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Abstract

Current unmanned aerial vehicles (UAVS) have to stay airborne during surveillance
missions, decreasing their energy efficiency dramatically and therefore limiting their
endurance significantly. On the other hand, birds perch to conserve energy while
maintaining surveillance over their domain. A biomimetic methodology of automatic

perching for UAVs is thus a promising solution to their endurance problem.

Firstly, an experimental study of parrots’ perching is conducted to obtain bio-
inspirations of perching principles, and the perching procedure is generalized into
three stages following which the perching methodology is addressed. Secondly,
varying tau-dot, as observed from the approaching flight of parrots, is proposed with
a fuzzy logic for perching flight guidance of UAVs and it outperforms the
conventional assumption of constant tau-dot in terms of flight time. Thirdly, a scale-
dependent expansion model (SEM) is derived for visual perception of tau-dot, and
three visual identification algorithms are evaluated for best perception performance.
Experiment results verify the effectiveness of the SEM, making onboard autonomous
guidance possible. However, improvement on perception accuracy and reliability is
still needed. Fourthly, a two-dimensional perching model of quadrotors covering
dynamic interaction with perch is established based on analysis of the balancing
procedure of parrots after touchdown. Simulation validates the applicability of the
model to biomimetic perching. Finally, a gripping perching mechanism featuring
force amplification and sensing is designed, and a fuzzy control law is proposed for
automatic gripping. Experiments of indoor and outdoor remotely controlled perching,
indoor automatic perching, and dynamic automatic gripping are performed, and
results show that the perching mechanism is capable of fulfilling reliable and

automatic attachment to perch.

The proposed methodology of automatic perching for UAVs covers the complete
perching procedure, although its effectiveness has only been verified for each
perching stage individually. Future work on enhancement of each component of the

methodology and their integration can be done to validate overall effectiveness.
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Chapter 1 Introduction

This thesis presents the investigations done by the author on the bio-inspired
methodology of intelligent perching with Unmanned Aerial Vehicles (UAVS). Three
aspects of the topic are mainly studied, namely bio-inspirations from perching birds
in nature, perching mechanism development and control strategies for autonomous
perching of UAVSs. In this chapter the background, motivation, objectives, scope and

the outline of the thesis are introduced.
1.1 Background and Motivation

Unmanned Aerial Vehicles are defined as powered aircrafts that don’t involve any
onboard pilot and can either be remotely operated or fly autonomously with pre-
programmed automation systems [1][2][3]. This term came into use in early 1990s,
while the first UAV, “Aerial Torpedo”, was developed by the US Navy as a long-
range bombing weapon in 1917. Due to limitations in electronic components and
control techniques, the UAVs developed at early stage were usually bulky and
inaccurate in terms of autonomous flight. Moreover, military applications such as
bombing and reconnaissance had always been playing an important role in the
development of UAVs from then on, as World War 1l and Cold War followed
consecutively. Micro-processers based on integrated circuits were developed
significantly in 1980s, which further prospered the UAV industry greatly in 1990s. It
was then that UAVs of small scale were developed rapidly. UAVs for civilian
applications, on the other hand, had never reached fruition as it deserves by the end
of 1990s, primarily because of airworthiness authorities [2]. The situation has
changed significantly when it comes to the 21% century. With the remarkable
advances in electronics, micro-processers and sensors like gyroscopes,
accelerometers and magnetometers are produced with higher performance, smaller
scale factor and lower cost, which makes the vast applications of UAVs possible.
Moreover, civil aviation market has been growing big and mature, and therefore civil
applications of UAVs start to bloom. For example, Phantom series and Inspire series
produced by DJI [4] have been prevailing in the field of aerial photography. They

have been applied to many scenarios such as aerial filming and traffic monitoring.
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As one can see, the scale, operation range and configuration of the UAVs vary
widely, be it for military or civil applications. UAVs have been generally classified
into seven categories according to their scale and/or operation range: high-altitude
long-endurance (HALE), medium-altitude long-endurance (MALE), medium-range
or tactical UAV (TUAV), close-range UAV, mini UAV (MUAYV), micro UAV
(MAV), nano air vehicles (NAV) and remotely piloted helicopter (RPH) [2]. Some
main configurations of UAVs include fixed-wing, rotary wing and flapping-wing.
Fixed-wing UAVs have the advantage of high flight speed and long endurance, while
UAVs with rotary wings are characterized by the capability of vertical take-off and
landing and hovering, and also the high maneuverability [2]. Flapping-wing UAVS
are able to fly as birds or insects, but their aerodynamic efficiency and payload
capacity need to be improved. As HALE, MALE, TUAV and close-range UAVs all
have operation range larger than 100 km, most of them unsurprisingly employ large
scale fixed-wing configuration and consume aircraft fuel for long endurance, such as
Global Hawk, Predator, Reaper and Pioneer. For MUAVs and MAVSs, however, they
aim for operations within range of 30 km, and usually weigh in the order of less than
20 kg [2]. Due to this targeted range and limitations of size and payload, batteries are
mostly utilized as power source. Also, agility is one of the desired features for these
UAVs, which makes rotary wing UAVs rather prevalent in these two categories.
Quadrotor which has four rotors for thrust and cancels gyroscopic effects
intrinsically is a typical UAV platform among these UAVs with rotary wings.
Consequently, limited endurance of aerial operation becomes a big problem for them.
As MUAVs and MAYV are now being paid more and more attention to for both
military and civilian surveillance applications, such as monitoring the battlefield in
urban environments, search and rescue, mapping, traffic monitoring, and even parcel
delivery, short endurance has become the bottleneck for their applications. Currently
these UAVs have to keep flying during the surveillance missions, decreasing the
efficiency of energy consumption dramatically. Although one way to solve this
problem is increasing the energy density of the batteries, it’s still far beyond

applicable in near future. This is where the concept of perching applies.



The concept of perching is apparently derived from the master of flight in nature--
birds. Unlike current UAVS, birds perch now and then in some strategic locations
where they can continue the surveillance on their domain for predator and prey while
conserving energy for more critical needs [5]. Consequently, birds can achieve long
endurance for surveillance tasks with high energy efficiency. A mini UAV or micro
UAYV would also be able to keep conducting the surveillance missions for a long time
if it can perch to some vantage positions, such as roofs, branches, lampposts and
power lines. Therefore, the bio-inspired perching methodology is evidently a
promising solution to the endurance issue of UAVS, and it has become an emerging
research topic in applications of surveillance with UAVs. However, most of previous
investigations focused only on either one of the two aspects, namely the flight
control of the perching UAVs and the perching mechanism design for a certain type
of UAVs. As a result, the existing perching flight control research took into account
only simple concepts of perching mechanism [6][7] or even none [8][9][10]; on the
other hand, the existing perching mechanisms were designed with barely a little or
none flight control addressed [11][12][13][14][15][16][17]. Moreover, existing
research paid little attention to bionic engineering. Researchers in the fields of
biology, ornithology and even psychology have carried out some interesting studies
on birds’ perching, and some inspiring conclusions have been drawn. Unfortunately,
only a few works on UAV perching partially cover these bio-inspirations. Dynamics
modeling of birds’ perching for application with UAVs is even more lacking.
Furthermore, the position and velocity feedbacks of the existing flight control were
achieved mostly via external motion capture systems, for instance, VICON system
[6][7][18]. Thus, topics on automatic perching of UAVs with onboard capabilities of
target identification and distance perception are of great interest and necessity.
Research on similar topics can be found in the fields of simultaneous localization and
mapping (SLAM) and computer vision, but they are not addressed from the

perspective of perching.

In summary, a comprehensive biomimetic methodology on automatic perching of

UAVs is significantly lacking in existing research. It motivates systematic



investigations on the whole perching procedure of UAVs to provide a complete and

effective solution to the automatic perching of UAVS.
1.2 Objectives and Scope

In this thesis, the author aims to develop a systematic methodology of automatic
perching for quadrotors that belong to categories of mini or micro UAV so as to
increase their task endurance. The reason for focusing on UAVs of such categories is
that they have experienced rapid growth in research and development, for both
military and civilian applications during last decade [18][19]. They have very
extensive potentials in future UAV market, but their short endurance remains a big
problem, especially for multirotor UAVs. Quadrotors are the most typical
configuration among multirotor UAVs, and they possess outstanding aerial
maneuverability and relatively large payload capacity, which makes them an ideal
platform for surveillance applications, especially in clustered environments like
urban regions. The UAVs utilized in this research are quadrotors with 10-inch
propellers that belong to micro UAV category. For simplicity UAV means only the
targeted UAV categories hereafter, unless otherwise stated. Such a methodology will
be based on bio-inspirations from perching birds to guarantee its effectiveness
intrinsically. It is supposed to address the problems arising from the complete
perching procedure of UAVs, and provide a solid guideline for UAVs to
automatically achieve reliable perching. The target perches taken into account
include branches, lampposts, walls, ground, and roofs which birds usually perch to.
Such a broad range of perching circumstances is to generalize the applicability of the
methodology. To accomplish the objective, problems that will be tackled include:

1.  Experimental study on birds’ perching procedure. As a biomimetic research
topic, UAV perching requires bio-inspirations as substantial references. Firstly,
the whole perching procedure needs to be generalized into a standard sequence
for UAVs to follow. Secondly, thorough quantitative analysis of the
locomotion and maneuvers of birds along the perching procedure will be
conducted according to the generalization. Eventually the perching maneuvers
of birds are supposed to be better understood.
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Navigation method of approaching flight for perching. The approaching flight
data of birds from the experimental study will be evaluated from the
perspective of Tau Theory, a theory of visual perception of approaching
motions in humans, birds and insects. The applicability of the theory to the
perching flight of UAVs will be examined and a novel navigation method
based on Tau Theory is supposed to be developed for UAVs. The
corresponding navigation controller will further be implemented and evaluated

through experiments with UAVs.

Visual Identification of perch and visual perception of tau information. The
tau-based navigation method to be developed is most likely to require feedback
of tau information. On the other hand, in humans, birds and insects tau
information almost totally relies on visual perception. Therefore, it is rather
necessary to explore the relation between visual cues, for instance, scale of the
objects, and tau information. To obtain the visual cues, visual identification of
perch is the primary prerequisite. With these two aspects addressed,

experiments with UAVs will be performed for validation.

Dynamics modeling of the balancing process of perching UAVs after
touchdown. The modeling will be based on the locomotion response of birds
after touchdown from previous experimental study, and the control dynamics
of UAVs are supposed to be incorporated into it. Analytical derivation of the
equation of motion of perching UAVs will be performed to reveal the dynamic
process. Validation of the model with data from the experimental study will be
carried out. With the dynamics model established, the balance of UAVs can be

achieved readily.

Perching mechanism featuring reliable attachment to perch. The last piece
towards a complete perching methodology for UAVs is reliable attachment to
perch which is accomplished with a perching mechanism. Taking into account

the required conditions derived from the perching dynamics model, sufficient



force for securing the attachment with perch will be emphasized during
mechanical design and kinematic optimization of the perching mechanism. The
corresponding controller of the perching mechanism based on force feedback
will be developed for reliable operation. Finally the perching mechanism and

its controller will be examined through a series of experiments with UAVs.

With the aspects above thoroughly addressed, the perching methodology derived
should be capable of perching multirotor UAVs reliably in a number of
circumstances. It should be noted that it wouldn’t compromise the generality of the
perching methodology significantly even if quite a portion of the development will
be made and evaluated in indoor lab environments. Extending the applicability of the
proposed perching methodology in outdoor environments will be discussed in the

section of future works.

1.3 Outline

This thesis consists of 7 chapters. A systematic review of research on perching in
fields of ornithology, biology, navigation and control of UAVs and kinematics is
conducted in Chapter 2. Firstly, studies in anatomy structures of birds involved in
perching are comprehensively introduced. Secondly, literatures on distance
perception and flight navigation strategy of birds during perching and their
applications to robots and UAVs are reviewed. Lastly, existing perching mechanism
designs for various UAV platforms are presented with comparison on their

advantages and disadvantages.

An experimental study on characterization of parrot’s perching maneuvers is
conducted and introduced in Chapter 3. Firstly, the procedure of parrot’s perching is
generalized based on observations from the experiment. Secondly, the approaching
flight data are evaluated with Tau Theory to identify the tau-dot patterns of the
parrots. Lastly, the balancing maneuvers after touchdown involving the trajectory of
the center of mass and the body angle of the birds are investigated for the purpose of

dynamic modeling.



Chapter 4 addresses the autopilot controller for approaching flight to the perch based
on modified Tau Theory and fuzzy logic. Advantages of varying tau-dot compared
with conventional constant tau-dot are analyzed based on experiment data. The fuzzy
controller for navigation is then designed and implemented with our indoor testing
system. Perching flight experiments are finally performed using the constant tau-dot
strategy and varying tau-dot strategy respectively to validate the effectiveness of the

proposed fuzzy controller.

Vision-based perch identification and tau information estimation are studied in
Chapter 5 to provide visual feedback for the navigation controller developed for
approaching flights. Three identification methods based on LabVIEW are proposed
and examined systematically in three scenarios. A scale-based tau estimation model
named SEM is further derived and validated via experiments of approaching flights
with visual identification. With tau estimation integrated into the navigation

controller, the control loop of the visual navigation of perching flight is completed.

With the navigation of approaching flight addressed, the dynamic balancing
procedure after touchdown is dealt with in Chapter 6. Firstly, a dynamics perching
model covering the response of UAVs after touchdown is established. The UAV
dynamics is taken into account as well. Validation is made using data from the
parrots’ perching experiments. Secondly, a perching mechanism mimicking birds’
feet is designed for reliable attachment to the potential perch. Kinematic optimization
is carried out to maximize the gripping force. Thirdly, control laws for the perching
mechanism designed are presented. Fuzzy logic is utilized to tackle the non-linearity
and the indeterminacy problems. Effectiveness of the perching mechanism is verified

through a series of gripping and perching experiments with UAVSs.

A summary of the work that has been done in this thesis is presented in Chapter 7,
followed with discussions on the several promising topics for future investigations.
Extending the perching methodology for outdoor environments is covered.

Supplementary materials for previous contents of the thesis are further appended.



Chapter 2 Literature Review

Research on perching of birds emerged in the field of ornithology. With the fast
development and vast applications of UAVs in the last decade, perching with a UAV
has become a booming topic. Nowadays many disciplines are involved in the field of
biomimetic perching with UAVs, such as biology, navigation and control, and
mechanism design. In this chapter, literatures on perching-related topics are

reviewed, with focus on biomimetic perching methodology for UAVs.
2.1 Biomechanics of Birds’ Perching

Research specifically on birds’ perching was first conducted in the field of
ornithology back in late 19™ century when researchers concentrated on the anatomy
mechanisms of birds involved in perching [20][21][22][23]. Such topic is still the
focus of ornithological research on perching in recent decades [24][25][26]. It’s not
until middle 20™ century that were sophisticated transducers applied to investigate
the perching dynamics of birds [29][30]. The traditional topic is from a perspective
of birds’ internal structures, while the latter one examines the interactions between
birds and environments. Essentially both of these two topics explore the
biomechanics behind birds’ perching behavior which is rather significant for

modeling birds’ perching.

2.1.1 Automatic Perching Mechanism in Birds

Anatomy studies on perching birds have been addressed mainly on the automatic
perching mechanism (APM). Most biologists were in favor of the conclusion that
most birds utilize an automatic perching mechanism (APM) to secure themselves to
the perch, even during sleep [26]. Galton and Shepherd have done very
comprehensive literature review on the APM in birds in [26]. The sources that they
have cited date as early as 1685, and include more than 40 papers and books on
ornithology. Moreover, most of their references are either too old to be accessed by
the author, or in other languages instead of English. Thus, this section is mainly

based on their review.



The APM, as generally accepted, consists of an automatic digital flexor mechanism
(ADFM) and a digital tendon-locking mechanism (DTLM). The ADFM takes effect
when the bird perches and bends knees and ankles under body weight. The tendons
that run along the leg through the knee and the ankle to the digits are stretched,
pulling the digits to flex and grasp the perch [27][28] (see Figure 2.1). After the
grasp is formed, the DTLM under the digit bone latches the tendons to maintain the
grasping force by meshing the tiny projections on the tendons into hard ribs on the
inside surface of the tendon sheath [24][25] (see Figure 2.2). Such a combination of
ADFM and DTLM is deemed to enable birds to perch with little muscular effort.

Tendons VW
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Figure 2.1 The automatic digital flexor mechanism of birds [31] (Left: the leg is
extended and the digits are straight. Right: the leg is bent and the digits are flexed.)
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Figure 2.2 Digital tendon locking mechanism (Left: structures involved in tendon-
locking mechanism [24]. Right: biomechanics vectors causing engagement of the
tendon-locking mechanism [25]. The rectangular areas represent the tendon-locking

mechanisms.)

The APM concept was first presented by Borelli, and further developed by Owen.
Chamberlain, based on this APM concept, claimed that the medial thigh muscle is

the perching muscle that flexes the digits. However, this conclusion was doubted by
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Watson and Cracraft. Moreover, Watson suggested an alternative APM which is the
current ADFM concept. Further, Schaffer complemented the ADFM with the DTLM
based on the research of Renaut and Ranvier. Then Bock, for the first time, examined
the ADFM with preliminary experiments on two species of birds, showing
conflicting results with the ADFM concept. Later, Shepherd verified the existence of
a DTLM by using light microscopy, and Quinn and Baumel confirmed such presence
of a DTLM in a variety of different birds with the help of the scanning electron
microscope. The latter two authors also revealed the biomechanics of the DTLM, and
summarized the species of the DTLM, combining results from Shepherd and their

own.

By analyzing the observations made in 1970s, Galton and Shepherd themselves
concluded in [26] that there is no ADFM in birds and the DTLM only acts in
perching with active contraction of the digital flexor muscles. Although their
conclusion may not be applicable to all birds that perch since only the European
Starlings were observed and studied, it at least reveals that active actuation of
muscles is required for digital flexion during perching in certain birds. Their
conclusion is therefore agreed with only in the sense that certain mechanisms, such
as active actuation and grasp locking, are necessary for reliable perching. It can be
seen that further investigations on anatomy mechanisms of perching birds are still

needed to explain explicitly the principles behind birds’ perching.

2.1.2 Digit Arrangement

Another important feature of a perching bird is its digit arrangement. As shown in
Figure 2.3, there are five types of digit arrangement, namely anisodactyl, zygodactyl,
heterodactyl, syndactyl and pamprodactyl [32]. For anisodactyl, the hallux points
backward while the rest three digits forward. The zygodactyl and heterodactyl are
basically rather close to each other, both with two digits forward and two backward.
The difference is that for zygodactyl it’s the second and the third digits that are in
front while for heterodactyl it’s the third and the fourth ones. Moreover, the
heterodactyl is only found in trogons, which means zygodactyl, compared with

heterodactyl, is more commonly seen in birds. For syndactyl two of the forward
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digits are joined into one for most of their length, and for pamprodactyl all the four
digits point forward, with the first and the fourth digits capable of being rotated
backward. It can be seen that in all arrangements at least one digit can be arranged
opposite to the rest, which functions similarly to human hands and can form an

envelope grasp to perch birds firmly.

Figure 2.3 Arrangements of bird digits: (a) anisodactyl, (b) zygodactyl, (c)
heterodactyl, (d) syndactyl and (e) pamprodactyl [32].

2.1.3 Claw Morphology

As shown in Figure 2.2, the claw retracts while the tendon stretches, which generates
additional grasping force by ‘digging’ into the perch surface with the claw. Also, it
enables birds to perch to a branch which the digits may even not be long enough to
wrap around. In extreme cases, the claws can even function as purchases to balance
the bird on rough or vertical surfaces [33], as depicted in Figure 2.4. The claw
morphology related to such features has been studied. Pike and Maitland investigated
the relationships between the claw geometries of a variety of birds, namely claw
radius and claw angle as defined in Figure 2.5, and their body mass [34]. As
concluded by the authors, for perching birds claw radius is proportional to (body

mass)®*

while no significant relationship exists between claw angle and body mass.
Fowler, Freedman and Scannella utilized similar methodology to investigate the claw
morphology in raptors, which not only prey but also perch by grasping [35]. They
found that the claw morphology varies among raptor species correlatively with their
prey capture and restraint strategy. It suggests that the circumstances under which the
claw functions play an important role in influencing its morphology, which is

essentially consistent with Pike and Maitland’s finding.
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Figure 2.4 A gesture of a tree creeper when climbing along a trunk [33]. Its claws dig
into the trunk and serve as purchases together with the tail to secure body balance.

Figure 2.5 Claw geometries for quantification evaluation (Left: the outer curve of the
claw is used to identify its arc center O. The claw radius is given by OA and OA’,
and the claw angle is defined as the angle between OA and OA’ [34]. Right: Similar
method was applied to study the predatory functional morphology in [35])

2.1.4 Interaction Dynamics of Birds with Perch

Fisher in 1956 first investigated the interaction dynamics between perching pigeons
and the perch by utilizing a mechanical force plate to measure the landing and taking
off forces applied by pigeons’ legs [29][30]. His research provided a new perspective
toward the biomechanics behind birds’ perching behaviors, which is rather valuable.
Heppner and Anderson further designed a perch integrated with simple force-sensing
elements to gauge the taking off thrust exerted by pigeons’ legs in [36]. The landing

forces and force directions, however, were not able to be measured due to their
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design limitations. With strain gauges Bonser and Rayner implemented a novel
force-transducing perch capable of measuring both magnitude and direction of forces
in [37]. The thrusts exerted by legs in time domain was measured and studied, and
the force angles were further taken into account. Their relations with mass of the
birds were analyzed, leading to the conclusion that peak forces are mass-dependent
while the angles are not. Similar methodology was also adopted by Green and Cheng
in [38] where they specifically looked into the factor of kinetic energy of birds
during perching. Both kinematic and dynamic variables, such as approaching
trajectory, speed and force, were recorded simultaneously for analysis. They drew
conclusions that kinetic energy is not dissipated by aerodynamic means during
perching but by the perch and the bird’s legs and lower body, indicating the critical
necessity of anatomy research on birds’ legs, and that familiarity with perch tends to
determine the preference of perching ways between high-kinetic-energy and low-
kinetic-energy. The authors’ perspective from kinetic energy broadens the parameter
scope involved in birds’ perching, and they also proposed some more parameters for

future investigations.

2.1.5 Bio-inspirations

From the review above, four bio-inspirations can be derived for the development of a
biomimetic perching mechanism. Firstly, it is obvious that passive actuation with
ADFM is not sufficient for reliable perching. Therefore,

Bio-inspiration 1: Active actuation is compulsory for a perching mechanism while
passive actuation could be integrated complementarily to benefit the perching

performance, and

Bio-inspiration 2: A ratchet mechanism serving as the DTLM is greatly desired to

maintain the grasp without consuming any energy.

For a biomimetic perching mechanism, its effectiveness and efficiency definitely

come first, which is determined by its potential applications to various UAV
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platforms. Following these two conclusions will guarantee the effectiveness and

preserve the efficiency of the perching mechanism, as in the case of birds.

Secondly, based on the most common digit arrangement, it can be seen that

Bio-inspiration 3: Envelope grasp is the most applicable means of perching a UAV
to various targets, especially for outdoor applications, and perching mechanisms
featuring envelope grasp are therefore preferred.

Last but not least, the claw morphology shows certain dependence upon perching

circumstances, indicating its involvement in perching. Thus,

Bio-inspiration 4: Claws, with their geometries optimized under the very
circumstances of applications such as mass and size of the UAV, and dimensions
and shape of the perch, could be integrated into the perching mechanism to

enhance its perching performance. However, it’s not a necessity.

The research reviewed above made the first exploration into the biomechanics of
birds’ perching. However, none of these researchers aimed at establishing a dynamic
perching model of birds. As indicated by the results they have obtained, the dynamic
interaction between birds and perch should be addressed so that a dynamic model

deciphering birds’ perching behaviors can be accomplished.
2.2 Navigation and Control of UAVs for Perching Flight

2.2.1 Tau Theory

Tau Theory originated from research in perceptual psychology and was first
proposed by David Lee based on his study on human’s visual perception of time-to-
collision when braking a car [39]. The term of time-to-collision (TTC) sometimes is

also referred to as time-to-contact [40]. Tau is a main concept of TTC, defined as

=2 ®
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where x is the motion gap and x is the closing velocity of the motion gap. It was
stated that information about tau could be used for braking control to avoid collision
[39]. Lee further explored Tau Theory by studying the visual control of braking of
landing pigeons, and enriched it with the conclusion that controlled braking can be
achieved by keeping tau-dot (t), time derivative of tau, constant [41]. In [42] He
further generalized the concepts of motion gap and tau to various movements of
animals, and presented the concept of tau coupling for synchronizing these
movements. It finally leads to a comprehensive general Tau Theory [44]. Hecht and
Savelsbergh have done great work of systematically exploring and discussing the
concept of TTC [40], which covers the fundamentals of Tau Theory. Other
researchers also tested the Tau Theory by studying human’s braking control of
reaching movements [45][47], stopping a vehicle [48][49] or landing an airplane [50].
Although conflicting results were gained from these works, they did facilitate the
development of Tau Theory. It is noticed that Tau Theory has been mainly studied
and developed in the field of perceptual psychology since it was proposed.

While investigations on Tau Theory have been carried out enthusiastically and
consistently in perceptual psychology, only few applications of TTC to ground
robots were published [51][53], and none application of Tau Theory, or even TTC, to
unmanned aerial vehicles (UAVSs) was found until 2012 [54]. Kendoul and Ahmed,
for the first time, developed a Tau Theory based pilot controller, TauPilot, for
unmanned aircraft systems (UASs) [54]. As shown in Figure 2.6(a), the TauPilot
consists of a tau-navigation system which computes tau for the identified motion gap
with online sensor data, a tau-guidance system which predicts future movements
based on the prospective guidance laws of Tau Theory, and a tau-control system
which integrates the tau-guidance laws to regulate the movement of the UASs. Their
work is rather comprehensive and sound, providing a systematic control strategy of
braking or landing for UASs. Research in navigation and/or guidance of UAVSs using
Tau Theory then started to grow. Zhang, Xie and Ma have published several papers
on trajectory generation and guidance for UAV landing and perching
[55][56][57][58]. Similar strategies of constant tau-dot, tau coupling and intrinsic
tau-dot to [54] were addressed and utilized for control. See Figure 2.6(b). No UAV
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platform has been developed to verify their control strategy, but their analysis was
sound and simulation results made good sense for validation. Kendoul recently
updated their TauPilot in [59]. Among existing guidance approaches for UAV
perching, it can be seen that the constant tau-dot strategy is applied. The analysis has
shown that for a constant tau-dot between 0 and 0.5 the motion gap, velocity and
braking deceleration will be reduced to zero simultaneously, which means a safe
landing or reaching without any collision or impact [41][54][55]. Tau Theory based
autopilot provides a promising navigation solution for automatic perching of UAVS,

which makes it of great interest.
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Figure 2.6 Tau theory based control strategies for perching with UAVSs. (a): 4D
TauPilot [59]. (b): Bio-inspired GNC system [55].

2.2.2 Flight Control of UAVs for Perching
It takes a series of aerodynamic maneuvers for birds to perch successfully. Therefore,
the aerodynamics and control of various UAV platforms is another hot spot in the

field of perching. Although only quadrotors are considered for investigations in this
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thesis, the review here also includes fixed-wing UAVs to help draw a complete
picture. Note that these methods will not be applied in this thesis so they are

reviewed in a brief manner.

Wickenheiser and Garcia studied the longitudinal dynamics of a morphing aircraft
concept to achieve the capability of perching [8], as shown in Figure 2.7(a). Both
analytical and empirical aerodynamic analyses were performed, and some basic
aerodynamic configurations and maneuvers for a fixed-wing aircraft to perch were
investigated. The authors further researched the development and optimization of
trajectories for perching [9]. The vehicle shape reconfiguration, or vehicle morphing,
was also involved and discussed. Main efforts were made on aerodynamic analysis
and its control strategy. Cory and Tedrake from MIT published their research on
aerodynamic control design for maneuvers at high angles-of-attack [6], as illustrated
in Figure 2.7(b). They developed a particular procedure to perch a small fixed-wing
glider with an aggressive high angle-of-attack. In their investigations the motion
capture system was utilized to obtain the feedback data for autonomous control, and
finally a simulated perching trajectory which was utilized by Wickenheiser and
Garcia in [9] was gained. Roberts and the two authors further studied the
controllability of fixed-wing perching with a simplified closed-form model [10]. The
optimized perching trajectory obtained previously was employed as the target
trajectory to follow, and their results showed that additional actuations can facilitate

perching with less control effort.

Mellinger, Shomin and Kumar from University of Pennsylvania for the first time
applied quadrotors as UAV platforms for robust perching and landing [7], as
depicted in Figure 2.7(c). They mainly investigated the dynamic model of the
quadrotor system and its different controllers for different functions. A gripper was
also designed and evaluated briefly for its payload capability with different target
surfaces. However, the evaluation protocols were not introduced explicitly and the
gripper was not applied to robust perching experiments as the authors focused more
on the control of the quadrotor maneuvers during perching and landing. Mellinger,

Michael and Kumar further investigated trajectory generation and control for precise
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aggressive maneuvers with quadrotors later in [18]. They developed a similar
procedure of controller design and refinement as in [6], and successfully manipulated
the quadrotor to follow the desired aggressive trajectories. Still, perching is one of

the potential maneuvers that they are aiming at, just as their studies in [7].
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Figure 2.7 The flight dynamics control laws for perching with various UAVS. (a):
Morphing UAVs [8][9]. (b): Fixed-wing UAVs [6]. (c): Quadrotors [7].

As seen from the review above, current researches on perching-related aerodynamic
control are all UAV-oriented. Basically no bio-inspiration from birds for perching
maneuvers is covered. Although effective control schemes have already been
achieved for UAV manipulation in perching and de-perching, a systematic control
strategy integrating all the sub-systems of the perching platform, such as target
identifier, UAV platform and perching mechanism still should be addressed.
Therefore, biomimetic modeling of birds’ perching strategies and maneuvers are

worth of further investigations.
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2.3 Perching Mechanisms Designed for Different UAVs

Beside the ornithological research on birds’ perching, researchers have also made
effort to develop practical perching mechanisms to perch different UAV platforms,
including gliders, fixed-wing drones and multi-rotors, under various circumstances,
such as vertical surfaces and horizontal poles. Although some prototypes are not
biomimetic, they do show the diversity of feasible solutions to perching with UAVSs.

Anderson et al. proposed various ideas for perching, such as perching with adhesives
and weighted tail line [11], and they investigated the concept of sticky pads using rat
glue more specifically, as shown in Figure 2.8(a). The concept is innovative, but the
perching duration is limited to the effective duration of the rat glue and the
repeatable perching times are constrained by the number of sticky pads. Kovac et al.
designed a simple and practical perching mechanism for a glider based on the
concept of penetration of the target surface using needles [12]. Similarly, it’s also a
nose-first way of perching to vertical surfaces, as depicted in Figure 2.8(b). The
mechanism will not work properly if the wall material is too stiff, such as metal and
glass. It would also be a big challenge for the mechanism to perch a heavier UAV
since the needles may not secure the perching status. While gliders as the platform
for perching are intrinsically limited due to the non-power way of flight, powered
UAVs are more suitable and valuable as perching platforms. Desbiens et al.
developed a micro-spine mechanism, as shown in Figure 2.8(c), that enables a
powered fixed-wing UAV to perch on a vertical wall [13][14]. This design is quite
innovative as it’s biomimetic to insects’ claws. However, it encounters the same
problems as Mirko’s mechanism does because it uses spines to hook on the surface
of the wall which is basically similar to penetrating with needles. As bio-inspirations
got more and more involved into perching mechanism design for UAVs, Doyle et al.,
for the first time, designed a bionic gripping mechanism which follows the
configuration of birds’ feet for perching with multi-rotors[15][16]. Compliant
material is applied to vary the stiffness along the digit so as to achieve full envelop
grasp over various irregular shape targets, and the leg mechanism can actuate
passively under the body weight of the UAV for perching and releasing, as shown in

Figure 2.8(d). Such passive actuation is consistent with the automatic digital flexor
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mechanism, as reviewed in Section 2.1.1. However, it is not necessarily desirable
from engineering perspectives, because certain disturbances, say, a gust, may
overcome the gravity of the UAV and therefore disengage the perching mechanism.
As indicated in [26], active actuation is always compulsory for reliable perching.
Moreover, it’s obvious that the leg mechanism is too bulky to avoid compromise of
aerodynamic characteristics of the UAV. Nagendran et al. proposed a biomimetic leg
concept and the corresponding control strategies for UAV perching, enriching the
bio-inspired exploration into perching [17]. The leg mechanism is inspired directly
from the typical anatomy of a bird’s leg, as shown in Figure 2.8(e), and it is capable
of retraction to diminish its influence on aerodynamics of the UAV. However, no
kinematic or dynamic analysis was performed, and therefore no prototype has been

developed and evaluated.
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Figure 2.8 Existing perching mechanism designs for different UAVs. (a): Sticky pads.

(b): Penetrating needles. (c): Micro-spines. (d): Bionic gripper. (¢) Biomimetic leg.
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Based on the above review, a table listing the advantages and disadvantages of these
perching mechanisms is presented in Table 2.1. Several conclusions can be drawn
that current perching mechanisms are mostly simple and light, which is prescribed by
the peculiarity of UAVs, that they are basically designed for only a certain perching
circumstance, for example, vertical surfaces, and only a certain type of UAVs, for
instance, gliders, which limits their potential applications, and that passive
engagement methods instead of active ones are employed, compromising the
reliability of the perching mechanisms.

Table 2.1 Advantages and disadvantages of existing perching mechanisms

1) Simple
Pros | 2) Able to attach to vertical surfaces

3) Straightforward perching maneuver
Sticky Pads

1) Limited times and endurance of perching
Cons | 2) Passive engagement system
3) Not suitable for poor surface conditions

1) Simple and light
Pros | 2) Able to attach to vertical surfaces
3) Straightforward perching maneuver

Penetrating Needles -
1) Intrusive attachment

Cons | 2) Passive engagement system
3) Insufficient holding force for larger scale UAVs

1) Light
Pros | 2) Able to attach to vertical surfaces
3) Effective damping design

Micro-spines 1) Complex stall maneuver and control
c 2) Passive engagement system

ons
3) Only applicable to surfaces of certain roughness

4) Insufficient payload capacity for larger UAVs

1) Unlimited times of repeated perching
Bionic Gripper Pros | 2) Suitable for various perching circumstances
3) Effective damping design
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1) Bulky
2) Passive engagement system

3) Only suitable for UAVs capable of vertical take-
off and landing

Cons

2.4 Summary

In this chapter literatures on perching are mainly cataloged into four topics, namely
ornithological studies of perching birds, trajectory control strategy of perching birds,
perching mechanisms designed for UAVs and aerodynamic control of different UAV
platforms, and are systematically reviewed respectively. Besides, the flapping
ornithopters which could be the UAV platform for future research on perching are
also briefly reviewed. It is evident that the combination of ornithological inspirations
and engineering implementation is significantly lacking in previous research of
perching methodology. Therefore, bio-inspirations from birds should be investigated
more systematically and be referred to more closely in theoretical modeling and

engineering implementation, so that a plausible methodology can be finally derived.
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Chapter 3 Experimental Study on Birds’
Perching

To develop a bio-mimetic perching methodology for UAVS, it’s definitely necessary
to learn from nature—perching birds. Existing bio-experimental researches on birds’
perching either focused on the approaching flight or only addressed the leg actuation,
suggesting a default breakdown of the perching procedure of birds. Apparently such
a breakdown makes sense intuitively. On the other hand, it indicates the necessity of
systematization of the complete perching procedure of birds. In this chapter, an
experimental study on the perching methodology of birds is carried out. Firstly, the
complete perching procedure of birds is quantitatively studied and systematization is
achieved on the basis of quantitative analysis and observations. Secondly, the
kinematics and dynamics of birds’ perching maneuvers are researched according to
the systematization of the perching procedure. The prevailing Tau Theory of
approaching strategy is evaluated, and the dynamic characteristics of the balancing

maneuvers are revealed.
3.1 Experimental Method

The primary problem for perching birds should be how to obtain body balance while
transiting from airborne status to on perch status. Previous investigations on the
interaction force between birds’ legs and the perch during landing and/or take-off,
took into account some kinematic parameters such as perching trajectory, speed,
kinetic and potential energy [29][30][36][37][38]. Besides, literatures also covered
other topics related to birds’ perching behavior. One topic is the visually guided
landing of birds [60][61][62]. The primary parameters that are of interest in such
topic include approaching velocity and head orientation. Similar investigations can
also be found in the field of insects’ landing [63][64][65]. Another topic is birds’
flapping flight when perching [66][67][68][69]. Kinematic parameters involved
include wingbeat frequency, flight velocity, body angle, stroke plane angle, wing
angle, tail angle and so on. It can be seen that flight trajectory/velocity and body
angle of birds were generally paid more attention to in the literatures. It is believed
that these parameters, especially as a combination, can reflect birds’ locomotion and
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balancing maneuvers more effectively. Therefore, experiments in this chapter are
designed and conducted to gain data of these parameters and to further promote the

modeling.

The experimental setup is illustrated in Figure 3.1. Two cylindrical wooden poles
attached to tripods are used as the start perch and the target perch, respectively. The
distance between them is made large enough for bird subjects to establish natural
perching trajectories. The poles are kept horizontal to diminish the lateral maneuvers
of bird subjects during perching, as only kinematics and dynamics in the sagittal
plane of birds are investigated. A high speed camera (Mikrotron EoSens mini2) is
placed perpendicular to the sagittal plane to record subjects’ locomotion at 500 fps.
A backdrop of white cloth is utilized to enhance the view quality for the high speed
camera.
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Figure 3.1 Isometric view of the experimental setup

Three parrots of similar size and well trained for perching are taken as the subjects.
The weights of subject 1, 2 and 3 are 59g, 65g and 63g, respectively. Two instances
of approaching flight, namely descending flight and ascending flight are taken into
account. The height of the targeted perch is fixed at 1.15m, while the height of the
start perch is adjusted to 1.65m and 0.65m for descending and ascending flights,
respectively, as shown in Figure 3.2. Each subject perches 3 times for descending

and ascending flights respectively.
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Figure 3.2 Two instances of perching experiments. Left: Descending flight; Right:
Ascending flight. Note that the origin of the planar coordinate system is located at

the center of the target perch.

Tracker, an open source program [70], is used to extract kinematic data from the
videos. Two parameters directly extracted are the position of the center of mass (CM)
of the subjects (xcu, Yeur) @and their body angle g, as defined in [68], [71] and [72],
and demonstrated in Figure 3.3. For the convenience of data extraction, the line from
the wing root to the rump defining the body angle (BA) is approximated with the line
connecting the two marker points on the edge of birds’ body figure. Furthermore, the
position of CM is approximated based on an isosceles right triangle formed with
these marker points, as shown in Figure 3.3. The approximation of CM position is to
facilitate data extraction, and its error should be insignificant because of the small
size of the parrots and the relative long flight distance. The origin of the global
reference frame is located at the target perch, with x axis in the flight direction and y

axis in the vertical direction. The formulae are as follows:

=t (=) @)
Xcy = X +V2s - sin (% - B) (3.2)
yem =y +V2s - cos (3 - B) (3.3)

where s = %\/(xu —x1)?+ (v, —y)?. Note that (x,,y,) and (x;,y;) are the

coordinates of the upper and lower marker points, respectively.
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Figure 3.3 Definitions of the CM and BA of the parrot. The white circles and line
denote the definitions in [63] and [68], while the black ones represent the
approximation used for convenience of data extraction. The upper black point is
located at the neck root, and the lower one is at the belly. The CM is estimated as the
vertex of the isosceles right triangle formed together with the two approximation

points. The BA is represented by .

A series of footages from one perching trial with extracted information is integrated
and shown in Figure 3.4. Footages A to E demonstrate the approaching flight before
touchdown, while footages F and G depict the balancing procedure of the parrot after
touchdown. The light blue and red circles represent the two marker points for
positioning. The pink lines denote the coordinate axes, and the dark blue line at the

bottom right corner is the calibration stick for the distance in the scene.

Figure 3.4 Footages of the perching procedure of a parrot
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3.2 Generalization of the Perching Procedure of Birds

Birds that fly and perch have two kinds of locomotors, wings and legs. Perching or
landing can be considered as a transition procedure from winged locomotion to
legged locomotion, while taking off the other way [73][74][75][76]. Thus, it makes
sense that generalization of the whole perching procedure from the perspective of
locomotors can definitely facilitate the exploration into the perching principles of
birds. Although systematic observations on the perching behaviors of birds can be
found in literatures [60][63][68], the generalization of the perching procedure has
never been addressed. Based on the data obtained from the experiments with the

parrots, the perching procedure is generalized in this section.

3.2.1 Locomotion Analysis of Perching Parrots
A typical set of perching trajectory data of a parrot from our experiment is shown in
Figure 3.5. The circles denote the CM position of the parrot extracted from
consecutive flapping cycles during perching. Gaps exist between the clusters of the
circles, because the marker points on the parrot’s body are blocked by the flapping
wing for approximately half of the flapping cycle. To depict the trend of the
trajectory more explicitly, a solid line representing the fitted trajectory is also drawn.
The CM position at the moment of touchdown is marked with a solid circle, and the
origin is located at the perch.
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Figure 3.5 CM trajectory of the parrot during perching. The circles denote the
position of the CM extracted from the video, and the solid line represents the fitted
trajectory. The solid circle on the trajectory is the estimated position of the CM at

touchdown. The origin is located at the perch.
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It can be seen that during the final approaching stage the parrot ascended toward the
target perch, although it was actually the descending flight scenario. It is generally
accepted that such a trajectory will help birds brake before touchdown. The trajectory
during each flapping cycle is relatively smooth, with small fluctuation probably
resulting from the up- and down-strokes. The parrot even approached the perch
almost horizontally during the flapping cycle immediately before touchdown, which
means the vertical approaching speed is close to zero. Generally, the parrots also start
to stretch their legs in this period, getting ready for the touchdown. On the other hand,
the obvious modulation of the trajectory after touchdown indicates the effort the
parrot makes to regulate the interaction with the perch. The CM at first goes
downward, suggesting that the parrot was damping the approaching speed by flexing
its legs. Finally the CM is lifted to the stable region directly above the perch by
actively stretching its legs, and balance is obtained. During this process its wings also
assist in obtaining the balance by generating desired lift. With the CM eventually
balanced, the transition from winged locomotion to legged locomotion is
successfully accomplished. Apparently, discrepancy exists in the maneuvers before
and after touchdown. To further evaluate this maneuver difference from the
perspective of body posture, the body angle of the parrot during the whole perching
procedure is analyzed.

Figure 3.6 demonstrates the body angle of the parrot during perching. The circles
denote the body angles at the specific time, with the moment of touchdown defined
as T=0. Similarly, only data from the portion of the flapping cycle that the parrot
body is not blocked by the wings are plotted. It shows that the body angle almost
proportionally increases to around 90 degrees before touchdown, which is consistent
with previous research [61][68]. Also, the fluctuation of the body angle in each
flapping cycle is even more obvious than that of the CM trajectory. The body angle
of the parrot tends to increase during the upstroke (backstroke) and decrease during
the downstroke (forthstroke). This implies that the resultant forces on the wings
generate a counterclockwise moment in upstroke and a clockwise moment in
downstroke at the wing roots in each flapping cycle. Another potential contribution

may come from the internal torque that is applied to rotate wings about their
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spanwise axis in the flapping cycle. This information is rather valuable because it
might reflect one of the potential mechanisms by which the parrot adjusts its posture
with wings for perching. Compared with the characteristics before touchdown, the
body angle decreases quickly to around 40 degrees and gradually converges to the
neutral perching posture of about 50 degrees after touchdown. Such a difference in
the characteristics of oscillation of the body angle further validates the distinguished

maneuvers of the parrot before and after touchdown.
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Figure 3.6 Body angle of the parrot. T=0 represents the touchdown moment.

Consequently, it can be concluded that both locomotors, i.e., wings and legs, play a
significant role in damping the approaching speed and obtaining body balance during
perching, and that touchdown is a marking point of the change of the primary

locomotor during the perching procedure.

3.2.2 Perching Procedure Generalization

Following the locomotion analysis of perching parrots in previous section, the
perching procedure can be generalized into three stages, namely pre-perching, on-
perching and post-perching, as illustrated in Figure 3.7. The three stages are divided
by two moments, touchdown and when the wings are folded by the bird, and they are

featured by different types of the locomotors.

The key maneuvers of the whole perching procedure is further elaborated as follows.
During pre-perching, birds first approach the target perch with a preferred or
favorable flight trajectory along which the approaching speed is reduced by pitching

up the body angle and changing the flapping direction of wings. When it comes close
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to the touchdown birds will stretch their legs and expand their feet to get ready for
the touchdown. On-perching starts from the moment of touchdown when the feet of
birds contact the perch. As the approaching speed at this moment is not reduced to
zero yet, an impact is expected. To avoid any injury, birds flex their legs and
manipulate the lifting force to damp the impact. Through a series of dynamic
regulating maneuvers reliable attachment to the perch is achieved and body balance
is eventually secured. Once birds obtain the body balance, their wings are folded and
successful perching is accomplished. Maneuvers thereafter, such as sitting, walking
and hopping, generally merely involve legs. This stage is therefore classified as post-
perching. Note that take-off can also be included in the post-perching stage, as a

maneuver that involves both legs and wings.

Pre-perching On-perching
Wings Wings and legs
Fly toward the perch Attach to the perch
Reduce the speed Damp the impact
Initialize the legs Balance the body
Touchdown Wings tolded

Figure 3.7 Generalized perching procedure of birds

Apart from facilitating classified research on the perching principles of birds, another
main benefit of the generalization of the perching procedure is providing a scientific
guideline for the development of the automatic perching methodology for UAVs
which is exactly the topic of this thesis. As a result, the investigations in this thesis

are organized following the manner of such a generalization.
3.3 Pre-perching--Approaching Flight before Touchdown

As wings are the only locomotors of birds before touchdown, the key points should
be the approaching flight and its navigation method. The trajectory of the
approaching flight can reveal the perching preference of birds under different

perching circumstances and therefore can give some reflections on the navigation
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method for UAV perching. Tau Theory has been found also applicable to birds’

landing, so it will be the focus of the navigation study in this thesis.

3.3.1 Trajectories and body angles of approaching flights

The trajectories of the CM of the parrots before touchdown are extracted and plotted
in Figure 3.8. It should be noted that since the body of the parrot is generally blocked
by one wing for a certain period in each flapping cycle, the positions of the two
marker points in this period are estimated for extraction and smoothened in post-
processing. Generally, all the perching trials show the preference of the parrots to
approach the perch with an ascending trajectory, no matter whether it is the
descending or ascending perching scenario. The only exception exists in the case of
descending perching of bird 2, one time of which the bird approached the perch with
a slightly descending trajectory (the green curve in the middle subplot of the left
column of Figure 3.8). Such a preference makes sense in multiple aspects. Firstly,
consider the locomotion in vertical direction. An ascending trajectory in descending
perching scenario means birds dive at first and then pitch up later. From the
perspective of force manipulation, such a trajectory can turn the gravity force in birds’
favor, because the gravity force will decrease the vertical velocity of birds, instead of
increasing it in the case of a descending trajectory. Consequently birds can save
some effort of wings’ flapping for braking in the vertical direction and thus the risk
of injuring birds’ legs or feet can also be reduced. Besides, for the ascending
perching scenario, a descending trajectory means that extra energy needs to be
consumed to lift the bird to a higher height along the flight, which is not desirable.
This could probably be the reason why no descending trajectory is observed for the
ascending perching scenario. Secondly, for the horizontal locomotion, birds in the
descending perching scenario can gain velocity with less effort during the beginning
stage of the flight because the increased vertical velocity from the diving maneuver
can help generate the aerodynamic lift that can be manipulated to accelerate the bird
in horizontal direction. Despite the overall ascending trend of the trajectory, an
interesting phenomenon should be noted that the trajectories tend to exactly reach or
slightly go over the peak at touchdown. It verifies the necessity of generating

appropriate engagement angle and close-to-zero vertical contact velocity for birds.
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However, such kind of ascending trajectories is more applicable to fixed wing UAVs
whose lift is mainly generated by wings, just like birds. For UAVs like quadrotors,
the lift is all generated by the propellers, and therefore it is not necessarily the

optimal trajectory for quadrotors.
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Figure 3.8 Trajectories of the CM of the parrots before touchdown. The three rows
show the data from parrot 1, 2 and 3, respectively, while the left and right columns
represent descending and ascending perching, respectively. Different colors denote

multiple perching trials.

The time series of the body angles of the parrots before touchdown are illustrated in
Figure 3.9, with the moment of touchdown defined as T=0. It can be found that in
common birds tend to pitch up their body angle from 40~60 degrees at the beginning
of the recorded data to 80~100 degrees at touchdown. This is consistent with the
analysis of the CM trajectories, as pitching up is directly related to braking.
Quadrotors use similar braking method by pitching up, but they need to pitch down

to generate forward lift, which is not the case for birds.
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Figure 3.9 Body angles of the parrots before touchdown. The three rows show the
data from parrot 1, 2 and 3, respectively, while the left and right columns represent
descending and ascending perching, respectively. Different colors denote multiple

perching trials.

3.3.2 Navigation Patterns of Tau-dot

With the characteristics of birds’ approaching flight analyzed, the navigation method
that birds use should be further addressed. According to Tau Theory, the position gap
and the velocity of gap closure are required to calculate tau, and further tau-dot. The
velocity information of the parrots is calculated based on the position information
extracted. To reduce the effect of the position error resulting from manual selection
of the marker points on the velocity calculation, the trajectories are first fitted with
third order polynomials. The calculation of the velocities is then done based on the
fitting result. It also should be noted that the origin of the world frame for trajectory
extraction is set at the center of the target pole. However, the final position of the
center of mass of the parrot after perching is actually above the origin. To make tau-
dot accurate, the final position of the center of mass of the birds, instead of the origin,
is taken as the target position. Figure 3.10 demonstrates the time-to-contact, or tau, in
X (horizontal) direction during the perching flights, and Figure 3.11 shows the

corresponding tau-dot. Y direction is not taken into account because the case of over-
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peak of the trajectory at touchdown, as discussed in previous section, is not

addressed by Tau Theory.
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Figure 3.10 Tau vs. distance in x direction for descending (left column) and

ascending flights (right column). Different colors represent different perching flights.

In Figure 3.10, the horizontal axis denotes the actual time to touchdown, with the
touchdown moment defined as T=0, while the vertical axis represents tau calculated
from the fitted data of distance and velocity in x direction. From the figure it can be
seen that the trends of the curves of tau are rather consistent, not only within each
perching scenario and each bird but also among different scenarios and birds. Tau
curves of some perching trials, such as those in green for different birds and different
scenarios are approximately linear, supporting the conclusion drawn by other
researchers that a constant tau-dot is expected. However, variation in the slope of the
tau curves is also observed for most of the trials, which leads to varying tau-dots. To
further evaluate the variation of the tau-dots, the corresponding tau-dot curves are

plotted in Figure 3.11.
It shows that actually tau-dot does tend to stay constant or vary little when the birds

are not close to the target yet; however, it rarely stays constant through the whole

perching flight. Moreover, the preferred range of tau-dot from 0 to 0.5 for birds to
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achieve optimal perching, as stated in Tau Theory, is not observed. Basically tau-dot
varies between 0 and 1. No general trend of tau-dot for all birds can be concluded,
but it is obvious that for each bird a certain trend does exist. Bird 1 and 3 tend to
increase the tau-dot to above 0.5 as they approach the perch, while bird 2 is likely to
decrease the tau-dot to below or maintain it around 0.5. Note that tau-dot of bird 2
even becomes negative right before touchdown during two perching flights, which
means the velocity is reduced quicker than the distance. To cover all typical cases of
varying tau-dots, four patterns are concluded, namely the increasing pattern (red
curves of bird 1 and red and blue curves of bird 3 in descending perching), the quasi-
constant pattern (green curve of bird 1 in ascending perching), the negative pattern
(green curve in descending perching and blue curve in ascending perching of bird 2)
and the decreasing pattern (red curve of bird 3 in ascending perching).
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Figure 3.11 Tau-dot in x direction for descending (left column) and ascending flights

(right column). Different colors represent different perching flights.

3.3.3 Discussion

Analysis of the approaching flights shows that the parrots tend to approach the perch
from below with an ascending trajectory and a pitching-up body angle, no matter
whether the start position of the flight is above or below the target perch. It is

believed such a maneuver makes the flight control, such as braking and engaging the
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perch with a desired angle, easier for the birds. The analysis of the navigation
patterns of tau-dot based on Tau Theory demonstrates obvious varying patterns
different from the constant one proposed and accepted in existing research. It further
results to a conclusion of four typical varying patterns which can be potentially
applied as the navigation patterns for UAVSs.

3.4 On-perching Balancing Maneuvers after Touchdown

A typical on-perching sequence of bird 2 is demonstrated in Figure 3.12. The
horizontal and vertical lines represent the x and y axis respectively, while the two
circles denote the corresponding marker points. It can be seen from the footages that
after touchdown the bird flexed its legs to damp the impact. When the legs reached
flexion limit they started stretching to lift the body toward the balance position which
is directly above the perch. Also, the body angle of the bird was manipulated during

this procedure. Further quantitative analysis is conducted in the following section.

Damping

Final Status

Figure 3.12 Footages of an on-perching sequence of bird 2. Touchdown: the feet
contacted the perch; Damping: the legs flexed to damp the impact; Limit Position:
the legs flexed to the maximum position; Lifting: the legs stretched to lift the body to
above the perch; Final Status: the body’s CM was directly above the perch to obtain

balance.

3.4.1 Trajectory of the CM

The trajectories of the CM and the body angles of the three parrots after touchdown
are first extracted. Figure 3.13 shows the CM trajectories, grouped into two columns
of descending (left column) and ascending flight (right column). It can be seen that
all the trajectories tend to converge to a region above the perch, which is consistent
with the fact that the projection of the bird’s CM needs to be located within the
support polygon on the perch. This is exactly the transition process of the parrots
from winged locomotion to legged locomotion. The trajectories from descending

flight of bird 1 and 2 shows that even under the same perching circumstances the CM
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trajectories of an individual bird may vary significantly. This is probably because the
initial conditions at touchdown, for instance, the touchdown velocity, are not
controlled in a consistent way by the birds. On the other hand, bird 3 has shown
better consistency in both perching scenarios. Generally, the initial conditions of bird
3 at touchdown, such as instantaneous positions of the CM and touchdown angle, are
closer among trials compared to those of other birds.

Descending Perching Ascending Perching
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Figure 3.13 Extracted trajectories of the CM of the parrots after touchdown. The left
column shows trajectories of the CM in descending perching for bird 1, 2 and 3,
respectively, while the right column demonstrates those in ascending perching for
birds 1, 2 and 3, respectively. Curves in different colors represent data from different

trials.

It’s obvious that the trajectories of the CM generally remain horizontal for a certain
period after touchdown, which means the vertical touchdown velocity is almost zero,
and then go up to the final balance position. These characteristics correspond to the
observation that after touchdown birds generally flex their legs to decelerate first
while rotating their body toward the balance region above the perch, and then stretch
the legs to lift their body. Figure 3.13 also demonstrates that the perching trajectories
after touchdown with descending and ascending flights are generally different (birds
1 and 2), although they can be consistent for certain birds (bird 3).
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3.4.2 Body Angle, g

Despite of the discrepancy in the trajectories of the CM, it is found that the body
angles between descending and ascending flights show greater consistency for every
subject. Therefore mean body angles across 6 perching flights for each subject are
obtained and depicted in Figure 3.14. Note that the number of data points is equal to
that of the single perching trial with the least time steps among all 6 trials. The same
averaging method is also used to obtain the mean values of the remaining parameters

in this section.
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Figure 3.14 Mean body angles Bean Of the three birds over time after touchdown

(bird 1: solid curve; bird 2: dashed curve; bird 3: dotted curve).

A manifest characteristic can be seen in Figure 3.14 that all the subjects possess a
body angle of around 80 to 90 degrees at touchdown, which is consistent with
previous research [61][68]. This is generally believed to be associated with the
deceleration of the flight before touchdown. Figure 3.14 shows that the initial
increase of the body angle to above 80 degrees is also associated to the balancing
maneuvers after touchdown, since it can provide sufficient clearance for adjustment
of the body angle. However, the adjustment of the body angle shows no consistent
pattern. It is approximately linear for bird 2, while more complex for birds 1 and 3.
This further indicates the different preferences of the perching maneuvers of different
birds. From the perspective of time domain, the subjects achieve balanced perching
status generally within 0.2s from touchdown. Sometimes there is no flapping of
wings during this period if the approaching control is perfect (bird 3, the second
descending perching and the third ascending perching), but up to one flapping cycle
has been observed in most perching trials. Therefore, it can be concluded that the

flapping of wings can significantly assist birds in obtaining balanced perching status.
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3.4.3 Spatial Coordinates of the CM in Time Domain
As no general pattern has been found in the spatial CM trajectories of all birds, the
mean coordinates under Cartesian and polar frame are further analyzed in time

domain. The relationship between polar coordinates and Cartesian coordinates
(Xcm. Yem) 1s given by

—1 Xcm
Tem = \/xczm + yczmi Ocm = cOs 17,_' (3-4)

cm

The mean Cartesian coordinates x.;,—mean @Nd Yem—mean Of the CM of the three
birds are illustrated in Figure 3.15(a) and Figure 3.15(b), respectively. It shows that
the x coordinates consistently converge to around 0, while y coordinates to around
0.05. The steeper slope of the x plots at the first 0.05 second means the horizontal
velocity is mainly damped during this period. However, the y plots generally show
large changing rate from 0.05 to 0.1 second, which corresponds to the body lifting
stage of the birds. This indicates that the perching maneuvers of birds might just
decouple the adjustment of the CM in x and y directions, and therefore it suggests the
applicability of a decoupled 2-DOF dynamic model. The decaying trend in X
coordinate conforms to such a model, but the dynamic attenuation in y coordinate
shows no obvious consistent characteristic. To seek more support on the applicability

of a 2-DOF dynamic model, the polar coordinates are further analyzed.
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Figure 3.15 Mean Cartesian coordinates (a) X¢m—mean aNd (0) Yem—mean OF the three
birds (bird 1: solid lines; bird 2: dashed lines; bird 3: dotted lines).

The mean radial coordinates 7,,,,_meqan @nd the mean angular coordinates 6.,,,—mean
of the CM of birds 1, 2 and 3 are obtained and depicted in Figure 3.16(a) and Figure
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3.16(b), respectively. It can be seen that the consistency among birds still holds.
More importantly, the attenuation of both radial and angular coordinates is much
more obvious. Oscillation in radial coordinate agrees especially well with the
behavior of a typical 2-DOF mass-spring dynamic system. The decaying of the

angular coordinate is nearly linear, suggesting the possibility of simple dynamics

modelling.
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Figure 3.16 Mean polar coordinates (2) 7.;n—mean and (0) 6.m—mean OF the CM of
the three birds (bird 1: solid lines; bird 2: dashed lines; bird 3: dotted lines).

3.4.4 Discussion

Based on the results presented above, both the position of the CM and the body angle
are adjusted adaptively to achieve balanced perching. Also, both wings and legs play
a significant role in damping the approaching speed and balancing the body.
Moreover, the data analysis in the sagittal plane indicates that a decoupled 2-DOF
mass-spring dynamic system should be applicable for modelling the perching
maneuvers of birds after touchdown. The manipulation force in radial direction and
torque in angular direction can be provided by wings and legs. For quadrotors, a lift
force and pitch-adjusting torque can be readily generated. Therefore, a 2-DOF

dynamic perching model should also be applicable to quadrotors.

Furthermore, is it the case that these maneuvers are totally achieved by work of
manipulation forces and moments from wings and legs? Intuitively it would not be
energy-efficient if so, as actuation of the locomotors for damping and adjusting body

posture requires intense energy consumption. Moreover, it would risk the locomotors
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getting injured. On the other hand, if the kinetic energy of the bird at touchdown is
harvested to help manipulate the body, the extra energy needed for the locomotors
could be significantly reduced, and the risk of injury of the locomotors would also be
diminished greatly. That is, the approaching velocity does not necessarily need to be
reduced to zero at touchdown; on the contrary, a velocity with certain magnitude and
angle might benefit birds for damping and balancing with alleviated muscular effort
of their locomotors. Thus, energy efficiency imposes requirement of control on the
initial conditions at touchdown on perching quadrotors.

3.5 Summary

A biological study on the perching procedure of parrots is carried out in this chapter.
To establish a fundamental strategy for UAV perching, the trajectories of the CM
and body angles of the parrots are analyzed and the perching procedure is
consequently generalized into three stages, namely pre-perching, on-perching and
post-perching. According to the generalization, the perching locomotion of the
parrots is divided into two parts, with touchdown as the division point, and is
investigated separately. From the perspective of Tau Theory four navigation patterns
of varying tau-dot are concluded through detailed analysis of the approaching flights
before touchdown. The balancing process after touchdown involving both CM
trajectory and body angle is evaluated thoroughly. The applicability of a 2-DOF
dynamic model to the balancing process of a perching quadrotor is also discussed
preliminarily. The whole perching procedure of birds is addressed from a biological
perspective sequentially according to the generalization. Profounder exploration into
the characterization and modeling of the procedure for perching with UAVs will also

be conducted in a similar sequential way in the following chapters.
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Chapter 4 Fuzzy Guidance of Pre-perching
Flight of UAVs Based on Varying Tau-dot

Constant tau-dot has been applied as the control strategy to guide UAVs for perching.
However, from experiments with parrots varying tau-dot is found. Therefore, the
potentials of varying tau-dot to be applied to pre-perching flight guidance for UAVs
require thorough investigations. As varying tau-dot means real-time regulation
during the pre-perching flights, its comparison with constant tau-dot can reveal the

principles of the regulation process and facilitate the UAV guidance strategy design.
4.1 Varying Tau-dot for Guidance of Pre-perching Flight

4.1.1 Varying Tau-dot as Discrete Constant Tau-dot
For one-dimensional motion, the formulas of distance, velocity and acceleration

under constant tau-dot, as in [54][55], are as follows,

l( x(t) :Xo(l‘i‘k)'(ot/)(o)%

| 0=+ Kot/ xo)F ! 41
1

| i kjot\E 2

¥G) —X—O(l—k)(1+ - ) .

Since varying tau-dot is found from experimental data, it is of interest to see whether
these formulas still hold under the assumption that for each short-enough sections of
the time series of varying tau-dot, constant tau-dot can be applied. To do so, tau-dot
from fitted experimental data at each time step is substituted into the formulas above
to estimate the distance and velocity at next time step. Note that only the initial
distance and velocity from the fitted experimental data are utilized to initiate the
estimation. Afterwards only estimated values are used to propagate the estimation.
Finally the estimated values are compared with the raw experimental data. In order to
cover all typical patterns of tau-dot, four flights are chosen for verification, namely
descending flight 2 of bird 1 with the increasing pattern, ascending flight 3 of bird 1
with the quasi-constant pattern, descending flight 3 of bird 2 with the negative
pattern and ascending flight 2 of bird 3 with the decreasing pattern. The results are

depicted in Figure 4.1.
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Figure 4.1 The estimated (red curves) distance (left) and velocity (right) versus

experimental data (blue dots)

For all four patterns, the estimated distances are almost exactly overlapping with the
experimental data, showing great agreement, and the estimated velocities also follow
the trend of experimental data closely. Even better agreement can be obtained if the
comparison is done with fitted experimental data. It can be concluded, therefore, that
the formulas for constant tau-dot can be applied to the case of varying tau-dot in a

discrete way.

4.1.2 Justification of Varying Tau-dot
As concluded in [39][54][55], a constant tau-dot between 0 and 0.5 leads to

simultaneous zero-reaching for distance, velocity and acceleration, and therefore no
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collision or impact will occur, making it the optimal strategy for safe landing.
However, in our experiments, the parrots rarely keep the tau-dot within this optimal
range. Why would they risk their landing safety in such a way? On one hand, it
might be because they cannot track the tau-dot accurately. On the other hand, it could
be due to the potential advantages that they would get, such as less energy
consumption or shorter time. In previous section it has been verified that varying tau-
dot can be interpreted as constant tau-dot in a discrete manner, but a rational
justification of the varying tau-dot is still necessary. From the formulas, one can
derive that, for a constant tau-dot between 0 and 0.5, the closer the distance gets to
zero, the smaller the velocity becomes, and the longer relatively it takes to reach zero.
For birds, this means less agility to manipulate for landing. Also, since they need to
keep flapping to remain airborne with small approaching speed at the final stage of
landing, the energy consumed would be larger, reducing the energy efficiency. It
therefore makes sense that in order to close the distance gap more quickly, to
maintain the flight agility, and to save some energy during the final stage of landing,
birds vary the tau-dot beyond the optimal range accordingly along the perching flight
and perch with non-zero final velocity and acceleration which are within a certain
acceptable range. To validate this hypothesis, the perching time and touchdown
velocity of the four patterns are compared with the values calculated with constant
tau-dot of 0.3 under the same initial conditions. The results are listed in Table 4.1

Table 4.1 Comparison between varying tau-dot and constant tau-dot

Varying t ©t=0.3
Time | Vel. Acc. Time | Vel. Acc.
() | (mfs) | m/s?) | (s) | (mis) | (m/s?)
Increasing Pattern 0.450 | 0.90 0.5 0.716 0 0
Quasi-constant Pattern | 0.348 | 0.85 -7.5 0.671 0 0
Negative Pattern 0.400 | 0.35 -15.3 | 0.932 0 0
Decreasing Pattern 0326 | 094 | -129 | 0.830 0 0

It is obvious that the approaching time for varying t is much shorter than that for

t = 0.3. Compared to varying t, the time differences are 59.1%, 133.0%, 92.8%, and
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154.6%, respectively. The cost at which the significant time differences are obtained
is the less-than-1m/s final velocity and the final acceleration of up to 1.56g, where g
represents the gravitational acceleration. Such a deceleration of 1.56g can be
generated readily from pitching up the body and wings due to the non-zero
approaching velocity, instead of from flapping the wings which costs more energy.
As long as birds can physically withstand the final velocity and deceleration, the cost
of those huge time differences should be rather affordable. Since perching flights
with regulated varying tau-dot are quicker and thus more efficient than with constant

tau-dot, varying tau-dot is justified to be utilized for perching flight guidance.
4.2 Design of Fuzzy Logic Based on Varying Tau-dot

According to the experiment data, the varying tau-dot is mostly kept between 0 and 1.
When it occasionally exceeds 1, it tends to stay very close to 1. However, for the
case of decreasing to below 0, no such limit has been observed. From the formulas of
constant t, one can derive that for t < 0, the distance, velocity and acceleration will
go to zero at infinite time, which means relatively large deceleration for current
approaching velocity. For 0.5 < T < 1, the distance and velocity will get to zero at
finite time but the final acceleration will tend to infinity, which means deceleration at
the beginning is small and rapidly increases to infinity at the final stage. For t = 1,
the motion will be a uniform one with constant velocity and zero acceleration. It’s
rather likely that tau-dot are associated with the current approaching state of birds,
and is interpreted in certain ways to help regulate parameters such as velocity and
acceleration. Such piecewise empirical regulations make fuzzy logic quite applicable,
and therefore a fuzzy guidance strategy is designed.

Tau-dot is the parameter that the fuzzy logic is supposed to tune. On the other hand,
the distance gap to be closed and the time to contact, tau, are taken as the reference
inputs, which is equivalent to the combination of the distance gap and the
approaching velocity. However, tau can provide a more straightforward timing sense
for maneuvering actions. Based on the comparison results from previous section, the
decreasing pattern is chosen for modeling template because of its shortest perching
time. It should be mentioned that other patterns can also be modelled to meet
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different requirements for various applications. To facilitate the modelling, the
distance, time to contact and tau-dot of the decreasing pattern are plotted in Figure
4.2. Each parameter is further fuzzified into three fuzzy sets, namely small (S),
medium (M) and large (L). The universe of discourse for distance and tau, however,
needs to be set more on a case-by-case basis, because they could be any values in
different cases. Taking the specifications of our experiment setup into account, we
set [-3m, 0] and [-12s, 0] for distance and tau, respectively. The universe of discourse
for tau-dot can be case-independent, and is set [0.2, 0.8]. The membership functions
(MFs) finally designed are shown in Figure 4.3. Note that none of the MFs is
symmetrically distributed. The MFs of distance and tau are shifted toward zero while
that of tau-dot toward 0.8, so as to feature the sudden decreasing of tau-dot when
close to touchdown. The fuzzy inference rules are listed in Table 4.2. The large
portion of L output is to keep tau-dot in the Large fuzzy set and consequently to
shorten the overall perching time. Finally the surface plot of the fuzzy logic rules is
illustrated in Figure 4.4
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Figure 4.2 The distance, tau and tau-dot of the decreasing pattern
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Table 4.2 Fuzzy inference rules

Distance

S M L

S S M L

Tau M M L L

L L L L

The fuzzy logic needs information on distance and tau to calculate the desired tau-dot.

The measured values from the motion capture system are not used as feedback for
the fuzzy logic, because there is another position controller on the lower level to

follow the desired position and a certain delay, which would lead to undesired
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velocity, exists. Instead, the estimated distance and tau based on discrete varying tau-

dot are employed. Finally an estimator is designed as follows to render the estimated
values.

Tau-dot

Tau Distance

Figure 4.4 Surface plot of the fuzzy logic

Given the estimated y(n) and t(n) from last loop, the fuzzy logic can calculate the
desired 7(n). Then the estimated y(n + 1) and t(n + 1) can be expressed as,

x(m+1) =x(m)(1+ t(n)dt/f(n))Tln) 4.2
t(n+ 1) = t(n)dt + t(n) 4.3

where dt is the time step.

With the estimator designed, the control loop is completed and the control diagram is
demonstrated in Figure 4.5.

Fuzzy Tau-dot T(n) | Motion  |X (W'H) Low Level R Quadrotor
Logic "| Estimator "| Position Controller Dynamics
x(n), T(n) Motion Capture System [«

Figure 4.5 Control diagram of the UAV perching system

4.3 Experiment of 1D Pre-perching Flights with Varying Tau-dot

4.3.1 Method
A quadrotor with 10-inch propellers is used for perching flights and a VICON

motion capture system is utilized to measure the position of the quadrotor. The
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control algorithm is implemented in Matlab/Simulink and run on a workstation PC.
The control commands are then transmitted to the quadrotor via wireless
communication. The experiment setup is shown in Figure 4.6. Similar setup is also
utilized in [77].

______________________________________

! i Position Information { 1
i VICON System | p———w—-— : PC i
1 Lo | 1
Vool ' via LAN Voo ’
N QW? M
VICON Cameras Control
Commands
= via Wireless
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Starting Point Target Point v
e . 1P o o a2 | )
] 7 1 ]
i Quadrotor E Rotor Control i Onboard Controllers ,:

Figure 4.6 Experiment setup for perching of UAVs with the fuzzy logic

The quadrotor will take-off to 1m height at the position 0.1m away from the starting
point, and then be commanded to fly toward a position 0.3m over the starting point in
the horizontal flight direction to give itself a non-zero initial velocity. When the
quadrotor reaches the starting point, the fuzzy logic of varying tau-dot, or a constant
tau-dot (0.3) controller in the other case, will be activated and take over the control
of the perching flight toward the target position. The estimated distance and tau, and
the measured values from VICON are recorded for further analysis. Since only the
case of one dimension is considered, the lateral and vertical positions of the
quadrotor are kept constant during the perching procedure. Ten perching flights are

performed for each case.

4.3.2 Results and Discussion

The estimated distance (dotted curves) and the measured distance (solid curves) of
the quadrotor to the target from one flight with constant tau-dot (red curves) and
varying tau-dot (blue curves) are plotted in Figure 4.7 and the corresponding varying

tau-dot generated by the fuzzy logic is shown in Figure 4.8.
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It is obvious from Figure 4.7 that with the same initial distance gap and initial
approaching velocity, the fuzzy logic of varying tau-dot does shorten the flight time
significantly. The average perching flight time is reduced from around 7.8s for
constant tau-dot to about 4.8s for varying tau-dot, which is 38.5% quicker. The delay
between the estimated coordinate and the measured one for both varying tau-dot and
constant tau-dot is due to the quadrotor dynamics and its control algorithm. The
generated varying tau-dot, although not very close to the pattern in Figure 4.2,
manages to stay above 0.5 when far from the target and drop rapidly to below 0.5
when close to the target. The final velocity for varying tau-dot is 0.21 m/s, thanks to
the low level position controller, while it is 0.04 m/s for constant tau-dot of 0.3. The
discrepancy in the final velocities on such a scale makes no difference between a safe
and a hazardous perching, and is therefore acceptable. Consequently, the experiment
results show that the fuzzy logic designed with the varying tau-dot strategy for UAVs
is effective and can improve the perching performance of a constant tau-dot strategy
in terms of perching flight time. Moreover, it suggests that the varying tau-dot
strategy has the potential to outperform the constant tau-dot strategy in many more

applications.
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Figure 4.7 Comparisons of perching flight trajectories between constant tau-dot (red
curves) and varying tau-dot (blue curves). The solid curves represent the measured
coordinates via VICON system, and the dashed curves denote the estimated/desired

coordinates using the different tau-dot strategies.
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Figure 4.8 Varying tau-dot generated by the fuzzy logic
4.4 Intrinsic Tau-Coupling Guidance with Varying Coefficient

4.4.1 Tau-Coupling Strategy for Multi-Dimensional Motion
To deal with the multi-dimensional approaching motion that humans, animals and
birds generally encounter, tau-coupling is believed to be the strategy to coordinate
the movements among different dimensions. Its equation can be expressed as

Ty = kyy Ty, 4.4
where 7, and 7,, represent the taus of the multi-dimensional approaching motion,
and k., denotes the ratio between them. As derived by D. Lee [42][46], k., needs to
be a constant between 0 and 0.5 to make the multi-dimensional motion gaps, as well
as the corresponding velocities and accelerations, decrease to 0 smoothly and

simultaneously. Furthermore, the kinematic equations of the multi-dimensional

motion are as follows,

( 1
y(t) = Cy*x»
. C . 41
) y(@) = —xx™ 45
xy
. C 2—2_ 1 . .
Ly(t) = k—x""y [G—~ Dx? + x¥]

xy xy
1

where C is a constant that can be defined by the initial conditions as C = y,/x,**.
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As it has been verified that egn. (4.1) still holds in a discrete manner for varying tau-
dot, egn. (4.5) should apparently hold in the same way. This means as long as the
reference gap-closing motion is following a designated varying tau-dot pattern, the
motion in other dimensions can be readily synchronized to the same pattern with a
constant k,.,, between 0 and 0.5. With the discrete tau estimator applied to motion
gap y, the discrete form of the kinematic equation of the coupled motion gap y can
be written accordingly as

_ o 4.6
y(n+1) =Cy(n+ 1),

4.4.2 Intrinsic Tau Guidance

It’s very common in reality that an object starts movement from static status,
especially for UAVs that are capable of hovering. The intrinsic tau guidance strategy
that D. Lee proposed in [42] and [46] can handle motion like this very well because it
yields an acceleration followed by a deceleration. Intrinsic tau guidance roots from
tau-coupling which couples tau of one extrinsic movement to that of another. For
intrinsic tau guidance, however, no extrinsic guiding motion tau is available for
coupling, so the nervous system intrinsically generates a virtual tau for coupling [42].

It can be expressed as
Ty = kTg 4.7
where 7, is the tau of an extrinsic motion gap, 7, is the intrinsic tau, and k is the

constant coupling coefficient. D. Lee proposed a second order intrinsic tau function

1 52
01 (t _ T) 4.8

where ¢ denotes the duration of the motion. This function was originally assumed to

for 7,4, as

be the electrical charge of the neurons flowing with a constant second-order time
derivative in human body [42]. Essentially it is consistent with the free fall motion,
and has the identical formula of z,. It is therefore also called intrinsic tauG or tau
gravity guidance in some literatures [54][55]. With z, defined, the motion gap y, the

velocity y and the acceleration j§ can be derived as
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There are two main advantages of this second-order intrinsic tau function. One is that

it can guide the movements that start from a static state, and the other is that it
provides another control parameter & that specifies the movement duration beside the
coupling coefficient k. For UAVs like quadrotors, hovering is their most unique
feature compared to fixed-wing UAVSs. Thus, in many scenarios the movements of
quadrotors begin from hovering. This makes the intrinsic tau guidance with second-
order intrinsic function especially suitable for applications with quadrotors. Also, the
extra controllability over movement duration gives more flexibility for motion

planning of the quadrotor, as already presented in [54][59].

4.4.3 Varying Intrinsic Tau-Coupling Coefficient for Guidance

In literatures the coupling coefficient k is still assumed to be constant and the gap,
velocity and acceleration reach zero at the same time only when k € (0,0.5]. Also,
the larger the k for 0 < k < 1, the smaller the initial acceleration, but the longer the
acceleration duration [42]. As the duration of the motion is fixed to &, the advantage
and disadvantage for different k need to be evaluated from different perspectives
other than duration. Since the endurance of UAVs is the main concern of this

research, the energy consumption under different k values is looked into.

Without losing generality, the discrete form of the energy consumed for the motion is

considered. It can be expressed as

n n
E =Z|Fi'AXi| =Zm|)'(i'AXi| 4.10
i=1 i=1

where F;, Ay; and j¥; are the i-th values of actuation force, small displacement and

acceleration, respectively, and i = 1,2,---,n. Egn. (4.10) can be expanded and
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calculated based on the discrete form of eqn. (4.9). For simplicity, the mass of the
object is assumed to be 1kg. To simulate the conditions of pre-perching flight
experiments in previous section, § is set to 8s, and sampling rate is set to 50Hz. The
intrinsic coupling coefficient k varies from 0.1 to 0.9 at the interval of 0.1. The
corresponding energy consumption is calculated accordingly and depicted in Figure
4.9. It is very obvious that the energy consumption decreases as the intrinsic coupling
coefficient increases. Moreover, in general the smaller the k for 0 < k < 1, the more
significant the difference in energy consumption for the same offset of k. For
instance, the difference of the energy consumption for k=0.2 from that for k=0.1 is
up to 45.7%, while the difference for k=0.9 from k=0.8 is only 5.8%. Consequently,
it can be concluded that a larger k for 0 < k < 1 saves more energy during the
motion, at the cost of relatively higher final velocity though. Since a non-zero final
velocity is acceptable, even preferable sometimes, as concluded in previous section,
varying intrinsic coupling coefficient is taken as the control strategy for guidance of

multiple dimensional movements.
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Figure 4.9 Energy consumption with different intrinsic coupling coefficients within
the range of (0,1)

As the intrinsic coupling coefficient k varies between 0 and 1, the same range as that
of varying tau-dot, the fuzzy logic designed for varying tau-dot is expanded for

intrinsic tau-coupling guidance. Based on the motion in x direction, the fuzzy logic
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will render the desired tau-dot values which are adopted as the intrinsic coupling
coefficient of motion in x direction. Furthermore, the motion in y direction is coupled
to that in x direction with a coupling coefficient of 1. That is, motion in x and y
direction has the same tau-dot value. Such control strategy is then put into

experiments for validation.

4.5 Experiment of 2D Pre-perching Flights with VVarying Intrinsic
Tau-Coupling Coefficient

4.5.1 Method

To evaluate the effectiveness of the proposed guidance strategy based on varying
intrinsic tau-coupling coefficient, a 10-inch quadrotor is utilized to perform 10 times
of 2D pre-perching flights in a horizontal plane with varying and constant intrinsic
coupling coefficient, respectively. The experiment setup is the same as that in the
experiment of 1D pre-perching flights with varying tau-dot. The quadrotor’s
movement in x direction is guided with the varying intrinsic coupling coefficients,
and the motion in y direction is coupled to that in x direction with coefficient of 1.
The quadrotor will take off and hover at the start point of coordinates (-1.5, 0.5, 1)
meters in VICON reference frame, and then it will be commanded to fly toward the
stop point at (1.5, 2, 1). The flight duration ¢ is set to 8s, and the constant intrinsic
coupling coefficient is set to 0.3. To better differentiate the performances of the two
cases, the motion estimation using eqn. (4.9) is accelerated in the algorithm. The
desired trajectories yielded and the actual trajectories measured by the VICON
system from two flights with varying and constant intrinsic coupling coefficient
respectively are demonstrated in Figure 4.10. To examine the performance of the
guidance strategy in time domain, the movements of the quadrotor from the same
flights are decomposed into x and y directions in time domain and illustrated in
Figure 4.11. The corresponding varying intrinsic coupling coefficients yielded by the

fuzzy logic are plotted in Figure 4.12.

4.5.2 Results and Discussion
It can be seen from Figure 4.10 that the desired trajectories for varying and constant

intrinsic coupling coefficients (dotted curves) are rather close, especially for the
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second half of the trajectories. The small discrepancy in the first half of the
trajectories mainly results from the slight difference in the initial conditions, for
example, position. It is obvious that the quadrotor follows the desired trajectory more
closely with the varying coefficient than with the constant coefficient. It means the
varying intrinsic coupling coefficient can effectively serve as the guidance variable
in terms of spatial motion. Note that the desired trajectories are basically straight
lines because the coupling coefficient k,.,, between motion in x and y directions is set

to 1. However, it is not necessarily always the case.
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Figure 4.10 Desired (dotted curves) and actual flight trajectories (solid curves) under

intrinsic tau-coupling guidance with varying (blue) and constant (red) k
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Figure 4.11 Desired and actual Coordinates of the UAV with varying and constant
intrinsic coupling coefficients. Dotted curves represent the desired coordinates, and

solid curves denote the actual values.
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Figure 4.12 Varying intrinsic coupling coefficient generated by the fuzzy logic

Figure 4.11 shows the details of motion in x and y directions separately. Larger
differences between desired and actual positions are observed for varying coefficient
than for constant coefficient. It should be noted, however, that the desired positions
in X and y directions reach the target positions in less than 2s for varying coefficient
while it takes about 7s for constant coefficient. It thus makes sense that the
significant delay could be mainly because the challenging demands on the reaction of
the quadrotor is beyond its dynamics. One beneficial consequence of the fast tuning
of the desired positions due to varying coefficient is apparently that the duration of
the motion is shortened dramatically (3s compared to 7s). Another interesting thing
observed is that motion gap in y direction is closed slightly earlier than in x direction
for both varying and constant coefficient. This is consistent with the small offsets of
the trajectories at the stop point in Figure 4.10. It is probably because the initial
motion gap in y direction is smaller than that in x direction, although theoretically
they should still be closed simultaneously, as shown by the desired position curves
(dotted ones). The varying coefficient generated by the fuzzy logic based on motion
in x direction is shown in Figure 4.12. It is always equal to or larger than 0.5 through
the flight, meaning the logic is trying to close the motion gap in x direction faster.
This is consistent with the large delay between the desired position and the actual
one in x direction. Moreover, the energy consumption for the motion can be

supposedly lowered, as indicated in Figure 4.9. The frequent oscillation around the
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point of 1s shows the responsive tuning of the coefficient, and it is believed to be
related to the prescribed conditions for motion in x direction. Consequently, it can be
concluded that the proposed guidance strategy of varying tau-coupling coefficient for
multiple dimensional motion is effective for pre-perching flights of UAVs.

4.6 Summary

In this chapter perching patterns of varying tau-dot from perching parrots are
investigated first, showing good potentials of guiding UAVs for faster perching flight.
Then a fuzzy logic tuning tau-dot in real time is designed based on one of the parrots’
varying patterns and integrated into the control loop of our UAV testing system.
Experiments of 1D pre-perching flights with both varying and constant tau-dot are
conducted and the effectiveness of the fuzzy tau-dot logic is verified, which further
validates the applicability of the varying tau-dot as a control strategy for UAV
perching. To make the varying tau-dot strategy more applicable, it is extended to
varying tau-coupling coefficient as the guidance strategy for multi-dimensional
motion, based on the theoretical fundamentals of tau-coupling and intrinsic tau.
Experiments of 2D pre-perching flights with both varying and constant intrinsic tau-
coupling coefficient are carried out. Results show that the proposed strategy can
guide the flight not only as effectively as the constant case but also more efficiently
in terms of flight time and energy consumption.
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Chapter 5 Visual Perception of Tau-dot during
Pre-perching Flight of UAVs

Birds need to identify the target perch and estimate the distance to it and even
approaching velocity before they initiate the perching procedure to make sure they
can eventually perch successfully. The way birds achieve these tasks is acquiring the
visual information of the potential perches by their eyes and processing the data by
their brain. For UAVs to achieve automatic perching, they also need their own eyes
and brain, that is, sensors and controller. As proposed for the guidance methodology
of approaching flight in previous chapter, the autopilot based on Tau Theory requires
feedback of approaching velocity and distance to the perch, or tau directly. In
previous experiments, such feedback is realized through an indoor motion capture
system. For more general cases like outdoor environments, appropriate navigation
methodology that relies merely on onboard sensors to obtain desired information and

accomplish automatic perching still needs to be addressed.
5.1 Advantages of Visual Guidance of UAVs

There are multiple methods of sensing the distance and velocity relative to the target
for UAVs. Laser range finders, for example, have been utilized to detect the distance
to the objects or obstacles, if any, around the UAV platform. This method is mostly
employed for applications of simultaneous localization and mapping (SLAM) which
generally don’t require identification of the target object and only need obstacle
avoidance. Moreover, the laser range finders currently available in the market are
mainly for 2D applications, which means they can only detect obstacles in a certain
plane. This therefore limits its applicability to perching flight guidance for UAVs
significantly. Ultrasonic sensors can also detect the distance, but their range is
limited to only a few meters. GPS sensors are capable of providing global positions,
because of which range will no longer be a problem, but they lack the ability of
sensing the surrounding environment along the flight path. Combination of these
sensors cannot resolve the problem, because one critical feature for automatic
perching is still missing in them. It is the ability of target identification which

distinguishes visual guidance from other methods.
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Visual guidance has been applied to UAVs for a long time. Information that can be
extracted from vision sensors is comprehensive. Image processing methods such as
segmentation, registration and correlation can be utilized to identify and extract a
target perch with or without a template. Such information can be further processed
for tracking and odometry. Visual odometry techniques are capable of estimating the
distance, and even the relative pose of the UAVs, to the target object
[78][79]180][81][82][83][84][85][86][87][88]. Thus visual guidance possesses
intrinsic advantages in terms of biomimetics over other methods because the visual
guidance strategy used by birds and insects can be readily adopted for UAVs
[89][90]191][92][93][94][95][96]. Moreover, tau-dot, as the navigation parameter
utilized in this research, is found directly related to the rate of expansion of the visual
image [97][98]. It means the feedback of the tau-dot can be easily achieved by
identifying the scale of a certain object in the image and calculating its rate of change,
without the troublesome labor of directly calculating the spatial distance. This could
significantly alleviate the heavy computation usually associated with visual guidance

methods, which makes them even more suitable for applications with UAVSs.

In summary, visual guidance is definitely advantageous for perching flight of UAVSs.
The strategy of visual guidance proposed in this chapter consists of two aspects,
namely perch identification and tau-dot estimation. Perch identification is meant for
direction alignment for the perching flight and also for measurement of image
expansion rate. Tau-dot estimation is based on its relation with the image expansion
rate which is systematically evaluated.

5.2 Template-based Perch Identification Using LabVIEW

Generally speaking, object identification without a template requires more advanced
techniques, higher computation capability and longer computation time than
template-based one. On the other hand, the autopilot systems of UAVs are generally
of lower computation capability due to lower payload capacity and limited form
factors of UAVs compared to ground and underwater unmanned systems. Moreover,

UAVs require real-time control for the purpose of system safety. This makes the
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computation of non-template object identification with UAV autopilot system really
time-consuming, and therefore intolerable. To handle this problem, a high level
control system independent of the autopilot system should be integrated into the
UAVs. It should be more capable of heavy computation of vision algorithms, and of

compact form factor to fit into the UAV platforms.

5.2.1 LabVIEW-based Control System for Vision Algorithms

LabVIEW has been applied to develop control systems with UAVsS in many
literatures as programming language and control environment. Its graphic
programming interface makes implementation of the control really easy, and the
abundant function library facilitates the programming significantly. Moreover,
LabVIEW has a unique advantage over other engineering programming software, for
example, Matlab. It is the seamless integration with embedded control hardware
systems. National Instruments has produced various real-time hardware systems for
applications of embedded control. For vision-based control systems, such advantage
still applies. Controllers such as Single-Board RIOs and myRIO have compact form
factors that fit for applications with UAVs while not compromising the capability of
powerful real-time computation which vision algorithms require. On the contrary,
other software and libraries mainly used to develop vision algorithms in the field of
computer vision and machine learning, such as Matlab, C++, Python, Java and
OpenCV, either only run on a computer system or have limited choices of powerful
embedded controller board. This qualifies LabVIEW as the control environment of
vision algorithms for applications with UAVs. It should be noted that because of the
fast development of the Single-Board Computers recently it provides another

competent solution to vision-based embedded control.

In this section LabVIEW-based vision algorithms of object identification, tracking
and measurement are developed to provide feedback for the fuzzy tau-pilot controller
designed in previous chapter. In LabVIEW, there are generally three methods of
object identification, namely geometric matching, pattern matching and object
tracking [99][100][101]. They are all template-based methods, which means they

require a pre-defined template for identification. As the focus of this chapter is on the
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relation between visual clues and tau-pilot guidance, the target perch for
development is prescribed and assumed as known. Therefore a template photo of the
perch is available for the algorithms designed. The three identification methods are
evaluated.

5.2.2 Geometric Matching

There are two types of geometric matching method in LabVIEW, edge-based method
and feature-based method. The edge-based geometric matching calculates the
gradient at each pixel of the edges and the matching is carried out based on the
information of the gradient and position of the pixels. On the other hand, the feature-
based geometric matching utilizes geometric features of curves in the image to match
with those in the template [102]. Due to the simplicity of the edge-based algorithm,
it’s less demanding on the computation resources and can obtain better matching
results under general circumstances. Moreover, the edge features of the target perch
used in this research is fortified with black and yellow strips. Therefore, the edge-
based geometric matching is implemented, as shown in Figure 5.1.

= Identification

= . e
Acquisition Image Out

£
ELM 1
.......... 3 ' N lGrayscale (UB) 7] |

Vision

Stop Acquisition 1o @
top (F)

Image Number ) Frame Rate
v Wil

Advanced Geometric earn Options 2

| Minimum Match Score 3
| ==

Advanced Geornetric Match Options 2
voi

o (=t

loop time{ms)

Figure 5.1 Edge-based geometric matching algorithms implemented in LabVIEW

Basically, the algorithm consists of three parts, namely image acquisition (green
rectangle), template learning and match finding (red rectangle), and post-processing
of the matching results (blue rectangle). The image acquisition part obtains images
from the camera in the continuous mode. The edge features of the template image is
extracted and then is passed to the matching module which looks for the same edge
features in each acquired image. If any match is found, the matching results such as
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matching score, scale and pixel position of the match will be displayed and recorded,
and the identified target will be overlaid in the image for illustration.

5.2.3 Pattern Matching

There are also two methods for pattern matching in LabVIEW, pyramidal matching
and image understanding. Both of the methods are based on normalized cross-
correlation which is the most common method for template matching. However,
cross-correlation requires heavy computation and therefore is time consuming. This
is why pyramidal matching is applied. It reduces the size of the template and
acquired image to a scale of powers of ¥, so the computation can be dramatically
alleviated depending on the chosen pyramidal level. The image understanding
method uses intelligent sampling technique to extract features in a non-uniform

manner [103]. In this research the pyramidal matching is employed because of its

better flexibility of range configuration of scale and angle. See Figure 5.2.

Figure 5.2 Pyramidal pattern matching algorithms implemented in LabVIEW

The structure of the pattern matching algorithm is similarly comprised by three parts.
It is programmed in such a way that the template is confirmed to be learned before
the pattern matching is performed.

5.2.4 Object Tracking

The object tracking method in LabVIEW also has two types of algorithm. One is
mean shift and the other is shape adapted mean shift. The former one is the simple
process of histogram extraction, weight computation and derivation of new location
of the tracked object, while the latter one also tracks the shape, for instance, scale, of

the object [104]. Object tracking method still requires an object template for tracking,
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but it has the capability of tracking colored object which is the bigger difference
from the other two matching methods. To increase the detectability of the method
and to obtain the scale information of the object, the algorithm of shape adapted
mean shift is utilized, as illustrated in Figure 5.3.
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Figure 5.3 Object tracking algorithm implemented in LabVIEW

The algorithm is comprised by acquisition, tracking and post-processing. The
initialization of the tracking algorithm is first conducted partially outside the while
loop, and it is finished in tracking part by adding the object to be tracked as the
template when running the corresponding code for the very first time. The scale of

the tracked object is extracted and shown in the post-process part.
5.3 Experiments of Template-based Perch Identification

Experiments on the effectiveness of the three methods of object identification are
introduced in this section. The experimental setup is presented in detail, and the
experimental scenarios are also explicitly explained. The results are shown and

analyzed accordingly to demonstrate the applicability of the identification methods.

5.3.1 Experimental Methods
The experiment setup is also based on the VICON motion capture system. A 10-inch
quadrotor is utilized as the UAV platform that a Logitech C920 webcam is mounted

to. The webcam is calibrated before operation. The calibration method is presented in
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detail in Appendix A. The quadrotor is controlled via Simulink from the same
workstation that runs the VICON system to follow certain flight paths designed for
object identification. The target perch is modified from the previous version used for
other gripping and perching experiments. Paper tapes are pasted to the rubber surface
of the perch to form a grid which increases the contrast of the perch for identification.
A myRIO controller from NI is attached to the quadrotor to run the object
identification code onboard, and the camera is connected to it via the USB port.
Meanwhile, to monitor the identification process, the myRIO controller is connected
to the workstation via wireless LAN connection and the program front panel is used
as the interface. The video frames overlapped with the identification results are
streamed to the workstation. Besides, the matching score of up to 1000 for each
successful match is recorded by the myRIO controller for post-processing and

analysis.

To evaluate the applicability and reliability of the three identification methods, three
scenarios namely straight approach, bypass flight and circle flight are taken into
account, as depicted in Figure 5.4. In scenario 1 of straight approach the quadrotor
flies directly towards and then away from the target perch. In scenario 2 of bypass
flight the quadrotor flies along the longitudinal axis of the perch at a lateral offset of
2 meters to the perch. The yaw angle of the quadrotor is tuned accordingly to keep
the camera pointing at the perch during the flight. In scenario 3 of circle flight the
quadrotor circles 1.2m above the perch with a diameter of 2.4m. The height and the
diameter are determined so as to make a decent distance for imaging the target perch.
The camera looks downward at the perch while the yaw angle of the quadrotor is
tuned in a similar way to scenario 2. The key difference between the three scenarios
is that in scenario 1 basically only the scale of the perch in the image is changing, in
scenario 3 mainly the planar angle of the perch is altering, while in scenario 2 both
the scale and the planar angle of the perch are varying. In such a way, the effects of

changes in scale and angle on identification result can be examined systematically.

In each scenario 10 flights are carried out for each identification method. Since a

zero will be logged into the score result file when no match is found in a frame, the

65



score results are a mix of original score values and zeroes. The magnitude of the
score values and the percentage of the non-zero score are analyzed to assess the
reliability and applicable range of the identification methods. Besides, the scale of
the identified perch is also logged to further verify the identification methods.
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Figure 5.4 Three scenarios of the experiments on object identification. 1: Straight

approach; 2: Bypass flight; 3: Circle flight. The solid lines with arrows show the
flight paths, while the dashed lines demonstrate the view orientation of the camera.

5.3.2 Results and Discussion

The mean non-zero matching scores, the corresponding standard deviations and the
mean percentages of the successful identifications out of the overall identification
results including zeroes are calculated from the 10 flights for each scenario and
compared among the three identification methods, as shown in Figure 5.5 and Figure

5.6, respectively. The detailed data of the identification results can be found in [105].

It should be noted that only three of the ten trials in scenario 1 have yielded
presentable results for both pattern matching and object tracking. It can be seen that
in scenario 1 geometric matching and object tracking almost have the same high
average matching score around 960, while pattern tracking obtains an average score a
little lower around 858. The biggest difference, however, lies in the identification
percentage. Geometric matching shows an excellent identification percentage of
92.3%, while on the other hand pattern matching and object tracking only lead to an
average identification percentage of 48.0% and 33.2%, respectively. This means
geometric matching is more capable of achieving successful and reliable

identification of the perch in scenario 1 than the other two methods. In scenario 2 all
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three identification methods obtain good matching scores of above 920, with
geometric matching getting the highest one of 992. Furthermore, difference in
identification percentage is not as big as in scenario 1. Geometric matching, once
again, has the highest identification percentage of 97.4%, which means it rarely fails
to identify the perch in any frame. Object tracking also demonstrates a good
percentage of 86.4%. However, identification percentage of pattern matching
remains around 50%. Moreover, the standard deviations of the scores and the
percentages by geometric matching are the smallest, verifying its excellent
identification consistency. In scenario 3 both geometric matching and object
tracking are able to detect the perch with good matching scores of above 920, while
pattern matching only renders scores of 839. Besides, geometric matching has the
smallest standard deviation of 6.6. Thus geometric matching can identify the target
perch with the highest confidence and the most accurate result. However, in terms of
identification percentage, object tracking outperforms the other two methods with an
overwhelming 96.3%, compared to 55.1% by geometric matching and 63.7% by
pattern matching. Note that geometric matching also yields the largest standard
deviation for identification percentage. Therefore geometric matching will meet

some difficulties in identifying objects of big rotation angle from the template.
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Figure 5.5 Mean matching scores of the three methods in three scenarios
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Figure 5.6 Identification percentage of the three methods in three scenarios

To further analyze the effectiveness of the three methods, their identification
performances are qualitatively summarized into different effectiveness regions along
the flight path, as shown in Figure 5.7, Figure 5.8 and Figure 5.9. Green represents
good detectability, yellow denotes moderate detectability and red means non-
detectability.

It is rather obvious that in scenario 1 geometric matching shows good detectability
throughout the flight while the other two methods only have good detectability close
to the start point. Pattern matching basically has non-detectability when it is further
away from the start point. On the other hand, object tracking shows inconsistent
performance for different flight directions. It gets moderate detectability when
approaching to the perch at a further distance from the start point and when departing
from the perch at the region close to the start point. It can be concluded that
geometric matching outperforms pattern matching and object tracking significantly
when only scale of the object varies. In scenario 2 it shows that again good
detectability is obtained throughout the flight path by geometric matching. For object
tracking moderate detectability is achieved for the first half of the flight path and
good detectability for the other. Pattern matching succeeds in identifying the perch
for the first half of the flight path, but totally fails for the second half. It can be
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concluded that geometric matching shows the best detectability under the
circumstances where both scale and angle of the object in the image change. In
scenario 3 geometric matching and pattern matching have similar effectiveness
regions around the start point and at the opposite position about the perch. This is
because the perch appears in the image with almost the same scale to the template
and also its relative angle to the template is either close to zero or close to 180°. On
contrary, when the quadrotor flies to the positions exactly or almost in line with the
longitudinal axis of the perch successful identification can hardly be achieved by
these two methods. In these positions the identified angle of the perch is supposed to
be close to #90°, which will lead to the biggest dissimilarity between the template
and the image. Object tracking, surprisingly, can detect the perch from all angles all
the way along the flight. No specific region in which it encounters difficulty in
identifying the perch is observed. However, incorrect identification with obvious
position offset or wrong identified angle exists. This further shows that the

effectiveness regions are only for qualitative evaluation of the three methods.
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Figure 5.8 Effectiveness regions of the three methods in scenario 2
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Figure 5.9 Effectiveness regions of the three methods in scenario 3

5.3.3 Summary

It can be concluded from the results above that geometric matching shows the most
excellent and the most consistent overall detectability under prescribed
circumstances that the scale and/or the rotation angle of the target object vary along
the flight. Therefore, geometric matching is chosen as the identification method for

further investigation on visual guidance.
5.4 Tau-dot Estimation based on Scale Variation

5.4.1 Scale-dependent Expansion Model (SEM) of Tau-dot Estimation

After the best identification method has been resolved, the relation between the
visual cues and the tau information for guidance need to be addressed. The classic
model of relative retinal expansion velocity (RREV) yields

1da 1dx
RREV = —— —2-— =71 (5.1)
adt x dt

under the assumption that the distance x to the target is so larger than the physical
size r (for example, radius) of the target that the retinal size of the target a ~ mr?/x?
[98]. Without the approximation from the assumption above, the model of retinal
size-dependent expansion threshold (RSDET), which is essentially identical to
RREV, leads to

a =2 sin%
T= q= (5.2)

Q /1 - sinz(%)

where «a is the retinal size of the target and 12 is the retinal expansion velocity [98].

Obviously, the ratio of the angular size of the object in image to its angular rate of
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expansion is deemed as the 7 defined by D. Lee. As geometric matching is utilized to
identify the target perch, its scale in the dimensions such as length and width of the
object, instead of the retinal size, to the template, are directly obtained during the
matching. Thus, a scale-dependent expansion model that describes the relation
between the linear dimensions of the target in the camera view and the tau

information and takes the camera model into account is rather necessary.

Consider the simple scenario that the camera approaches the target object with its
optical axis always towards the object, as illustrated in Figure 5.10. For simplicity, a
circular object of radius R is assumed. The focal length of the camera is f. r denotes
the object radius in the image plane and Z is the distance between the optical center
of the camera and the object. According to the pinhole camera model, it can be
derived that

R Z

r_f (5.3)

Therefore, with the initial conditions of r, and Z,, the relation between the distance

to the object and the object dimension in image plane can be obtained that

g =T _C (5.4)
Ty T
Then the time to contact z can be expressed as
. Z Z C/T r (55)

V7 —Ci/rrF

where V is the approaching velocity and C is the constant of initial conditions. It
shows that the conclusion that time to contact Tau is the ratio of image size to the
rate of expansion still holds for geometric dimensions in image plane. Actually the
scale-dependent model is also essentially identical to RREV and RSDET. However,
no assumption that Z > r is made, which significantly extends the applicability of
the model proposed. Note that Eqn. (5.5) is in a continuous analytical form. In reality,

a discrete form is necessary for implementation, and it is further analyzed.

In discrete domain t at instance i=1,2,3,... can be derived as

Zi Zi Ati Ati Ati
T, == = - = =
Vi  (Zi-Zi-1)/At 1= 1 1-5;

i i-1

(5.6)
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where At; is the time interval between two image samples of i-1 and i, and it is not
necessarily a constant. S; represents the scale between two consecutive identified

images, as

Si == T (57)

Ti-1
Generally S; is not supposed to be 0 because the camera should keep approaching the
target. However, it is still possible that S; is so close to 1 that 7; exceeds the
reasonable range. To resolve this issue, saturation can be applied to make sure t;
stays in acceptable range. The scale can be readily obtained from the geometric
matching algorithm. As stated in [64], information of tau doesn’t solely define the
control strategy of the perching flight, and it only specifies the moment of landing
initiation. Therefore, tau-dot is of more interest than tau in this research. The
expression of discrete tau-dot is further derived as
T =T 1 At;_q/At;
At; 1-5; 1-85_4

It can be seen that to calculate discrete tau-dot it requires only two consecutive scales

T, = i=234,.. (5.8)

and two consecutive time intervals, all of which can be easily obtained by the vision

algorithm.

Object

«<—— Image Plane

Optical Center

Figure 5.10 The scale-dependent expansion model with integration of the pinhole

camera model

5.4.2 Experimental Evaluation of the SEM
The SEM established in previous section provides direct connection between the
scale of the object in image and the tau-dot information. Although the theoretical

derivation is substantial, experimental evaluation of its effectiveness is still needed.
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The evaluation methods are as follows. The NI myRIO controller to which the
Logitech C920 webcam is connected via the USB port is mounted to the quadrotor,
and runs the vision algorithm programmed based on the SEM. The calibration
process is also performed here to obtain the calibrated focal length of f. The
quadrotor will fly automatically towards the perch under the guidance of the VICON
system, and eventually stops at a position about 0.5m from the perch. The distance
and velocity data from VICON system are taken to calculate the tau-dots which
further serve as the ground truth for the vision algorithms. During the flight, the
overall scales of the successful identified matches to the original template are logged,
together with the time at which these matches are identified. The estimated discrete
tau-dots are further obtained during post-processing. The flight is performed 10 times.
It should be noted that the vision algorithm is only acquiring data of scales and time
for validation of the SEM, and it is not integrated into the flight control loop of the
quadrotor. The logged scales are plotted verse the corresponding time in Figure 5.11,
with the time of first successful identification as time zero. Also, the tau and tau-dot
estimated from the experiment data using the SEM are compared with the
corresponding ground truth values calculated from the VICON data as shown in
Figure 5.12 and Figure 5.13.
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Figure 5.11 Overall scale of the perch in the image to the template during one flight.
Blue curve with circles represents the experiment data while the red curve shows the

values fitted with a second order polynomial.
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Figure 5.13 Comparison between tau-dot estimated using SEM (blue) and
corresponding ground truth tau-dots from VICON system (red)

From Figure 5.11 a smooth increasing trend of the scale can be observed clearly as
the quadrotor approaches the perch, and it can be fitted with a second order
polynomial. Small fluctuations of the scale do exist along the course, but the scale
overall follows the fitted trend very closely. Generally the trend does not necessarily

have to fit a second order polynomial. It totally depends upon the flight kinematics of
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the quadrotor. As differential division needs to be performed to obtain the scale
interval between two consecutive matches, the fitted values of the scales are

employed to improve the calculation results of the estimated tau and tau-dot.

On the other hand, for calculation of the ground truth values from VICON system,
the approaching velocity of the quadrotor is fitted with a fourth order polynomial to
filter the noise from environments, the VICON system and the differentiation process.
The distance values adopted for calculation are original, so some fluctuations can
still be observed in the red curve in Figure 5.13. Generally speaking, the estimated
tau-dots agree with the ground truth rather decently. Discrepancies mainly exist in
the beginning and at the end where the tau-dots from VICON system decrease
dramatically. It is probably because the quadrotor accelerates in the beginning of the
flight and brakes to stop far before it reaches the target perch at the end of the flight.
From the second to the fourth second the actual tau-dot is maintained almost constant
between 0 and 1, while the estimated tau-dots from the SEM gradually decrease to
below 1 at a slight slope. Instead of dropping quickly to negative values at the end of
the flight as the ground truth tau-dots, the estimated tau-dots remain almost constant
at a value slightly above 0. This indicates the effectiveness of the estimated tau-dots
may not hold under velocities close to 0. However, more investigations into this
problem are required before an explicit conclusion can be drawn. Without loss of
generality, the estimated tau-dot can still be deemed as effective for visual guidance
of UAVS.

5.5 Summary

In this chapter the advantages of visual guidance for perching flight is discussed first
and the link between the proposed tau-theory-based guidance method and visual cues
is also covered. As the first step towards visually-guided perching, three template-
based perch identification methods using LabVIEW vision development module are
programmed and examined systematically through experiments with different
perching circumstances. Results show geometric matching method has the best
overall performance for perch identification, and it is thus chosen as the
identification method for visual guidance. Furthermore, taking the available visual

75



cues in account, a scale-dependent expansion model (SEM) is proposed for tau-dot
estimation. Theoretical derivation is presented and the relationship between the
tau/tau-dot and the identified scale of the perch is obtained. Experimental validation
of the proposed SEM is conducted and results show rather good agreement with the
model. With the SEM model, the visual feedback of tau/tau-dot to the fuzzy guidance

controller for perching flight is achieved.
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Chapter 6 Dynamics Modeling of On-perching
Process and Development of the Perching
Mechanism System for UAVs

Reliable attachment to the perch is eventually the key point for successful perching.
Birds have the most suitable body structures like legs, feet and claws and also the
best control strategy optimized through the long evolution history for the task. To
achieve the same task with a UAV, a dynamics model of the balancing process after
touchdown with the dynamics of the UAV taken into account should be established
to provide profound insights into the process. With the balancing process thoroughly
understood, a perching mechanism of desired characteristics can then be designed
and implemented with the UAV. Control laws of the perching mechanism also need
to be developed to accomplish effective and reliable perching and to get incorporated
into the visual guidance control for automatic perching. These problems are

addressed in this chapter.
6.1 Modeling of On-perching Dynamics of UAVs

A perching model covering the dynamic interactions between the perching
mechanism, the UAV platform and the perch is definitely necessary for perching
methodology development. Although investigations on aerodynamic control of UAV
platforms during contact with or manipulation of objects, generally called control of
tethered UAVs, can be found in many literatures [106][107][108][109], the perching
modeling that is based on the bio-inspirations from birds and specifically addresses
the interaction between a landing UAV and environments has been studied only in a
few literatures [110][111]. Therefore such a bio-inspired dynamics perching model
for UAVSs is studied in this section.

6.1.1 Two-dimensional Dynamics Perching Model with a Quadrotor
Several conditions are prescribed as follows. Firstly, quadrotors are taken as the
UAV platform since they not only are more agile in terms of aerial manipulation but

also can carry larger payloads compared to fixed-wing UAVs and ornithopters of
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similar size. Secondly, the configuration of the perching mechanism is supposed to
be symmetric about longitudinal and lateral planes as a quadrotor is. Thirdly, a
gripping mechanism mimicking birds’ foot is chosen as the end effector for securing
the connection between the UAV and the perch, while the posture manipulation is
performed by the UAV. Certainly a gripper cannot suit all potential perching
circumstances, for instance vertical surfaces, but it works with most common perch
in nature such as tree branches, roofs and ground. Similar concept is also used in
[15][16][111][112]. This is also why a cylindrical pole fixed to ground reference
frame, approximating tree branches, is adopted as the target perch in this
investigation. Furthermore, for simplicity, the target perch is assumed to be
horizontal so that the lateral roll angle of the UAV remains 0 degree. Consequently,
the conditions above lead to a simplified two-dimensional dynamic perching model

in the longitudinal plane, as shown in Figure 6.1.

Figure 6.1 Two-dimensional dynamic model for perching with a quadrotor. Dynamic
properties, namely the stiffness and damping coefficients, are associated with the 2
DOFs, as a typical mass-spring system. Lifting forces from the quadrotor are taken as
the external inputs of the system and the radial coordinate r and angular coordinate ¢

are taken as the outputs.

The distance between two rotors of the quadrotor is denoted as 21. m is the mass of
the quadrotor while | is its moment of inertia about the axis that goes through its
center of mass and parallel to Y axis. The center of mass is depicted as the black dot.

r represents the distance from the center of mass of the quadrotor to the rotation
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center of the system about the perch. The angle 0 between the vertical axis of the
quadrotor and the vertical axis of the global frame as shown in Figure 6.1 is defined
as the perching angle. I1t’s equal to the pitch angle of the quadrotor. The global frame
is defined in the same way as it is in the field of quadrotor control. The velocity of
the quadrotor at touchdown is denoted as initial velocity vector v,, and the angle
between the velocity vector v, and the quadrotor plane is defined as the attack angle
a. kq and k, are the stiffness coefficients of the perching mechanism in the 2 degree-
of-freedom respectively, while c; and c, are the corresponding damping coefficients.
F;, 1=1,2,3,4, are the lift generated by the four rotors respectively. A dynamic
perching model of quadrotor platforms can therefore be derived using Lagrange’s

equation as follows.

The kinetic energy of the system can be expressed as
U =%m7"2+%m(9r)2+%192. (6.1)
The potential energy of the system can be written as
1 1
V=mgreosd +5 ki (r = 10) + 2 k(6 — 6)? (6.2)

where 1y is the original length of the spring and 6, is the initial perching angle.

For generalization of the model, damping is taken into account in both of the two
degrees of freedom. Therefore the dissipative term in Lagrange’s equation can be

represented as

1.1,
D= Eclrz + 50292 (6.3)

where c¢; and c, are the damping coefficients for the translational and rotational
motion respectively. The Lagrange’s equation can therefore be expressed as
d ((’)L) dL dD

N (6.4)
at\aq,) “aq Tag

where L=U-V, and q = [r 6] denotes the generalized coordinates. f; represents
the non-dissipative external forces which mainly are the aerodynamic forces applied
to the UAV, such as lift, thrust and torque. In the case of an X-type quadrotor,
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Fy
_[F1_11 1 1 1|F (6.5)

A z]ng

Fy
where F denote the resultant lift of the four rotors, and T is the resultant torque
contributing to the pitch angle control. It should be noted that for other UAV

platforms like a fixed-wing airplane, the external forces can also be expressed in a

similar form.

Substituting the equations above into Lagrange’s equation yields
{ mi"—”mréz.+mgc059+k1(r—ro)+cl1'“=F. (6.6)
(mr? + 16 + 2mBrr —mgrsin@ + k,(0 — 6,) + c,0 =T.
It is obvious that the equations of motion of the perching system are coupled and
nonlinear, which makes it difficult for dynamic analysis and control. The assumption
of small oscillations around the equilibrium position is therefore adopted to linearize

the equations. For the final steady state, equilibrium equations can be obtained as

{ mg cos B, = k,(ry — 1) (6.7)
mgr, sin 6, = k,(6, — 6,).

Then the equations of motion above can be rewritten by substituting the equilibrium
equations into them as
{ mi — mréz. +mg(cos 0 —cos ) + ky(r —7) + 1 = F (6.8)
(mr? + D6 + 2mBrr + mg(r, sinf, —rsinf) + k,(0 — 6,) + c,6 =T.
Define the displacements of radial translation and rotational perching angle from
their final equilibrium positions respectively as,

Ar=r—r1, and A8 = 0 — 6,. (6.9)

Based on the assumption of small oscillations, approximations below can be derived.
sin AB = AB

cosAB =1 (6.10)

d 2
(@) =°
Thus, by expanding r and 6 and using the approximations, the linear form of the

equations of motion can be obtained as

mAr + ¢, Ar + kyAr — mgA@ sinf, = F (6.11)
L,AB + c,A8 + k,AO — mg(1,A8 cos 6, + Arsin6,) =T.
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where [,,, is the angular momentum at equilibrium state and assumed constant to

decouple the two degrees of freedom. Define the state variable as

X = [Ar Ar A6 A6 and the output as Y = [Ar A]”. The equations of motion in

state-space can therefore be expressed as

{X = AX + Bu (6.12)
Y=CX
where u = [F; F, F; F,]7 is the control input of the perching system,
0 1 0 0
A= —ki;/m —ci/m gsing, 0
N 0 0 0 1 ’
mgsinb,/l,, 0 (mgr,cosb,—ky)/l, —c3/ln
0 0 0 0
| 1/m 1/m 1/m 1/m 1.0 0 0
B=1 o 0 0 o |ade=| o 1 of

_l/Im _l/lm _l/lm _l/lm

6.1.2 Numeric Simulation for Model Validation

Numeric simulation of the free responses of the perching model is conducted to
validate its applicability to describing the perching maneuvers of birds. The
parameters in Table 6.1 are prescribed for simulation according to the physical
characteristics of bird 3. For birds, 8, = 0, so it leads to k, = Ofrom Eqn. (6.7).
However, this makes the model unstable. Instead, it is assumed that the perching
mechanism could be pre-loaded in the angular dimension so that the upright
equilibrium state can be achieved with a small non-zero k, even without active
control efforts. Dynamics parameters are thus prescribed as in Table 6.2 to make the
model exponentially stable, observable and controllable. Besides, the initial
conditions of the model, such as displacements, velocities and perching angle, are set
to the values of the experiment data. The comparison between the absolute radial and
angular responses of the perching model and the corresponding experimental data of
bird 3 is depicted in Figure 6.2. It should be noted that the direct outputs of the model
are relative displacements to the equilibrium position, as shown in Eq. (6.12). The
absolute displacements can be obtained by using Eq. (6.9). The Cartesian trajectory
response can also be derived using Eq. (3.4). It is further compared with the mean

perching trajectory of bird 3 in Figure 6.3.
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Table 6.1 Prescribed parameters of quadrotor

m(g) | Imkam?) | |(m)
63 5.6<10° 0.0443
Table 6.2 Parameters tuned to duplicate the perching maneuvers of bird 3
ky (N/m) | ¢q (N's/m) | k, (N/m) | c, (N-s/m)

100 3 0.05 0.0022

0.055 r .
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Figure 6.2 Comparison between the simulation results (solid curves) of the absolute
radial and angular responses and the corresponding experiment data (circle points) of
bird 3.
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Figure 6.3 Comparison between the simulation result (solid line) of the Cartesian
trajectory response and the mean perching trajectory of bird 3 (dashed line).
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Obviously the simulation results agree very well with the experiment data in both
radial and angular displacements in Figure 6.2, with only slight difference existing
between them. The undulation of the radial displacement and the decaying of the
angular displacement of the CM of bird 3 are successfully duplicated with the
proposed dynamic perching model. The simulation results show longer responses
because experiment data are limited to the shortest perching trial for the purpose of
averaging. Similar agreement between the model response and the experimental data
should hold for bird 1 because it employs similar maneuvers to bird 3’s, as shown in
Figure 3.16. Also, only trivial discrepancy exists between the Cartesian trajectory
response of the perching model and the mean perching trajectory of bird 3, as shown
in Figure 6.3. Basically they are overlapping each other and converging to a common
balanced position directly above the perch. In summary good agreement between the
simulation results and the experiment data validates the applicability of the model to
describing the dynamic characteristics of the bird’s on-perching maneuvers.
Moreover, the dynamic parameters in Table 6.2 are the key characteristics associated
with individual bird, since the difference in the perching maneuvers of different birds
can generally be covered by tuning these parameters. Such a model makes the design
of a controller for dynamic perching with quadrotors possible, because the interface
to quadrotor dynamics has already been taken into account, and the state space model
is generally observable and controllable with proper dynamic parameters. With
active inputs from the quadrotor, the response of the perching model could be further
regulated. The optimization of the perching controller can thus be accomplished by

identifying the characteristic parameters and adjusting the control efforts.
6.2 Gripping Mechanism Design for Perching

With the perching model and design reference obtained, a perching mechanism for
reliable perching with a quadrotor is designed. As predicted in the perching model,
the UAV will oscillate before it’s balanced and stopped. Although control effort from
the UAV will assist in balancing, the primary balancing effort should come from the
constraints between the perching mechanism and the perch. Therefore, the perching
mechanism should be capable of generating the constraining forces and torques
under working conditions of perching. Since grasping concept is utilized in the

83



dynamic perching model, the grasping forces perpendicular to the contact surface
and the friction forces parallel to the contact surface will be the source of constraints,
and their maximum values should envelop the reaction forces and torques required
under potential perching circumstances. As the friction forces are dependent upon the
grasping forces, the only critical parameter is thus the grasping forces. Given that the
maximum actuation force from the motor remains the same, feature of force
amplification is greatly desired for the perching mechanism to generate as large

grasping forces as possible.

6.2.1 Force Amplification
A force amplifier can be defined as a mechanism that generates output forces larger
than input actuation forces. If a force transfer ratio is further defined as

1= Fout (6.13)
F;

a force amplifier can therefore be characterized with A > 1. To design a perching

mechanism featuring force amplification, a concept in Figure 6.4 is applied.

If a rhombic four-bar linkage is in equilibrium under two pairs of balancing forces,

F, and F;, which are applied to its four joints symmetrically as depicted in Figure

6.4, the transfer ratio from F, to F; can be expressed as

& a
F,

A=—= tanE (6.14)

where a is the angle of input joint.

Figure 6.4 The force amplifier concept
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Thus A,>1 for 90°<a<180°, satisfying the force amplification requirement for
perching mechanism design. Moreover, as o increases to 180°, 4, tends to become
infinite. This characteristic will benefit the design significantly. To simplify the
mechanism, only the lower half of the rhombic linkage (the part enclosed by dashed
lines in Figure 6.4) is utilized. Note that such a simplification has no effect on A,

because F, will be balanced by vertical reaction forces at the output joints.

6.2.2 Kinematic Optimization

Taking into account the force amplification concept, a gripping mechanism is
designed as in Figure 6.5. The actuation force is transmitted to the gripping digits via
the shaft constrained to vertical linear motion and the transmission links which in
pairs form a force amplifier, as shown in the red dashed region. Kinematic

optimization is performed to maximize the force transfer ratio of the design.

Actuation Force
Supports RIS

Figure 6.5 The gripping mechanism with force amplification

Obviously, the gripping mechanism is based on four-bar linkages which consist of
actuation shaft, transmission link, digit and the frame. Therefore a kinematic diagram
is drawn in Figure 6.6 for analysis. The zero point of the reference frame is set to the
fixed joint. The slider is constrained to vertical linear motion, serving as the input
link, and its coordinate is (L, S) where L is constant and S is variable. The lengths of
the output link which is the digit and the coupler link which is the transmission arm
are represented with D and T respectively. The angle a/2 between the transmission
arm and vertical axis is defined as the input angle, the angle § between the digit and

the transmission arm denotes the coupling angle, and the angle y between the digit
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and x axis is defined as the output angle. The input actuation force is denoted by %
while the output force transmitted to the digit is represented by F,. As the digit can

only rotate, the effective output force, F,, can be expressed as
F, =F,sin(t—B) = F,sinf = Fising, (6.15)
ZcosE
Therefore the force transfer ratio is derived as

S L (6.16)

- Fi/z T cos¥

Transmission
Link

Figure 6.6 Kinematic diagram of the gripping mechanism

Based on the geometry of the mechanism in x and y directions, the equations below
can be obtained.

. a - a
Dsin (,B — E) + Tsmi =1L 6.17)

Dcos (,B — %) — Tcos% =S.

Eliminating « and /5 separately yields the equations below.

D* +T?—5*—17 (6.18)
cosp = DT
DZ _ T2 _ C2 _ L2
cos(z —¢) = 5 (6.19)
2 2TVSZ + 12

L

where ¢ satisfies tan ¢ = -

Taking the dimensions of the quadrotor utilized into account, L and D are prescribed
to be 35mm and 20mm respectively. Moreover, the range of input S is limited to [-7,

12] mm which is the applicable workspace for the actuation shaft. Hence, A is

86



reduced to be a function of S and T, and only T needs to be determined. Since the
optimization objective is to maximize the effectiveness of force amplification of the

design over the workspace, an accumulated force transfer ratio 4, is further defined.
Ao(T) = [J™ A(S,T) dS. (6.20)

Given a constant actuation force F;, A, reflects the overall effectiveness of force
amplification in the workspace with different T. To identify the constraints imposed
on T, the range of cosp is considered. Obviously, —1 < cosf < 1. It can thus be
obtained from Eqn. 6.18 that

S| + L2 =D <T < ISlfm-n + L2 +D. (6.21)

Furthermore, two cases of singularity, in which a reaches 180° before S reaches the
maximum position or A reaches 180° when S is maximum, and one extreme case, in

which y reaches 90° when S is maximum, are considered, as illustrated in Figure 6.7.

Figure 6.7 Three extreme cases for constraints of T. Left: singularity of o; Middle:

singularity of £; Right: maximum y.

The corresponding constraints on T can therefore be derived as below.

For o L—+/D? =524, <T <L++D? - SZ,, (6.22)
For fand y: 12552, —-D<T< \/(D — Sar)? + L2, (6.23)

Consequently, the optimization problem can be expressed as
Objective: Maximize 4,(T),
Subject to: S € [Siin Smax]s Inequalities 6.21, 6.22 and 6.23.

The optimization problem defined above is investigated numerically using Matlab. S
and T are discretized first within their constraint ranges, and values of A, with
different values of T; are then calculated and illustrated in Figure 6.8. It’s obvious

that the maximum of 1, corresponds to T; = 0.020m. The force transfer ratio 1 in
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this case with respect to S is further calculated and shown in Figure 6.9. It shows that
the force transfer ratio is already larger than 1 at the initial position and it increases
gradually to almost 12 at the maximum input position. Such a characteristic is
consistent with the fact that the smaller the diameter of the target is, the larger the
grasping force is needed to generate the balancing moment for the quadrotor, and
will therefore greatly benefit the grasping performance of the perching mechanism.
The initial force transfer ratio of 1.3 is still acceptable since the impact at the
beginning of perching will facilitate the grasping, resulting in less actuation force
required from the motor. The maximum force transfer ratio of 12 is rather promising,

with combination of a powerful motor.
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Figure 6.8 Accumulated force transfer ratio A, under different lengths of T
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Figure 6.9 Force transfer ratio A under the optimal T; = 0.020m

As the digit is a solid link that works as a lever about its pivot joint, it introduces a
constant force transfer ratio K into the force transmission loop. K can be determined
according to the workspace required for various applications. The overall force

transfer ratio A;,; for the perching mechanism can further be written as
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Ao = KA = K228 (6.24)

To feature envelop grasping as inspired by birds, the digit is designed to have a
curvature angle as suggested in Figure 6.5. Since friction forces are utilized to secure
the balance of the UAV and avoid slippage, the coefficient of static friction between
the materials of contact is rather critical. The coefficients of static friction between
wood and some common materials range from 0.2 to 0.8, while those between rubber
and common materials are mostly larger than 0.4 [113]. As rubber is supposedly to
be applied to the digits, a conservative value of 0.4 is estimated for the coefficient of

static friction, x.

As impact happens during perching, the perching mechanism is supposed to be
strong enough to withstand it. Another critical issue of perching with UAVS is the
weight of the mechanism, or payload capacity of the UAVSs. In the case of perching,
the less the perching mechanism weighs, the more agility in manipulation it will give
the UAV, which will significantly benefit the whole perching system. Therefore,
carbon fiber sheets are utilized for the mechanism frame and the digits to increase the
strength of the whole structure and also reduce its weight. Nylon spacers are
employed to support the frames, and Delrin shafts are designed for all the revolute
joints. As a result, the mechanism, including the servo, weighs only about 330g
which is far within the payload capacity of the quadrotor used. Figure 6.10 shows
one version of the perching mechanism that is designed and fabricated. Two pairs of
the gripping mechanism are employed such that effective grasp is guaranteed and
lateral stability of the quadrotor is secured.

Nylon Spacers Battery

Figure 6.10 Final version of the perching mechanism
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6.2.3 Force Sensing Mechanism

Contact with the perch is the critical factor during perching. During approaching
flight to the perch it means the proper instance to activate the perching mechanism; it
reflects the intensity of the grasp during balancing the UAV. The forces resulted
from the contact during perching are therefore monitored by a trigger mechanism and
a grasping force feedback mechanism respectively, to provide valuable information

for automatic and adaptive perching.

Force sensing resistors (FSRs) are applied to such mechanism designs because of
their excellent linearity in the relationship between input force and output voltage,
convenience for integration into the control circuits, and their compact size. For the
trigger, a simple switch function is sufficient. Besides, the larger the triggering area
is, the more reliably the trigger mechanism functions. Therefore, force sensors of a
long form factor that can detect impact along a long distance serve the goal better.
On the other hand, force sensors of small contact area are employed to measure the
grasping forces on the digits because only discrete contact forces need to be
monitored. Two versions of the force sensing mechanism designed are illustrated in
Figure 6.11.

The trigger is attached to the junction blocks of the digits so that its neutral position
not only is within the grasp range of the perching mechanism but also gives
sufficient reaction time to the grasping mechanism. The grasping force feedback
mechanisms are integrated into the digit of the gripper, with two sensors for the two
digit sections respectively. The protruding probes of version 1 or the sensor’s back
plate of version 2 will be pushed against the perch surface and will therefore squeeze
the sensor due to reaction forces. The force sensors are calibrated before integrated

into the control loop, which is introduced in detail in Appendix A.

The perching mechanism is assembled after the gripping mechanism, the trigger and
the force feedback mechanism are finalized. It is further mounted to a quadrotor and
integrated into its control loop. Two versions are developed along the progress, with

different quadrotors and improved perching mechanisms, as shown in Figure 6.12.
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Figure 6.11 Force sensing mechanism design. 1: Trigger sensor. 2 and 3: Force

sensors. 4-7: Grasping force feedback mechanisms.

Version 2

Figure 6.12 Two versions of the perching mechanism integrated into different

quadrotors

The differences between the two versions mainly include new quadrotor equipped
with advanced high level controller board and revised perching mechanism with
more reliable force sensor installation and more compact battery installation. The
advanced high level controller allows for more challenging tasks such as fuzzy
control and image process. The revised perching mechanism can measure the
grasping force reliably with larger contact area. Moreover, it lowers the center of
gravity by integrating the battery into the same layer of the servo, and increases the
polygon of balance in lateral direction by widening the lateral span of the two digit

pairs. Consequently balance of the quadrotor system can be obtained more readily.
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Some parameters of the integrated system are as follows. The mass of the perching
system including the perching mechanism is 1.65kg, and the equivalent distance
from the center of mass to the grasping center is approximately 0.15m. The digit

curvature angle is 140°, and the equivalent length of the servo horn is 3cm.
6.3 Experiments on the Effectiveness of the Perching Mechanism

Throughout the development of the perching mechanism a series of experiments are
performed to assess its effectiveness qualitatively in different scenarios. Firstly,
indoor dynamic perching experiments with a remote-controlled quadrotor are
performed. Secondly, the remote-controlled dynamic perching with a quadrotor is
also conducted in outdoor environment. In these two experiments the perching
mechanism is controlled manually. Finally, with only the open loop control of the
perching mechanism, indoor automatic perching experiments with a quadrotor are
carried out with position control based on the VICON motion capture system. Note
that a PVC tube enclosed with a piece of foam which later is changed to natural
rubber to increase the friction coefficient is utilized as the target perch in the
experiments. Also, complementary experiments of static grasp and dynamic object-

picking-up are presented in Appendix B.

6.3.1 Indoor Remotely Controlled Dynamic Perching with a Quadrotor

Three experiments of dynamic perching under remote control were conducted in
indoor environment, the first one being taking off from ground and perching to the
target pole, the second one taking off from the perch and perching again, and the
third one taking off from the perch and perching again with a misalignment angle.

The experiment procedures and results are illustrated in Figure 6.13.

In perching experiment 1, the UAV system successfully perched to the pole with the
first trial, although only digit tips contacted the pole. It shows that even an
incomplete grasp can secure the perching. In perching experiment 2, the quadrotor
stumbled a bit when re-launching, but it managed to release from the pole and take

off. Moreover, the perching later was properly performed in terms of alignment with
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the pole, and a complete grasp was formed. In perching experiment 3, the quadrotor
succeeded in launching again and it happened to misalign with the pole during
perching, leading to a misaligned but complete grasp. The misalignment angle is
within the range that the gripper can withstand, so the perching is still reliable.

Figure 6.13 Dynamic perching experiments with the quadrotor under remote
control(left to right: three experiments; top to bottom: procedures of each perching)

6.3.2 Outdoor Remotely Controlled Dynamic Perching with a Quadrotor

Although the grasping ability and reliability of the perching mechanism have been
validated in lab environment, experiments in outdoor environment are also deemed
necessary to make the validation thorough since the mechanism ultimately aims at
applications in natural circumstances. Therefore, experiment of remote-controlled

perching of a quadrotor to a tree branch is conducted.

In this perching experiment, the quadrotor will take off from ground and perch to a
tree branch with sufficient clearance and moderate diameter for the quadrotor to
approach and grasp. Figure 6.14 illustrates the perching procedure. It can be seen that
misalignment between the gripper and the tree branch exists and the final perching
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state is a little off balance in lateral direction. This is because of the error in remote
control of the quadrotor and the breeze blowing during the experiment. However, the
whole perching procedure was still very smooth and the perching was deemed as
reliable since no oscillation of the quadrotor was observed during post-perching.

Figure 6.14 Perching to a tree branch (1: Hovering; 2: Descending; 3: Grasping; 4:
Perched)

6.3.3 Indoor Automatic Perching with a Quadrotor

It should be noted that the gripper was remotely, instead of automatically, controlled
in all the experiments above. Therefore, automatic perching is necessary for
validation of the perching effectiveness of the mechanism designed. As gripping
force feedback control laws haven’t been developed yet, automatic perching is
performed with only the trigger feedback and open loop control of the perching
mechanism in VICON system. The quadrotor is modelled with infrared-reflective
markers and localized via VICON system. With simple position control implemented
in Simulink, the quadrotor, with the perching mechanism attached to it, is
commanded to follow the perching trajectory. When the trigger is activated by
contact with the perch, the low level onboard controller will rotate the servo shaft to
a certain position which is prescribed according to the perch dimensions. The

experimental setup for indoor automatic perching is shown in Figure 6.15.

In this experiment the quadrotor first automatically takes off and fly to the prescribed
location above the perch. Then it descends vertically toward the target perch while
maintaining its position in the horizontal plane. The perching mechanism stands by
from the beginning of the quadrotor’s descending. Once the onboard controller
detects the contact with the perch from the trigger it automatically actuates the
gripper to grasp the perch. When reliable perching is achieved the quadrotor then

stops the rotors. To take off, the quadrotor powers up the rotors first to generate
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sufficient thrust. As the thrust increases, the orientation of the quadrotor may be
gradually adjusted to an optimal vertical direction if an initial misalignment angle
exists during perching. The gripper is commanded to release when thrust is large
enough to disengage the trigger. One successful automatic perching and take-off
sequence is shown in Figure 6.16. The same procedure was duplicated for several

times, revealing the reliability of the automatic perching system.
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Figure 6.16 Indoor automatic perching (1: Declining, 2: Triggered and 3: Perched)
and take-off (4: Powering up, 5: Self-adjusting and 6: Released)

6.4 Control Laws of the Perching Mechanism

6.4.1 Control Flow Design

The onboard controller board of the quadrotor is where all the control algorithms of
the perching mechanism will be centralized at. Therefore, the control flow designed
for the actuation of the perching mechanism starts with a command from the onboard
controller which is either to perch or to take off. The generalized perching procedure
is taken into account in the control flow, as demonstrated in Figure 6.17.
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Figure 6.17 Control flow of the perching mechanism based on the generalized
perching procedure

In pre-perching, when the onboard controller commands to perch, the gripper
controller checks whether the current state of the gripper is fully open. Then the
gripper controller rolls into the perching stage, and starts monitoring the triggering
event. Once triggered, it activates the gripper immediately to establish the firm grasp
to the perch. Meanwhile, the grasping forces are fed back to the gripper controller to
secure the effectiveness and reliability of the grasp. When taking off, it is necessary
for the quadrotor to initialize the throttle to the hovering level so that the safety of the
UAV can be guaranteed even if the release of the gripper fails. The gripper controller
then releases the gripper from the perch and resets it to the standby state for next
perching. Once totally disengaged with the perch, a ready-to-go signal will be sent to

the autopilot controller which further switches the quadrotor into flight mode.

6.4.2 Conventional Control Law
Based on the dynamic perching model that has been established and the control flow
above, a conventional control scheme for automatic perching is proposed as in Figure

6.18. At the instance the perching system is triggered, the desired grasping force F, is
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calculated based on the perching dynamics model. Taking into account the threshold
value of grasping force F; and the actual grasping force F, exerted by the gripper on
the target as well, the controller will output the step value accordingly to adjust the
duty cycle D, of the servo so that the gripper will be actuated to desired position and

generate desired grasping force to secure the perching.

Fp —

F Conventional | Duty Cycle - Pos [ Fg =
© Controller > Servo > Gripper >

Fq >

Force Sensors <

Figure 6.18 Conventional control for automatic perching

The only parameter of the servo motor that can be directly controlled is the angular
position of the servo shaft, while the output torque is automatically controlled by its
onboard controller based on the position error of the rotation. As long as position
error exists and the required output torque is within its capability, the actual output
torque will be increased automatically. Therefore a threshold F; of the force feedback
from the force sensors can be set as a Boolean indicator of the gripper status. It
means the gripper contacts the target and starts grasping it when force feedback
exceeds the threshold F;. The duty cycle D, should be tuned at the optimal step
which makes the servo actuate at the fastest speed when no contact happens;
otherwise the step itself should be varied according to the actual grasping force such
that grasping under loading can be finished as quick as possible while avoiding
damaging the servo. Consequently, the controller can be expressed as

D.(k + 1) = D (k) + Dytep (6.25)
Dinax, F, < F,

Dgtep = €1 Dpax — €2 - AD, F, < F; <F, (6.26)
0, F, > F,

where D, (k) is discrete duty cycle value, Ds,,, is the step value for tuning the duty
cycle, D, ., 1S the maximum step value that the servo can follow without rotation
error at certain control loop rate, AD is the resolution of duty cycle for the specific

servo, and c¢; and c, are coefficients that adjust the step value. Besides, ¢; € R, (0,1]
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and ¢, € z,[0,n], where n = [C“AJ%J —1. The formula for calculation of ¢, can be
expressed as ¢, = max(0, min(n, I%J —1)). That is, c, is equal to the floor
oIy

integer of l%] — 1 saturated to [0,n]. To determine the parameters in the
o~ fg

controller design, the characteristics of the servo and the force sensors need to be
evaluated. Readers are advised to refer to appendix A for details. Also, the
specifications of the control system of the quadrotor need to be taken into account.

The finalized parameter values are listed in Table 6.3.

Table 6.3 Parameters of the conventional controller designed

Dinax (18) | AD (us) | Fe (N) | ¢

120 10 4 0.5

6.4.3 Fuzzy Control Logic

The onboard controller of the servo unknown to users makes direct control of the
output torque impossible. Since only desired position is taken as the input variable of
the servo, the fuzzy controller to be designed for the perching mechanism is
supposed to be able to handle the unknown transfer function of the servo and
generate desired gripping force via position control. Moreover, the actuation design
of the perching mechanism introduces nonlinearity into the force transmission loop
from the servo to the digit tips, which makes linear model of the perching mechanism
even more unobtainable. Besides, fuzzy logic has been successfully utilized in many
applications of gripping mechanism control [114][115][116][117][118][119][120],
which shows its good applicability in the perching case. Therefore, fuzzy logic based
on empirical knowledge of the system to be controlled is applied.

The inputs and outputs of the fuzzy controller are determined first. As the servo takes
desired rotation position as input, the fuzzy controller should output such kind of
information. To adopt similar strategy of the conventional controller design, a step
value of the rotation is taken as the direct output of the fuzzy logic. However, the
same step value will lead to different travel distances of the digit tips of the perching
mechanism with different current rotation position of the servo. Thus, the current

rotation position of the servo needs to be taken as an input. Besides, sufficient
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gripping force is required to guarantee safe perching in the perching methodology
proposed, so the gripping force should be monitored and serve as feedback for
actuation adjustment. On the other hand, the dynamic perching model estimates the
reference gripping force based on the current status such as perching angle and
velocity of the UAV. As a result, the error between the gripping force and the
reference one is input to the fuzzy controller for actuation adjustment. Consequently
the diagram of the fuzzy control is shown in Figure 6.19. Note that the resultant duty
cycle is mapped to the rotation position as a feedback.

Mapping
Duty

Pos Step F

* Cycle .
Fo ;C\ Fuzzy Controller > Y » Servo Gripper g
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U
A Error

Force Sensors

A

Figure 6.19 Fuzzy control for automatic perching

The membership functions of the input and output variables are depicted in Figure
6.20, Figure 6.21 and Figure 6.22, respectively. The position is divided into small (S),
medium (M), and big (B). The range [-7mm, 12mm] is determined by the mechanical
design of the perching mechanism. -7mm corresponds to the fully open state, while
12mm the fully grasping state. Apparently, the range is not symmetric. The
classification is therefore skewed towards positive values. For the gripping force
error, however, it is distributed symmetrically about zero. To improve the force
adjustment performance, the force error is classified into five functions, including
negative big (NB), negative small (NS), zero (Z), positive small (PS), and positive
big (PB). Negative represents over-grasping and positive means insufficient grasp.

The output range of the step value is from -90us to 90us in which negative means the
duty cycle is decreased and positive increased. It is also divided into five classes to
enhance the tuning resolution of the duty cycle of the servo. They are negative big
(NB), negative small (NS), zero (Z), positive small (PS), and positive big (PB). Also,
they are symmetrically distributed about zero. Note that the membership function of
Z is of singleton type, which is to eliminate the oscillation of the output step value
introduced when de-fuzzifying for zero (Z) case.
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Figure 6.21 Membership functions of the input variable of force error. The force
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Figure 6.22 Membership functions of the output variable of step value. The step
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The fuzzy inference rules based on the empirical knowledge of the perching
mechanism are listed in Table 6.4. Generally, the step value corresponds to the
gripping force errors when the gripping perching mechanism is in middle way (M) or
full grasp (B). If the gripper is in or close to fully open state (S), small or zero step
value applies to non-positive force errors. Furthermore, the step value will be close to
zero for trivial gripping force errors (Z). Basically, it requires more rotation and
larger torque for the servo to generate the same travel distance and grasping force on
the digit tips when the rotation position is small or large than when medium.
However, to avoid damaging the perching mechanism or the servo due to rotation
position exceeding its limits (S or B), the step value in the cases of over-grasping at
small rotation position and insufficient grasp at big rotation position is limited to
small value (NS and PS respectively), instead of big value. It can be seen that the
rules are designed exactly based on the characteristics of the perching mechanism.
To demonstrate the controller performance, the 3D surface of the rules is plotted in
Figure 6.23. The defuzzification method used is center of sums, which takes every
factor that affects the output into account.

Table 6.4 Fuzzy inference rules of the gripping controller

Gripping Force Error

NB | NS V4 PS PB

S NS 4 PS PS PB

Rotation
N M NB NS Z PS PB
Position

B NS V4 V4 PS PS
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Figure 6.23 Surface plot of the fuzzy gripping controller
6.5 Experiments of the Control Laws for Perching Mechanism

The control laws including the control flow and two different controllers designed

for the perching mechanism are further experimentally evaluated in this section.

6.5.1 Drop-and-Grasp with Conventional Control

In this experiment the quadrotor with the perching mechanism installed is first
manually aligned with the perch. Then it is dropped and grasps the perch
automatically under the proposed conventional controller when it’s triggered. After
successful perching is accomplished disturbances will be applied to the UAV to
simulate random loading after perching, like gust. The experiment procedure is
demonstrated in Figure 6.24. To evaluate the effectiveness of the trigger the sensor

reading during the triggering stage from one experiment is illustrated in Figure 6.25.

The solid curve in Figure 6.25 represents the voltage reading of the trigger sensor,
and the dashed line denotes the threshold value of 3.3v for triggering the perching
mechanism. It can be seen that the sensor voltage reading stays about 4.2v after
initialization of the perching mechanism, and it drops significantly when engaged
with the perch. The switching feature of the trigger is so effective that the threshold

can be readily set. Also, the voltage drop happens within three samples, leading to a
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really short response time of 6ms with 500Hz sampling rate of the trigger sensor. It

means the perching mechanism can be almost instantly activated once contacting the

perch. Therefore, the trigger of the perching mechanism can work effectively.

N F': }LN

Figure 6.24 Drop-and-Grasp (1: Align the quadrotor with the target manually; 2:
Drop the quadrotor; 3: The perching mechanism gets triggered upon impact and

grasps automatically)
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Figure 6.25 Trigger sensor reading during triggering stage

The perching mechanism is then put into the drop-and-grasp tests to verify its
effectiveness. The resultant gripping force from the four force sensors installed in the
digits of the perching mechanism and the corresponding duty cycle calculated for
actuation from one experiment are plotted in Figure 6.26. The vertical axis on the left
(blue) is for the resultant gripping force, while the one on the right (red) is for the
duty cycle. The intensification process in the beginning is magnified for details. The

disturbances applied are emphasized with black circles.
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Figure 6.26 Resultant gripping force (blue) and duty cycle tuning (red) with the

proposed conventional control. The desired gripping force is set to 15N.

It is obvious that the conventional controller starts tuning the duty cycle immediately
after the perching mechanism is triggered. The duty cycle is adjusted to the minimum
value within 0.04s since the resultant gripping force hasn’t reached the desired value.
This delay in response of resultant gripping force is probably caused by factors such
as inertial of the servo, time taken by the gripper digits to engage the perch and the
slight hysteresis of the force sensor. It takes about 0.13s for the resultant gripping
force to reach desired 15N, and it remains above 15N thereafter. The overshoot of
the gripping force reflects the hysteresis of the force sensors because the
conventional controller is designed only to fasten the grasp and no reverse tuning
other than full release is taken into account to guarantee firm and reliable grasp. This
can be further demonstrated when the disturbances are applied. The first disturbance
increases the resultant gripping force instantly, but there is no releasing adjustment
made by the controller to the perching mechanism. For the second and third
disturbances the oscillation of the gripping force is rather apparent, but the duty cycle
remains put. From the perspective of actual performance, the perching mechanism
achieves reliable grasp over the perch in every trial and succeeds in maintaining the

grasp without failure like slippage when disturbances are imposed to the UAV.
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Result in Figure 6.24 shows a successful grasp with a certain misalignment angle
between the UAV yaw axis and the vertical axis of the perch. It should be noted that
the oscillation of the resultant gripping force is not because of insufficient damping
of the perching mechanism. Instead, it is mainly because the connection between the
tube serving as the perch and the supporting frame is not ideally fixed. In summary,
the performances of the perching mechanism are rather effective, reliable and
consistent. Thus the conventional controller works effectively for automatic perching
with a quadrotor.

6.5.2 Drop-and-Grasp with Fuzzy Control

The method in this experiment is basically the same as in the experiment of drop-
and-grasp with conventional control, as shown in Figure 6.27, except that the
proposed fuzzy controller is employed for grasp tuning. Similarly, to evaluate the
effectiveness and reliability of the fuzzy controller, disturbances are imposed after
successful perching has been achieved. The resultant gripping force from the force
sensors and the duty cycle of the servo actuation after being triggered from one of the
experiments are shown in Figure 6.28. Due to the quickness of the intensification
process, it is zoomed in to elaborate the force increase and duty cycle tuning. The
instants when disturbance is applied are marked with black ellipses. Note that the y
axis of the resultant gripping force is on the left side (blue), while that of the duty

cycle on the right side (red).

Figure 6.27 Experimental procedure of the drop-and-grasp testing
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Figure 6.28 Resultant gripping force (blue curve) and duty cycle tuning (red curve)

with the proposed fuzzy control. The desired gripping force is set to 15N.

Apparently tuning of the duty cycle starts immediately after the perching mechanism
is triggered, and it is adjusted to the minimum value (1250us, fully gripping) within
0.08s. The resultant gripping force remains trivial during this period, and increases
dramatically from the instant of 0.08s. As a matter of fact, the perching mechanism
contacts the perch far before the servo rotates to the position corresponding to the
duty cycle of 1250us. However, due to the inertial of its components the servo cannot
execute as quick as the duty cycle signal. Therefore the gripping force doesn’t
increase before the instant of 0.08s. It takes 0.05s for the gripping force to increase
from trivial value to the desired value of 15N. The overshoot of the gripping force is
close to 5N, and the fuzzy controller adjusts the duty cycle accordingly to slightly
release the perching mechanism. Hysteresis can be observed as the gripping force
gradually converges to about 16.5N. This is probably resulted from the force sensors
and the padding of gripper digits. The stable gripping force is larger than 15N
because the fuzzy control law is biased on purpose toward over-gripping to secure
the safety during perching. The first disturbance doesn’t affect the duty cycle
calculated by the fuzzy controller at all. The second one, however, leads to an
increase of the duty cycle to further release the grasp as the instantaneous gripping
force almost reaches 20N. The third disturbance causes the instantaneous gripping
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force lower than 15N, which leads to a slight adjustment of the duty cycle. This
demonstrates one advantage of the fuzzy controller over the conventional controller
that the grasp of the perching mechanism can be tuned in two directions. As over-
grasp of the perching mechanism will increase current consumption of the servo
significantly, the fuzzy controller can mitigate the waste of the battery energy over
maintaining the grasp for the UAV. From Figure 6.27 it can also be noted successful
perching is achieved with existence of a misalignment angle of the quadrotor, which
further validates the good reliability of the fuzzy controller. In summary, the fuzzy
controller proposed has been verified to be effective and reliable for automatic

perching with quadrotors.
6.6 Summary

In this chapter a two-dimensional dynamics perching model is first established for
quadrotors. Then a perching mechanism with gripping concept is developed.
Kinematics optimization is performed to maximize the force amplification, and force
sensors are integrated for gripping force sensing. Its control strategy for automatic
perching is further proposed, including a control flow and two gripping control laws.
The perching mechanism and its control strategy are evaluated sophisticatedly via a
series of experiments. Results show that the perching mechanism can generate
sufficient grasping force to secure the attachment to the perch, and the control

strategy is rather effective in tuning the perching mechanism for reliable perching.
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Chapter 7 Conclusions and Future Works

7.1 Conclusions

Perching is a concept proposed to resolve the problem of very limited airborne
endurance of MUAVs and MAVSs. Due to its vast potential in both civil and military
applications, it is now garnering more interest among researchers in fields of
guidance, navigation and control of UAVs, biomimetic engineering, and
development of UAVs with morphing structures. In this thesis a bio-inspired
methodology of automatic perching for UAVs was presented.

In Chapter 1, the background of UAV development in history was briefly introduced
and the limits of the UAVs of the targeted scale were identified. The motivation
behind the solution of perching with UAVs was then emphasized. The objective and

scope of the research were subsequently presented to draw a panorama of the thesis.

Literatures on the topics related to perching, be it of birds in nature or with UAVS in
engineering applications, were reviewed comprehensively in Chapter 2. Such topics
ranged from ornithological research on birds’ anatomy structures that play an
important role during perching and those on birds’ strategies guiding their perching
behaviors, to prototype development of perching mechanisms for various UAVs and
the perching strategies for navigation and control of the UAVs, for example, Tau

Theory. Bio-inspirations for perching with UAVs were concluded from the review.

In Chapter 3 an experimental study of birds’ perching behaviors and strategies
behind them were presented in detail. Based on the perching experiments of parrots,
the locomotion of perching parrots was for the first time analyzed from a perspective
of the complete perching procedure. Consequently the perching procedure was
generalized into three stages, namely pre-perching, on-perching and post-perching,
which serves as the reference for the following investigations. Tau-dot during the
pre-perching flight was calculated, and, instead of being constant as assumed in Tau

Theory, it was found varying with different patterns. It suggests an interesting topic
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to further study. The dynamic regulation of the parameters such as trajectory and
body angle after touchdown was also addressed, indicating the applicability of a

dynamic model.

The features of varying tau-dot during the pre-perching flight were further researched
in Chapter 4. The varying tau-dot was first interpreted as discrete constant tau-dot
using the theoretical expressions of constant tau-dot, and validated by comparing
with the experimental data of tau-dot. This extends the potential of the employment
of varying tau-dot for guidance. Moreover, the superiority of varying tau-dot over
constant tau-dot in shortening approaching flight time was demonstrated based on
experimental data, which further justified the application of varying tau-dot to
perching guidance for UAVSs. To tackle the nonlinearity of the varying tau-dot, a
fuzzy logic based on the decreasing pattern was designed. The effectiveness of the
fuzzy logic was experimentally verified with the indoor VICON motion capture
system, showing that varying tau-dot can be used as the fuzzy guidance strategy for
efficient and safe perching. This introduces a novel topic, varying tau-dot, to the field

of bio-inspired guidance and control.

To provide feedback of tau-dot for the fuzzy logic, visual perception of tau-dot
during pre-perching flight was explored in Chapter 5. Necessity of visual guidance
for automatic perching of UAVs was discussed first. As perch identification is the
first step towards visual perception of tau-dot, three LabVIEW-based object
identification methods were systematically evaluated and the one that showed the
best overall performance was utilized for identification of the target perch. To cope
with the tau-theory-based guidance strategy, the relation between the identified
object scale with respect to the template and the tau-dot of the current flight motion
was analytically modeled. The model, named SEM, was integrated with the classical
pinhole camera model. The validity of tau-dot estimate obtained from the proposed
SEM was then examined with the ground truth measurement from VICON system.
Good agreement between these values means the SEM can complete the control loop
of automatic pre-perching flight of UAVs. However, enhancement of the accuracy

and reliability of the tau-dot estimated visually by SEM is definitely needed.
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Based on the bio-inspirations concluded from the literature review in Chapter 2 and
the experimental study in Chapter 3, a dynamic perching model describing the
balancing process of UAVs during on-perching was proposed in Chapter 6. The
equations of motion of the perching UAV were derived and linearized under some
assumptions. Simulation showed the perching model could yield responses close to
the experiment data of the parrots under the same initial conditions. Since a gripping
end effector was adopted in the model, a gripping mechanism for reliable attachment
to target perch was further developed. Kinematic optimization, with a combination of
analytical derivation of the mechanical constraints as well as numerically evaluation,
was conducted to achieve maximum amplification of the gripping force. Besides,
force sensors were also integrated to monitor the triggering impulse and measure the
gripping force. A series of experiments to determine the mechanical effectiveness of
the perching mechanism were performed under various circumstances, ranging from
indoor scenarios to outdoor environments, and from remotely piloted UAVs to
automatically controlled UAVs. Results showed that the perching mechanism was

capable of generating sufficient gripping force for the UAV to perch reliably.

Towards automatic perching, the control flow of the gripping mechanism through the
whole perching procedure was further designed. Moreover, both a conventional
controller and a fuzzy controller for automatic gripping were developed, with
emphasis on the latter. The fuzzy controller took into account the mechanical
constraints of the perching mechanism, the force feedback and the indeterminacy of
the output torque of the servo, and was experimentally proven effective and reliable
in handling the nonlinearity associated with these factors. With the control strategies
for pre-perching, on-perching and post-perching (take-off) developed and
implemented, the automatic perching methodology for UAVs was completed.
Quadrotors generally can follow this methodology to achieve successful perching.

7.2 Future Works

Although a complete methodology for automatic perching with UAVs was proposed,

it is still far away from practical applications in free natural environments. Many

110



aspects of the research topic, such as the subtle perching dynamics model of birds,
3D perching model of UAVs, features of effective suspension, differential gripping
and locking of the perching mechanism, fully intelligent non-template target
identification, 3D real-time visual odometry, and more advanced control strategy of
UAVs for perching using more aggressive maneuvers, remain to be studied. The

detailed discussion about possible future works is presented in sections below.

7.2.1 Perching Dynamics of Birds

With experimental results indicating the contribution of adaptive posture adjustment
of bird to body balance during perching, the study of parrots’ perching has laid
promising groundwork for the dynamics modeling of perching in birds. The
dynamics model of perching was developed and validated using the experimental
data of birds in this thesis, but it can only be applied to quadrotors with an attached
mechanical perching mechanism. Therefore more work can be done to
experimentally study the principles of birds’ perching maneuvers for dynamics
modeling, and to expand the applicability of the model to UAVs of different form

factors. Three aspects that can potentially be studied are shown as follows:

e Body posture. Stable perching is achieved by birds through manipulations of
their center of gravity, body orientation and so on. Information regarding birds’
body kinematics is probably advantageous in decoding their balancing maneuvers
in perching.

e Adaptive legs. Legs are the locomotors that takes over the task of balancing the
body during the perching step. The way they function, for instance, how they

exert forces or torques to the perch, should be researched.

e External Environment. During perching birds interact with external environment.
Factors such as the kinematics and dynamics of the perch, wind disturbance and
accessibility to the perch need to be taken into account so that the perching
dynamics model of birds and their control strategy can be more comprehensively
studied.
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Moreover, the classic model from the bipedal walking of humans, the inverted
pendulum model, may have a connection with the dynamics model of perching. As
perching is interpreted as the transition from winged locomotion to legged
locomotion, the inverted pendulum model that applies to legged locomotion can
potentially be applied to perching. Actually, the dynamics perching model
established in this thesis has shown similarity to the inverted pendulum model for
bipedal walking. Besides, the horizontal CM trajectories immediately after
touchdown from the experimental data with parrots are also in favor of this
hypothesis because the inverted pendulum model of walking assumes that the
vertical position of the mass remains constant. Therefore, it seems to be a really
interesting topic to look into when modeling the perching dynamics of birds.

7.2.2 Improvement of the Dynamic Perching Model and Perching Mechanism

As the dynamics perching model was developed based on several assumptions, its
application is currently limited to quadrotor platforms and 2 DOF. To generalize the
applicability of the model, effort should be made to look into the dynamics of
different UAV platforms as well as the perching dynamics of birds. Eventually the
model should be capable of predicting the perching performance of different UAVs

under various circumstances.

Other than the dynamics model, the perching mechanism can also be further
improved. Desired features such as differential actuation, suspension in
corresponding DOFs and grasp locking need to be realized and integrated into the
perching mechanism. The predictions from the dynamics perching model can serve

as design references for improving the perching mechanism.

7.2.3 Fully Intelligent Visual Target Identification

The target identification methods evaluated in this thesis are all template-based,
which means a template of the target perch is required before initiating the perching
procedure. This significantly compromises the practicability of the perching

methodology in natural environments, where the target perch is not known
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beforehand. To achieve such kind of perching on a more autonomous level, methods
of fully intelligent visual target identification need to be developed. Research in the
fields of computer vision, artificial intelligence and machine learning has addressed
similar topics broadly and profoundly. Application and further improvement of these
methods can be looked into for UAV perching. Such visual target identification
methods overcome the prerequisite of the template, and can facilitate UAVs to
achieve the ultimate goal of fully intelligent and autonomous perching. However,
such methods generally require even higher computation capability of the system
than template-based methods, and it’s thus more challenging to accomplish real-time

operations.

7.2.4 3D Visual Odometry for Navigation of Perching Flight

Apart from the fully intelligent visual target identification, another primary aspect of
future work lies in 3D visual odometry for navigation of pre-perching flight. In this
thesis, trouble on direct information acquisition of the distance to the target perch
was remedied by the proposed tau-theory-based method which requires only the
scale of the object in image to calculate tau and tau-dot. Despite being an
advantageous way to guide the approaching flight of UAVSs, it led to an inevitable
problem that when the distance to the target is close to zero, the size of the target in
image will expand to infinity and exceed the field of view of the camera. Since the
proposed method encounters ineffectiveness in close range to the target, alternatives
that can guide the UAV when close to touchdown are required. Furthermore, the
estimated tau-dot based on the scale of the object in image has a certain amount of
error from the ground truth values. Possible sources of error include the proposed
analytical model (SEM), scale identification, or other stages in the perceptional loop.
A promising method to solve these problems is the monocular or binocular 3D visual
odometry that obtains the depth (distance) information of the object directly
[79][80][81][82][83][84]1[85][86][87][88]. With the depth information obtained, not
only can tau and tau-dot be derived more straightforwardly, conventional guidance
techniques can also be easily applied. Besides, data fusion can also be integrated into
this solution to provide more comprehensive and useful information of both the

locomotion of UAVs and the environments for the control strategy to perform better.
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Furthermore, such a solution can also improve the compatibility of the UAV system

with future upgrades and/or the integration of new features.

7.2.5 Improvement of the Fuzzy Logic/Controller

The fuzzy logic designed to tune the desired tau-dot and the fuzzy controller
designed for automatic gripping can surely use some modifications to improve their
performance. Firstly, the number of the membership functions defined for the inputs
and the outputs was only 3 or 5. This leads to limited resolution in fuzzification and
defuzzification, which further affects the smoothness of the surface plot of the fuzzy
logic. Increasing all the number to 5 or even 7 should enhance the performance. It
should be noted that the fuzzy inference rules will get more complex as well and it
will have more flexibility in handling the nonlinearity or uncertainty of the system
being controlled. Secondly, the type of the membership functions can be changed to
alternatives like Gaussian function. Supposedly, the smoothness of the surface plot of
the fuzzy logic can also be improved. Thirdly, the inputs of the fuzzy logic/controller
can be replaced with other parameters, for instance, the error between desired and
actual value of the control variable and its rate of change. This fits even more with
the intrinsic characteristics of fuzzy logic. Consequently, the corresponding control

strategies cooperating with the fuzzy logic/controller need be modified accordingly.
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Appendix A. Servo Characterization and
Sensor Calibrations

(1) Servo Characterization

The servo motor utilized in the design is Futaba BLS 157HV which, according to its
datasheet, can rotate up to 180° and speed up to 0.11 second per 60°, i.e., 9.52 rad/s,
at 7.4 voltages. However, its dynamic characteristics with both the rotation range and
the speed taken into account should be evaluated. As the actuation speed is more
critical during perching, the max speed is deemed to be optimal. Hence the transfer
function between the output angle A and the input duty cycle D, is established under
the condition of max rotation speed of around 7.25 rad/s. The rotation range at this
speed is 85° (see Figure A.1), while the percentage of the duty cycle ranges from
3.9% to 10.9%.

Figure A.1 Rotation range of the servo motor

In the specific configuration of the perching mechanism developed, the available
rotation range of the servo is only 40° from -20° to 20° with the horizontal position
defined as neutral position (see Figure 6.10). Accordingly the available duty cycle
lies between 4.2% and 7.5%. Therefore the transfer function of the servo can be
written as

A+20° = KD, — 4.2%) Al

where K denotes the gain of the servo and is equal to 1212.1.
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(2) Force Sensor Calibration

Force sensors serve as the feedback block in the control loop to gauge the generated
grasping forces on the digits. Calibration is required to determine their feedback
gains. The calibration circuit utilized is a typical voltage divider circuit with the force
sensor connected to the voltage supply which is 5V, as shown in Figure A.2.1.
Forces are imposed to the sensor with a force gauge mounted to a linear motion
platform. The output voltage is then picked up by an Arduino controller board and
further passed to a laptop for data logging. See Figure A.2.2. During the development
two kinds of force sensor are employed, namely A400 from Interlink Electronics
(Figure A.2.3) and FSG15N1A from Honeywell (Figure A.2.4). For A400, the
linearity of the sensor is evaluated with different voltage-dividing resistors to
optimize the sensitivity of the force sensing mechanism. As FSG15N1A is based on
differential voltage measurement and the raw output voltage difference is very small,
an instrumentation amplifier is used to magnify and output the voltage difference.
Thus, it also reduces the required number of analog acquisition port on the controller
board.

V+

FSR

RM

Figure A.2 Calibration setup. 1: Calibration circuit where FSR represents the force
sensor, RM the voltage-dividing resistor, V+ the voltage supply and VOUT the
output voltage [121]. 2: Force gauge mounted to a linear motion platform and
applying force to the sensor. 3 and 4: Two types of force sensors utilized for gripping

force sensing.

The output voltages of A400 with different resistors are plotted versus the force
applied in Figure A.3. It can be seen that the force sensor shows better linearity with
voltage-dividing resistors smaller than 30 KQ. Besides, the output voltage ranges for
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all the resistors are over 4V, which means no big difference in the sensitivity of the
force sensing mechanism. To determine the optimal voltage-dividing resistance that
leads to the best linearity of the force sensing mechanism, the linear fitting errors of
the output voltages based on the least squares method with different resistors are
calculated and shown in Figure A.4. It’s obvious that with a 5.4 KQ voltage-dividing
resistor, the force sensor gets the best linearity. The corresponding linear fitting
equation, which is also the characteristic formula of the A400 force sensor, is
obtained as follows.

V=0.04-F+0.17, where 0 < F < 100N, A2

n

=

[R]

Output Voltage (V)
3]

[

0 10 20 30 40 50 60 70 80 90 100
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Figure A.3 Output voltage of A400 vs. force with different voltage-dividing resistors
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Figure A.4 Linearity fitting error vs. voltage-dividing resistance
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The output voltages of FSG15N1A with integration of the instrumentation amplifier
under different forces are depicted in Figure A.5. The output voltage range is about
4V, close to the range of A400. However, the applicable force range of FSG15N1A
is far smaller than that of A400, which leads to better sensitivity of force sensing.
Since multiple force sensors are used, the force sensing range of FSG15N1A is still
sufficient according to the design. The linearity of the force sensor is also very good,

even better than that of A400. The final characteristic formula is

V =0.26 - F + 0.05, where 0 < F < 15N. A3
4.50
’ v = 0.26x + 0.05
4.00 RZ=0.99
3.50 );/'
~ 3.00 /
%250 /
£5 00
»-.o
1.00
0.50 77//
0.00 —
0 2 4 6 8 o 12 14 16
Force (N)

Figure A.5 Output voltage of FSG15N1A vs. force and its linear fitting

(3) Camera Calibration

The camera utilized for target identification and visual odometry needs to be
calibrated before operation. This is because the pinhole camera model is taken into
account in the SEM proposed, and the focal length of the camera is used for
calculation of tau-dot. The focal length, and other parameters, of Cameras always
deviate from the nominated values, which will certainly affect the accuracy of the
calculation of tau-dot. Calibration can yield the actual values of these parameters,
and minimize the errors introduced into the calculation. For target identification, it
seems alright not to calibrate the camera as the template is taken by exactly the same
camera. The truth is, however, the distortion at the corners of the camera sensor
would definitely lower the matching score. Thus, calibration is rather necessary for
accurate outputs of the camera.
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The calibration algorithm is based on the example from LabVIEW and is customized
to the author’s needs, as depicted in Figure A.6. Basically, four calibrated parameters
of the camera are obtained, namely the focal length in x axis of the camera, f,, the

focal length in y axis of the camera, f,, X coordinate (in pixel) of the optical center of

the camera, c,, and y coordinate (in pixel) of the optical center of the camera, c,,.
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Figure A.6 The LabVIEW algorithm for camera calibration

The template image is provided by LabVIEW, as shown in Figure A.7, with its
specifications known. The template is first processed and learned to obtain necessary
information of the point grid, such as interval and distortion properties, as the
reference. Meanwhile the point grid in the images captured by the camera is also
extracted and compared with the reference information from the template. Finally the
desired four parameters of the camera are derived. Results of one calibration process

are demonstrated in Figure A.8 as an example.
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Figure A.7 Template image of point grid for calibration provided by LabVIEW
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Appendix B. Complementary Experiments of
the Perching Mechanism

(1) Static Grasping without and with a Quadrotor

In the experiments of static grasping, a payload is first attached to the prototype of
the gripping mechanism, simulating the weight of the quadrotor. Then the
mechanism is aligned directly over the perch and actuated to completely grasp the
perch. While the grasp is maintained, the perch is tilted gradually until the gripper
slips off. Weights of 1kg and 2kg are utilized in first two experiments respectively,
and the gripper is mounted to the quadrotor in the third one. Figure B.1 and Figure
B.2 illustrate the max misalignment angles that the gripper can hold to in the

experiments.

It can be seen that with 1kg payload, the gripper can hold up to 60° of misalignment
angle, while only up to 35° with 2Kg payload. The quadrotor without battery weighs
slightly above 1Kg, and the max misalignment angle with it reaches 50°. The
experiment results are consistent with the model prediction, and reveal that the

gripper can readily secure the quadrotor in most common circumstances.

Figure B.1 Static grasp under misalignment and payload (Left: 1Kg; Right: 2Kg)
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Figure B.2 Static grasp with the quadrotor

(2) Object-picking-up with a Remotely Controlled Quadrotor

In the experiment of objective-picking-up, a branch section is placed on the ground,
and a quadrotor is remotely controlled to fly to it and pick it up using the perching
mechanism designed. In the first trial the quadrotor successfully grasped and lifted
the branch in the horizontal orientation, while in the second one the branch was
grasped accidently by only two digits of the perching mechanism and lifted in the
vertical orientation (see Figure B.3). The results show that the grasping ability of the
perching mechanism is quite sufficient for natural circumstances like tree branches,
and the gripper can even generate reliable grasping force in extreme cases such as the
misaligned grasp.

Figure B.3 Picking up a branch (top: horizontal grasp; bottom: vertical grasp)
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