 𝑑𝑒𝑔

𝛿𝑎

10 𝑑𝑒𝑔

60 𝑑𝑒𝑔/𝑠

0

𝑇/𝑊

0.7

1.5 𝑁/𝑠

Table 5: Time-dependent constraints
𝑡0
𝑢 = 9.98, 𝑣 = 0, 𝑤 = 0.633

𝑥̅𝑤 = 𝑥̅𝑤,𝑜 (𝛼(𝑡0 ))

𝑝 = 𝑞 = 𝑟 =0

𝑥̅𝑡 = 𝑥̅ 𝑡,𝑜 (𝛼(𝑡0 ))

𝜙= 𝜓=0

𝑥̅𝑣 = 1

𝜃 = 0.063

𝛿𝑎 = 𝛿𝑟 = 0 𝑑𝑒𝑔

𝛿𝑒 = −2.349 𝑑𝑒𝑔

𝑇 = 0.0652 𝑁

𝑥 = −30, 𝑧 = 3

𝑦=0
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[𝑡0 , 𝑡𝑓 ]

𝑡𝑓

𝑧̇ < 0

𝑣=0
𝑝 = 𝑟 =0
𝜙= 𝜓=0
𝑥=𝑦=𝑧=0
𝑉 ≤ 0.3 𝑉(𝑡0 )

As observed in Table 5, a unique criterion 𝑧̇ < 0 is strictly enforced for the entire 3D
perching maneuver. This parameter specifically functions to inhibit any upward
flight direction or climbing motion in the optimal 3D perching trajectory. Therefore,
the perching solution will be independent of the unfavorable undershoot. The 3D
space allows many possibilities for 3D perching trajectories. However, having the
perching maneuver initialized along the 𝑥-axis and the final landing target defined at
the origin, an 𝑥-axial flight direction type of 3D perching maneuver is the focus in
this research. This provides a basis for comparative study against its unidirectional
equivalent, the 2D perching maneuver. Furthermore, considered as relatively simpler
amongst plausibly more complex modes of perching, 3D perching maneuver in this
category, will be a fitting platform for the formulation of a control strategy. Hence,
additional constraints on 𝑦(𝑡𝑓 ) and 𝜓(𝑡𝑓 ) are required. Variables 𝑦(𝑡𝑓 ) and 𝜓(𝑡𝑓 )
are equated to their respective initial values, which are zero in this case.
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The outcome of having these constraint specifications will lead to a specific form of
perching trajectory which we may define as the sideslip perching maneuver.
Intuitively, by varying these state bounds and boundary points, other variants of 3D
perching trajectories are achievable to cater to different landing scenarios. Using the
following optimization framework, the optimal perching trajectory solutions
obtained will be used as a basis to study the impact of the dynamic stall. In Chapter
5, the optimization procedure is implemented to generate sideslip perching
trajectories of different initial altitude condition so as to analyze their performance
with their corresponding 2D variant.

3.6 NLP Formulation
This section is dedicated to elaborate on the mathematical approach adopted to
transcribe the dynamic trajectory optimization problem to a nonlinear programming
problem (NLP). The total discretization method is used to discretize both the control
and state variables using Lagrange polynomials, where their coefficients are treated
as decision variables of an NLP problem. The transcription of the ODE problem in
̅ ̅ (𝑡), 𝑈
̅(𝑡), 𝑡) to the NLP problem is carried out using a
the form of 𝑋̅̇ = 𝑓 (𝑋
mathematical approach described in the following section; the perching problem
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comprises of a Meyer-type cost function subjected to a nonlinear process model with
nonlinear equality and inequality constraints:
𝐽 = 𝑚𝑖𝑛 𝑆(𝑡𝑓 )
̅(𝑡)
𝑈

where

𝑆(𝑡𝑓 ) is essentially a function of 𝑋̅(𝑡).

Subjected to:

where

(36)

̅ ̅ (𝑡), 𝑈
̅(𝑡), 𝑡)
𝑋̅̇ = 𝑓(𝑋

(37)

𝑋̅(0) = 𝑋̅0

(38)

̅(𝑡), 𝑡) = 0
ℎ̅(𝑋̅(𝑡), 𝑈

(39)

̅(𝑡), 𝑡) ≤ 0
𝑔̅ (𝑋̅(𝑡), 𝑈

(40)

𝑋̅(𝑡)𝐿 ≤ 𝑋̅(𝑡) ≤ 𝑋̅(𝑡)𝑈

(41)

̅(𝑡)𝐿 ≤ 𝑈
̅(𝑡) ≤ 𝑈
̅(𝑡)𝑈
𝑈

(42)

̅(𝑡), 𝑡): equality constraint vector
ℎ̅(𝑋̅(𝑡), 𝑈
̅(𝑡), 𝑡): inequality constraint vector
𝑔̅ (𝑋̅(𝑡), 𝑈
𝑋̅(𝑡)𝐿 , 𝑋̅(𝑡)𝑈 : state profile bounds
̅(𝑡)𝐿 , 𝑈
̅(𝑡)𝑈 : control profile bounds
𝑈

Figure 26: Finite-element collocation of state and control trajectories
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The first step in the NLP transcription is to carry out orthogonal collocation on finite
elements of the control and state trajectories, as depicted in Figure 26. The total
maneuver trajectory is first discretized into N equal time intervals. Complete
parameterization of both the control and state profile vectors is subsequently
implemented, where both the state and control profile vectors of the 𝑖 𝑡ℎ interval, 𝜁𝑖 ≤
𝑡 ≤ 𝜁𝑖+1 , are approximated using Lagrange polynomials, described as follows:
𝐾+1

𝑋̅𝐾+1 (𝑡) = ∑ 𝑋̅𝑖𝑗 𝜙𝑗 (𝑡)

(43)

𝑗=0
𝐾+1

𝜙𝑗 (𝑡) = ∏
𝑘=0,𝑗

(𝑡 − 𝑡𝑖𝑘 )
(𝑡𝑖𝑗 − 𝑡𝑖𝑘 )

(44)

𝐾

̅𝐾 (𝑡) = ∑ 𝑈
̅𝑖𝑗 𝜃𝑗 (𝑡)
𝑈

(45)

𝑗=1
𝐾

𝜃𝑗 (𝑡) = ∏
𝑘=1,𝑗

where

(𝑡 − 𝑡𝑖𝑘 )
(𝑡𝑖𝑗 − 𝑡𝑖𝑘 )

(46)

𝑖 = 1, … , 𝑁 is the total number of discretized intervals
𝑗 and 𝑘 refer to the collocation points

̅𝐾 (𝑡) are
Hence, for each element, the state profile 𝑋̅𝐾+1 (𝑡) and the control profile 𝑈
expressed as piecewise polynomials of (𝐾 + 1)𝑡ℎ order and 𝐾 𝑡ℎ order respectively.
The discrepancy in the order number is necessary to enforce the initial conditions for
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the state profile vector 𝑋̅𝐾+1 (𝑡) for each element 𝑖. Lagrange coefficients 𝑋̅𝑖𝑗 and
̅𝑖𝑗 at time-specific 𝑡𝑖𝑗 collocation points become the decision variables in the
𝑈
optimization. This is favorable because Lagrange’s inherent property, 𝑋̅𝐾+1 (𝑡𝑖𝑗 ) =
𝑋̅𝑖𝑗 leads to more convenient bounding of state variables and controls in the form of
𝑈
𝐿
𝑋̅𝑖𝑗
≤ 𝑋̅𝐾+1 (𝑡𝑖𝑗 ) ≤ 𝑋̅𝑖𝑗
,

̅𝑖𝑗𝐿 ≤ 𝑈
̅𝐾 (𝑡𝑖𝑗 ) ≤ 𝑈
̅𝑖𝑗𝑈 ,
𝑈

𝑖 = 1, . . , 𝑁

𝑗 = 1, . . , 𝐾 + 1

𝑖 = 1, . . , 𝑁

𝑗 = 1, . . , 𝐾

(47)
(48)

It is also given that 𝑡𝑖𝑘 = 𝜁𝑖 + Δ𝜁𝑖 𝜏𝑘 , where 𝜏𝑘 ∈ [0,1] and are the roots of the
shifted Legendre polynomial. Implementing the proposed orthogonal collocation on
finite intervals and by establishing the time-normalized Eqs. (43) to (46), an equality
criterion is derived from a set of residual equations as follows:
𝐾+1

̅𝑖𝑘 , 𝑡𝑖𝑘 )
Δ𝜁𝑖 𝑟(𝑡𝑖𝑘 ) = ∑ 𝑋̅𝑖𝑗 𝜙̇𝑗 (𝜏𝑘 ) − Δ𝜁𝑖 𝑓(̅ 𝑋̅𝑖𝑘 , 𝑈

(49)

𝑗=0

𝑖 = 1, . . , 𝑁,

𝑗 = 1, . . , 𝐾 + 1,

𝑘 = 1, . . , 𝐾 + 1

To avoid impractical discontinuities between profiles of each interval, both state and
control continuity are prescribed as constraints at interval endpoints, 𝜁𝑖 .
𝑖
𝑖−1 (𝜁 ),
(𝜁𝑖 ) = 𝑋̅𝐾+1
𝑋̅𝐾+1
𝑖

̅𝐾𝑖 (𝜁𝑖 ) = 𝑈
̅K𝑖−1 (𝜁𝑖 ),
𝑈

𝑖 = 1, . . , 𝑁
𝑖 = 1, . . , 𝑁

(50)
(51)
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However, the collocation points for the case of control profile do not include the
element endpoints since its order is lower than that of the state profile. Eq. (51) may
̅(𝑡)𝐿 ≤
be achieved with control values that are not within prescribed bounds, 𝑈
̅(𝑡) ≤ 𝑈
̅(𝑡)𝑈 . Hence, in order to prevent the control profile from deviating out of
𝑈
its designated bounds, extrapolation of the Lagrange polynomial of the control
profile to the element endpoints are required from which bounds on the control
profile can then be enforced as follows:
̅𝑖𝐿 ≤ 𝑈
̅𝐾𝑖 (𝜁𝑖 ) ≤ 𝑈
̅𝑖𝑈 ,
𝑈

𝑖 = 1, . . , 𝑁

̅𝑖𝐿 ≤ 𝑈
̅𝐾𝑖 (𝜁𝑖+1 ) ≤ 𝑈
̅𝑖𝑈 ,
𝑈

𝑖 = 1, . . , 𝑁

(52)
(53)

With the implementation of the above equations, a fully discretized NLP problem is
acquired such that:
𝐽=

𝑚𝑖𝑛

̅𝑖𝑗 ,Δ𝜁𝑖
𝑋̅𝑖𝑗 ,𝑈

𝑆(𝑡𝑓 )

𝑋̅10 = 𝑋̅0

Subjected to:

(54)
(55)

𝑁

(56)

𝑡𝑓 = ∑ Δ𝜁𝑖
𝑖=1

𝑟(𝑡𝑖𝑘 ) = 0,

𝑖 = 1, . . , 𝑁, 𝑘 = 1, . . , 𝐾 + 1

𝑖
𝑖−1 (𝜁 ),
(𝜁𝑖 ) = 𝑋̅𝐾+1
𝑋̅𝐾+1
𝑖

̅𝐾𝑖 (𝜁𝑖 ) = 𝑈
̅K𝑖−1 (𝜁𝑖 ),
𝑈

𝑖 = 1, . . , 𝑁
𝑖 = 1, . . , 𝑁

(57)
(58)
(59)
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𝑈
𝐿
𝑋̅𝑖𝑗
≤ 𝑋̅𝐾+1 (𝑡𝑖𝑗 ) ≤ 𝑋̅𝑖𝑗
,

𝑖 = 1, . . , 𝑁

𝑗 = 1, . . , 𝐾 + 1

̅𝑖𝑗𝐿 ≤ 𝑈
̅𝐾 (𝑡𝑖𝑗 ) ≤ 𝑈
̅𝑖𝑗𝑈 ,
𝑈
𝑖 = 1, . . , 𝑁

𝑗 = 1, . . , 𝐾

(60)

(61)

̅𝑖𝑗 , 𝑡𝑖𝑗 ) = 0
ℎ̅(𝑋̅𝑖𝑗 , 𝑈

(62)

̅𝑖𝑗 , 𝑡𝑖𝑗 ) ≤ 0
𝑔̅ (𝑋̅𝑖𝑗 , 𝑈

(63)

The established NLP problem can be solved using fmincon based on interior point
algorithm to minimize the objective function as described in Eq. (36). In this work,
the total maneuver time is discretized into 12 equal time intervals, where both the
state and control profile vectors of the 𝑖 𝑡ℎ interval, 𝜁𝑖 ≤ 𝑡 ≤ 𝜁𝑖+1 , are parameterized
in time and approximated using a sixth-order and a second-order piecewise Lagrange
polynomials respectively, using DYNOPT toolbox that is developed for MATLAB
operations [39].

3.7 Chapter Summary
The foremost section of this chapter describes the UAV model design that is
considered for a perching study where a conventional fixed wing configuration is
preferred for its simplicity. A standard 6-DOF flight dynamic equations of motion is
used for the flight dynamics model, and a mathematical technique recommended by
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Goman and Khrabrov, is adopted to model the aerodynamic derivatives and
coefficients for 3D perching trajectory that requires special attention especially
during high angles of attack [30]. At high angles of attack, the behavioral effects of
the dynamic separation point on the transient post-stall region will be distinguishable
with rapid changes in angles of attack and the aircraft’s turn rates. Consequently, it
becomes mandatory to introduce three internal variables for addressing variations in
flow state that are influenced by the swift changes in longitudinal and lateral flight
angles (to be elaborated on in following chapter). These variables are then integrated
into a static nonlinear aerodynamic model, developed using empirical and analytical
methods, and into the simulative framework as state variables. The 16 state variable
system is then passed onto a single-phase optimization procedure via DYNOPT that
utilizes pseudospectral optimal control methods to transcribe the ODE problem to an
NLP problem that can be conveniently solved.

Chapter 4
Dynamics of Sideslip Perching Maneuver under
Dynamic Stall Influence
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4.1 Overview
This section will present the results of the optimization procedure formulated based
on the optimization model and NLP transcription in chapter 3. Due to the way the
boundary conditions are specified, only a particular trajectory of the 3D perching
maneuver, referred to as the sideslip perching maneuver, is generated and
accompanied by the UAV’s flight simulation data that includes the aircraft’s
orientation angles, turn rates and velocity profile. Based on the optimal trajectory
solutions obtained, an impact study of the dynamic stall delay on the spatial and state
profiles of the sideslip perching trajectory is subsequently carried. The incorporation
of 3 internal state variables into the flight dynamics model essentially intensifies the
computational complexity of the perching problem and increases time for
optimization solution convergence. Hence, the significance of dynamic stall delay in
longitudinal and lateral planes of the perching trajectory is analyzed, and their
impacts are quantified to investigate the feasibility of further simplifying the
aerodynamic model.

4.2 Optimization Results
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The optimization results reveal an optimal sideslip perching trajectory that is
accomplished by a conventional fixed-wing aircraft. As shown in Figure 27, the
perching trajectory is independent of any undershoot. This increases an aircraft’s
repertoire of maneuvers that involves sideslip perching to accomplish more arduous
landing missions such as the helical perch approach and reverse-bearing angle perch
where the final heading angle of the aircraft at landing is reversed by 180 degrees.
Prior to the sideslip perching maneuver, the aircraft cruises at a speed of 10 m/s.
From its steady state flight conditions at an altitude of 3.0 meters, the 3D perching
maneuver undergoes a trajectory which can be described as a two-phase maneuver:
the yaw phase and the pitch-up phase. The yawing phase comes into play
immediately by triggering the rudder. The massive counter-clockwise yawing motion
is a result of the synergy between the initial rudder deflection and the reduction of
thrust, as shown in Figure 28. The subsequent effect of the rapid yaw motion leads
to the generation of large sideslip angles accompanied by a large negative heading
angle, 𝜓(referenced to inertial 𝑥-axis), as observed in Figure 29. The simultaneous
variations of high rudder input and ailerons help to sustain the massive sideslip angle
throughout the maneuver which peaks at about 39.6 degrees in Figure 30.
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The sideslip drag is generated mainly from the lateral aerodynamic stall of the
fuselage and vertical tail. The corresponding deceleration of the aircraft is shown in
Figure 29. At high speeds, a negative elevator input given to an aircraft has an
unfavorable tendency to steer it upwards. However, this is prevented as the yaw
phase bleeds off the velocity to an incipient point below which the aircraft’s pitchingup motion no longer triggers any upward vertical translation. Thus, the pitch-upphase can be now engaged by the upward elevator deflection. This pitch-up motion
brings the UAV to its post-stall region where angles of attack can reach as high as
89 degrees, resulting in separation drag which constitutes a continuous velocity
reduction for the entire maneuver. This dual-drag mechanism essentially allows a
steady energy decrease as perch approaches, without reliance on gravity.
The maneuver which lasts for a relatively short period of 4.5 s, is found to be an
efficient technique if rapid- altitude descent is the priority under a velocity-reduction
requirement. The remarkable flight characteristics of 3D perching is the aircraft’s
ability to arrive at its target point with the same heading angle as it originally
possessed. As a result, the aircraft is able to effectively maintain relatively
unperturbed flight direction, notwithstanding the large sideslip angles. Via fulfilment
of all the terminal constraints, as indicated in Figure 29 to 31, approximately zero
roll angle 𝜙, roll rate 𝑝, yaw rate 𝑟, side velocity 𝑣, 𝑦-axis displacement and heading
angle 𝜓 are achieved to allow for favorable landing conditions. The sideslip perching

83

maneuver is completed with a touchdown speed of 3 m/s, as displayed in Figure 29,
with a perching distance of 31.5 meters with a maximum lateral deviation of 3.72
meters.

Pitch-up
phase
(a) isometric view
Yaw phase

(c) top view

(b) another isometric view

Figure 27: Sideslip perching trajectory in multiple views (aircraft model not drawn
to scale)
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Figure 28: Optimal control inputs
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Figure 29: Velocity and orientation angles profile
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Figure 30: Aerodynamic angle and gamma angle profile
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Figure 31: Turning rates of UAV

4.3 Impact Study of Dynamic Stall Influence on Sideslip
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Perching Trajectory
To demonstrate the influence of dynamic stall on the control inputs required for the
3D perching maneuver, the optimization procedure is carried out on the same aircraft
to execute the exact sideslip perching trajectory in Figure 27, but now based on a
flight model that disregards dynamic stall considerations. The resulting flight
dynamics model therefore consists of 13 state variables due to the exclusion of the
internal state variables that model the moving separation point of the aircraft’s lifting
surfaces. The optimization scheme is established with adherence to similar bounds
and constraints as listed in Table 2, 4 and 5. Subjected to the same terminal
requirement of velocity reduction, the aircraft is tasked to duplicate the sideslip
trajectory based on the spatial coordinates extracted in Figure 9. As depicted in
Figure 32, the impact of the dynamic stall delay on the required control inputs is
significant since the control input profiles for each aerodynamic model are clearly
distinct. It can be observed that from the starting point up till about 𝑥= -23, the
control inputs for both models are comparable since the angles of attack in that region
are low and their corresponding rates of change are relatively low as well. This leads
to similar profiles of orientation and aerodynamic angles in Figure 33.
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However, from 𝑥= -23 onwards, a different set of control inputs are required for the
trajectory that considers the static case of aerodynamics in order to compensate for
the absence of the additional forces due to the onset of dynamic stall. A vast
difference in the roll angle can be noted in Figure 33, at about 𝑥-distance of -18.3 in
where the maximum roll angle is found to have increased by about 48.6%. In order
to overcome the absence of the dynamic lift at such moments, the aircraft performs
a steeper roll that increases the lift component in the lateral plane, required to steer
the aircraft back to the 𝑦 axis along the nominal trajectory.
Similar exposure of high sideslip angles and angles of attack can be discerned for
both trajectories, leading to a comparable trend in velocity evolution during the
maneuver. However, the contrasting orientation angle profiles, which are attributed
to the different control inputs, only indicate that the maneuvering adjustments
required to execute the same trajectory are significant. Essentially, dynamic stall is
important and must be considered to ensure generation of a more realistic trajectory
and control inputs that are more reliable.
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Figure 32: Control inputs comparison
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Figure 33: Lateral plane angles history comparison
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Figure 34: Lateral plane angles and velocity history comparison
Using the obtained perching trajectory as a reference trajectory, the impact of
incorporating dynamic stall effects on the perching trajectory is studied in the
respective lateral and longitudinal dimensions. Optimal control inputs as shown in
Figure 28 that are generated based on the aerodynamic model with dynamic stall
considerations, are implemented as open loop control inputs in 3 other aerodynamic
models.
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The first model used for the analysis is based on the aerodynamic model that neglects
dynamic stall considerations in every domain. The second model focuses solely on
the longitudinal dynamic stall delay experienced by the wing and elevator,
disregarding the lateral contributions from the vertical tail. The third model omits the
longitudinal dynamic stall effects by considering merely the dynamic time delay in
the vertical tail. The corresponding trajectory errors in lateral, vertical dimensions
and orientation angles are obtained and tabulated in Table 6.
For the first comparison, the two 3D sideslip perching trajectories with and without
dynamic stall delay are presented in Figure 35, based on the same control inputs. As
shown, the extent of deviation from the reference trajectory is significant as the
maneuver without dynamic stall considerations lands 4.16 meters laterally and 0.91
meters vertically away from the origin. The lateral divergence in trajectory started to
appear at an 𝑥-distance of approximately -19.3 meters and henceforth, the 𝑦-error
and 𝑧-error rise to a maximum of 0.14 and 0.03 respectively, in units of the reference
horizontal starting distance, 𝑥𝑜 . These positional differences are implicitly caused by
the progressive digressions in the orientation angles and turning rates from the
reference state profiles. As tabulated in Table 6, the orientation angles at the end of
the maneuver are in absolute divergence with the terminal velocity differing by 1.47
m/s. Although the 𝑦-axial deviation from the reference trajectory is large, the impact
of excluding the lateral dynamic stall effects is actually small. This implies that
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divergence caused by overlooking longitudinal dynamic stall considerations is much
larger.
This deduction harmonized the observations in Figure 36 which depicts the
contribution of longitudinal dynamic stall as it dominates over the lateral dynamic
stall. For the case where the dynamic stall of vertical tail is excluded, the perching
trajectory still preserves its general course while gradually diverging up till a 𝑦-error
and 𝑧-error of 0.015 and 0.0005 respectively. Pitch angle and even final velocity are
slightly dissimilar to the reference values. This is a stark contrast to the case for
which the longitudinal stall effects of the wing and tail are not considered; 𝑦-error
and 𝑧 -error are much larger, measuring 0.16 and 0.032 respectively, and have
comparable angular errors with the model that completely disregards dynamic stall
effects. Figure 37 and 38 illustrate the velocity evolution during perching under the
different aerodynamics models. As shown in Figure 37, without addressing the
influence of dynamic stall, the desired velocity reduction may not be achieved as the
velocity profile of the model without dynamic stall digresses away from the reference
profile at about the same 𝑥-distance. Comparisons between both Figure 37 and 38
concur with previously mentioned results as the impact of excluding longitudinal
stall delay on the velocity reduction is great and bears approximately the same effect
on evolution of velocity as the model that excludes dynamic stall completely.
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Although the impact of lateral dynamic stall on the velocity time history is minimal,
it still has considerable effect on the roll and heading angles of the aircraft.
Evidently, neglecting longitudinal dynamic stall delay has a greater impact on the
lateral deviations than neglecting the lateral dynamic stall due to the sequence of high
roll angles that perching goes through. Throughout the maneuver, the aircraft’s roll
angle soars to 50.9 degrees to steer itself back to the 𝑦 axis. In this high roll angle
orientation, the contribution of the longitudinal stall dynamics in the lateral domain
becomes evident. As observed, perching trajectories are in accordance with reference
profile for at least the initial one-third of the course until the occurrence of the
disparity that coincides with the moment that the aircraft’s wing approaches its static
stall angle of attack. In the region of the static stall angle, a positive rate of change
of angle of attack will easily delay the aircraft’s stall. Beyond the static stall angle,
the dynamic stall model at the wing exhibits continual increase in lift directed to the
horizontal domain due to the high roll angles described earlier. The sustained
dynamic lift enables the aircraft to undertake a sharper turn midway through the
maneuver. Without the integration of longitudinal dynamic stall, the model underpredicts its lift and the aircraft drifts away from the intended path, thereafter
amplifying the divergence continuously. Furthermore, since the wing and elevator
have a combined surface area much larger than the vertical tail, the forces arising
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from the longitudinal dynamic stall delay have a greater impact on the perching
trajectory than on the vertical tail.
Table 6: Trajectory error (absolute) at 𝑡𝑓
𝑦-error
(units of
𝑥𝑜 )

𝑧-error
(units of
𝑥𝑜 )

𝜙error
(𝑑𝑒𝑔)

𝜃error
(𝑑𝑒𝑔)

𝜓error
(𝑑𝑒𝑔)

𝑉error
(𝑚/𝑠)

Without dynamic stall
delay entirely

0.14

0.030

65.8

41.8

95.1

1.47

Without longitudinal
dynamic stall
Without lateral
dynamic stall

0.16

0.032

66.19

45.5

99.6

1.36

0.015

0.0005

11.8

0.13

14.2

0.001

Aerodynamic model

(a) Top view
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(b) Isometric view
Figure 35: 3D Perching trajectory comparison (with and without dynamic stall)

(a) Top view
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(b) Isometric view
Figure 36: 3D Perching trajectory comparison (with dynamic stall, without
longitudinal/lateral dynamic stall)

Figure 37: Velocity profile comparison (with and without dynamic stall)
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Figure 38: Velocity profile comparison (with and without dynamic stall)

The above analyses have shown that dynamic stall delay has a critical impact on the
perching state and spatial profiles. Therefore, it is essential to incorporate the
influence of dynamic stall into the aerodynamic model to ensure that reference
perching trajectories of higher accuracy can be generated. It has also been shown that
the effect of dynamic stall delay in the longitudinal domain is more dominant as
compared to that of the lateral domain. Therefore, more focus can be applied on
developing a control strategy to handle the uncertain nature of the longitudinal
internal dynamics. Although dynamic stall delays in the lateral plane have
considerable effect on lateral orientation angles, these effects can be still regarded as
minimal with respect to the overall perching trajectory. Lateral discrepancies can
easily be dominated and handled by utilizing an appropriate robust controller. A
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simplification to the aerodynamic model can hence be made by omitting the internal
state variable for the lateral plane if deemed necessary.

4.4 Chapter Summary
This chapter elaborates on the relatively unexplored 3D form of perching that
methodically employs drag mechanisms in longitudinal and lateral planes and
examines the significance of dynamic stall on the trajectory generated. The
contrivance is to bring a UAV of T/W ratio less than 1 from a trimmed, cruising
condition to a perched state without undershoot. This is successfully demonstrated
through a sideslip perching trajectory using an optimization framework. An
examination of the study of dynamic stall reveals that its effects in the longitudinal
plane leads to a heightened impact on the trajectory than on the lateral plane. Without
the integration of the longitudinal dynamic stall, the model under-predicts its lift and
the aircraft drifts away from the intended path. On the subject of optimal trajectories,
the significant discrepancy that results from the negligence of dynamic stall effects
indicates its criticality in attaining the desired perching trajectory.
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Chapter 5
Two-Dimensional Perching Maneuver Vs Sideslip
Perching Maneuver
5.1 Overview

With the inclusion of dynamic stall delay deemed necessary, a comparative study
between 2D and 3D perching models is presented to discuss the distinct drag
mechanisms involved. The 3D accommodated perch utilizes the additive
combination of longitudinal and lateral drag to dispense its reliance on the
gravitational force that made the undershoot feature obsolete in the 3D version.
Measured against performance parameters which include metrics of spatial cost such
as perching distance, longitudinal/lateral deviations and time, this chapter reveals
that the 3D mode is an improvement over the 2D mode. A hybrid version of 2D and
3D perching is explored in which the sideslip maneuvering in 3D perching can be
synergized with the dive and climb phases in 2D perching trajectory to minimize the
undershoot and overall perching trajectory length.

5.2 Drag Mechanism Comparison
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The occurrence of undershoot in the perching trajectory is necessary and inevitable
due to the pitching up motion during the required climb phase of the 2D perching.

Figure 39: Climb phase of typical 2D perching maneuver

The equation of motion for 2D perching in the direction of 𝑉 based on Figure 39:

To maximize
deceleration:

∑ 𝐹2𝐷 = 𝑚 𝑎

(64)

𝑇 𝑐𝑜𝑠 𝛼 − ( 𝐷𝑡𝑜𝑡𝑎𝑙 + 𝑊 𝑠𝑖𝑛 𝛾) = 𝑚 𝑎

(65)

High α

High α for
large 𝐶𝐷

High γ

Decelerating force
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The requirements for high angle of attack and flight path angle as indicated in Eqs.
(64) and (65) justify the need for the UAV to undergo a pitch up motion during
climbing phase of the 2D perching maneuver. As shown in Figure 39, during the
climbing phase, the sum of angle of attack and flight path angle are observed to
increase due to the pitch up motion initiated by the deflection of elevator control
inputs. As angle of attack of the aircraft increases, the propelling force component in
the direction of 𝑉 is greatly reduced while the drag increases due to higher drag
coefficients attained. Coupled with the increasing weight force component in the 𝑉
direction as high flight path angle is attained, the net force experience by the UAV
becomes negative to mark a deceleration motion. However, it should be noted that
analysis shows that the primary contribution of the decelerating force is the
component of the weight force as the component of weight force is much larger in
magnitude during climbing and furthermore, drag become less significant as 𝑉 gets
decelerated. This is a major distinction with perching mechanism of 3D perching
maneuver that does not undergo an undershoot.
The Equation of Motion for 3D perching in the direction of 𝑉 , undergoing a
downward trajectory:
∑ 𝐹3𝐷 = 𝑚 𝑎

(66)
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(𝑇 𝑐𝑜𝑠 𝛼 + 𝑊 𝑠𝑖𝑛(−𝛾) ) 𝒄𝒐𝒔 𝜷 − 𝐷𝑡𝑜𝑡𝑎𝑙 = 𝑚 𝑎

To maximize
deceleration:

High α

Low γ High 𝛽

(67)

High α and 𝛽
for large 𝐶𝐷

Decelerating force
In the 3D perching maneuver as observed in Figure 27, the use of gravity as the main
decelerating force is not applicable as the trajectory only produces a downward
translational motion and hence explains the absence of undershoot. Instead, a dualdrag generation through large sideslip angles and angles of attack is utilized as the
decelerating mechanism to decelerate the UAV rapidly as highlighted in Eqs. (66)
and (67). The rudder control inputs in Figure 28 indicates a large rudder deflection
is used to produce and maintain a sideslip turn where large separation drag due to
large sideslip angles is generated. The thrust control history shows minimum thrust
is utilized during the first two-thirds of the maneuver and a significant increase in
thrust in the last third of the maneuver. Maximum thrust applied in this period serves
to counteract its downward velocity as the UAV pitches up.
Like a car executing drifting, as the UAV enters a turn at high speed, the decrement
of the initial thrust shifts the weight to the front of the UAV that serves like a pivot
as drift is initiated through rudder deflection. This action creates the high yawing rate
that vectors the thrust in another direction while helping to reduce the component of
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the initial velocity. This deceleration process through large sideslip angles is
overlapped by another phase of drag generation which is due to high angles of attack
as the UAV pitches up. The continuous process of dual-drag generation is essential
so as to reduce the UAV’s velocity in a relatively short time of 4.5 seconds. As shown
in the requirements above, both high angles of attack and sideslip angles are needed.
The initial gain of sideslip angle is essential in decelerating the UAV when angles of
attack are still low. The ideal case of velocity reduction is to acquire a sideslip angle
of 90 degrees which is however not achievable. Hence another way of analyzing the
velocity reduction mechanism can also be viewed from the perspective of vectoring
thrust in another direction through high yawing rates in order to reduce the
component of the initial velocity.
Based on the flight dynamics model with dynamic stall delay considerations, a
comparative study between 2D and 3D perching models is then carried out to
highlight the superiority of 3D sideslip perching in terms of deceleration rate. A 2D
perching optimization is implemented on the same UAV model with identical
constraints specified in Tables 2 to 5 and final objective constraint of at least 70%
velocity reduction. Dissimilar to the typical 2D perching optimization that bears the
climb phase, the constraint 𝑧̇ < 0 is enforced in the 2D trajectory for its analysis
under subjection of the ‘undershoot-less’ context, in exact resemblance to 3D sideslip
trajectory. However, it was found that the maneuver is not feasible within the
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allocated 30 meters 𝑥-axis boundary as more 𝑥-axial distance is required. Hence, the
initial boundary condition is altered by letting the initial 𝑥 position to be free while
the initial height is still being fixed at 𝑧𝑜 = 3.
As illustrated in the optimization results in Figure 40, the 2D perching trajectory is
restricted to only a downward vertical motion. The perching trajectory length and
duration are found to be 61.0 meters and 8.8 seconds respectively. These values
indicate about a three-fold increase in contrast to sideslip perching. This proves 3D
perching’s capability in expeditious drag generation, owing to its prompt
maneuverability effects in the lateral direction. In Figure 40, a remarkable delay in
the descent is noted at 𝑥 = − 19.6 meters. This delay highlights an interesting
proposition that 2D perching does not provide the UAV with a quick access to its
high angles of attack region without resulting an upward vertical translation.
Essentially, the pitching up motion is requisite for UAV’s abasement into a post-stall
state which has become its main source of drag generation. However, by simply
applying a swift negative elevator input at cruising high speed condition results in a
spontaneous upward motion due to the effect of pitching up. Thus, the UAV has to
endure a gradual deceleration process. As observed in optimal control input histories
in Figure 41, the thrust input shuts off immediately and the UAV is only relying on
its pre-stall cruise drag to lessen its velocity below a certain threshold, in this case,
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approximately 6.3 m/s before the elevator deflection can be utilized for pitching
motion.

Figure 40: 2D Perching trajectory constrained for only downward motion
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Figure 41: Optimal control inputs, velocity profile and angle of attack history

However, 3D sideslip perching adopts an ingenious technique to overcome this
inefficiency by vectoring its 𝑉 velocity to 𝑢 and 𝑣 body axes components during its
yaw phase. Due to inertia that momentarily retains the forward flight direction of the
UAV, a swift yawing motion generates the sideslip velocity, 𝑣 while reducing the
𝑢 velocity towards the threshold level instantaneously, as displayed in Figure 42. A
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significant reduction in lift is incurred that spurs a vertically downward motion and
inevitably, increases 𝑤 velocity for the UAV. The combined effect of the decreasing
𝑢 and increasing 𝑤 velocities precipitates the UAV to a stall region without any
vertical translation and use of elevator deflection. Drag coefficient of the wing and
elevator also increases as a result. Simultaneously, the rapid yawing motion
introduces the sideslip velocity, 𝑣 and hence drag from the large sideslip angles are
generated immediately. Consequently, at a lowered velocity, the UAV is able to
transition to its pitch up phase smoothly. This dual drag phase causes perpetual
deceleration in the UAV. In addition, 3D perching’s capability to invoke high drag
from a cruising state without delay is absent in 2D perching.

𝑢/𝑉

𝑢

𝑉

𝑣

Cruising

Upon yawing

Figure 42: Body axes velocity orientation before and after yaw
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5.3 Comparative Study
5.3.1 2D Perching Optimization Model

To compare the performances of 2D and 3D sideslip perching maneuver, a trajectory
optimization of 2D perching technique is carried out based on the same boundary
points, initial perching point (-30,3) and target landing point (0,0) origin. As
recommended by Rao and Go for the case of 2D perching maneuver, single-phase
approach is adopted for the 2D perching optimization framework [10]. The
longitudinal flight equations of motion that is based on the state vector 𝑋̅ =
[𝑢 𝑤 𝑞 𝜃 𝑥𝑒 𝑧𝑒 𝑥𝑤 𝑥𝑡 𝑆] 𝑇 are expressed as follows:

𝑢̇ =

𝑞̅ 𝑆𝐶𝑥 (𝛼, 𝛼̇ , 𝑞, 𝛿𝑒 ) − 𝑚𝑔 𝑠𝑖𝑛𝜃 + 𝑇
− 𝑞𝑤
𝑚

(68)

𝑞̅ 𝑆𝐶𝑧 (𝛼, 𝛼̇ , 𝑞, 𝛿𝑒 ) + 𝑚𝑔 𝑐𝑜𝑠𝜃
+ 𝑞𝑢
𝑚

(69)

𝑤̇ =

𝑞̇ = 𝑀𝑦 (𝛼, 𝛼̇ , 𝑞, 𝛿𝑒 )⁄𝐼𝑦𝑦

(70)

𝜃̇ = 𝑞

(71)

𝑥̇ 𝑒 = 𝑢𝑐𝑜𝑠𝜃 + 𝑤𝑠𝑖𝑛𝜃

(72)

𝑧̇𝑒 = −𝑢𝑠𝑖𝑛𝜃 + 𝑤𝑐𝑜𝑠𝜃

(73)

𝑥̅̇𝑤 = [−𝑥̅𝑤 + 𝑥̅𝑤,𝑜 (𝛼 − 𝜏2 𝛼̇ )]⁄𝜏1

(74)

𝑥̅̇𝑡 = [−𝑥̅𝑡 + 𝑥̅𝑡,𝑜 (𝛼 − 𝜏4 𝛼̇ )]⁄𝜏3

(75)
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2
𝑆̇ = √𝑢2 + 𝑤 2

(76)

The flight dynamics system of 9 state variables with 2 control inputs which are the
elevator and propeller thrust is a much simplified system as compared to the 3D
perching model. The cost function for the 2D perching optimization of the 9 state
variable system can be expressed as:
𝑡𝑓

𝐽 = 𝑚𝑖𝑛 ∫ 𝑉𝑑𝑡 = 𝑚𝑖𝑛 𝑆(𝑡𝑓 )
̅(𝑡)
𝑈

0

̅(𝑡)
𝑈

(77)

̅(𝑡)𝑇 = [𝛿𝑒 (𝑡), 𝑇(𝑡)] is the control input vector.
where 𝑈
The objective of minimizing the undershoot in the maneuver is not explicitly defined
here but specifying the total perching trajectory distance from 𝑡𝑜 to 𝑡𝑓 as the cost
function minimizes the undershoot indirectly. Given the constraints and bounds
given in Tables 7 to 10, the ODE problem is transcribed into a NLP problem using
direct collocation method as elaborated in Chapter 3, from which can be
subsequently solved using the interior point method to obtain the optimal perching
trajectory solutions. Optimization procedure for other 2D perching scenarios with
varying initial altitude condition is also carried out to be compared with the
corresponding 3D perching trajectories. The results will be discussed in the following
section.
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Table 7: 2D perching state variable bounds
Lower bound

State variable Upper bound

0 𝑚/𝑠

𝑢, 𝑤

20 𝑚/𝑠

−2 𝑟𝑎𝑑/𝑠

𝑞

2 𝑟𝑎𝑑/𝑠

− 𝜋⁄2

𝜃

𝜋⁄2

−30 𝑚

𝑥

0𝑚

0𝑚

𝑧

3𝑚

0

𝑥̅ 𝑤 , 𝑥̅𝑡

1

Table 8: 2D perching internal state variable bounds
Lower bound

State variable Upper bound

0𝑚

𝑆

100 𝑚

0

𝑥̅𝑤 , 𝑥̅ 𝑡

1

Table 9: 2D perching control variable bounds
Lower bound

Control variable

Upper bound

Max rate

−30 𝑑𝑒𝑔

𝛿𝑒

30 𝑑𝑒𝑔

60 𝑑𝑒𝑔/𝑠

0

𝑇/𝑊

0.7

1.5 𝑁/𝑠
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Table 10: 2D perching time-dependent constraints

𝑡𝑓

𝑡0
𝑢 = 9.98, 𝑤 = 0.633

𝑥̅𝑤 = 𝑥̅𝑤,𝑜 (𝛼(𝑡0 ))

𝑥=𝑧=0

𝑞 =0

𝑥̅𝑡 = 𝑥̅𝑡,𝑜 (𝛼(𝑡0 ))

𝑉 ≤ 0.3 𝑉(𝑡0 )

𝜃 = 0.063

𝑥 = −30, 𝑧 = 3

𝛿𝑒 = −2.349 𝑑𝑒𝑔

𝑇 = 0.0652

5.3.2 Discussion
As shown in Figure 43, the 2D perching trajectory obtained depicts the dive and
climb phase carried out by the reference aircraft based on the time delay aerodynamic
model. The sequence of the dive phase followed by the climb phase evidently yields
the undesirable undershoot that measures up to about 11.0 meters. The undershoot is
a necessary feature in 2D perching where gravity, as a main decelerating mechanism,
dominates over the separation drag generated with high angles of attack. As indicated
in most 2D perching maneuvers, the angle of attack flares up at the terminal stages
of the climbing phase where the velocity is already low. It is apparent that an
undershoot of 11.0 meters is a steep spatial requirement that most landing scenarios
are not able to provide. This unfavorable trait magnifies with increasing starting
altitude, as depicted in Figure 43 where perching trajectories at other initial altitudes
are generated with the same target landing location.
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For a better illustration, the maximum undershoot required is normalized with
reference horizontal starting distance, 𝑥𝑜 and their corresponding, non-dimensional
values are plotted in Figure 44. A linear trend of the magnitude of the longitudinal
deviation is found with increasing initial altitude. The perching trajectory beginning
at 𝑧𝑜 = 7 produces a massive undershoot of 14.02 meters and is already nearing its
orthogonal degree limit during the diving phase. Hence, a trajectory starting at 𝑧𝑜 = 9
is not feasible. The trend of increasing spatial cost in the undershoot is attributed to
the circumstance where the aircraft is already performing at its control and pitch rate
limits described in Table 2 and 4 due to the challenging starting horizontal distance
and cruise speed specified. The nominal trajectory that initializes at 𝑧𝑜 = 3 reflects its
most efficient energy drainage control sequence. Thus, a higher initial altitude will
necessitate a longer climbing phase that corresponds to an extended diving phase as
well. The additional energy due to the increased height can only be drained through
a longer exposure to the gravitational force.
An exception includes a case where the nominal trajectory is attained without the
aircraft functioning at its limits or at maximum effort, such as perching at a constant
thrust input. In this scenario, a variable thrust controller can overcome the starting
altitude difference and neighboring trajectories can have equivalent undershoot. In
spite of the 70% velocity reduction not being a stringent requirement, it suffices to
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point out the significant undershoot that indicates 2D perching’s over-reliance on
gravity.
However, the nominal trajectory that is executed at 𝑧𝑜 = 3 in Figure 45 with a
perching distance of 31.5 meters is significantly lower than the 43.7 meters expended
by 2D perching, which is a reduction of 27.8% as indicated in Table 11. Landing on
a ground level platform is now realizable due to 3D sideslip perching’s uninterrupted
descent accompanied with its exceptionally rapid deceleration. Similarly, several 3D
perching trajectories are generated based on varying initial altitudes, as illustrated in
Figure 45. Starting at various altitudes, 𝑧𝑜 as high as 9 meters, 3D sideslip perching
has shown outstanding capability in losing its altitude instantly while decelerating
simultaneously. This characteristic is a distinctive feature in 3D perching as a similar
descent in 2D perching is an accelerating one.
Although the undershoot characteristic is now defunct in the overall 3D trajectory, a
drawback when using the 3D sideslip perching would be the lateral displacement it
requires during the maneuver. The maximum lateral displacement that resembles
somewhat a lateral ‘undershoot’ can be observed in the Figure 45 where sideslip
perching trajectories at different initial launch heights display a similar drift pattern
that describes its yaw and pitch up phase. However, the spatial cost in the lateral
deviation of 3D perching is lower in comparison to the longitudinal deviation in 2D
perching. Depending on the initial height, based on Table 11, 3D perching reduces
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the deviation and perching distance by up to 71.9% and 38.8% respectively. The
maximum deviation in 3D perching that occurs at 𝑧𝑜 = 9 measures up to only 4.22
meters which is about 3.5 times shorter than the undershoot in 2D perching at 𝑧𝑜 = 7.
In addition, as shown in Figure 44, the lateral deviation does not scale much with
initial height as it remains relatively uniform for all altitudes.
This favorable attribute results from the ability to swiftly yaw anticlockwise in order
to vector its 𝑉 velocity that reduces its 𝑢 velocity component and the corresponding
lift instantly for a rapid descent. Hence, in 3D perching, additional height at the
starting point calls for a more aggressive yaw to lower that aircraft’s 𝑢 velocity
component massively. As presented in Table 12, the lowest 𝑢 velocity component
recorded during the yaw phase shows a constant decrement with higher initial
altitude. This synchronously produces a larger magnitude of heading angle and
sideslip angle needed to deplete the ‘extra’ potential energy.
Table 12 also shows that the maximum magnitude of heading angle and sideslip
angle noted during the yaw phase follow a positive correlation in overall with
increasing initial height. However, this does not imply that a much larger lateral
deviation is needed because a larger sideslip angle can still be attained with the same
lateral deviation. Therefore, it has been shown that 3D perching is a better alternative
in context of spatial expenditure and merits itself as a more efficient choice for swift
landings from high altitudes.
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Figure 43: 2D Perching trajectories with varying initial altitude

Figure 44: Variation of normalized deviation with respect to initial altitude
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(a) Isometric view

(b) Side view
Figure 45: 3D Perching trajectories with varying initial altitude
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Table 11: Spatial cost reduction
Altitude at 𝑡𝑜
(meters)
1

Deviation (Undershoot)
reduction (%)
60.1

Perching distance
reduction (%)
20.4

3

66.2

27.8

5

68.9

33.9

7

71.9

38.8

Table 12: Maximum magnitude during yaw phase
Altitude at 𝑡𝑜 (meters)

𝑢 (𝑚/𝑠)

1

5.82

5.08

−61.37

38.51

3

5.74

5.24

−63.1

39.24

5

5.04

5.14

−64.4

39.06

7

4.89

5.52

−65.6

42.18

9

3.38

5.38

−66.4

49.47

𝑣 (𝑚/𝑠) 𝜓(𝑑𝑒𝑔) 𝛽(𝑑𝑒𝑔)

5.3.3 3D Maneuvering with 2D perching maneuver
An optimization study based on a hybrid of 2D and 3D perching maneuver is carried
out to investigate the possibility of minimizing undershoot in the 2D perching
maneuver. By introducing 3D perching’s sideslip maneuvering technique in the
typical 2D perching maneuver, the additional drag mechanism available can
methodically be utilized to reduce its dependency on the undershoot by shortening
its climb phase. To fully demonstrate this, a single-phase trajectory optimization of
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the 2D perching technique and a 3D perching optimization based on the 2D maneuver
are carried out based on the least distance required to achieve 95% velocity reduction
while initializing and ending at the same vertical height. Hence, for this case, the
initial 𝑥-axial boundary point is left as an arbitrary parameter to be optimized for the
shortest trajectory length and the target landing point to be origin (0,0). Similar cost
function in Eq. (77) and control bounds in Table 9 are implemented in the
optimization procedure. The optimization results are compared in the following
Figures 46 and 47 and Table 13.
Significant reduction of 42.0% in undershoot is achieved by utilizing the sideslip
drag during the 3D maneuver as shown in the side view of Figure 46. Although 3D
perching in this context requires a lateral deviation of 1.72m, the lateral spatial cost
is still small as compared to the 3.93m reduction of undershoot. Should reduction of
undershoot become the main priority, this 3D maneuvering technique is effective in
improving the undershoot problem in 2D perching. Additionally, the 3D perching
technique reduces the trajectory length by 32.3% and the total time taken by 18.9%.
In 2D perching, there is an optimal undershoot that provides the climbing distance
necessary for velocity reduction which is mainly by gravity. Too large an undershoot
would mean that the aircraft has dived too deep and would then not be able to climb
sufficiently due to over-reduction of velocity. Too small an undershoot would mean
that the aircraft will overrun the target as the velocity build-up from the diving phase
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is not sufficiently decelerated. However, in 3D maneuvering, the build-up of velocity
during the diving phase is reduced due to the sideslip drag from high sideslip angles
(as shown in Figure 47) and hence the amount of undershoot required diminishes as
well.
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Figure 46: Perching trajectory comparison with 3D maneuvering
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Figure 47: Velocity, aerodynamic angle and orientation angle profiles for 2D
perching and 2D perching with 3D maneuvering capability
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Table 13: Parameters comparison of 2D perching with 3D maneuvering

Parameters

2D Perching

2D Perching with
3D maneuvering

Total distance (m)
Time taken (s)
Undershoot (m)

34.148
2.70
9.355

23.121
3.33
5.427

5.4 Chapter Summary
This chapter examines the different drag mechanisms employed by 2D and 3D
perching respectively. While 2D perching is dependent on high angles of attack and
especially, gravity force, 3D perching utilizes the dual-drag mechanism for velocity
deceleration. A strong feature of 3D perching is that it effaces the climb phase and
correspondingly abates the velocity throughout the entire maneuver, without the
reliance of gravity. A comparative study of the performance between 2D and 3D
perching reveals that the former’s unfavorable undershoot magnifies with increasing
initial altitude while the latter’s lateral deviation does not scale much with initial
height. In this case, 3D perching is able to reduce the corresponding deviation and
perching distance by up to 71.9% and 38.8% respectively. The rapid descent in 3D
perching without the undershoot is realizable due to its ability to yaw swiftly
anticlockwise in order to vector its 𝑉 velocity that reduces its u velocity component
and the corresponding lift. Hence, 3D perching is considered as a better alternative
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in aspects of spatial cost and is more effective in landings from high altitude. In
addition, the sideslip drag mechanism of 3D perching can be adopted in the case of
2D perching trajectory to effectively reduce its undershoot.

Chapter 6
Sliding Control of Sideslip Perching Maneuver
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6.1 Background
Understanding that online-generation of optimal trajectories is still computationally
challenging and therefore impractical, perching control strategy should still revolve
around the dependence on offline-optimal trajectories. However, using the associated
open-loop optimal control inputs is not possible. Robustness to model inaccuracies
is mandatory as it is already impossible to develop a completely accurate
aerodynamic model for perching that involves many dynamic phenomena and
different flow regimes. Rejection of perpetual state disturbances due to wind gusts is
imperative for a successful execution of perching maneuver in an outdoor
environment. Under open loop controls, unmodeled uncertainties and state
perturbations would certainly deviate the UAV away from its optimal trajectory. If
deviations are not too large, contraction to the nominal state perching solutions can
still be guaranteed given the appropriate control scheme.
Here, the optimal perching solutions can be regarded as unstable due to the UAV’s
inability to sustain itself in the nominal perching trajectory. Being an unstable mode
of maneuver, perching given the slightest state perturbations will deviate from its
nominal trajectory readily. Perching using an open loop control input is not reliable
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and at most times, unrealizable under real-time circumstances. Hence, closing the
loop of the perching maneuver with the reference to the nominal path of perching
maneuver must be considered.
The control should also provide the solution to the problem of variations in the initial
conditions since the optimal trajectory is only generated based on specific initial
conditions. Replicating these exact initial conditions in a practical scenario is
difficult and could not be achieved consistently due to factors such as model
uncertainties and state perturbations. Convergence to the offline-generated optimal
trajectory in presence of varying initial state and spatial conditions should therefore
be a primary feature in the perching controller.
To handle such a highly nonlinear system while simultaneously dominating the state
perturbations and model inaccuracies within the system, this research adopts the
sliding mode control strategy which is known for its robustness and effectiveness as
a nonlinear controller. Although the objective of the controller is to seemingly track
desired optimal trajectory of the sideslip perching maneuver, it is not feasible to
directly track all the 9 state variables [𝑢, 𝑣, 𝑤, 𝑝, 𝑞, 𝑟, 𝜙, 𝜃, 𝜓] excluding spatial and
internal state variables since the number of control inputs is much lesser than the
number of states. Therefore, 4 tracking state variables which corresponds to the 4
available control inputs (𝛿𝑒 , 𝛿𝑎 , 𝛿𝑟 , 𝑇) must be carefully selected to ensure the
system’s overall convergence to the optimal state trajectories. Contraction theory is
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used in this research to streamline the selection of 4 variables to be tracked. Through
the tracking of those 4 state variables and some correction factors in the 𝑥𝑒 , 𝑦𝑒 , 𝑧𝑒
domain, stability of the perching trajectory is ensured. Therefore, this research seeks
to describe a state-space framework approach of the sliding controller design for
sideslip perching maneuver. Based on a reference perching trajectory, the controller
will be able to determine the control inputs for the UAV to execute the nominal
sideslip perching trajectory and correct any state perturbations and spatial deviations
along the way. The state-space design methodology provides a convenient way to
formulate the control algorithm since the UAV nonlinear equations of motion are
already is a state-space form. Subsequently, performance of the controller would be
validated under different scenarios: model inaccuracies associated with the dynamic
stall delay, varying initial spatial and state conditions and state perturbations
throughout the course of the perching maneuver.

6.2 Identification of Tracking State Variables
The approach to identify the appropriate state variables that are required to be tracked
is discussed in this section.

6.2.1 Contraction Analysis
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The usual technique for assessing the stability of the optimal solutions, which are
determined by the trajectory optimization procedure, at each point along a flight
trajectory is no longer feasible for the perching maneuver. This is because perching
is basically an unsteady maneuver, and most of the stability concepts apply to the
dynamics around a steady equilibrium condition. For this reason, the stability of the
optimal trajectory solutions can be investigated using ‘contraction theory’ which is
a recently derived nonlinear approach formulated based on the fundamental concepts
of fluid mechanics and differential geometry [40, 41]. In the context of stability to a
nominal motion, stability can be perceived as a system behavior where effects of
initial conditions or perturbations can be lost gradually and convergence to nominal
state trajectories can ultimately be achieved without prior knowledge of the optimal
solutions itself. Based on this definition, contraction theory suggests that stability
can be analyzed differentially. Hence, stability about non-equilibrium points along a
flight trajectory can be determined through an analysis of the virtual displacement
𝛿𝑋̅ behavior over time, at any given fixed time in the system. The use of such
differential forms therefore analyze the behavior of neighboring trajectories and
assess whether convergence to a single trajectory can be achieved. In case of
perturbations, positive conclusions of the contraction theory suggest exponential
convergence to the nominal trajectory is guaranteed.
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Rao and Go have conducted the above mentioned contraction analysis on the 2D
perching maneuver and conclude that the 2D perching’s optimal solutions are largely
unstable, especially in the region of high angles of attack [10]. This is corroborated
by state perturbation simulation studies carried out in this research (findings will be
elaborated in the following section) that show how 3D perching’s open loop
trajectories can deviate easily given the slightest perturbations which suggest the
instability of the optimal solutions. This research however implements contraction
analysis as a tool to identify the state variables that make the system not converging
in the vicinity of neighboring trajectories. A control strategy can therefore be
developed around the tracking of these variables. The practical use of contraction
analysis for state variable identification is presented in the following:
Given a nonlinear system
𝑋̅̇ = 𝐹̅ (𝑋̅, 𝑡)

(78)

where 𝑋̅ and 𝐹̅ are 𝑛 × 1 vectors in which the latter is in the form of nonlinear
functions. With the assumption that 𝐹̅ (𝑋̅, 𝑡) is continuously differentiable, at a fixed
time 𝑡, the exact differential can be expressed as:
𝜕𝐹̅
(𝑋̅, 𝑡) 𝛿𝑋̅
𝛿𝑋̅̇ =
𝜕𝑋̅

(79)
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By considering a virtual displacement 𝛿𝑋̅ of infinitesimal magnitude that is
manifested between 2 neighboring trajectories, the rate of change of its square
distance is described by:
𝑑
𝜕𝐹̅
(𝛿𝑋̅ 𝑇 𝛿𝑋̅) = 2𝛿𝑋̅ 𝑇
𝛿𝑋̅
𝑑𝑡
𝜕𝑋̅

(80)

By introducing 𝜆𝑚𝑎𝑥 as the largest eigenvalue of the symmetric part of Jacobian

𝜕𝐹̅
,
𝜕𝑋̅

Eq. (80) becomes:
𝑑
(𝛿𝑋̅ 𝑇 𝛿𝑋̅) ≤ 2𝜆𝑚𝑎𝑥 𝛿𝑋̅ 𝑇 𝛿𝑋̅
𝑑𝑡

(81)

The computation of 𝜆𝑚𝑎𝑥 can be carried out by identifying the largest eigenvalue of
1 𝜕𝐹̅
2 𝜕𝑋̅

the matrix (

+

𝜕𝐹̅ 𝑇
).
𝜕𝑋̅

Therefore, if 𝜆𝑚𝑎𝑥 (𝑋̅, 𝑡) is uniformly strictly negative,

exponential convergence of ‖𝛿𝑋̅‖ to zero is guaranteed which also implies that
stability of the nominal trajectory can then be concluded. This leads to the definition:
Definition 1. Given the system equations 𝑋̅̇ = 𝐹̅ (𝑋̅, 𝑡), a region of the state space is
called a contraction region if the Jacobian

𝜕𝐹̅
𝜕𝑋̅

is uniformly negative definite in that

region.
Conversely, by examining the eigenvalues of the symmetric part of the Jacobian
matrix along the trajectory of the perching maneuver, non-contracting variables that
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lead to the system having a positive eigenvalue profile can subsequently be
identified.

6.2.2 Identification Methodology
The flight dynamics model of the aircraft undergoing the 3D perching maneuver that
has been presented on Chapter 3 are basically dependent solely on the dynamic state
variables, [𝑢 𝑣 𝑤 𝑝 𝑞 𝑟 𝜙 𝜃 𝜓] in which the kinematic variables are excluded as they
are more catered to the determination of the UAV’s spatial representation. The
dynamic state variable vector consists of translational dynamic variables [𝑢 𝑣 𝑤] and
rotational dynamic variables [𝑝 𝑞 𝑟 𝜙 𝜃 𝜓]. Hence, this motivates the following
contraction analysis of the aircraft’s translational and rotational dynamics.

6.2.2.1

Translational Dynamics

In accordance with Eq. (79), the equations for translational dynamics can be
expressed as follows:
𝜕𝐹̅𝑡𝑟
(𝑋̅𝑡𝑟 , 𝑡) 𝛿𝑋̅𝑡𝑟
𝛿𝑋̅̇𝑡𝑟 =
𝜕𝑋̅𝑡𝑟

(82)
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𝛿𝑢̇
𝛿𝑣̇ =
[𝛿𝑤̇ ]

𝜕𝛿𝑢̇
𝜕𝛿𝑢

𝜕𝛿𝑢̇
𝜕𝛿𝑣

𝜕𝛿𝑢̇
𝜕𝛿𝑤 𝛿𝑢

𝜕𝛿𝑣̇
𝜕𝛿𝑢

𝜕𝛿𝑣̇
𝜕𝛿𝑣

𝜕𝛿𝑣̇
𝜕𝛿𝑤

𝜕𝛿𝑤̇
[ 𝜕𝛿𝑢

𝜕𝛿𝑤̇
𝜕𝛿𝑣

[ ]
𝜕𝛿𝑤̇ 𝛿𝑤
𝜕𝛿𝑤 ]

𝛿𝑣

(83)

where 𝑋̅𝑡𝑟 = [𝑢 𝑣 𝑤] and 𝐹̅𝑡𝑟 represents the vector field from the set of Eqs. (20) to
(22). Through numerical computation of the eigenvalues 𝜆𝑡𝑟 of the symmetric part
𝜕𝐹̅

of the Jacobian 𝜕𝑋̅𝑡𝑟 for the entire sideslip perching maneuver based on open-loop
𝑡𝑟

controls, a plot of the eigenvalue trajectories against the axial horizontal distance can
be obtained, as illustrated below.

Figure 48: Eigenvalue 𝜆𝑡𝑟 history of translational dynamics of sideslip perching
maneuver
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Based on Figure 48, the three eigenvalue trajectories associated with the translational
dynamics of the sideslip maneuver are observed to be negative. According to the
Definition 1, this suggests that the translational dynamics are naturally contracting
and stable. Exponential convergence of 𝛿𝑋̅𝑡𝑟 to zero is assured. Convergence of
translational variable trajectories under state perturbations is also implied. However,
as the perching maneuver ensues, this contraction behavior seems to diminish due to
the decreasing velocity of the UAV as a slower stable response is evident with
decreasing velocity. The contracting behavior reduces to a point where one of the
eigenvalues become slightly positive. This indicates non-contracting behavior in
translational dynamics can be observed near the end of the maneuver. With the
exception of the terminal stage of the sideslip perching maneuver where instability
of the trajectory is expected due to sluggish aircraft response when body velocities
are low, translational dynamics of the sideslip perching maneuver can be concluded
as largely contracting. Therefore, direct control for stabilization of perching’s
translational dynamics is not necessary. Tracking of translational state variables is
not required.

6.2.2.2

Rotational Dynamics

With open-loop translational dynamics being locally stable and coupled with prior
knowledge of open-loop instability of perching maneuver trajectory, contraction
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analysis of rotational dynamics is anticipated to be non-contracting. Similar to the
previous section, with reference to Eq. (79), the state-space representation for the
perching’s rotational dynamics can be described as in Eqs. (84) and (85):
𝜕𝐹̅𝑟𝑜𝑡
(𝑋̅𝑟𝑜𝑡 , 𝑡) 𝛿𝑋̅𝑟𝑜𝑡
𝛿𝑋̅̇𝑟𝑜𝑡 =
𝜕𝑋̅𝑟𝑜𝑡

𝛿𝑝̇

𝜕𝛿𝑝̇
𝜕𝛿𝑝

𝜕𝛿𝑝̇
𝜕𝛿𝑞

𝜕𝛿𝑝̇
𝜕𝛿𝑟

𝜕𝛿𝑝̇
𝜕𝛿𝜙

𝜕𝛿𝑝̇
𝜕𝛿𝜃

𝜕𝛿𝑝̇
𝜕𝛿𝜓

𝜕𝛿𝑞̇
𝜕𝛿𝑝

𝜕𝛿𝑞̇
𝜕𝛿𝑞

𝜕𝛿𝑞̇
𝜕𝛿𝑟

𝜕𝛿𝑞̇
𝜕𝛿𝜙

𝜕𝛿𝑞̇
𝜕𝛿𝜃

𝜕𝛿𝑟̇
𝜕𝛿𝑝

𝜕𝛿𝑟̇
𝜕𝛿𝑞

𝜕𝛿𝑟̇
𝜕𝛿𝑟

𝜕𝛿𝑟̇
𝜕𝛿𝜙

𝜕𝛿𝑟̇
𝜕𝛿𝜃

𝜕𝛿𝑞̇ 𝛿𝑝
𝜕𝛿𝜓
𝛿𝑞
𝜕𝛿𝑟̇
𝜕𝛿𝜓 𝛿𝑟

𝜕𝛿𝜙̇
𝜕𝛿𝑝

𝜕𝛿𝜙̇
𝜕𝛿𝑞

𝜕𝛿𝜙̇
𝜕𝛿𝑟

𝜕𝛿𝜙̇
𝜕𝛿𝜙

𝜕𝛿𝜙̇
𝜕𝛿𝜃

𝜕𝛿𝜃̇
𝜕𝛿𝑝

𝜕𝛿𝜃̇
𝜕𝛿𝑞

𝜕𝛿𝜃̇
𝜕𝛿𝑟

𝜕𝛿𝜃̇
𝜕𝛿𝜙

𝜕𝛿𝜃̇
𝜕𝛿𝜃

𝜕𝛿𝜓̇
[ 𝜕𝛿𝑝

𝜕𝛿𝜓̇
𝜕𝛿𝑞

𝜕𝛿𝜓̇
𝜕𝛿𝑟

𝜕𝛿𝜓̇
𝜕𝛿𝜙

𝜕𝛿𝜓̇
𝜕𝛿𝜃

𝛿𝑞̇
𝛿𝑟̇
𝛿𝜙̇
𝛿𝜃̇
[𝛿𝜓̇]

=

(84)

𝜕𝛿𝜙̇ 𝛿𝜙
𝜕𝛿𝜓
𝛿𝜃
𝜕𝛿𝜃̇

(85)

𝜕𝛿𝜓 [𝛿𝜓]
𝜕𝛿𝜓̇
𝜕𝛿𝜓]

In Eq. (84) 𝑋̅𝑟𝑜𝑡 refers to the rotational state variables [𝑝 𝑞 𝑟 𝜙 𝜃 𝜓] and

𝜕𝐹̅𝑟𝑜𝑡
𝜕𝑋̅𝑟𝑜𝑡

represents the Jacobian matrix in Eq. (85), based on the set of nonlinear Eqs. (23) to
(28). Based on rotational Jacobian matrix of the open-loop sideslip perching
trajectory, the rotational eigenvalues 𝜆𝑟𝑜𝑡 are numerically computed and plotted in
the Figure 49 below.
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Figure 49: Eigenvalue history 𝜆𝑟𝑜𝑡 of rotational dynamics of sideslip perching
maneuver

Unlike the case for the eigenvalues of translational dynamics being all negative, three
of the 6 rotational eigenvalue trajectories initialize with a positive value and remain
𝜕𝐹̅

positive for nearly the entire maneuver. It is concluded that the Jacobian 𝜕𝑋̅𝑟𝑜𝑡 is not
𝑟𝑜𝑡

strictly negative-definite. As such, aircraft’s rotational dynamics are non-contracting
and natural convergence of rotational variable trajectories under state perturbations
is not assured. This instability behavior seems to gradually heighten throughout the
maneuver. Since the rotational dynamics are not naturally contracting, stabilization
of perching’s rotational variable trajectories is therefore required. This implies
tracking of certain rotational variables that are yet to be identified is necessary for
the overall convergence of the UAV’s state trajectories under external disturbances.
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Using hierarchical nature in the turn rate and Euler angle dynamics, the rotational
dynamic system in Eq. (84) can be partitioned and written as:

̅
𝐹̅11
𝑑 𝛿𝑍1
(
)=(
𝑑𝑡
̅
𝛿𝑍2
𝐹̅21

𝛿𝑍1̅

0
)(
𝐹̅22

)

(86)

𝛿𝑍2̅

where 𝛿𝑍1̅ = [𝑝 𝑞 𝑟] and 𝛿𝑍̅2 = [𝜙 𝜃 𝜓] . Submatrices 𝐹̅11 , 𝐹̅21 and 𝐹̅22 are
nonlinear vector partial derivatives linking the variables to their corresponding
differential velocity vectors. As observed, the hierarchical nature in the rotational
dynamics suggests that the first equation in 𝛿𝑍1̅ does not depend on the second
equation in 𝛿𝑍2̅ . For the first equation, similar to previous method, the eigenvalues
of the 𝐹̅11 matrix are examined along the entire perching maneuver. Figure 50 shows
the eigenvalue profiles that correspond to symmetric part of 𝐹̅11 defined in Eq. (87).

𝐹̅11 =

𝜕𝛿𝑝̇
𝜕𝛿𝑝

𝜕𝛿𝑝̇
𝜕𝛿𝑞

𝜕𝛿𝑝̇
𝜕𝛿𝑟

𝜕𝛿𝑞̇
𝜕𝛿𝑝

𝜕𝛿𝑞̇
𝜕𝛿𝑞

𝜕𝛿𝑞̇
𝜕𝛿𝑟

𝜕𝛿𝑟̇
[𝜕𝛿𝑝

𝜕𝛿𝑟̇
𝜕𝛿𝑞

𝜕𝛿𝑟̇
𝜕𝛿𝑟]

(87)
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Figure 50: Eigenvalue history of 𝑍1̅ rotational dynamics

As illustrated in Figure 50, exponential convergence of 𝛿𝑍1̅ to zero is achieved as
𝜆𝑚𝑎𝑥 (𝑍1̅ , 𝑡) is uniformly strictly negative for the entire sideslip perching maneuver.
Natural contraction in the 𝑝, 𝑞 and 𝑟 variable trajectories can be concluded. For the
second equation, since submatrix 𝐹̅21 is bounded, reduction of 𝐹̅21 𝛿𝑍1̅ to zero is also
guaranteed due to the exponential convergence of 𝛿𝑍1̅ . Hence, it can be observed
that uniform negative definiteness of 𝐹̅22 , that guarantees 𝛿𝑍1̅ convergence to zero,
is required to ensure contraction in the overall rotational dynamics. However,
as 𝐹̅22 is not negative-definite matrix (as inferred in Figure 49), 𝛿𝑍̅2 convergence is
not achieved. Therefore, this is identified as the source of trajectory instability in the
rotational dynamics of the perching maneuver. In order to enforce convergence of
𝛿𝑍2̅ to zero, 𝑍̅2 state variables, 𝜙 𝜃 𝜓, are selected to be the state variables to be
tracked by the controller. By applying this methodology, appropriate tracking
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variables are chosen that will successfully lead to the contraction of rotational state
space and subsequently, the overall stability of the sideslip perching trajectory.

6.3 Sliding Model Control Strategy
The knowledge on the variables affecting the maneuver stability and performance is
critical for the development of the appropriate control strategy. As illustrated in the
previous section, due to the non-contracting behavior of the aircraft’s rotational
dynamics, stability of the optimal perching state trajectories is not guaranteed. In the
presence of disturbances and modeling uncertainties, the UAV would readily diverge
from its intended flight path and the perching maneuver would not be actualized.
Therefore, open-loop control input commands from the optimization results cannot
be relied on completely in real-life perching. A closed-loop trajectory tracking
problem needs to be formulated to allow the MAV to reach the perching’s target
location and speed reduction in a stable manner in the presence of state perturbations
during the maneuver or deviations in the initial flight conditions. The design of such
a controller is incredibly challenging as the 3D perching maneuver is an unsteady
maneuvering scheme that involves 6-DOF rapid translational and angular motions.
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The development of the control strategy is focussed on providing stability to the
optimal perching trajectory by computing the control inputs to rectify the errors in
the following scenarios: varying initial spatial and state conditions, state deviations
in the course of perching maneuver and model inaccuracies associated with the
dynamic stall delay. In order to provide a closed-loop control design for the perching
problem, sliding mode control is adopted that is recognized for its robustness in
handling highly nonlinear systems. Sliding mode control scheme has been covered
in many nonlinear aircraft control literature in which its stability robustness and
effectiveness in trajectory tracking under parameter variations and unmodeled
dynamics are highlighted [10, 42, 43].

The intention of the controller is to track desired optimal trajectory of the sideslip
perching maneuver. However, it is not feasible to directly track all the state variables
since the number of control inputs is much lesser than the number of states. As
elaborated in the section earlier, 3 state variables (𝜙 𝜃 𝜓) have been identified that
would ensure contraction in the entirety of the desired state profiles of the sideslip
̅ 𝜖 ℝ4 ) paves the
perching maneuver. However, the availability of 4 control inputs (𝑈
way for the separation of the pitch angle, 𝜃 into angle of attack, 𝛼 and flight path
angle, 𝛾 in the flight model. This will lead to a total of 4 state variables [𝛼, 𝜙, 𝜓, 𝛾]
that are required to be tracked to ensure the system’s overall convergence. The
definition of tracking variables in the aircraft’s stability axes motivates the control
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scheme to be devised using the flight dynamics model based on stability axes. For
convenience, the nonlinear equations of motion in Eqs. (88) to (91) are replaced with
Eqs. (20) to (22) and Eq. (27) to yield a system of 15 first-order differential equations
based on the state variables 𝑋̅ = [𝑉, 𝛼, 𝛽, 𝛾, 𝑝, 𝑞, 𝑟, 𝜙, 𝜓, 𝑥𝑒 , 𝑦𝑒 , 𝑧𝑒 ]𝑇 in the aircraft’s
stability axes:

𝐹𝑦
𝐹𝑥
𝑉̇ = ( − (𝑞𝑤 − 𝑟𝑣)) 𝑐𝑜𝑠𝛼𝑐𝑜𝑠𝛽 + ( − (𝑟𝑢 − 𝑝𝑤)) 𝑠𝑖𝑛𝛽
𝑚
𝑚
𝐹𝑧
+ ( − (𝑝𝑣 − 𝑞𝑢)) 𝑠𝑖𝑛𝛼𝑐𝑜𝑠𝛽
𝑚

(88)

𝐹𝑦

𝐹

((𝑚𝑧 − (𝑝𝑣 − 𝑞𝑢)) 𝑐𝑜𝑠𝛼 − ( 𝑚 − (𝑟𝑢 − 𝑝𝑤)) 𝑠𝑖𝑛𝛼)
𝛼̇ =

(89)

𝑉𝑐𝑜𝑠𝛽

𝐹𝑦
𝐹𝑥
𝛽̇ = (− ( − (𝑞𝑤 − 𝑟𝑣)) 𝑐𝑜𝑠𝛼𝑠𝑖𝑛𝛽 + ( − (𝑟𝑢 − 𝑝𝑤)) 𝑐𝑜𝑠𝛽
𝑚
𝑚

(90)

𝐹𝑧
− ( − (𝑝𝑣 − 𝑞𝑢)) 𝑠𝑖𝑛𝛼𝑠𝑖𝑛𝛽) / 𝑉
𝑚
𝐹

𝐹

((𝑚𝑧 − (𝑝𝑣 − 𝑞𝑢)) 𝑐𝑜𝑠𝛼 − ( 𝑚𝑥 − (𝑞𝑤 − 𝑟𝑣)) 𝑠𝑖𝑛𝛼)
𝛾̇ = −

(91)

𝑉𝑐𝑜𝑠𝛽
+𝑞 𝑐𝑜𝑠𝜙 − 𝑟 𝑠𝑖𝑛𝜙

Sliding control consists of 2 phases: a reaching phase followed by a sliding phase.
The sliding control technique is based on the notion that control is made easier by
condensing a general 𝑛𝑡ℎ order systems to equivalent 1𝑠𝑡 order problems since the
behavior of 1st order systems are much more understood [44]. The simplification is
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first carried out by defining a suitable 𝑚-dimensional function, 𝑠̅ vector which is
termed as a set of sliding surfaces that correspond to the desired dynamics during the
sliding phase. A reaching condition is next established to ensure that the sliding
surfaces remain attractive to the system trajectories. Conceptually, using the sliding
control technique, state trajectories from any initial condition that lie outside their
respective sliding surfaces, 𝑠̅ = 0̅, would undergo a natural convergence towards the
respective time-varying surfaces due to the established reaching condition. Once the
state trajectories reach the corresponding surfaces, it marks the end of reaching phase
as the system trajectories stay on the surfaces. The sliding phase then begins with the
state trajectories sliding along the surface towards the desired state 𝑋̅𝑑 exponentially.
Consider the 3D sideslip perching problem that is described by Eq. (92):
̅) + ∆𝐹̅ (𝑋̅, 𝑈
̅)
𝑋̅̇ = 𝐹̅ (𝑋̅, 𝑈
where

(92)

𝑋̅ = [𝑉, 𝛼, 𝛽, 𝛾, 𝑝, 𝑞, 𝑟, 𝜙, 𝜓, 𝑥𝑒 , 𝑦𝑒 , 𝑧𝑒 ]𝑇
̅ = [𝛿𝑒 , 𝛿𝑎 , 𝛿𝑟 , 𝑇]𝑇
𝑈

∆𝐹̅ (𝑋̅) represents the uncertain dynamics in the nonlinear system caused by
unmodeled time histories of 𝜏 constants in the 3 internal state variable equations
concerning 𝑥𝑤 𝑥𝑡 𝑥𝑣 of dynamic stall model (Eqs. (1) and (9)). Another requirement
in sliding control is for the system to be affine in control. This is achieved by
linearizing the system locally about its instantaneous control input as follows:
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̅)
𝜕𝐹̅ (𝑋̅, 𝑈
̅ + ∆𝑈
̅) = 𝐹̅ (𝑋̅, 𝑈
̅) + (
̅
𝐹̅ (𝑋̅, 𝑈
) ∆𝑈
̅
𝜕𝑈
̅
𝐹̅,𝑈

(93)

The 4 variables [𝛼, 𝜙, 𝜓, 𝛾] that are chosen to be tracked would correspond to the
following set of 4 sliding functions:
(𝛼̇ − 𝛼̇ 𝑑 ) + 𝜆1 (𝛼 − 𝛼𝑑 )
(𝜙̇ − 𝜙̇𝑑 ) + 𝜆2 (𝜙 − 𝜙𝑑 )
𝑠̅ =

(94)

(𝜓̇ − 𝜓̇𝑑 ) + 𝜆3 ((𝜓 − 𝜓𝑑 ) − 𝑦𝑠 )
[ (𝛾̇ − 𝛾̇ 𝑑 ) + 𝜆4 ((𝛾 − 𝛾𝑑 ) − 𝑧𝑠 ) ]

where

𝑦𝑒 − 𝑦𝑒
𝑦𝑠 = 𝑡𝑎𝑛−1 ( 𝑑
)
𝜌1
𝑧𝑒 − 𝑧𝑒 𝑑
𝑧𝑠 = 𝑡𝑎𝑛−1 (
)
𝜌2
𝜆1 , 𝜆2 , 𝜆3 , 𝜆4 , 𝜌1 , 𝜌2 > 0

Convergence solely to dynamic state trajectories such as orientation angle and turn
rate profiles does not guarantee convergence of spatial trajectory of the perching
maneuver in 3-dimensional space domain. Therefore, to ensure that perching
trajectory in spatial domain is also part of the invariant set, the terms 𝑦𝑠 and 𝑧𝑠 are
correction factors introduced into the sliding functions. Trajectories initializing at the
different point can hence be tracked back to desired optimal trajectory. Contraction
behavior of both the state and spatial variable profiles to the respective optimal
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profiles are guaranteed. Next, a practical form of a constant rate reaching law is used
for reaching phase [45]:
̅ 𝑠𝑔𝑛(𝑠̅)
𝑠̅̇ = −𝐻

(95)

̅ = 𝑑𝑖𝑎𝑔[ℎ1 , . . , ℎ4 ], ℎ𝑖 > 0 (positive definite)
where 𝐻
𝑠𝑔𝑛 refers to the sign function (applied to the elements of the matrix)
This form of reaching law is chosen due to its simplicity as it ensures that the state
trajectories are constrained to approach the sliding surfaces at a constant rate in which
̅ is large. Without consideration of
the reaching phase would be faster when 𝐻
̅) in the system, by using the reaching law in Eq. (95), the sliding surface,
∆𝐹̅ (𝑋̅, 𝑈
𝑠̅ = 0̅ can be shown as globally asymptotically stable by using the Lyapunov’s Direct
Method:
1 𝑇
𝑠̅ 𝑠̅
2

(96)

1
𝑉̅̇ (𝑠̅) = (𝑠̅̇ 𝑇 𝑠̅ + 𝑠̅ 𝑇 𝑠̅̇)
2

(97)

𝑉̅ (𝑠̅) =

= 𝑠̅ 𝑇 𝑠̅̇
̅ 𝑠𝑔𝑛(𝑠̅) < 0
= −𝑠 𝑇 𝐻


𝑉̅ (𝑠̅ ) is positive definite



𝑉̅̇ (𝑠̅ ) is negative definite



𝑉̅ (𝑠̅ ) → ∞ 𝑎𝑠 ‖𝑠̅‖ → ∞ (radial unboundedness)
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where 𝑉̅ (𝑠̅) is the Lyapunov function candidate which is in terms of the square
distance of trajectory to respective the sliding surface.
The expression in Eq. (93) provides convenience for the derivation of the state-space
sliding control approach. Based on the reaching law in Eq. (95), the free-order
switching control law can be derived as:

𝑠̅̇ =

⟹

𝜕𝑠̅ ̇
𝜕𝑠̅ ̇
𝑋̅ +
𝑋̅𝑑
𝜕𝑋̅
𝜕𝑋̅𝑑

(98)

̅)
𝜕𝑠̅
𝜕𝐹̅ (𝑋̅, 𝑈
𝜕𝑠̅ ̇
̅) + (
̅ + ∆𝐹̅ (𝑋̅, 𝑈
̅)) +
̅ 𝑠𝑔𝑛(𝑠̅)
(𝐹̅ (𝑋̅, 𝑈
) ∆𝑈
𝑋̅ = −𝐻
̅
̅𝑑 𝑑
𝜕𝑢
𝜕𝑋
𝜕𝑋
𝑥,𝑢
−1
̅)
𝜕𝑠̅ 𝜕𝐹̅ (𝑋̅, 𝑈
𝜕𝑠̅
𝜕𝑠̅ ̇
̅
̅) + 𝐻
̅ 𝑠𝑔𝑛(𝑠̅) +
∆𝑈 = − (
)
( 𝐹̅ (𝑋̅, 𝑈
𝑋̅
̅
̅
̅𝑑 𝑑
𝜕𝑢
𝜕𝑋
𝜕𝑋
𝜕𝑋
𝑥,𝑢

(99)

̅))
+ ∆𝐹̅̂ (𝑋̅, 𝑈
By using ∆𝐹̂ to handle the unknown ∆𝐹, the reaching law equation will have an
additional term: (This done by substituting Eq. (99) into Eq. (98))
̅ 𝑠𝑔𝑛(𝑠̅) − (∆𝐹̅̂ (𝑋̅, 𝑈
̅) − ∆𝐹̅ (𝑋̅, 𝑈
̅))
𝑠̅̇ = −𝐻

(100)

̅)| is known:
Since the bounds on |∆𝐹̅ (𝑋̅, 𝑈
−0.1 𝐹𝑖 ≤ ∆𝐹𝑖 ≤ 0.1 𝐹𝑖

(101)
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∆𝐹1
where

̅) =
∆𝐹̅ (𝑋̅, 𝑈

∆𝐹2
∆𝐹3
[∆𝐹4 ]

̅ must be chosen in way it can always dominate (∆𝐹̅̂ (𝑋̅, 𝑈
̅) − ∆𝐹̅ (𝑋̅, 𝑈
̅)) to ensure
𝐻
reaching condition. Based on Eq. (101), it can be derived that:
̅) − ∆𝐹̅ (𝑋̅, 𝑈
̅)| ≤ 0.2 𝐹̅ (𝑋̅, 𝑈
̅)
|∆𝐹̅̂ (𝑋̅, 𝑈

(102)

Furthermore, the use of the sign function in Eq. (95) introduces discontinuity in the
computed control inputs. This phenomenon of chattering in the sliding control inputs
renders the controller to be impractical. Furthermore, chattering may lead to the
instability of the system due to possibility of exciting the high-frequency dynamics
in the system. To eliminate chattering, a thin boundary layer, 𝜑𝑖 , around each sliding
surface, 𝑠𝑖 is implemented. This would smoothen out the discontinuity in the control
inputs and any high-frequency control activity at the expense of a lowered
𝑠̅

convergence accuracy. Thus, 𝑠𝑔𝑛(𝑠̅) in Eq. (95) is replaced with 𝑠𝑎𝑡 (𝜑̅) in which:
𝑠𝑔𝑛(𝑠𝑖 ),
𝑠𝑖
𝑠𝑖
𝑠𝑎𝑡 ( ) = {
,
𝜑𝑖
𝜑𝑖
where

|𝑠𝑖 | ≥ 𝜑𝑖
|𝑠𝑖 | ≤ 𝜑𝑖

𝑖 = 1, … ,4 is the total number of 𝑠̅ elements

(103)
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𝜑̅ = 𝑑𝑖𝑎𝑔[𝜑1 , . . , 𝜑4 ]
The width of the boundary layer 𝜑̅ is crucial for the success of the sliding controller
[46]. A boundary layer that is larger than required would lead to a lowered tracking
accuracy while a boundary later that is too narrow would not be able to completely
eliminate chattering. In this dissertation, the thickness of the boundary layer is
actively adjusted to match the intensity of the dynamic stall uncertainties in the
system. With the presence of a time-varying boundary layer and to ensure that the
boundary layer is reachable for the trajectory in finite time, the rate of shrinking of
the boundary layer should be slower that the rate of approaching the boundary layer.
̅) in Eq. (100), for the region outside the boundary
With consideration of ∆𝐹̅ (𝑋̅, 𝑈
layer, the derivative of Lyapunov function candidate in Eq. (97) should hence satisfy
the following condition in Eq. (104):
𝑉̅̇ (𝑠̅) = 𝑠̅ 𝑇 𝑠̅̇

(104)

̂ (𝑿
̅ 𝒔𝒈𝒏(𝒔̅) − 𝒔̅𝑻 (∆𝑭
̅
̅, 𝑼
̅ ) − ∆𝑭
̅ (𝑿
̅, 𝑼
̅ )) ≤ |𝒔̅𝑻 |(𝒅𝒊𝒂𝒈(𝝋
̅̇ ) − 𝜼
̅)
= −𝒔̅𝑻 𝑯
∴ 𝐿𝑒𝑡

ℎ𝑖𝑗 = (𝑘𝑖 − 𝜑̇ 𝑖 ) 𝛿𝑖𝑗
̅= 𝐾
̅ − 𝜑̅̇
⇒𝐻

𝜂1
where 𝜂̅ =

𝜂2
𝜂3
[𝜂4 ]

, 𝜂𝑖 > 0

(105)
(106)

148

k 𝑖 = 0.2 𝐹i + 𝜂i , 𝑘𝑖 > 0
𝛿𝑖𝑗 is the kronecker delta
̅ = 𝑑𝑖𝑎𝑔[𝑘1 , . . , 𝑘4 ]
𝐾
Using the tuning method suggested by Slotine and Li [44] for the variation of
boundary layer:
̅𝑋̅ − 𝜆̅𝜑̅
𝜑̅̇ = 𝐾
𝑑

(107)

By using the above expression, the thickness of the boundary layer is allowed to vary
based on the dynamics of the unmodeled uncertainty. Substituting Eq. (107) into Eq.
̅ can subsequently be expressed as:
(106), 𝐻
̅= 𝐾
̅−𝐾
̅𝑋̅ − 𝜆̅𝜑̅
𝐻
𝑑

(108)

where 𝜆̅ = 𝑑𝑖𝑎𝑔[𝜆1 , . . , 𝜆4 ], 𝜆𝑖 > 0 , as adopted in Eq. (95)
Putting Eq. (108) into Eq. (99), a modified control law in Eq. (109) is obtained that
incorporates the variation of the boundary layer and elimination of chattering in
control inputs. The control input required to rectify the perturbations can then be
conveniently computed using Eq. (110).
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(109)

−1
̅)
𝜕𝑠̅ 𝜕𝐹̅ (𝑋̅, 𝑈
𝜕𝑠̅
̅
̅)
∆𝑈 = − (
)
( 𝐹̅ (𝑋̅, 𝑈
̅
̅
𝜕𝑋̅
𝜕𝑈
𝜕𝑋
𝑥,𝑢

𝑠̅
𝜕𝑠̅ ̇
̅−𝐾
̅𝑋̅ − 𝜆̅𝜑̅) 𝑠𝑎𝑡 ( ) +
+ (𝐾
𝑋̅𝑑 )
𝑑
𝜑̅
𝜕𝑋̅𝑑
̅𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑈
̅ + ∆𝑈
̅
𝑈

(110)

Throughout the maneuver, controller bounds in Table 14 are imposed to preserve
practicality of the maneuver, whose values have also been validated with current
actuator specifications in the market. The bounds and maximum rates for the
controller and turn rates are slightly extended to increase the controller’s capacity to
track the optimal trajectory in which, at certain points, have maxed out the control
input limits in Table 4.
Table 14: Sliding control bounds
Lower bound

Control variable

Upper bound

Max rate

40 𝑑𝑒𝑔

𝛿𝑒 , 𝛿𝑟

40 𝑑𝑒𝑔

70 𝑑𝑒𝑔/𝑠

15 𝑑𝑒𝑔

𝛿𝑎

15 𝑑𝑒𝑔

70 𝑑𝑒𝑔/𝑠

0

𝑇/𝑊

0.8

1.5 𝑁/𝑠

6.4 Sliding Control Performance
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In this section, performance of the controller to provide stability to the optimal
perching solutions will be analyzed. Via 3D perching simulations, the controller is
tasked to track the optimal sideslip perching trajectory (obtained using optimization
procedure in Chapter 4) under different scenarios: varying initial spatial and state
deviations (Chapter 6.4.1), state perturbations during the course of perching (Chapter
6.4.2) and model inaccuracies associated with the dynamic stall delay (Chapter 6.6).
̅ and 𝜆̅ have
All the constants of the control law in Eq. (109) such as the matrices 𝐾
been initially determined via manual iteration until desirable control performance is
achieved. In this perching set-up, control performance would be deemed desirable if
the UAV is able to land within 0.10m lateral and vertical proximity of the target
location and 10% of the reference terminal states of the orientation angles and
velocity. The pitch angle of the aircraft at the landing point should also not exceed
90 degrees. In the case where a reference state terminally ends at zero, 10% of the
maximum value the corresponding state reaches during the perching maneuver
would be selected as the tolerance. These landing tolerance are required due to the
presence of the model inaccuracies and external disturbances in real-life deployment.
The spatial tolerance is set to be 0.10m because controlling a landing procedure onto
an exact target location is an arduous task due to the small time window and the
complexity of the nonlinear dynamics of the perching maneuver. The 0.10m
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tolerance could in fact be regarded as a strict precision requirement in view of the
difficulty of attaining high precision in landing in stall conditions and furthermore,
it should be noted that 0.10m is only 0.3% with respect to the horizontal perching
distance of 30m.

6.4.1 Varying Initial Launch Conditions
Variations in the initial launch conditions have a significant impact on the success of
the perching maneuver [9]. Variations in the initial flight conditions that deviate from
initial reference values are inevitable in practical applications of perching. The
possible variations in the launch conditions are basically due to the deviations in the
initial perching launch position in 𝑦𝑧 plane and the initial value of the following
variables: 𝑉, 𝛼, 𝛽, 𝛾, 𝑝, 𝑞, 𝑟, 𝜙, 𝜓 . Based on these varying initial conditions, the
sliding control performance is evaluated in the following sections.

6.4.1.1

Initial Spatial Displacements

Focusing solely on the initial spatial differences to the optimal state solutions, the
controller is tasked to compute the required control inputs to converge back to the
optimal reference path which had been initiated at an altitude of 3 meters and at 10
m/s in trimmed cruise condition. Based on numerical computation using the control
law in Eq. (105), the control strategy is tested in the following 4 challenging
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scenarios in which the UAV’s initial locations have been significantly displaced to
illustrate the effectiveness of the controller.
Scenarios A and B depict two cases with vertical spatial displacement of +2m and
−2m respectively (measures about 66.6% of the initial 3m altitude) while scenarios
C and D describe two cases of lateral spatial deviations of − 2m and + 2m
respectively (accounts for more than 50% of the maximum lateral sideslip
displacement). Results are plotted in the following figures 51 to 56 (graphs of
perching maneuver trajectory, state and control input profiles).
Figures 51 to 53 illustrates the results of the sliding control based on aircraft’s
response to being vertically displaced at the initial point. As shown in Figure 51,
successful convergence of the trajectories of scenarios A and B to the reference
perching trajectory is achieved in time. The side view of both the perching
trajectories in Figure 51b illustrates a seemingly gradual contraction of the
longitudinal paths to the respective nominal vertical projection in which their
convergence is only accomplished after the − 10m mark. However, it can be
highlighted the contraction of the 𝑧-state variable to the corresponding nominal
profile is rather rapid when viewed in the perspective of the available response time
of only 4.5 seconds long. Moreover, the contraction of the vertical spatial domain
had to be carried out while sustaining the convergence of lateral 𝑥𝑦 trajectories
simultaneously, as observed in Figure 51a. As such, the rate of convergence cannot
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be significantly made more rapid without compromising the tracking of the other 10
state variable profiles.
Having all the state variables initiated at reference conditions except for the initial
altitude, simulation of scenarios A and B allows for the control and state responses
to the initial vertical spatial deviations to be distinctively identified and understood.
As observed, the state profiles for 𝛼, 𝛽, 𝜙 and 𝜓 variables in figure 52 do not depict
significant variation from their corresponding nominal profiles. Only the 𝛾 angle
profile for both scenarios undergoes significant corrections that are necessary for the
overall convergence of the respective perching trajectories. A more positive trend in
the 𝛾 profile for scenario B is attributed to the upward flight trajectory as the aircraft
approaches the nominal trajectory on the underside. This validates the inclusion of
the correction factor 𝑧𝑠 in Eq. (94) to guarantee convergence of spatial trajectory of
the perching maneuver in the vertical domain. Based on Eq. (94), the presence of a
vertical deviation from the nominal trajectory directly triggers the reaching phase in
the 4th sliding function which subsequently induces an immediate response in the
thrust control input as evidently shown in Figure 53.
Within the control limits set in Table 14, the significant variation in the resulting
thrust input for both scenarios suggests the required modifications of the propelling
force that is responsible to steer the aircraft back to its reference trajectory. The other
3 control histories for the elevator, aileron and rudder only show slight alterations
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from the respective optimal solutions to sustain the tracking of the remaining
variables while accommodating the changes in the 𝛾 state trajectory. Due to thrust
control adjustments, the velocity profile for both scenarios differs from the reference
velocity profile but merge into a singular unit as the aircraft approaches the final third
of the perching maneuver. Therefore, the velocity reduction requirement is
successfully achieved along with terminal convergence of the state variables within
10% of the reference values.
The simulation results for scenario C and D are plotted in Figures 54 to 56 in which
the aircraft’s responses to the initial 𝑦 -axial displacement of ± 2 meters are
presented. Similar to the observations drawn for the trajectory convergence in
scenario A and B, the perching maneuver trajectories for scenario C and D effectively
converge to the optimal trajectory while accomplishing landing at orientation angles
and terminal velocity within the tolerances set. The convergence of the lateral
component of the perching trajectory is steadily achieved within the final third of the
maneuver. The integration of correction factor 𝑦𝑠 in the 3rd sliding function of Eq.
(94) is therefore justified. While smoothly overcoming the enormous initial lateral
deviation, the side view of the perching trajectories in Figure 54b as well as the
profiles for 𝛼, 𝛾 and 𝜙 angles in figure 54 indicate small differences from the
corresponding nominal values.
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On the contrary, substantial deviations in 𝜓 and 𝛽 angle profiles can be observed
that subsequently reflect their heavy involvement in producing the required lateral
spatial contraction. Since the correction factor 𝑦𝑠 is incorporated in the 3rd sliding
function Eq. (94), the rudder control input is solely responsible in handling the lateral
spatial displacements. Thus, in Figure 56, a considerable positive deviation of the
rudder input from the optimal rudder control solutions can be observed for scenario
C in order to produce more yawing motion in the anticlockwise direction. The limited
deviations present in the thrust and aileron control histories indicate that only slight
modifications are needed to ensure the tracking of the 𝛾 and 𝜙 angles.
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Figure 51: Sliding control of sideslip perching trajectory based on varying initial
vertical conditions
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Figure 52: Tracking of velocity, aerodynamic angle and orientation angle profiles
under varying initial vertical conditions
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Figure 53: Sliding control inputs for tracking of perching trajectory under varying
initial vertical conditions
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Figure 54: Sliding control of sideslip perching trajectory based on varying initial
lateral conditions
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Figure 55: Tracking of velocity, aerodynamic angle and orientation angle profiles
under varying initial lateral conditions
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Figure 56: Sliding control inputs of sideslip perching trajectory based on varying
initial lateral conditions
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Figure 57: Convergence area (shaded) based on varying initial starting location

In order to quantify the effectiveness of the sliding controller, an iterative test is
conducted to trace the outline of the convergence area of the perching trajectory
based on varying initial position in the 𝑦𝑧 plane. A lower altitude limit of 1m for 𝑧axis is specified during the test to preserve practicality of the maneuver as the aircraft
will be too close to ground if being initiated below the 1m mark. The shaded region
includes the perching initiation coordinates that produce perching trajectories that
terminates favorably based on success criteria. As illustrated in Figure 57, the
convergence area is rather vast, stretching out to magnitudes of 15m and 4.5m in the
𝑦 and 𝑧 axes respectively. The initial points of the 4 scenarios A, B, C and D fall
within the convergence area as anticipated.
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The convergence area of the perching maneuver is apparently asymmetric as the
influence of an initial displacement about the starting point could not be equal due to
the nonlinear nature of the perching dynamics. Although the convergence area
presents an impressive amount of coverage, it is more meaningful and important to
specify the convergence region in a circular or elliptical form about the starting point
(0,3). This provides a more relevant measure of the convergence area in the aspect
of operation and practical application of the perching maneuver. As shown in the
Figure 57, the elliptical operational area measures up to be about 4m and 8.8m in its
minor and major axes respectively.

6.4.1.2

Varying Initial Spatial and State Displacements

The performance of the sliding controller is further evaluated in 2 scenarios that
incorporate random initial state displacements of variables such as 𝑉, 𝛼, 𝛽, 𝛾,
𝑝, 𝑞, 𝑟, 𝜙, 𝜓 into an already spatially perturbed flight condition.
Scenario 1:

∆𝑉 = 1, ∆𝛼 = 4°, ∆𝛽 = −3°, ∆𝛾 = 3°, ∆𝑝 = 0.03, ∆𝑞 = −0.05,

∆𝑟 = 0.03, ∆𝜙 = −2°, ∆𝜓 = 2°, ∆𝑦 = −3, ∆𝑧 = 1
Scenario 2: ∆𝑉 = −1, ∆𝛼 = −3°, ∆𝛽 = −2°, ∆𝛾 = 1°, ∆𝑝 = −0.05, ∆𝑞 = 0.04,
∆𝑟 = −0.03, ∆𝜙 = 3°, ∆𝜓 = 2°, ∆𝑦 = 2, ∆𝑧 = −1
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The velocity, angular and turn rate perturbations in both scenarios 1 and 2 are
regarded as significant with respect to the resultant impact of the perturbed forces
and moments on the sideslip perching trajectory. Their magnitudes are considered
really large, measuring at least within 10% of their respective nominal values or
operational range. For instance, Scenario 1 consists of a velocity perturbation of
+ 1m/s which represents a significant 10% of its reference initial value. Also,
orientation angle such as roll and heading angle are perturbed about 5% of their
corresponding maximum operating angle. In addition, a perturbation of +4 and −3
to the angle of attack and sideslip angle respectively are massive since they represent
aerodynamic angles displacements of more than 10% of their pre-stall angle range.
As such, in the aspect initial spatial and aerodynamic angle deviations, scenario 1
serves as a slightly severe case comparison for scenario 2. As observed in Figure 58,
the tracking performance is excellent as convergence of the perturbed sideslip
perching trajectories for both scenarios is effectively achieved. The final landing
point for both scenarios managed to fall within the 0.1m distance in the vertical (∆𝑧)
and lateral direction (∆𝑦). Success of the control can also be seen in convergence of
desired state values that are attained with 10% accuracy, as shown in Figure 59 and
60. The independent application of both 𝑦𝑠 and 𝑧𝑠 as correction terms in their
corresponding sliding functions of Eq. (94) successfully allows simultaneous
contraction of both the lateral and vertical spatial deviation.
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In Figure 58, the smooth contraction of spatial [𝑥𝑒 , 𝑦𝑒 , 𝑧𝑒 ] trajectories to respective
reference spatial profiles in the 3-dimensional space domain is seen to be relatively
gradual, similar to results obtained in previous section. As elaborated, this behavior
is expected as tracking of spatial coordinates is carried out in the sideslip post stall
region which is then followed by angle of attack post stall region. This causes the
tracking response to be sluggish than if applied in the linear aerodynamic region due
to the lowered sensitivity of forces given a change of aerodynamic angle.
Convergence to the nominal 𝑦-coordinate trajectory is acquired around the secondthird of the manuever and is more rapid as compared to convergence of the reference
𝑧-coordinate. This can be explained by examining the response in Scenario 1, in
which initiating the maneuver at a higher vertical altitude, coupled with the positive
velocity perturbation, significantly adds the amount of potential and kinetic energy
that is required to be dissipated by the maneuver. Such dissipation could hardly be
carried out instantaneously while undergoing a pitching up maneuver and a
translational lateral motion simultaneously.
Direct control of the selected 4 state variables [𝛼, 𝜙, 𝜓, 𝛾] variables through
independent use of the UAV’s control actuators [𝛿𝑒 , 𝛿𝑎 , 𝛿𝑟 , 𝑇] have ensured
convergence to their respective desired nominal values as shown in Figure 59.
Indirectly, these appropriate tracking variables have also successfully led to the
convergence of the rest of system state variables which include the velocity, sideslip
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angle 𝛽 and turn rates 𝑝, 𝑞, 𝑟 (see Figure 59 and 60). This observation verifies the use
of contraction theory methodology to select the required non-contracting tracking
variables to guarantee stability of the perching trajectory in its entirety. As observed,
contraction of translational dynamics is illustrated as the perturbed velocity profiles
of the two scenarios converge to the reference velocity profile that ensures required
terminal velocity reduction is still being achieved. Convergence of turn rate
variables, heading angle 𝜓 and sideslip angle 𝛽 trajectories is relatively
accomplished only about -15m halfway of the maneuver. While two of the controlled
state variable profiles, namely, angle of attack 𝛼 and roll angle 𝜙 are noticed to
converge rapidly within the first one-third of the maneuver, the flight path 𝛾 and
heading angle 𝜓 trajectories converge at a very much delayed rate. This is because
of the presence of correction factors 𝑦𝑠 and 𝑧𝑠 in sliding functions for 𝛾 and 𝜓 that
temporarily compromise the contractions of 𝛾 and 𝜓 profiles for the corrections of
the initial 𝑦𝑒 and 𝑧𝑒 spatial deviations. This means that overall convergence of 𝜓 and
𝑦𝑒 trajectories as well as the 𝛾 and 𝑧𝑒 trajectories to their respective optimal solutions
can only be done concurrently and steadily.

Figure 61 depicts no control-input chattering occurrence as the tracking of the
reference perching trajectory is carried out, that is due to appropriate implementation
of the time-varying boundary layer 𝜑̅. For the first half of the maneuver, computed
control profiles for scenario 1 and 2, especially the thrust control input, seem to
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greatly diverge from the optimal control inputs in order to implement the necessary
perturbation corrections. However, beyond the halfway mark, it is interesting to note
that control input profiles for 𝛿𝑒 , 𝛿𝑎 and 𝛿𝑟 are observed to reasonably converge to
their corresponding reference inputs as well, signifying the convergence of the
corresponding tracking variables at the same time. This is not entirely the case for
the thrust control profiles. Major differences in the thrust profile for both scenarios
1 and 2 are evident as corrections for the contraction of the 𝛾 and 𝑧𝑒 trajectories are
still required. In overall, the analysis has clearly illustrated the feasibility of the
sliding control technique to deal with varying initial conditions.
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Figure 58: Sliding Control of sideslip perching trajectory for 2 scenarios with
varying initial spatial and state displacements
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Figure 59: Tracking of velocity, aerodynamic angle and orientation angle profiles
for 2 scenarios with varying initial spatial and state displacements
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Figure 60: Tracking of turn rate profiles under varying initial conditions for 2
scenarios with varying initial spatial and state displacements
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Figure 61: Control inputs for 2 scenarios with varying initial spatial and state
displacements

6.4.2 Perturbation Response during the Course of
Perching Maneuver
The study of response of the controller in the presence of perturbations as the aircraft
executes the perching maneuver forms an integral part of this dissertation. The
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perching maneuver, being a highly agile maneuver operating largely in the post-stall
aerodynamic region, is vulnerable to perturbations that directly affect the dynamic
feasibility of the maneuver and the maneuver’s precision of landing and terminal
velocity. In this dissertation, perturbations are categorized into two sections namely,
aerodynamic perturbations and full-state perturbations.

6.4.2.1

Aerodynamic Perturbations

Robustness of the sliding controller in response to aerodynamic perturbations as the
aircraft executes the perching maneuver is investigated. External disturbances such
as wind gusts in an outdoor environment can be conveniently associated as
aerodynamic perturbations that are perpetual in nature. As the sideslip perching
maneuver is a rapid and highly agile maneuver which is dictated by precise utilization
of aerodynamic forces and moments, robustness to perturbations of the aerodynamic
terms that include 𝑉, 𝛼 and 𝛽 variables is crucial. Hence, it is coherent to study the
system’s response to aerodynamic perturbations. In this analysis, these aerodynamic
disturbances are modeled as pulse perturbations during the maneuver. Acquiring
robustness to these sudden pulse perturbations is more challenging as compared to
typical outdoor disturbances such as the wind which usually grows gradually in
magnitude.
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The robustness feature in sliding control is demonstrated and analyzed by carrying
out perching simulations based on 2 cases where only aerodynamic perturbations are
introduced. For the sake of continuity, scenarios 1 and 2 from the previous section
(Section 6.4.1.2) are utilized, however which, only respective initial displacements
for 𝑉, 𝛼 and 𝛽 variables are included here as follows:
At −30m mark,
Scenario 1: ∆𝑉 = 1, ∆𝛼 = 4°, ∆𝛽 = −3°, ∆𝑦 = −3, ∆𝑧 = +1
Scenario 2: ∆𝑉 = −1, ∆𝛼 = −3°, ∆𝛽 = −2°, ∆𝑦 = +2, ∆𝑧 = −1
Subsequently, perturbations along the course of a perching trajectory, or in-maneuver
perturbations, are randomly introduced at three different locations 𝑥𝑒 = −20m, −15m
and −10m, as shown in Table 15. The three locations are equally spaced at 5m
intervals. These three locations are chosen as they are centered about the critical midpoint region of the maneuver where the aircraft navigates itself vigorously around
the bend. In-maneuver perturbations are introduced at three locations, instead of a
single location at -15m mark, as it is more representative of the outdoor perching
maneuver in which it is subjected to perpetual aerodynamic perturbations. Also,
perturbations are not introduced at the -5m mark, taking into account that since the
UAV is less than a second away from the target location, the window for control
action is too small for any significant control impact. The velocity perturbations are

174

randomly specified for at least 10% of their nominal terminal values. The angular
perturbations are implemented in at least 10% of their aerodynamic stall angles.
Table 15: Aerodynamic perturbations
In-maneuver perturbations

−20m

−15m

−10m

∆𝑉

−0.4 𝑚/𝑠

+0.3 𝑚/𝑠

−0.3 𝑚/𝑠

∆𝛼

−2 𝑑𝑒𝑔

+3 𝑑𝑒𝑔

+2 𝑑𝑒𝑔

∆𝛽

−3 𝑑𝑒𝑔

+2 𝑑𝑒𝑔

+2 𝑑𝑒𝑔

The control responses including the resulting perching trajectories and 𝑉, 𝛼 and 𝛽
state histories are plotted in the following Figures 62 and 63. Subjected to the bounds
in Table 14, the control strategy proves to be sufficient in overcoming those
aerodynamic perturbations as Figure 62 demonstrates two cases of successful
tracking of the optimal perching trajectory, bearing close resemblance to the
trajectory convergence plot in Figure 58 from the previous section. This result is
complemented with achievement of the targeted final velocity of 3m/s and acquiring
of orientation angles within 10% tolerance of the reference terminal states. The
perching maneuver ends with the UAV pitching at an angle below 90 degrees.
The perturbations have graphically been marked on the plots in Figure 59 to highlight
the step profile of corresponding variables after being perturbed. It should be noted
that convergence of the aerodynamic angle profiles is not a priority as their
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corresponding variations might be necessary to produce the required forces to
navigate the aircraft towards the reference path. As such, aerodynamic angle’s
convergence criteria have not been included in the perching success definition.
Despite of this, as observed, the perturbations had quickly been subdued as
satisfactory convergence in 𝛼 and 𝛽 trajectories to their respective optimal solutions
are still being obtained.
The control input plots depicts more control activity had taken place as compared to
the control plots in Figure 53, 56 and 61 where the respective scenarios do not bear
any perturbations during the maneuver. Despite the high control activity, chattering
which is an undesirable by-product of the ideal sliding controller is still absent.
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Figure 62: Trajectory convergence in response to aerodynamic perturbations given
at 𝑥𝑒 = -30, -20, -15, -10 meters
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X, m
Figure 63: Aerodynamic variable profiles in response to in-maneuver perturbations
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Figure 64: Convergence area (shaded) given aerodynamic perturbations at 𝑥𝑒 = -30, 20, -15, -10 meters

Based on the initial aerodynamic conditions in scenario 1, the highly asymmetric
outline of the convergence area of the perching maneuver, subjected to the
aerodynamic perturbations prescribed in Table 15, is plotted in Figure 64. The
convergence area has diminished approximately by a factor of 3.5 when compared
the convergence area in Figure 57 in which aerodynamic perturbations are not
included. The more relevant measure of the convergence area is the circular outline
(dashed) traced about the initiation perching point (denoted by the red-colored
crosshair). This outline reflects the operating region of the sliding controller and has
an operational area coverage of radius 1m.

179

Although the initial radial margin of 1m might be adequate for outdoor perching
operation, the large reduction of operating region highlights the limitations of the
current sliding control strategy in handling perturbations during the course of the
maneuver. The controller’s large convergence area for the case of initial
perturbations only validates its effectiveness in responding to these deviations as the
controller is able to exploit the linearity in the aerodynamics of the pre-stall regime.
Furthermore, as these state and spatial displacements are encountered only at the start
of the maneuver, it gives the controller ample time to steadily rectify the
discrepancies based on the established reaching law given in Eq. (100).
The reaching law, that is originally fixed, limits the rate of contraction of the sliding
functions. The reaching law is not able to adapt to perturbations that are encountered
along the maneuver. Therefore, as the perching maneuver progresses, coupled with
the nonlinearity associated in the post-stall aerodynamic region, the controller
response to the perturbations appears sluggish. The perturbations may not get to be
corrected by the end of the maneuver as the reaching law requires additional time.
At this point, a more powerful reaching law becomes necessary to address these
disturbances.

6.4.2.2
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Full-State Perturbations

The ability to nullify perturbations encountered along the course of perching and
their associated effects has been emphasized in this dissertation. As elaborated, the
sliding control strategy proves to be sufficient in overcoming aerodynamic
perturbations by offering satisfactory operating coverage. To further illustrate that
the reliability of the control strategy, the controller is put to test to handle a more
challenging environment in which unstructured full-state perturbations are
introduced along the perching maneuver. Building on the case of aerodynamic
perturbations from Table 15, perturbations to remaining variables 𝛾, 𝑝, 𝑞, 𝑟, 𝜙, 𝜓 of
normalized magnitude are integrated to form the full-state perturbation scenario.
Therefore,

full-state

perturbations

hereby

imply

deviations

to

the

𝑉, 𝛼, 𝛽, 𝛾, 𝑝, 𝑞, 𝑟, 𝜙, 𝜓 state variables. As an extension to Section 6.4.1.2, Scenario 1
and 2 with their corresponding initial state and spatial displacements are adopted for
this analysis and can be recalled as follows:
Scenario 1:

∆𝑉 = 1, ∆𝛼 = 4°, ∆𝛽 = −3°, ∆𝛾 = 3°, ∆𝑝 = 0.03, ∆𝑞 = −0.05,

∆𝑟 = 0.03, ∆𝜙 = −2°, ∆𝜓 = 2°, ∆𝑦 = −3, ∆𝑧 = +1
Scenario 2: ∆𝑉 = −1, ∆𝛼 = −3°, ∆𝛽 = −2°, ∆𝛾 = 1°, ∆𝑝 = −0.05, ∆𝑞 = 0.04,
∆𝑟 = −0.03, ∆𝜙 = 3°, ∆𝜓 = 2°, ∆𝑦 = +2, ∆𝑧 = −1
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Based on these scenarios, similar to the case for examining aerodynamic
perturbations in the earlier section, displacements are introduced to all the states at 3
different locations 𝑥𝑒 = − 20m, − 15m and − 10m along the course of perching
trajectory. As observed in Table 16, a set of 𝑉, 𝛼, 𝛽, 𝛾, 𝑝, 𝑞, 𝑟, 𝜙, 𝜓 perturbations are
specified for each location. Magnitude of perturbations between each location is
standardized and differs only in sign. Table 16 delineates the ‘basic’ form of
perturbation in which perturbations for velocity and orientation angles are specified
within 5% of the nominal landing value and maximum operating value respectively.
For instance, 1.5 m/s which is 5% of the terminal landing velocity. Aerodynamic
angle perturbations satisfy at least 5 % of their respective stall angles. As such, all
angular perturbations are established at 1.5 degrees. Angular turn rates are set at 0.04
rad/s, within 5% of their maximum operating values.
This standardization provides a congenial way to represent disturbances of higher
intensities by multiplying the archetypal perturbation set in Table 16 by a scalar
factor 𝑘𝑝 . Other sets of perturbations of larger magnitude can be derived. In this way,
𝑘𝑝 = 2 perturbations would imply ∆𝑉 = 0.3, ∆𝛼 = −3.0 𝑑𝑒𝑔 and ∆𝑝 = 0.08 𝑟𝑎𝑑/
𝑠 and so on. Hence, based on the different values of 𝑘𝑝 , a parametric analysis on the
reliability and robustness of the controller in handling different intensities of
perturbation can be made. The two different Scenarios 1 and 2 is used based on a
pragmatic viewpoint that it provides easier validation of observations.
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Table 16: Full-state perturbations

𝑘𝑝 = 1

In-maneuver perturbations

−20m

−15m

−10m

∆𝑉

−0.15 𝑚/𝑠

+0.15 𝑚/𝑠

−0.15 𝑚/𝑠

∆𝛼

−1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

∆𝛽

−1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

∆𝛾

+1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

∆𝑝

−0.04 𝑟𝑎𝑑/𝑠

+0.04 𝑟𝑎𝑑/𝑠

−0.04 𝑟𝑎𝑑/𝑠

∆𝑞

+0.04 𝑟𝑎𝑑/𝑠

+0.04 𝑟𝑎𝑑/𝑠

+0.04 𝑟𝑎𝑑/𝑠

∆𝑟

−0.04 𝑟𝑎𝑑/𝑠

−0.04 𝑟𝑎𝑑/𝑠

−0.04 𝑟𝑎𝑑/𝑠

∆𝜙

+1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

−1.5 𝑑𝑒𝑔

∆𝜓

−1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

+1.5 𝑑𝑒𝑔

Based on the above set of perturbations for 𝑘𝑝 = 1, Figure 65 to 67 illustrate that the
aircraft’s trajectory convergence for Scenarios 1 and 2 to the reference perching
trajectory is resilient to the prescribed disturbances. The convergence rate for
trajectory in Scenario 1 is considerably faster than Scenario 2 which can be probably
due to mere coincidence that the nature of disturbances happens to favor the
dynamics in Scenario 2. Furthermore, the trajectory of Scenario 2 is initiated with a
smaller spatial displacement than Scenario 1. Convergence of desired terminal states
such as orientation angles and velocity variables in Figure 66 are achieved
successfully within the tolerance specified. Terminal pitch angle of the UAV satisfies
the landing criteria of being below 90 degrees. Interestingly, convergence of turn
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rates is also acquired despite their corresponding displacements during the maneuver,
as shown in Figure 67. Similar to the results in Figure 63, more activity in the control
inputs can be observed. The occurrence of small peaks in the control histories, that
coincides with the moment when the perturbations are introduced, are the immediate
control responses in an attempt to nullify the pulse deviations encountered by the
aircraft. With the controller proving to be robust to perturbations prescribed at 𝑘𝑝 =
1, its performance at high intensities of perturbations is be subsequently tested by
carrying out the sideslip perching maneuver in the same 2 scenarios based on higher
values of 𝑘𝑝 as suggested in Table 17.
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Figure 65: Trajectory convergence in response to full-state perturbations 𝑘𝑝 = 1
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Figure 66: Aerodynamic variable profiles under full-state perturbations 𝑘𝑝 = 1
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X, m
Figure 67: Turn rate and control input profiles under full-state perturbations 𝑘𝑝 = 1
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Table 17: Terminal Trajectory deviations given Full-State Perturbations 𝑘𝑝 =
1.0, 1.5, 2.0
Scenario Deviation (m)
1
2

∆𝑦
∆𝑧
∆𝑦
∆𝑧

𝑘𝑝 = 1.0

𝑘𝑝 = 1.5

𝑘𝑝 = 2.0

-0.0856
0.0881

-0.1504

-0.1671

0.0837

-0.0340

-0.0683

0.1140
-0.1477

-0.0387

-0.0318

-0.0098

Table 17 illustrates the performance of the controller based on different values of
𝑘𝑝 for both Scenarios 1 and 2. The 𝑧-axial and 𝑦-axial deviations at the final time
have been tabulated. Those categories that are shaded in red refer to trajectories that
do not meet the perching maneuver’s landing criteria. As indicated, either the
magnitude of the corresponding final lateral deviation ∆𝑦 or the vertical deviation
∆𝑧 are above the 0.1m landing tolerance. The outcome shows a performance that is
somewhat satisfactory as the current sliding control strategy can only cope with
perturbations at a basic level of 𝑘𝑝 = 1 for Scenario 1 and up to 𝑘𝑝 = 1.5 for
Scenario 2. The controller is at not able to overcome the set of perturbations from
𝑘𝑝 = 1.5 onwards as the terminal deviations observed are significantly beyond the
0.1m tolerance specified. However, in making perching capability more consistent
and reliable, this performance should be improved especially since perching involves
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operating under aerodynamic disturbances such as wind and uncertainties that can be
intensely volatile.
For Scenario 1, Table 17 indicates a relatively increasing trend in the magnitudes of
∆𝑦 and ∆𝑧 as 𝑘𝑝 increases. This shows that as the intensity of the in-maneuver
perturbations increases, the corresponding state deviations incurred are larger and
require more time to be nullified. Deviated state trajectories do not manage to
contract back in time. Despite its notable robustness in handling full-state
perturbations at 𝑘𝑝 = 1.0 , the controller’s limitations at higher 𝑘𝑝 suggest
modifications are required to augment the controller’s robustness. The unadaptable
reaching law, limits the rate of contraction of the trajectories and hence, as shown in
Table 17, the convergence of the deviated trajectories is not fast enough to be
acquired before the end of maneuver. As the deviations follow somewhat an
increasing trend and are not off from being unreachable, a more powerful reaching
law can be sufficient to create more ‘room’ for convergence by inducing a faster
contraction rate when triggered in the presence of these perturbations.
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6.5 Exponential Sliding Mode Control with Adaptive Gain
Feature

In the absence of the in-maneuver perturbations, the nominal sliding control
performed extremely well by achieving a huge convergence area which is
accompanied with a significant elliptical operational that measures 4m and 8.8m in
its minor and major axes respectively. However, subjected to aerodynamic
perturbations, the convergence area for Scenario 1 has decreased largely by
approximately a factor of 3.5. The operation area can only cover a circular area of
radius 1m. This is further supported by the full-state perturbation analysis conducted
based on the nominal sliding control strategy (elaborated in Chapter 6.3) which
clearly highlighted the limitations of the controller in handling in-maneuver
perturbations at high 𝑘𝑝 intensities. Acknowledging that the perching maneuver is
continuously exposed to these perturbations that vary in intensity during the entire
course of maneuver, it becomes necessary to further address the controller’s
capability and reliability in withstanding these disturbances.
As improvements to the nominal sliding control in the aspect of robustness to varying
initial perching conditions are not required, it is favorable to preserve the simplicity
of the control strategy. This is carried out by augmenting the controller with an

190

adaptive gain feature that will allow the system to obtain a more powerful reaching
law.

6.5.1 Formulation
The modified control law proposed can be expressed as follows:
−1
̅)
𝜕𝑠̅ 𝜕𝐹̅ (𝑋̅, 𝑈
𝜕𝑠̅
̅
̅)
∆𝑈𝑎𝑑𝑝 = − (
)
( 𝐹̅ (𝑋̅, 𝑈
̅
̅
̅
𝜕𝑋
𝜕𝑈
𝜕𝑋
𝑥,𝑢

(111)

𝑠̅
𝜕𝑠̅ ̇
̅ 𝒔̅𝒔𝒑𝒂𝒕𝒊𝒂𝒍 +
̅−𝐾
̅𝑋̅ − 𝜆̅𝜑̅) 𝑠𝑎𝑡 ( ) + 𝑸
+ (𝐾
𝑋̅𝑑 )
𝑑
𝜑̅
𝜕𝑋̅𝑑
̅𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑈
̅𝑎𝑑𝑝 + ∆𝑈
̅𝑎𝑑𝑝
𝑈

(112)

where
(𝛼̇ − 𝛼̇ 𝑑 ) + 𝜆1 (𝛼 − 𝛼𝑑 )
(𝜙̇ − 𝜙̇𝑑 ) + 𝜆2 (𝜙 − 𝜙𝑑 )
𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 =

(113)

−1

𝑡𝑎𝑛 (𝑦𝑒 − 𝑦𝑒 𝑑 )
[

𝑡𝑎𝑛−1(𝑧𝑒 𝑑 − 𝑧𝑒 )

]

Adaptation law:
𝑄̅̇ = κ̅|𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 | 𝑠𝑖𝑔𝑛(|𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 | − 𝜀̅)

(114)
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Lower limit condition:
If 𝑄̅ ≤ 𝜇̅ , 𝑄̅ = 𝜇̅
𝑄̅ = 𝑑𝑖𝑎𝑔[𝑞1 , . . , 𝑞4 ], 𝑞𝑖 > 0 are adaptable gain constants
κ̅ , 𝜀̅, 𝜇̅ : diagonal constant matrices with positive elements
The addition of the 𝑄̅ 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 correction term transforms the original constant rate
reaching law to a form of proportional rate reaching law. For 𝑠1 and 𝑠2 sliding
functions in Eq. (94), 𝑄̅ 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 term ensures exponential convergence to the sliding
surfaces in the reaching phase of the sliding control. Thus, rate of contraction of 𝑠̅
trajectories to the respective sliding surfaces 𝑠̅ = 0 would be faster. Furthermore, the
𝑄̅ 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 term acts as a correction term that involves the 𝑄̅ gain matrix being
adaptively tuned based on the 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 term and the κ̅ term. The κ̅ term dictates the
rate of adaptation in the control law. The adaptive feature is unique as the original 𝑠̅
term is modified to 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 term to give more priority and add more emphasis to
spatial convergence. Spatial convergence should be given precedence over the
corresponding orientation angle’s convergence because it is relatively easier to adjust
the orientation angle of the aircraft once spatial convergence has somewhat achieved.
Without the 𝑄̅ 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 term, the sliding functions 𝑠3 and 𝑠4 in Eq. (94) are dominated
by the convergence of heading angle 𝜓 and flight path angle 𝛾 respectively. This is
because, as the trajectories spatially converge, the sensitivity of the sliding functions
𝑠3 and 𝑠4 is very high with respect to small angular deviations and low with respect
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to the spatial correction terms 𝑦𝑠 and 𝑧𝑠 for the given values of 𝜌1 and 𝜌2 . Moreover,
the impact of the 𝑦𝑠 and 𝑧𝑠 terms near the end of the maneuver is quite low without
the initial impetus provided by the large deviations at the start of the maneuver.
Although the thickness of the boundary layer 𝜑̅ as well as the gain terms 𝜌1 and 𝜌2
can be reduced to magnify the effect of 𝑦𝑠 and 𝑧𝑠 near the sliding planes, this would
only destabilize the system and introduce chattering. Increasing the constants 𝜆𝑖 in
Eq. (94) for a higher rate of contraction in the sliding phase is not favorable as that
will lead to the undesired excitation of high frequency dynamics. Therefore, when
subjected to perturbations, sluggishness in contraction can be observed when
spatially close to the reference trajectory. In addition, if the deviation of the heading
angle 𝜓 and lateral displacement in 𝑦𝑠 destructively interfere with each other, it leads
to a delay in the convergence of the states to the desired reference values. In the worst
case scenario, if in 𝑠3 and 𝑠4 respectively, (𝜓 − 𝜓𝑑 ) = 𝑦𝑠 ≠ 0 and/or (𝛾 − 𝛾𝑑 ) =
𝑧𝑠 ≠ 0, a false interpretation of convergence to the sliding plane can occur which is
a special case of delay caused by the destructive interference.
This ineffectiveness is prevented by 𝑄̅ 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 term that will constantly drive the
spatial trajectories towards the desired profiles. In the presence of destructive
interference in the 𝑠3 and 𝑠4 terms, the 𝑄̅ 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 term generates the required control
inputs that will prioritize the convergence of the spatial variables. The control gain
𝑄̅ matrix will be adaptively tuned until desired 𝑄̅ control gain values are acquired
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that leads to spatial convergence. In this perspective, a more powerful reaching law
is generated that ensures faster rate of contraction of perturbed variables and better
performance in executing perching maneuvers.
Another advantage of this proposed scheme is that adaptive gain feature allows the
controller to be used in systems with models that have uncertainties which are
bounded, but this bound is not known [47, 48]. This is advantageous for the case of
perching maneuvers where model uncertainty due to dynamic stall can be unknown
yet bounded. Due to the adaptation law, the adaptive gain constants 𝑄̅ will increase
as it gets updated, up to a value large enough to counteract until the associated state
deviations of the bounded uncertainty. The system is then more robust as it can then
handle a larger upper bound of system parameter uncertainty.
The adaptation process in Eq. (114) uses the concept of Sigma Adaptation in Ref.
[49]. The adaptation process producing the increasing magnitudes of 𝑄̅ control gain
constants reverses when |𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 | < 𝜀̅. In order to have higher efficiency, the 𝜀̅
boundary layer for the adaptation process ensures that 𝑄̅ stop increasing once
intended spatial tolerance is achieved and subsequently allows the declining of the
gain 𝑄̅ while |𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 | < 𝜀̅. This regulates the gain 𝑄̅ to be at the lowest possible
level required to maintain the given spatial accuracy. Hence, this allows the
controller to adjust its gain 𝑄̅ and find the adequate values with respect to current
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uncertainties and perturbations. However, minimum values of 𝜇̅ for the control gain
𝑄̅ matrix are assigned by specifying the adaptation condition of 𝑄̅̇ = 0 if 𝑄̅ ≤ 𝜇̅ .
This ensures that only positive values of 𝑄̅ are used.

6.5.2 Perching Control Performance
Based on identical control bounds in Table 15, similar tasks, carried out by the
nominal sliding controller in the preceding chapter, are given to the adaptive gain
sliding controller. Its tracking performance in the perching maneuver simulations is
analyzed and compared to the nominal sliding controller. For the case of varying
initial spatial displacement, the adaptive gain sliding controller portrayed excellent
convergence and a large operating area as vast as the operating area of the nominal
sliding control in Figure 57, however with a faster rate of convergence. Nonetheless,
as elaborated, the adaptive gain feature serves to augment the system’s ability to cope
with in-maneuver perturbations during perching. Its performance in the aspect of
perturbations is the focus in this section.

6.5.2.1

Aerodynamic Perturbations

Performance of the adaptive gain sliding mode controller in handling aerodynamic
perturbations is validated in this section. Based on the initial aerodynamic
perturbation in Scenario 1 and the Table 15, conforming to Figure 64, an outline of
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the convergence area for the adaptive gain sliding controller is plotted in Figure 68
below.

Figure 68: Convergence area comparison between 2 controllers given aerodynamic
perturbations at 𝑥𝑒 = -30, -20, -15, -10 meters

Figure 68 bears the comparison of the convergence area between the sliding
controller with the adaptive gain feature (black outline with blue-shaded region) and
without the adaptive gain feature (dashed outline with grey-shaded region). The
sliding control with the adaptive gain feature shows superior performance in terms
of convergence area as it extends relatively 2.3 times larger than the nominal sliding
control. The symmetric operational area of the modified controller, marked by the
dashed red line, measures up to about 4m and 5.7m in its minor and major axes
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respectively. The effectiveness of the controller is further validated by its operational
area that is about 5.7 times larger than the operational area of the nominal sliding
controller, which sizes up to a circular area of only 1m radius (portrayed by dashed
blue line). The operational area acquired is now at least comparable to operational
area (4m by 8.5m) in Figure 57 in which aerodynamic perturbations are not included.
The simple adaptive gain component, denoted by the addition of the 𝑄̅ 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙
correction term into the control input Eq. (109), is able to provide a more powerful
reaching law when required, such as in the presence of perturbations. The strength
of the reaching law is adaptable which is driven by the 𝑠̅𝑠𝑝𝑎𝑡𝑖𝑎𝑙 term in the adaptation
law in Eq. (114). Unlike in the original sliding control, the reaching law is rigid and
provides limited rate of contraction. Hence, perturbed trajectories initiated far from
the optimal starting point do not converge fast enough and register as a failed attempt.
This leads to the convergence area of the nominal sliding control to diminish
substantially.
A test point (2.5,3.75), that lies within the convergence area of the modified sliding
control but outside the convergence area of the nominal sliding control, is selected
to illustrate the effect of the adapting reaching law. Subjected to the aerodynamic
perturbations in Scenario 1 and Table 15, the results of the perching maneuver
initiating from the test point (2.5,3.75) are tabulated in Table 18 and depicted in
Figures 69 to 71. Figure 69 highlights the perching trajectory of the modified sliding
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control being successfully guided back the optimal path while satisfying other
landing conditions as specified in Table 18. With lowered delay in contraction,
terminal states are achieved within desired tolerances, using the adaptive gain sliding
control, where deviations of -0.0272 and -0.0366 in the 𝑦-axial and 𝑧-axial direction
are attained respectively. The perching trajectory executed using the nominal sliding
control did not achieve sufficient contraction and concluded with terminal deviation
of 0.1334 (33.4%) and 0.2602 (160%) meters in the lateral and vertical directions.
Table 18 indicates the error comparison of the state variables specific to the landing
criteria. The state variables 𝑉, 𝜙, 𝜓 and 𝜃 for both control simulations are found to
be within the landing tolerances specified. This is supported by Figure 70 that shows
the temporary divergence of the 𝜙 , 𝜓 and 𝛾 trajectories to accommodate the
corrections required for the spatial and aerodynamic perturbations but still able to
converge back to the respective reference trajectories in time. Therefore, the cause
of the landing failure for the nominal sliding control is solely due to the lack of spatial
convergence that has been addressed by the adaptive gain feature, as marked in Table
18.
The side view in Figure 69 illustrates the rapid vertical contraction of the trajectory
provided by the adaptive gain feature in the last third of the maneuver. As the control
gain 𝑞4 of the Q matrix in Figure 72 increases perpetually due to initial sustained
vertical deviation, the added contraction allows the aircraft to nullify its vertical
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deviation effectively. However, the trajectory of the control without the adaptive gain
component remains relaxed and deviated due to limited contraction strength. While
the vertical trajectory profile is being swiftly corrected, the aircraft simultaneously
manages to maintain its lateral convergence due to the large adaptive gain
accumulated by 𝑞3 . The adaptive gain feature mitigates the effect of ‘false’
convergence to the 𝑠3 sliding plane. However, for the case with the nominal sliding
control, the final moments of the corresponding perching trajectory show that the
aircraft stagnates at the deviated lateral position while the aircraft tries to recover its
heading angle 𝜓. As highlighted, the correction of the lateral deviation has not been
prioritized by the controller due to destructive addition of the positive heading angle
deviation and negative lateral deviation. The integration of the adaptive gain feature
leads to the different control inputs as plotted in Figure 71.
Table 18: Convergence criteria comparison subjected to aerodynamic perturbations
Deviation
∆𝑦 (m)
∆𝑧 (m)
∆𝑉 (m/s)
∆𝜙 (deg)
∆𝜓 (deg)
𝜃 (deg)

Without
With
Adaptive Gain Adaptive Gain
0.1334
0.2602
0.26
2.34
0.69
66.84

-0.0272
-0.0366
0.24
0.24
-0.29
69.01

Tolerance
0.1
0.1
0.3
6.3
5.1
90
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Figure 69: Trajectory convergence comparison between 2 sliding controllers in
response to aerodynamic perturbations
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Figure 70: Aerodynamic variable profile comparison between 2 sliding controllers
in response to aerodynamic perturbations
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Figure 71: Turn rate and control input comparison between 2 sliding controllers in
response to aerodynamic perturbations
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Figure 72: Control gain matrix Q of the modified controller in response to
aerodynamic perturbations

6.5.2.2

Full-State Perturbations

Based on the Scenario 1 and 2 and the standardized full-state perturbation scheme in
Table 16, performance of the adaptive gain sliding mode controller in handling fullstate perturbations is tested. Similar to the previous analysis in Table 17,
perturbations of different 𝑘𝑝 values are implemented. The spatial deviations of the
simulation results are presented in Table 19 below.
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Table 19: Terminal Trajectory deviations comparison based on full-state
perturbations 𝑘𝑝 = 1.0, . . , 3.0

NOMINAL

1

ADAPTIVE
GAIN

Scenario

1

2

2

Dev (m)

𝑘𝑝 = 1.0

𝑘𝑝 = 1.5

𝑘𝑝 = 2.0

𝑘𝑝 = 2.5

𝑘𝑝 = 3.0

∆𝑦
∆𝑧

-0.0856
0.0881

-0.1504
0.0837

-0.1671
0.1140

-0.2398
0.1257

-0.3183
0.1367

∆𝑦

-0.0340

-0.0683

-0.1477

-0.1382

-0.2786

∆𝑧

-0.0387

-0.0318

-0.0098

0.0595

0.3492

∆𝑦

-0.0167

-0.0490

-0.0747

-0.0527

0.0102

∆𝑧

-0.0214

-0.0570

-0.0106

-0.0709

0.0937

∆𝑦

-0.0190

-0.0758

-0.0668

-0.0531

0.9385

∆𝑧

-0.0206

-0.0060

0.0306

-0.0252

-0.4621

Table 19 highlights the enhancement to the system’s robustness characteristics by
using the exponential sliding control with adaptive gains. Based on the 𝑘𝑝 level in
Scenario 1, the adaptive gain feature makes the system more robust by at least a
factor of 3 as the maximum 𝑘𝑝 , that the aircraft is able to handle, increases from 1.0
to 3.0. The ∆𝑦 and ∆𝑧 deviations, that are observed to increase as 𝑘𝑝 rises, are dealt
with successfully as they now decrease instead. In Scenario 2, improvement of 𝑘𝑝
from 1.5 to 2.5 is obtained. In overall, noting that these are substantial perturbations
prescribed to all the dynamic and orientation state variables, this result signifies an
explicit upgrade in robustness acquired through the integration of the adaptive gain
feature in the control.
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To illustrate the improvement of the control strategy virtually, perching executed by
both controllers are carried out based on Scenario 1 at a 𝑘𝑝 value of 2.5. The perching
simulations results are given in Table 20 accompanied with Figures 73 to 75. As
illustrated by the blue line in Figure 74, the sliding control with the adaptive gains
allows a faster rate of convergence in the lateral direction. Although this will
compromise the vertical trajectory’s convergence slightly, the vertical deviation is
further worsened by the perturbations introduced into the maneuver. However, due
to the built-up of required gains, the resulting contraction of the vertical trajectory
allows the aircraft to recover rapidly and converge back to its optimal path. The
steady built-up of the vertical gain as shown by 𝑞4 , the red dashed line in Figure 73.
Observing the 𝑦-axial deviation profile based on the top view in Figure 75, the
perching trajectory manages to relatively converge to the reference solution between
the -15m to -10m region despite the perturbations at -20m and -15m mark. The builtup of the lateral gain is denoted by rising blue line in control gain 𝑞3 . As the aircraft
passes the -16.88m mark, the 𝑞3 line in Figure 73 is observed to decline. This is due
to the presence of the 𝜀3 boundary condition in the adaptation process Eq. (114) that
ensures 𝑞3 stops increasing and starts declining once 0.1m spatial tolerance is
achieved. However, the large perturbation introduced at the -10m mark considerably
causes a sudden veer in the different direction. This deviation can be noticed for both
trajectories executed by the 2 sliding controllers. The influence of the adaptive gain
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is clearly shown here as 𝑞3 line starts increasing again once the trajectory is out of
the tolerance zone which allows the trajectory to swiftly navigate back the optimal
path and satisfy the lateral convergence criteria as indicated in Table 20.
Immediate response to the introduction of perturbations in the corresponding control
gains can be observed in Figure 73 as the 𝑞1 and 𝑞2 line profiles go through step
changes. Tighter 𝜀1 and 𝜀2 boundary conditions specified led to 𝑞1 and 𝑞2 line
profiles to decline rather slowly when |𝑠1 | < 𝜀1 and |𝑠2 | < 𝜀2 . By tracking the 4
𝛼, 𝜙, 𝜓, 𝛾 variables, the control inputs of the modified sliding controller as given by
Figure 76 have ensured the contraction in the entirety of the required and other state
profiles of the sideslip perching maneuver.
Table 20: Convergence criteria comparison subjected to full-state perturbations
Deviation
∆𝑦 (m)
∆𝑧 (m)
∆𝑉 (m/s)
∆𝜙 (deg)
∆𝜓 (deg)
𝜃 (deg)

Without
With
Adaptive Gain Adaptive Gain
-0.2398
0.1257
0.14
0.13
-1.42
67.95

-0.0527
-0.0709
0.27
0.09
0.53
67.80

Tolerance
0.1
0.1
0.3
6.3
5.1
90
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Figure 73: Control gain matrix Q of the modified controller in response to full-state
perturbations
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Figure 74: Trajectory convergence comparison between 2 sliding controllers in
response to full-state perturbations 𝑘𝑝 = 2.5
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Figure 75: Aerodynamic variable profile comparison between 2 sliding controllers
in response to full-state perturbations 𝑘𝑝 = 2.5
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X, m
Figure 76: Turn rate and control input comparison between 2 sliding controllers in
response to full-state perturbations 𝑘𝑝 = 2.5

6.6 Dynamic Stall Model Inaccuracies
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The effects of dynamic stall on the optimal perching trajectory has been analyzed in
the earlier chapter and subsequently concluded to be crucial for attaining the intended
trajectory. Sliding control’s robustness has to be tested in the presence of dynamic
stall delay uncertainties which are contributed by the unknown time history of the 𝜏
constant given in the flow separation parameter equation from Eq. (1). The dynamic
stall delay phenomenon for the wing, horizontal and vertical tail is subsequently
modeled using three separate equations that in total feature six 𝜏 constants (𝜏1 to 𝜏6 ).

The constants 𝜏1 to 𝜏4 scale by a factor of (𝑐/2)⁄(𝑠𝑞𝑟𝑡(𝑢2 + 𝑤 2 )) while 𝜏5 and 𝜏6
scale by (𝑐𝑣 /2)⁄(𝑠𝑞𝑟𝑡(𝑢2 + 𝑣 2 )). However, 𝜏 is an unknown variable and its trend
is unpredictable. Though 𝜏 can be determined via experimentation, these constants
are dependent specifically on the rate of pitch up motion the surface is going through.
However, perching maneuver involves a multitude of pitching motions, that makes
assigning a constant value for 𝜏, not feasible. Handling this uncertainty becomes
important as these constants indirectly dictate the magnitude of aerodynamic forces
and moments which greatly affect the overall sideslip trajectory, as depicted in Figure
77 below. Let the current set of 𝜏1 to 𝜏6 constants used for the reference perching
trajectory be 𝜏̂ . Other perching trajectories in Figure 77 based on multiples of these
𝜏̂ values are generated using the same optimal control inputs to simulate cases where
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𝜏̂ values are modeled inaccurately. Hence, a reasonable range of 0.25 to 2.5 has been
selected for the analysis. As observed, divergence in the perching trajectories and
their corresponding desired states, that are caused by the different 𝜏̂ values, illustrates
the importance of controller’s robustness in handling 𝜏 deviations. Table 21 indicates
the lateral and vertical divergences for each 𝜏̂ case that are highly deviated from the
tolerance values specified (shaded cells are not within 0.1m tolerance). The
exponential sliding mode controller with the adaptive gain is subsequently tested to
analyze its capability in overcoming the significant effect of 𝜏 model inaccuracies.
Table 21: Spatial divergence comparison subjected to varying 𝜏 values
Deviation

0.25 𝜏̂

0.5 𝜏̂

1.5 𝜏̂

2.0 𝜏̂

2.5 𝜏̂

Tolerance

∆𝑦 (m)
∆𝑧 (m)

-4.325
-2.1138

-0.2699
-0.010

-0.8210
0.0407

-2.750
-0.4051

-5.0327
-3.5634

0.1
0.1

The simulation results of the sliding control in presence of the varying set of 𝜏 values
are plotted in Figure 78. As observed, the trajectories successfully maintained their
convergence when subjected up to a set of 𝜏 values between 0.25 𝜏̂ to 2.0 𝜏̂ . In this
range, the terminal spatial deviations are small as indicated in Table 22. The sliding
controller is not successful in coping with the dynamic stall inaccuracy at about 2.5
𝜏̂ and above as the its terminal lateral deviation exceeds the 0.1m allowance.
Nonetheless, the sliding controller still managed to correct its vertical deviation
entirely and reduce its 97.4% of the lateral deviation and is within close range with
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the 0.1m tolerance. The corresponding desired state variables are also achieved
within 10% of nominal values. these results have validated the effectiveness of the
sliding control strategy in handling dynamic stall model inaccuracies within a
reasonable range of model uncertainties and performing based on a possibly
inaccurate aerodynamic model.
Table 22: Spatial divergence under sliding control based on varying 𝜏 constants
Deviation

0.25 𝜏̂

0.5 𝜏̂

1.5 𝜏̂

2.0 𝜏̂

2.5 𝜏̂

Tolerance

∆𝑦 (m)
∆𝑧 (m)

-0.0536
-0.0133

-0.0042
-0.0112

-0.0175
-0.0140

-0.0519
-0.0180

-0.1302
-0.0565

0.1
0.1
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Figure 77: 3D Perching trajectory comparison under different time constants based
on optimal control inputs
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Figure 78: 3D Perching trajectory comparison under different time constants based
on sliding control with adaptive gains

6.7 Chapter Summary
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This chapter describes the sliding control strategy adopted to address stability of the
optimal perching trajectory solutions when subjected to spatial and state
perturbations. To identify the tracking variables that would allow the system’s
overall state convergence to reference values, a methodical approach involving
contraction analysis is used. Contraction analysis identifies translational dynamics
during perching to be largely contracting and that direct control on state
variables, 𝜙 𝜃 𝜓, are required to ensure the contraction of perching’s rotational state
solutions and hence, the overall stability of the perching trajectory. Based on the
tracking of these variables, two controllers are developed with the former being a
nominal sliding control that includes a constant rate reaching law with spatial
correction terms, with the other being an exponential sliding controller that features
an adaptive gain component.
Favorable results indicate nominal sliding control’s excellent tracking capability
under varying initial spatial and state deviations. It achieves a large elliptical
operational area that measures up to be about 4m and 8.8m in its minor and major
axes respectively. However, this convergence area diminishes greatly by a factor of
3.5 when the maneuver is subjected to in-maneuver perturbations, that suggest its
limited robustness. The sliding control with adaptive gains provides an explicit
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upgrade in robustness by providing a more powerful reaching law that is able to
perform even in the absence of any knowledge of the upper bound of the system
uncertainties. The modified controller acquires a convergence area of 2.3 times larger
than nominal sliding control and is able to sustain at higher 𝑘𝑝 values of at least
twice. It is also able to handle model inaccuracies associated with the dynamic stall
delay as trajectories are able to converge successfully under a considerable range of
𝜏̂ values between 0.25 𝜏̂ to 2.0 𝜏̂ .

Chapter 7
Extension of Sideslip Perching Maneuver
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7.1 Background
The dissertation thus far has focussed on the sideslip perching maneuver which is a
form of a 3D perching trajectory that is executed along the horizontal 𝑥-axis by
drifting in the lateral axis to acquire high sideslip drag while maintaining a general
forward flight direction and zero side velocity upon landing. The sideslip perching
trajectory is one of the many variants of the 3D perching that utilizes the whole
spatial domain for rapid deceleration. Using the exact optimization procedure in
Chapter 3, other 3D perching trajectories can be generated for achieving other
mission/landing objectives. These trajectories share similar dual-drag mechanisms
and have been executed based on the same aircraft model. This chapter briefly
introduces other forms of 3D perching trajectories and also presents the case of a
bigger version of the UAV model performing the sideslip perching maneuver.

7.2 Three-Dimensional Perching Trajectories
Based on the control bounds and angular state limits specified in Table 2 and 4, few
cases of 3D perching trajectories will be presented that include the arc perching
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trajectory, 180 degree-reversal landing and helical landing. Using the same cost
function in Eq. (35) for the shortest perching trajectory, these trajectories are
generated by specifying different boundary conditions that reflect different possible
mission objectives. The UAV in all scenarios initializes at steady state trimmed level
flight condition and aims to achieve at least 70% velocity reduction with zero roll
angle 𝜙, roll rate 𝑝, yaw rate 𝑟 and side velocity 𝑣 at landing. It should be noted that
3D perching trajectories are not limited to these few cases as the concept of
aggressive 3D maneuvering has essentially opened up a whole new inventory of
unlimited dynamic maneuvers.

7.2.1 Arc Perching Trajectory
The optimal control inputs in Figure 79 produces a 3D perching trajectory that
outlines an arc as depicted in Figure 80. This trajectory provides advantages to a
UAV for achieving mission objectives such as avoiding obstacles while landing,
landing in constrained spaces and immediate landing maneuver upon target sighting.
The initial boundary point is specified to be the origin while the end point is left as a
parameter to be optimized to achieve the shortest perching maneuver. The maneuver
begins immediately with the hard-turn maneuvering as compared to the fruit bat in
Figure 3, and ends with the typical, high pitch-angle avian landing. The trajectory
involves the combination of rolling, pitching and yawing motion to exploit the large
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separation drag at high angles of attack and high sideslip angles as shown in Figure
81. Subsequently, the UAV performs an anti-clockwise roll that dominates
throughout the entire maneuver. Concurrently, negative yaw is executed that
evidently results in the UAV losing its altitude. Identical to the sideslip perching
maneuver, the UAV yaws rapidly to acquire large sideslip angles and sustain it for a
large portion of the maneuver. The top view of the trajectory plot in Figure 80 clearly
depicts the event of which the UAV experiences high sideslip angles that peak at
30.7 degrees.
As the UAV recovers gradually from the high slip angles, the UAV undergoes
pitching up motion to maneuver at high angles of attack while it continues to lose
altitude. The continuous process of dual-drag generation is essential so as to reduce
the UAV’s velocity in a relatively short time of 1.69 seconds. Akin to the sideslip
perching maneuver, the trajectory comprises of a yaw phase that allows the vectoring
of the body velocities and acquiring of large sideslip angles, followed by the pitchup phase that brings the aircraft into the zone of high angles of attack. The maneuver
is completed with the UAV landing at 3.0 m/s which measures up to 70% of velocity
reduction, as shown in Figure 81. The UAV has travelled a distance of 11.96 meters
with an overall 𝑥-displacement of 10.52 meters, 𝑦-displacement of 4.24 meters and
𝑧-displacement of -0.69 meters. The favorable landing characteristics achieved will
enable many perching landing mechanisms such the deployment of the Sticky-Pad
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[21]. The high angles of theta θ during the end of the maneuver mimic that of a
typical bird as it perches on the branch.
Through the exploitation of higher yawing rates, velocity reduction can be achieved
in a shorter amount of time with a shorter trajectory. Trajectories of varying
maximum yawing rates are plotted in Figure 82. As observed, higher yawing rates
enable the UAV to maneuver with higher agility and can therefore arrive at the state
of large side-slip angles more swiftly. This allows the UAV to have a smaller turning
radius and better capability to perform in tight spaces. With a higher yawing rate, the
UAV is able to complete the 3D perching maneuver at a shorter maneuvering time.
The dynamics involved in the arc perching maneuver had been covered slightly more
in detail as the arc perching maneuver represents the simplest form of 3D perching
maneuver in which can subsequently be extended or replicated to form other types
of 3D perching maneuvers that include the sideslip perching maneuver and the
following trajectories that will be presented in the following section briefly.
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Figure 79: 3D arc perching variable profiles
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Figure 80: 3D arc perching trajectory
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Figure 81: 3D arc perching variable profiles
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Figure 82: 3D arc perching trajectories with varying maximum turn rates

7.2.2 Other Variants of Three-Dimensional Perching
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Trajectory
Using the optimization framework in Chapter 3, the following trajectories in Figures
83 to 86 are generated which can cater to various mission objectives. These
illustrations serve to justify the advantages of acquiring 3D perching capability and
also the variety of maneuvers that allow rapid deceleration.
Figure 86 illustrates a 3D perching landing that aims to reduce the aircraft’s velocity
rapidly through an aggressive U-turn maneuver that descends the aircraft from an
altitude of 3 meters and back to the zero 𝑥-coordinate in 4.0 seconds. The high
sideslip angles and yaw rate of the UAV produce sufficient drag to allow the aircraft
to navigate a sharp turn while losing its altitude rapidly. As mentioned, the trajectory
represents an extended version of the arc perching trajectory that involves the yaw
and pitch-up phases. The maneuver is able to be executed in a very constrained space
of about 11m by 12m area of the xy-plane. Hence, in the scenario where space for
runway-like landing is not available due to the presence of obstacles such as
buildings in an urban environment, the UAV will still be able to land in a square area
space.
Figure 87 depicts a helical path landing that also enables the aircraft to land in a
constrained space swiftly, within 6.0 seconds. The trajectory apparently involves
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replicating the U-turn perching maneuver as the aircraft undergoes 2 cycles of the
yaw and pitch-up phases. This maneuver is useful in the scenario where an aircraft
is required to rapidly land on a target spot that lies below its initial cruise flight. The
helical path landing could also be effective in roof landing scenario or landing in the
presence of two tall objects.
Another variant of the 3D perching landing is shown in Figure 88 that can be named
as the 90-degree point landing maneuver. The maneuver enables the aircraft to land
in a perpendicular direction to its initial flight direction in a short time of 4.2 seconds.
Like the U-turn maneuver, this trajectory only involves an extended phase of yawing
and pitching up that allows the UAV to execute a rapid descent while decelerating
for the entire duration.
The last example of the 3D perching variant can be described as a 180-degree
reverse-bearing landing. Unlike the previous three scenarios, the trajectory in Figure
86 is executed from an altitude of 10 meters to illustrate 3D perching’s capability to
descend the aircraft rapidly while executing a tight circular maneuver. This is
particularly useful in situations where the aircraft is required to rapidly land in a
direction opposite to its initial heading angle without having the aircraft readjust its
approach.
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Figure 83: U-turn landing
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Start point

Figure 84: Helical landing
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Figure 85: 90-degree point landing

230

Figure 86: 180-degree reverse-bearing landing
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7.3 Sideslip Perching with a Bigger-sized UAV

In this section, the optimization procedure to generate an optimal sideslip perching
trajectory is carried out based on an aircraft model that is three times larger than the
reference UAV described in Chapter 3.2. This is carried out to justify that the sideslip
perching maneuver can still be carried out by larger-sized UAVs that may have
slower turn rates. The one-meter-long aircraft model weighs 0.9 kg with a wingspan
of 1.2 meters. The UAV model shares the same wing, vertical and horizontal tail
profiles as the reference UAV. The specifications of the UAV are listed in the
following table.
Table 23: Geometric parameters of the bigger-sized UAV
Section

Notations

Descriptions

Dimensions

Units

Entire
Aircraft

𝑥𝑐𝑔

Center of gravity

0.24

m

𝑚

Aircraft mass

0.9

kg

𝐼𝑥𝑥

Moment of Inertia

0.0427

kg m2

𝐼𝑦𝑦

Moment of Inertia

0.0635

kg m2

𝐼𝑧𝑧

Moment of Inertia

0.10

kg m2

𝐼𝑥𝑧

Moment of Inertia

0.00253

kg m2

Fuselage

𝑙𝑓

Length

1.0

m

Wing
(NACA0012)

𝑏𝑤

Span

1.2

m

𝑐𝑤

Chord length

0.25

m

𝑆𝑤

Wing Area

0.3

m2
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Tail
(NACA0012)

𝑐𝑡

Chord length

0.14

m

𝑆𝑡

Tail Area

0.060

m2

V Tail
(NACA0012)

𝑐𝑣

Chord length

0.15

m

𝑆𝑣

V.Tail Area

0.025

m2

The trajectory optimization framework is formulated based on the two fixed
boundary conditions: (-45, 3) and (0,0) origin. The -45m 𝑥- initiation point is chosen
to be further than -30m since the UAV that is currently selected is of a bigger size.
Similar bounds and constraints in Table 2 to 5 are specified. It should be highlighted
that the maximum allowable turn rates for the aircraft are established to be 1 rad/s
and the perching maneuver initiates at a faster velocity of 13 m/s. The optimization
results yield a successful case of sideslip perching trajectory as anticipated. The
results are plotted in Figures 87 to 89. Despite the difference in size and turn rates,
the aircraft is able to achieve at least 70% velocity reduction in about 5.34 seconds
while undergoing the dynamics associated with sideslip perching maneuver, as
discussed in Chapter 4.2. Figure 87 depicts that the aircraft undergoing the lateral
deviation of 3.6 meters to acquire the large sideslip angles as shown in Figure 88.
Most importantly, the maneuver share a comparable trend in the profiles of state
variables and control inputs in Figure 88 and 89 with the corresponding profiles of
the reference UAV in Figures 28 to 30.
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Figure 87: Sideslip perching trajectory with a bigger-sized UAV
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Figure 88: State variable profiles of a bigger-sized UAV executing sideslip
perching maneuver
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Figure 89: Turn rates and optimal control inputs of a bigger-sized UAV executing
sideslip perching maneuver

7.4 Chapter Summary
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Five variants of the 3D perching trajectories are presented. Through these
illustrations, the authenticity of 3D perching capability as a game-changer, that could
expand the functionalities of the UAV, is further verified. The arc perching trajectory
is observed to be the simplest form of the 3D perching maneuver. Expansions of the
arc trajectory leads to other complex maneuvers such as sideslip perching maneuver
and helical path landing that offer great mission possibilities. The chapter concludes
with a brief simulative justification that the success of sideslip perching maneuver is
not heavily constrained to the UAV’s size nor the maximum allowable turn rates.

Chapter 8
Conclusions and Recommendations
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8.1 Conclusions
Conclusions based on the work presented in the previous chapters can be categorized
as follows.

8.1.1 Conclusions Related to Optimization of ThreeDimensional Perching Maneuvers
The optimization framework presented involves a transcription of the ODE dynamics
problem into a NLP problem consisting of 16 variables. By establishing the boundary
conditions and constraints in Tables 2 to 5, the proposed optimization procedure is
successful in generating an unprecedented 3D trajectory called the sideslip perching
maneuver, which subsequently becomes the reference trajectory for analysis in this
dissertation. Analysis of the dynamics of the unexplored 3D form of perching
showed that the maneuver methodically employs drag mechanisms in lateral and
longitudinal planes in the yaw and pitch-up phase consecutively to decelerate the
UAV rapidly without undershoot. The capability of aggressive maneuvering opens
up a whole new inventory of maneuvers for UAV. By varying the boundary
conditions, spatial and state constraints that reflect the requirement of the mission
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objectives, other variants of the 3D perching maneuver can be generated using the
optimization procedure, such as the helical landing and the U-turn landing.

8.1.2 Conclusions Related to Influence of Dynamic Stall
Delay on Perching Trajectories
To address the issue of dynamic stall due to rapid changes in angle of attack and
sideslip angle, a mathematical model presented by Goman and Khrabrov [30] is
implemented, in which three internal state variables are introduced into the flight
dynamics system to model the variations in the position of flow separation of the
wing, tail and vertical tail. Impact study of the influence of dynamic stall delay on
the optimal perching trajectories suggests that consideration of dynamic stall is
essential due to the significant discrepancy in the corresponding optimization results.
Both models with and without dynamic stall considerations are found to require a
totally different set of control inputs to execute the same perching trajectory. The
absence of the additional forces from the onset of dynamic stall results in contrasting
orientation angle profiles for the model that disregards dynamic stall considerations.
For instance, the maximum roll angle is observed to have increased by about 48.6%
that indicates the aircraft performing a steeper roll to acquire the similar flight path.
Further examinations on the impact of dynamic stall using nominal open loop control
inputs reveal that its effects in the longitudinal plane is more dominant than in the
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lateral plane. This is evidently shown in the digression of flight path as the UAV
executes a bend, midway through the maneuver. Without the integration of
longitudinal dynamic stall, the model under-predicts its lift and the aircraft
perpetually drifts away from the intended path with critical deviations in the aircraft’s
orientation angles.

8.1.3 Conclusions Related to Comparative Study of Twoand Three-Dimensional Perching Maneuvers
Dynamic analyses show that 2D and 3D perching maneuvers employ different drag
mechanisms. 2D perching’s main decelerating mechanism is the utilization of gravity
force to decelerate the aircraft as it ascends in an upward trajectory. This is
accompanied with additional drag from high angles of attack, that is usually the byproduct of the climb phase. On the other hand, 3D perching utilizes the methodical
dual-drag mechanism from large sideslip angles and high angles of attack for velocity
deceleration. 3D perching provides the UAV with the ability to yaw swiftly to vector
its initial velocity that reduces its forward velocity component and the corresponding
lift while precipitating the UAV into high angles of attack region. The aircraft is
subsequently able to descend in a high drag environment. The advantage of 3D
perching is that it removes the undershoot due to the absence of the climb phase and
correspondingly abates the velocity as the aircraft descends for landing. Based on the
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same initial and end boundary points, trajectory comparison between 2D and 3D
perching reveals that the former’s unfavorable undershoot magnifies with increasing
initial altitude while the latter’s lateral deviation does not scale much with initial
height. For the case of landing from an initial height of 7 meters and starting distance
of 30 meters, 3D perching is able to reduce the corresponding deviation and perching
distance by up to 71.9% and 38.8% respectively. Due to its ability to descend rapidly
without nose-diving like in the case of 2D perching, 3D perching is able to
accommodate higher starting altitude than 2D perching. The sideslip drag
mechanism of 3D perching can also be utilized in the typical 2D perching maneuver
to effectively minimize the undershoot. In the case study where landing at the same
initial height is required, a significant reduction of 42.0% in undershoot is achieved,
accompanied with reduction of perching distance and time taken by 32.3% and
18.9% respectively.

8.1.4 Conclusions Related to Sliding Mode Control
Strategy for Sideslip Perching Maneuvers
Contraction analysis is used as a tool to identify the state variables that make the
system not converging in the vicinity of neighboring trajectories. The analysis
concluded that state variables associated with the translational dynamics of the
sideslip perching maneuver are naturally contracting and stable. Rotational dynamics
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are however shown to be not contracting. Based on the methodology, appropriate
tracking variables for sliding control are determined to be the angle of attack, roll
angle, heading angle and flight path angle. By controlling these variables, contraction
of rotational state space and therefore the overall stability of the sideslip perching
trajectory are achieved.

The exponential sliding mode control with adaptive gain feature is proposed to close
the control loop and found to be effective in providing the required robustness and
stability to the optimal perching trajectory when subjected to varying initial spatial
and state conditions, state deviations in the course of perching and model
inaccuracies associated with the dynamic stall delay. Nominal sliding mode control
offers only a constant rate reaching law which limits the rate of contraction of the
trajectories and hence, the convergence of the deviated trajectories is not attained fast
enough before the end of maneuver. When subjected to aerodynamic perturbations,
the convergence area of the sideslip perching trajectory diminishes by a factor of 3.5.
Also, the nominal sliding control is observed to be not able to handle unstructured
in-maneuver perturbations of high intensity. An adaptive gain feature is added to the
nominal controller to improve the controller’s capability and reliability in
withstanding these disturbances by providing a more powerful reaching law that can
induce a faster contraction rate in the presence of these perturbations. With the
adaptive feature, the modified sliding controller obtains a convergence area of 2.3
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times larger than nominal sliding control and is able to cope at higher intensity of
perturbations by at least twice. The controller is also successful in handling dynamic
stall model inaccuracies of a considerable range. This includes handling 0.25 to 2.0
times the actual delay time constants.

8.2 Recommendations
Following are the recommendations for future work that can be carried out:


Performance of the sliding control strategy in perching maneuver can be
compared with adaptive control that is generally apt in handling complex systems
that have unpredictable parameter deviations and uncertainties. The internal
separation variables in the aerodynamic model can be modeled as the unknown
time-varying parameters that are required to be estimated through the adaptation
law.



Although real-time trajectory generation is challenging, recent developments in
learning-based artificial neural network for trajectory generation and path
planning could be explored.



The aircraft configuration used in this work is a simple fixed-wing design.
Improvements to 3D perching performance through implementations of
advanced flight features such as variable-incidence wing and thrust vectoring
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capability can be studied. Aircrafts with advanced configurations that involve
high degree of structural maneuverability, such as the morphing capabilities of
the ARES Mars scout, can be tested [2]. Through adapting the aircraft’s fuselage
and wing profiles to maximize its drag generation ability, 3D perching’s
performance in aspects such as spatial cost and maximum velocity reduction can
be significantly improved.


Real-time implementation of the controller proposed through perching
demonstrations would provide the ultimate validation of the analytical and
numerical approaches used in this work. Further investigations on the controller’s
performance with regards to time delay and errors during aircraft state estimation
should be carried out. Expansion to the current flight model is also required to
address issues such as the effects of stall on the effectiveness of control surfaces,
induced moment due to asymmetric stall points and effects of crossflow
interactions on the aerodynamics model.
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