CLOSED-LooP CONTROL OF CONSTRAINED FLAPPING WING MICRO AIR
VEHICLES

DISSERTATION

Garrison J. Lindholm, Captain, USAF

AFIT-ENY-DS-14-M-02

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE; DISTRIBUTION
UNLIMITED



The views expressed in this thesis are those of the author and do not reflect the
official policy or position of the United States Air Force, Department of Defense, or
the United States Government.



AFIT-ENY-DS-14-M-02

CLOSED-LOOP CONTROL OF CONSTRAINED FLAPPING WING
MICRO AIR VEHICLES

DISSERTATION

Presented to the Faculty
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
In Partial Fulfillment of the Requirements for the

Degree of Doctor of Philosophy

Garrison J. Lindholm, B.S.A.E.M., M.S.E.
Captain, USAF

March 2014

DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE; DISTRIBUTION
UNLIMITED



AFIT-ENY-DS-14-M-02

CLOSED-LOOP CONTROL OF CONSTRAINED FrLAPPING WING
MIiCcrRO AIR VEHICLES

Garrison J. Lindholm, B.S.A.E.M., M.S.E.
Captain, USAF

Approved:

//signed// 3 Mar 2014

Dr. Richard G. Cobb Date

Dissertation Advisor

//signed// 3 Mar 2014

Dr. Mark F. Reeder Date
Committee Member

//signed// 3 Mar 2014

Dr. David R. Jacques Date
Committee Member

Accepted:

Dr. Adedeji B. Badiru Date
Dean, Graduate School
of Engineering and Management



This dissertation is dedicated to the memory of my beloved father. It is you who

exposed me at an early age to technology and encouraged me to push myself in life.

iv



Acknowledgements

I would never have been able to finish my dissertation without the guidance of my

committee members, help from classmates, and support from my family and wife.

First and foremost, I would like to express my thanks to my advisor, Dr. Richard
Cobb, for your dedication and support in helping me complete this journey with you.
As a mentor, colleague, and friend, your guidance has made this a thoughtful and
rewarding journey. I would like to thank Dr. Mark Reeder and Dr. David Jacques
for your time, guidance and support as I moved ideas to a completed study. I would
also like to thank Mr. Jay Anderson and the entire ENY lab staff for your continuing

support with equipment, space, and knowledge.

I would like to thank my classmates in the AFIT FWMAYV group; LtCol Anthony
DeLuca, Lt Nate Sladek, Lt Justin Carl, Lt Robert Lenzen, LCDR Zachery Brown,
and Mr. Nelson Freeman who provided support and ideas on a daily basis, and
without whom the keeping a handle on the ever changing lab configurations would

have gotten extremely challenging.

Additionally, a large thank you is owed to Maj Michael Anderson and Maj
Ryan O’Hara. Thank you for your guidance and willingness to share your knowledge
of flapping wing micro air vehicle production and testing techniques. This knowledge
not only gave me a jump start, but also a beginning point in this broad area of

research.

I would also like to thank my family who was always supporting me and encour-

aging me with their best wishes.

Finally, I would like to thank my wife. She was always there to listen, support,

and push, and was always by my side through the good times and bad.

Garrison J. Lindholm



AFIT-ENY-DS-14-M-02

Abstract

Micro air vehicles have a maximum dimension of 15 c¢cm or less, which makes
them ideal in confined spaces such as indoors, urban canyons, and caves. Flapping
wing micro air vehicles have an additional advantage over fixed wing or rotary wing
micro air vehicles in that the flapping motion mimics birds and insects, thus concealing
their appearance while also providing benefits of unsteady aerodynamics. Consider-
able research has been invested in the areas of unsteady and low Reynolds number
aerodynamics, as well as techniques to fabricate small scale prototypes. Control of
these vehicles has been less studied, and most control techniques proposed have only
been implemented within simulations without concern for power requirements, sensors
and observers, or actual hardware demonstrations. In this work, power requirements
while using a piezo-driven, resonant flapping wing control scheme, Bi-harmonic Am-
plitude and Bias Modulation, were studied. In addition, the power efficiency versus
flapping frequency was studied and shown to be maximized while flapping at the piezo-
driven system’s resonance. Then prototype hardware of varying designs were used to
capture the impact of a specific component of the flapping wing micro air vehicle, the
passive rotation joint. The passive rotation joint was optimized through a range of
different angle of attack stops and rotation joint stiffness to maximize lift and thrust
force development. Optical tracking software was then developed to provide feedback
information for use in closed-loop control experiments. Finally, closed-loop control
of different constrained configurations were demonstrated using the resonant flapping
Bi-harmonic Amplitude and Bias Modulation scheme with the optimized hardware.
This work is important in the development and understanding of eventual free-flight

capable flapping wing micro air vehicles.
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CLOSED-L0OOP CONTROL OF CONSTRAINED FrLAPPING WING

MICRO AIR VEHICLES

I. Introduction

1.1 Motivation

Unmanned aerial vehicles (UAVs) have become critical to the modern warfighter.
They provide an ideal platform to perform the mundane or dangerous missions with-
out putting the operator at risk. They are used as intelligence, surveillance, and
reconnaissance (ISR) platforms, strike vehicles, and command and control (C2) com-

munication nodes.

Micro air vehicles (MAVs) have started to play a greater role in the modern
combat environment as well, particularly in the area of ISR. Flapping wing MAVs
(FWMAVs) are in development to extend the MAVs capabilities. FWMAVs offer
several advantages over fixed and rotary wing MAVs. Specifically, they offer the
superior agility similar to a rotary wing MAV combined with a low acoustic and small

visibility signature that tends to hide in plain sight by resembling insects.

1.2 Research Challenges for Flapping Wing Micro Air Vehicles

There are many challenges to developing an operational FWMAV. The following
areas present challenges to a prospective FWMAYV designer. Aerodynamics of the FW-
MAV regime is not entirely understood. Effects, such as leading edge vortex (LEV),
delayed stall, clap and fling, and other low Reynolds number and unsteady effects
are being explored but not yet fully explained. Predicting FWMAV stability, per-
formance, and fluid-structure interaction for use in FWMAV development currently

offers a challenge to any FWMAV designer.

The micro fabrication and design process is another challenging aspect to FW-

MAV design. Most tools used today are intended for larger macro fabrication or for



nano-scaled devices used in the semiconductor industry. The FWMAV designer has
to use a blend of these two very different tool sets in order to manufacture FWMAVs
repeatably, quickly, and cheaply. Power storage and amplification circuitry is a large,
weight limiting factor, and without significant advancement it will limit the payload,

flight time, and capabilities of any future operational FWMAV.

Last, minimally actuated, minimum power controllers, capable of stabilizing
the FWMAYV in a hover as well as through maneuvers, have yet to be developed and
demonstrated. To make this challenge more difficult, many FWMAV platforms lack
on-board sensors, which would typically provide feedback information for a prospec-

tive controller.

The research challenges for designing and operating a FWMAYV are numerous;
but significant progress has been made. Demonstrations of power-tethered! uncon-
trolled flight have been performed, advances in aerodynamics have come closer to
explain the aerodynamics of the small scale, manufacturing techniques and process
have evolved so that fast and efficient prototyping can be performed. However, demon-
stration of a control scheme capable of autonomously stabilizing a power-tethered
FWMAYV has yet to be demonstrated and will be the focus of this research. Different
constrained configurations were used as demonstrations to future control cases for the
FWMAYV. The additional challenge is to demonstrate such control using as few actu-
ators as possible to minimize weight of the FWMAV, and have the control algorithm
optimized for power consumption to maximize flight time. In addition, providing
feedback signals for the controller is required, and current prototypes lack sensors

traditionally used for feedback.

1.3 Problem Statement

The goal of this research is to develop a two wing, two actuator biomimetic FW-

MAV prototype capable of power-tethered constrained flight and use this prototype as

I Power-tethered refers to the use of an off-board power supply and power amplifiers. Miniaturized
power systems is a necessary, but separate research area.



a testbed for FWMAV control research. Specifically, the control research will focus on
a minimum actuated, minimum power consumption controller capable of stabilizing
the FWMAYV in different constrained configurations by only closing the loop on the
FWMAYV as a whole, and letting the wings themselves be controlled by an open-loop

controller.

Thesis statement: Open-loop wing control combined with closed-loop con-
trol about FWMAYV position and pose is sufficient to stabilize a minimally
actuated, power-tethered FWMAV in constrained configurations.

1.4 Assumptions and Limitations

There are some assumptions and limitations made in the course of this research.
First, all hardware prototypes were to be driven with piezoelectric actuators. This
was done as it is assumed at the scale of work, that piezoelectric actuators would be
more efficient than rotary DC motors, typically used in larger FWMAVs. Next, it
was assumed that cycle-averaged forces and moments were adequate to study when
designing controllers based on stabilizing and controlling the FWMAV as a whole
system. This is in contrast to examining forces and moments within the flapping

wing cycle, typically done in flapping wing aerodynamic research.

Only commercial actuators were used in the course of this research. This was
done in order to reduce the variability of custom made actuators and also minimize
prototype production time. This limited the FWMAVs produced by increasing their
size and weight significantly, when compared to custom actuators, and thus reducing
their performance. Finally, due to the size of power amplification equipment and the
controller used, there would be wires providing the drive signals to any hardware pro-
totypes. This limited the dynamic capability of these prototypes by adding additional

weight and undesirable spring-like resistance.



1.5 Expected Contributions

There were numerous expected contributions to the field of FWMAVs. First,
power measurements were made and presented for both varying flapping frequencies
and control parameters. These measurements provide prospective FWMAV designers
with first-order numbers on how large a battery will need to be sized. They also
should show the most efficient flapping frequency and which control parameters use

the most power.

Next, improvements to the current prototype design were to be made, specifi-
cally in the passive rotation joint. Two elements were to be examined and optimized
for lift and thrust production. Increasing these forces should lead to better performing
FWMAV. Also, a FWMAV would be designed that would incorporate a biomimetic
Manduca Sexta wing for the first time. This serves to combine previous work into one

unified design.

It was expected that performing constrained closed-loop demonstrations would
be made using an open-loop wing trajectory controller. Previously, this controller was
used statically and shown to have direct influence on 5 of the 6 degrees of freedom
of a FWMAV. The next step in the development of this control scheme was to use
it in dynamic closed-loop demonstrations. In order to accomplish these closed-loop
demonstrations, some form of feedback was required. It was expected an off-board
camera based tracker would provide sufficient feedback data to perform the closed-

loop demonstrations.

Last, through the production of many hardware prototypes it was expected
additional knowledge of manufacturing techniques and methodologies would be found.
These techniques and methods are included in this document to help future FWMAV

researchers.



1.6 Document Overview

A thorough review of previously reported background work is provided in Chap-
ter II including the development of the algorithm that is used to control the wing
stroke function. Then, Chapter III will detail the different hardware experiment test-
ing methods used to collect the data that are presented later. Chapter IV presents the
results of the studies conducted on the electrical power requirements of the control
algorithm and the electrical power efficiency of piezoelectric actuator driven flapping
mechanisms. Chapter V details the design study of the passive rotation joint and the
results of the lift and thrust generation optimization done on two different components
of the passive rotation joint. In Chapter VI the development of the optical trackers
used to provide feedback data for the closed-loop control experiments is presented.
Chapter VII presents the results of the constrained, closed-loop control experiments
performed. Finally, in Chapter VIII research conclusions, contributions, and recom-

mendations for future work will be discussed.



II. Background and Literature Review

This chapter presents a study of topics relevant to FWMAV control research. It
covers some of the fundamental research in the field of flapping wing aerodynamics
in order to give an understanding of the forces and moments influencing a FWMAV.
Next, the construction techniques for creating a bio-inspired FWMAYV are examined.
Designing and constructing at the scale of a FWMAV proposes unique challenges
when compared to traditional aircraft construction and must be well understood in
order to produce prototypes for FWMAV control experimentation. Finally a review
of FWMAV stability and control literature is provided to establish a starting point

for research proposed in this document.

2.1 Flapping Wing Aerodynamics

In 1984, a review of previous flapping wing aerodynamic work and some impacts
on the validity of quasi-steady approaches to flapping wing aerodynamics was done [2].
Specifically, it was found that as forward flight velocity increased, the quasi-steady
approach is valid. But as forward flight velocity drops to zero, the quasi-steady
approach consistently under predicts forces and moments for the class of flapping wing
fliers that makes up most insects and hummingbirds. Large bird and butterfly “clap-
and-fling” classes of flapping wing fliers have different results due to their dissimilar
methods of creating lift. In this work we are more concerned with the aerodynamics
of the non-clap-and-fling insects and hummingbirds, which take advantage of LEV,

delayed stall, and wake capture.

Later, Ellington reviewed the low Reynolds number and unsteady lift mech-
anisms identified to date for several insect species [3]. He identified design ratios
linking insect wing area, flapping frequency, body weight, and forward velocity to
each other. Finally, he identified wing trajectories of insects and how they impact
insect flight trajectory, essentially learning how insects control their flight trajectories.
Insect passive pitch stability due to the body acting like a pendulum is identified
along with the insect changing the stroke plane by modifying the mean flapping angle.



Combining the passive pitch stability technique with asymmetric angle of attack for
a flapping cycle is the process by which the studied insects transition from hover to
forward flight with the stroke plane angled proportionally to the forward flight speed.
The angle of attack variation within the flapping cycle is very similar to a technique
that is used in this research, split-cycle wing trajectory, which will be reviewed in

section 2.3.

Studies into the effects of the wing flip at the end of each flapping cycle were
performed in [4, 5]. A dynamically scaled, mechanically driven wing was used to
measure lift and drag as different flapping parameters were varied. It was found that
angle of attack, flip duration, and flip timing relative to stroke reversal play a major
role in the lift generation and lift to drag ratio. This result motivated the study in
Chapter V on optimizing the passive rotation joint of the prototype FWMAV with
the goal of generating more lift. The passive rotation joint is the only component in
the current FWMAV design capable of influencing the angle of attack, through limit

stops, flip duration, joint stiffness, flip timing, and joint position relative to the wing.

A mechanical flapper was created and used to model both the steady and un-
steady aerodynamic forces and moments in [6]. The primary goal was to create a
methodology to measure and model the aerodynamics for use within a FWMAV de-
sign and development framework. The technique presented could be repeated for any
given wing design and flapping trajectory to build up an aerodynamic model for a

given flapping wing mechanism.

In [7] Ansari et al. compiled an in-depth review of techniques used to model
flapping wing aerodynamics. They went through the various methods: steady-state,
quasi-steady, semi-empirical, and unsteady, and found that blade-element predictions
are more accurate as free-stream velocity is increased, but poor in slow speed and
hover. They reviewed the important flow-field structures such as the LEV, wake
capture, and clap and fling mechanisms. After the review of previous work, they

detailed their previously proposed unsteady solution that uses a quasi-3D approach



and throws away small-angle approximations. They compared the model’s predictions
to measured forces of a hawk moth and fruit fly reported previously. The model was

reported to be the best performing model that had been seen to date.

In [8] Adity and Malolan documented their experiment of testing a FWMAV
in a wind tunnel and attempted to see how Strouhal number effects the peak thrust
forces developed. They provide details on the test configuration and custom force
balance. They used a DC motor to drive a 4-bar mechanism to create the flapping
motion. Their MAV design did not include any sort of rotation, passive or otherwise.
They found that there is a small range of Strouhal numbers that provides best force
development for given configuration and free-stream velocity. In the case of the paper,
Strouhal numbers were typically in the 0.1-0.4 range with lower speeds corresponding
to higher Strouhal numbers. Strouhal number is defined in Eq. (2.1) where: f is
flapping frequency, A is max tip displacement, b,,,; is the semi-span, Uy, is the free-

stream velocity, and ¢, is the max flapping stroke angle.
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Whitney and Wood derived a thorough analysis of the mechanics of passive
rotation as it pertains to flapping wing flight in [9]. They went through the non-
dimensional parametrization of a wing and found that by defining radius moments
there is a correlation between the first, center of area, and second radius moments
for insect wings. This points to insects, through thousands of years of subtle changes,
having an optimal distribution of area for a flapping wing. They then analyzed the
kinematics of flapping with a passive rotation joint. Three angles are used to describe
the wing position as it flaps: ¢ the flapping angle, 1) the rotation angle, and 6 the
deviation angle. For their work, they found that the deviation angle can typically be

assumed to be zero. The angular velocity for a flapping wing was found by the sum



of the flapping, rotation, and deviation velocities seen below.

w = —dex + +le.r + e, (2.2)

where the X’ | 2", and x axes are all defined in Figure 2.1.
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Figure 2.1: Coordinate systems and angles used to specify wing kinematics. All
coordinate frames share the same origin, O’. An example passive rotation hinge is
shown. A driving spar would be mounted to the top of the hinge and the wing would
be mounted to the bottom [9].



For the wing bound frame Eq. (2.2) becomes:
w= (¢ — $sin 8) ex+(—gﬁcosﬁcos¢ + ésinv,b) eﬁ—(qﬁcos@singb + 0 cos ¢> e, (2.3)

They state aerodynamic forces and moments are not directly related to the angle of
rotation, v, but rather to the angle of attack, o, defined as the angle between the

wing chord and the instantaneous local velocity:
a = atan2 (—wy, w,) (2.4)

Using linear elastic beam theory, the stiffness of the passive rotation hinge is approx-
imated by:
Eht%wh
Rp = )
12Ly,

(2.5)

where t5,, wy, and L; are the thickness, width, and length of the middle layer of the
hinge and E}, is the modulus of the middle layer material. Next, they developed
the passive rotation equations of motion. They made the assumption of a thin wing
allowing I,, = I,, = 0 and using the perpendicular-axis theorem, I, + I, = I..

giving the resulting equation of motion
My = Loy + (@ + wy0) + Ly (6 — st (2.6)
Assuming there is no out-of-plane motion, § = 0, it simplifies to
Lo = M, + Lydcosy) + L1,,6%sin 29, (2.7)

where M, includes the aerodynamic moments and the elastic restoring moment due to
the wing hinge. Now given ¢(t) and 6(t), a model of aerodynamic torque, a model for
the elastic wing hinge, and the inertia terms I, and I,,, Eq. (2.7) can be integrated in
time to determine the passive rotation angle ¥(¢). Next, they derived a blade-element

model to provide a model of aerodynamic torque. They concluded that calculating and
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measuring the rotational moment is very difficult due to the sensitivity of the location
of the center of pressure. They then showed a model for aerodynamic damping of the
rotation joint. Without this additional model they found their calculations were
severely under-damped when compared to experimental results. Next, they show a
model for “added-mass effects” to improve their model of the moments about the hinge
further. They then went into detail about their experiment setup using stereoscopic
reconstruction to capture the wing motion variables, ¢, 1, and 6, of their prototype
flapping mechanism. They also measured lift generated by the flapper. Next, they
compared the measured wing position to the predicted location based on the models
and equation of motion presented earlier. They found very good agreement with wing
position and predictions. They also compared the predicted lift to measured lift and
found good agreement there as well. Last, they repeated their experiment using a
split-cycle input. Their wing kinematic model continued to find good agreement with
experimental data and they saw very little reduction in lift when using the split-cycle
input. They did not, however, have a sensor to measure the thrust generated by the

split-cycle input.

Particle image velocimetry (PIV) data and thrust measurements were collected
across a range of Reynolds numbers and flapping wing trajectories [10] and later in [11].
From the data collected at the M. sexta Reynolds number, the optimal angle of attack
limit stop was found to be near 30 degrees. Work shown in Chapter V will test this
result on actual hardware, as opposed to larger scaled devices tested in equivalent
Reynolds number ranges, with the goal of finding the optimal angle of attack limit

stop for lift generation.

2.2 Construction of Bio-inspired Flapping Wing Micro Air Vehicles

In [12], Yan et al. detailed the design and construction of a 5-bar spherical
transmission to be used on a micromechanical fly. The transmission was driven by
a piezoelectric actuator and there was a load cell placed on the transmission in an

attempt to measure forces to be used for tracking the wing within the cycle. They then
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briefly discuss a controller to drive the wings in a closed-loop fashion. This is all early
work done on the UC Berkeley Micromechanical Flying Insect project. Later versions
of the micromechanical flying insect moved to a double 4-bar per wing setup, where
each 4-bar is driven by an actuator pair and the 4-bars drive the forward and aft wing
spar independently allowing control of the stroke angle and angle of attack [13-16].
This design showed promise, however, the additional actuator requirements along with
the weight of the double 4-bar transmission led the researchers to other transmission

designs detailed below.

In [17] Avadhanula et al. refined the design presented in [12] with the goal of
improving the lift force generated. The main change to their design at this stage
was an improved implementation of the thorax, or transmission. Fewer flexures were
needed to implement the spherical 4-bar joints that make up the 5-bar transmission.
This increased stiffness and provided more power to the wing, and also improved man-
ufacturing time due to decreased parts. They also present a quasi-static aerodynamic
model for the flapping wing. The last major change in design was no longer seeking
to close the loop on wing tracking and now using an open-loop control strategy for
driving the wings. They then tested the proposed design measuring lift and wing
deflection and then compared them to predictions. The results compared favorably
to predictions, and they also reported enough lift was generated to attempt flight for
the first time.

Efficiency of electric motors is known to decrease as they are miniaturized, due
to friction in the gearbox becoming more significant as the scale of the work shrinks.
The scale of the prototypes lend themselves to using piezoelectric driven FWMAVs [18].
Wood et al. derived the optimal energy density and nonlinear performance limits for
a piezoelectric bending actuator in [12, 19]. They found the ideal actuator was not
feasible due to load concentrations at the tip of the triangular shaped piezoelectric
ceramic, and used a near optimal design with a width ratio of 1.5 and a extension
ratio of 1. The thickness ratio used was 0.35. They then derived equations relating

displacement and blocking force requirements to a length and width. Last, they dis-

12



cussed different electrical drive configurations and found that a dual-source bias drive
configuration gives the best performance, as it allows a greater field drive. They con-
clude by stating the four techniques that improved the energy density of the actuators:

width tapering, extension, high performance materials, and high field drive.
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Figure 2.2: Diagram of 4-bar linkage. d represents the actuator input and 6y, repre-
sents the wing stroke angle.

In [20] Wood detailed the process of design, fabrication, and analysis of a pro-
posed FWMAV. This design used a 4-bar transmission tied to a passive rotation joint
to achieve the desired wing motion. The kinematics defined by the 4-bar mechanism,

shown in Figure 2.2, are:

02 —26L, + 212 L
0, = arccos ( L2 ) —|—arctan< 3 ) -

(2.8)
2L5\/(Ly — 6)* + L3 Ly — 6

T
2

This equation was found useful in analyzing the system, but less useful in design
due to its complexity. What was desired was a ratio relating the output angular
displacement to the input linear displacement. They assumed ¢ and 6,, were small

and then made the following approximation:

O 1

T=—=~—
0 L

(2.9)

This now allows L3 to be determined for a desired angular displacement given a linear
input. Typically it is desired for L3 to be as small as feasible thus increasing the
transmission ratio, T. They then discuss sizing of L;, done by observation of Eq. (2.8)

and of Ly, small as feasible. Next, they derived a model to predict the resonance of
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the system made up of the wing and transmission. It was found that for a linearized
system, the system resonance is defined by a function of equivalent stiffness, ke,
detailed in [21], inertia of the mass of the wing, J,,, and inertia of the apparent mass

from the air, J,;,:
keq

Wy = 4| —————
Jyy + Jair

(2.10)

Additional work found that simply maximizing the transmission ratio is not
the ideal case [22]. Using a lumped linear model, it was found that designs with
maximized transmission ratios would have lower resonant frequencies and therefore
lower lift. So what is desired to be maximized is the characteristic velocity of the

wing as the product of the stroke amplitude and the resonant frequency:

¢ = || wa (2.11)

where wy is the resonant system frequency calculated by using Eq. (2.12).

m +T2J¢ b2
N L N e 2.12
W ko + Tk J 4 (mg + T2Jy) (kq + T?ky) (2.12)

where mg, Jy, ko, ki, and b, are actuator mass, wing inertia, actuator stiffness,

transmission stiffness, and equivalent damping respectively. These values are found
by using the linear lumped parameter model and fitting experimental data to these
parameters as described in [22]. By using models that predict these parameters for the
actuator and transmission, the transmission design can be optimized for maximum

lift generation for a given wing design.

Next, the passive rotation was designed. The passive rotation hinge was de-
signed such that the geometry limits the flexure joint motion and thus max angle

of attack. A function was presented that predicts the maximum geometric angle of
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attack from the length of the flexure, L; and thickness of structural component, ;.

T L
¢ma$:*_7f

2.13
57 (2.13)

They also presented a function predicting the resonance of this passive rotation joint

from the stiffness of the rotation joint and the inertia of the wing:

Wr =1/ kr/Jxx (2'14)

Additionally, they noted that quasi-static passive wing rotation will only occur with a
wing drive frequency significantly below w,. Next, they presented brief notes on the
actuator, fabrication methodology, and resulting forces developed. They concluded
the design has merit and warn that a potential future MAV will have stability and
control issues and that there is a trade off between complexity and the ability to

control a potential FWMAV.

Wilson and Wereley did a study of lift force generation and power requirements
for a range of wing and transmission designs with an emphasis in predicting the power
requirements for hover using rotary electric motors as the driving actuator [23]. Their
conclusion states that a stiffer wing spar and wing membrane lead to typically higher
values of generated lift and that, as expected, higher frequencies tend to generate
greater lift than lower frequencies. Their testing was limited by materials to testing

done at or below 30 Hz.

In [21] Wood et al. detailed their novel methodology of constructing MAV scale
devices using a system they call smart composite microstructures (SCM). SCM con-
sists of using a stack of different thin materials, which have all been cut according
to schematics using precision laser manufacturing, bonded together and then cut free
from its frame. The freed piece can then be folded along flexures as required and glued
into the desired shape. This allows a 2.5D technique to create 3D objects with very

high precision and minimal time. They then went into detail about creating a 5-bar
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and 4-bar mechanism using this technique and some of the design considerations when
making these devices. They also discussed the inclusion of piezoelectric ceramics into
SCM as well as conductive layers to act as wires, without causing binding on any
flexible joints. Last, they showed an example MAV and a micro crawling robot cre-
ated using the technique. Using SCM, Wood created the first takeoff of a biologically
inspired at-scale insect, detailed in [24]. Design techniques and construction of some
of the components is discussed along with the power densities of the actuator used
along with the final vehicle, >150Wkg™ ' and >100Wkg ' respectively. The MAV
had a thrust to weight ratio of approximately 2 and was guided by wires to restrict
movements in undesired directions. The MAV was also power-tethered, as previously
defined. Finally a predicted distribution of total MAV mass is presented, leading to

the ultimate goal of a free-flight fully autonomous flying robotic insect.

Oppenheimer et al. proposed a control scheme called Split-Cycle Constant-
Period Frequency Modulation with Wing Bias for use with a FWMAV that has only
two actuators [25-27]. Previous work showed the ability to control a FWMAYV using
a similar technique; however, they used an additional third actuator to control the
vehicle’s center of gravity [28]. In both efforts, instantaneous and cycle-averaged aero-
dynamic models, stability and control derivatives, and a simulation environment to
demonstrate the schemes were created. It was shown that these control approaches
can be utilized to provide 6 degrees of freedom (DOF) control of a FWMAV similar
to the one discussed in [24] with either 2 or 3 actuators. All results were based on
the simulation and models that were developed using quasi-steady based approaches

to modeling the aerodynamics.

Anderson et al. detailed the process of designing and fabricating a FWMAV
at insect scale, though larger than had been demonstrated in the past. They used
a modified form of the SCM described earlier with process changes emphasizing re-
peatability in manufacturing by removing human error from the process [29]. They

also discussed initial testing of prototypes produced using these techniques.
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Recently, techniques have been demonstrated that provide rapid production,
without a highly skilled technician for the assembly process. [30] The key to the
technique is to create a monolithic design with all FWMAV components included
along with 4-bar alignment and rotation joints to position the FWMAV components
as the overall layup is moved through a predefined 1 DOF motion. After expansion,
the FWMAYV joints are secured and the scaffolding and alignment tools are removed
with laser micro machining. This process demonstrates that once a FWMAV design
is set, FWMAV can be created quickly, inexpensively, and in large numbers. The key
challenge to this technique is creating the alignment and rotation joints for a given

design. Tools have yet to be developed to assist the design engineer in this task.

In recent years a great deal of work has been done on creating a wing using
the SCM design and manufacturing process that matches the structural dynamic
properties of a M. sexta forewing [31-34]. The research used finite element modeling,
system identification, and biological materials properties research in order to create a
detailed structural model of a biological wing. Then a wing was engineered to match
the structural properties and create significant lift. This engineered wing will be used
as the starting point in designing the next Air Force Institute of Technology (AFIT)
prototype FWMAV.

2.3 Stability and Control of Flapping Wing Micro Air Vehicles

Insect aerodynamic models were used along with insect inertial terms to develop
a linearized model for the desert locust, Schistocerca gregaria [35]. The techniques
to develop the aerodynamic model placed emphasis on eliminating as much of the
natural control system of the insect in order to obtain an open-loop model with as
little control influence possible. The authors describe this as a “broken-loop” model.
After the model was developed, classic linear analysis was performed to determine the
system’s stability. The resultant eigenanalysis showed a positive real-root complex
pair, a fast negative real-root, and a slow real-root. This shows that the system is

longitudinally unstable without some sort of active control. Monte Carlo simulations
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were done to analyze any effects of error within the linearized model. Five thousand
test cases were run with random perturbations on the aerodynamic model terms. The
simulation result showed constant unstable oscillatory pairs with two stable first-order

poles.

Later, work was performed comparing a linear time invariant analysis approach
to one using a nonlinear time periodic approach in [36]. Taylor, Bomphrey, and
Hoen found that when the insect’s flapping frequency is less than ten times faster
than the slowest mode, the linear time invariant approach loses effectiveness. The
proposed nonlinear time periodic approach followed from rotary aircraft theory. They
found that the resulting system can only be stabilized within stable limit cycles and
that control of such a vehicle would involve moving from one stable limit cycle to
another. Of course they were studying one of the larger flight capable insects, the
desert locust, and it correspondingly has a slower flapping frequency. Later, studies
performed on the hovering bumblebee [37] and hoverflies [38] used the linear time
invariant approach to modeling the longitudinal flight dynamics, again minimizing
the effects of the insects active control. Both these studies saw the same modes with
one unstable complex pair and two stable real roots. This demonstrates that using

cycle-averaged forces and classical linear analysis approach can give consistent results

for FWMAV class problems.

The mathematical modeling and subsequent control for a proposed microme-
chanical flying insect was detailed in [39, 40]. The modeling section of the work details
a multi-part simulation environment which includes models for aerodynamics, sensors,
actuators, and body dynamics. This model was then used for a multi-tiered control
study, where the controller was split into three parts; wing trajectory, flight mode
stabilizer, and navigation. The final control “actuators” were the left and right wing
trajectory kinematic parameters. Hardware-based FWMAVs would typically have less
control over wing trajectory due to weight limitations and minimally actuated systems.
The control approach was to split the dynamics into slow and periodic components.

Averaging was then used to remove the higher frequency periodic dynamic effects. Fi-
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nally, linear quadratic regulator (LQR) and linear quadratic Gaussian (LQG) control
approaches were used to stabilize the system with full state information and stabilize
the system in the presence of imperfect information by use of noise added to sensor
dynamics. The simulation showed stable motion and fast response to perturbations;

however, analysis was limited only to the longitudinal dynamics.

A time-averaged based approach to longitudinal FWMAV control was done
in [41]. The aerodynamics of the system were approximated by a Fourier series which
allowed the aerodynamics to be split into slow changing parameters and periodic,
fast changing parameters. The slow changing parameters were used with a nonlinear
control law to stabilize the longitudinal dynamics of the system. The control law was
then tested with a high fidelity simulation including the higher-order aerodynamic

terms. Longitudinal stability and control was demonstrated within this simulation.

The subject of open-loop stability of a hovering FWMAV was studied in [42].
Bolender derives two sets of nonlinear longitudinal equations of motion, point-mass
and three degrees-of-freedom multi-body model, using a blade-element aerodynamic
model. He used Floquet theory and showed that the FWMAV was open-loop un-
stable. An analytical solution was presented for the simple point-mass case, and a
numerical solution was found for the three degrees-of-freedom model. He concluded
that additional degrees-of-freedom and higher fidelity aerodynamic models should be

investigated as it may change the result of his analysis.

The longitudinal linear dynamics about a hover were derived for the FWMAV
in [43]. The aerodynamics used in this study are based on quasi-steady aerodynamic
models. Two different models were developed. The first model used the insect’s
halteres as a stability augmentation system, while the second did not use halteres.
The model with the halteres providing rate feedback was found to be statically stable.
However, the model lacking the rate feedback was found to be statically unstable,
with the result being one unstable complex pole and two stable real poles. In a

similar study, the lateral-directional linear dynamics about a hover were derived for
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a FWMAYV [44]. Again, the quasi-steady approach to approximate the aerodynamics
was used. The resulting linear lateral-directional system was found to have two stable
real poles and two nearly unstable complex poles. The simulations used to generate
data included a model of the halteres to provide roll-based feedback, which was key

in keeping the models near the equilibrium point.

A complete six DOF simulation was developed and used as a starting point for
FWMAYV control research done in [45]. The complex model was based on both com-
putational fluid dynamics and experimental results. The initial goal was to develop a
longitudinal control algorithm, thus the lateral-directional states were held fixed and
the complex model was simplified to just the longitudinal states. However, the system
was still more complex than desired for control algorithm development. To simplify
the model, a time-averaged approach was used. The simplified model consisted of
two states and two control parameters, stroke angle and rotation angle, which were
symmetric for both wings. A controller was then developed using these parameters
that stabilized the FWMAV in hover, low-speed flight, and altitude change. Then
the controller was used with the full fidelity simulation, while keeping the lateral-
directional terms constant, and control was demonstrated using the simplified model
controller. This result demonstrates, in software, that a time-averaged approach to
FWMAYV control, as shown in Chapter VII, is feasible. Of course, this study also had
direct control of the FWMAV wing trajectory, something that a minimally actuated
hardware-based FWMAV will not have. Numerous other examples of similar studies
have been performed as simulated models and direct control of the wing kinemat-
ics [46-54].

A hardware based FWMAYV, Golden Snitch, was demonstrated with altitude
control using a off-board stereo vision system to provide navigational data [55]. The
vehicle has tail surfaces for use as stability and control, and as such the demonstration
was done not in a hover, but with a constant forward velocity. The approach used
was to linearize the system about the steady cruise condition and use the linearized

plant model and classical feedback control to design the controller. This demonstrates
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that when properly linearized, classical control techniques can be applied to FWMAV
control problems as shown in Chapter VII and that vision-based systems can provide

adequate feedback parameters for use in FWMAYV control as developed in Chapter V1.

Attempts to control the altitude of a FWMAV were demonstrated in [55, 56]
by using an adaptive feedforward based approach. The feedforward approach was
used due to the weight limitations of current FWMAV prototypes prohibiting the use
of a sensor for altitude based feedback control. A single actuator driven FWMAV
was used for the development and testing of the control scheme. The fundamental
approach used was to map the displacement of the actuator to the average lift force
generated. Using this mapping, adaptive control laws were developed to track an
altitude trajectory. Both amplitude modulation and frequency modulation approaches
were demonstrated. The challenge still remains to control the altitude of a FWMAV

while simultaneously maintaining control over the other DOF of the FWMAV.

Successful altitude control of a FWMAV was first demonstrated in [57]. The
technique to control the FWMAV was a two-step process. First, system identification
was performed on the input-output combination of the actuator to lift generation, and
second, a linear time invariant control law was developed. The demonstrated flight
required guide wires constraining the FWMAV to motion in the vertical plane only
and prohibited the FWMAV to change orientation, similar to experiments described
in Chapter VII. One of the primary conclusions of this effort was to ignore the complex
dynamics and aerodynamics of the FWMAYV system and instead treat it as a black
box with known input-output relationships. The work also suggests that the closed-
loop gains can be found experimentally as was done in section 7.1 or through the use

of a linearized model as proposed in section 7.2.

Many other prototype demonstration flights have been accomplished [58-61].
These demonstrations have, up to this point, been accomplished with one or more of
the following limitations: tethered for power or stability, significant passive stabiliza-

tion augmentations, or with a traditional aircraft tail for use in stability and control
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loops [57, 60, 62-65]. The majority of these vehicles are driven using electric rotary
motors and many also use a four wing clap-and-fling design. The research herein
differs in that the FWMAV will use a minimal actuated configuration consisting of
just two piezoelectric actuators. The next section describes a unique open-loop wing

trajectory controller used to drive each actuator and thus each wing separately.

2.4 Bi-harmonic Amplitude and Bias Modulation Controller

In [1, 66-68] Anderson et al. developed a novel control technique for FWMAVs,
Bi-harmonic Amplitude and Bias Modulation (BABM). The technique shows promise
and has been demonstrated to have direct influence on five DOF of a FWMAV’s six
DOF. Control of the sixth DOF can be achieved indirectly by yawing or rolling the
vehicle first. The controller is based around modulating three wing stroke angle param-
eters, amplitude, bias, and split-cycle. Each wing can be modulated independently
giving six total parameters. These parameters are varied continuously by a control law
to control the FWMAV. The BABM control scheme is used in the presented research,

so the technique will be developed in detail as follows.

Figure 2.3: FWMAV coordinate frame definitions. [1]

Consider Figure 2.3, which defines the FWMAV wing kinematics and body-

fixed coordinate frame. Three angles define the position of the wing at any point in a
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stroke cycle: ¢, stroke angle, 6, elevation angle, and «, angle of attack. For the BABM
controller, the elevation angle is fixed and the angle of attack is controlled by an angle
limited passive rotation joint, that is assumed to be constant during the up and down
half-stroke cycles. This assumption is an approximation to the true motion which has
been measured experimentally, as shown in [11], and modeled in [9], however keeping
this assumption of constant a prevents predictions and data analysis from becoming
intractable. In addition, the cycle-averaged forces are the main concern, as opposed to
the inter-cycle forces. Therefore, for BABM control only the stroke angle of each wing
is modified. The stroke angle function is controlled through three control parameters;
amplitude, split-cycle parameter, and bias that directly influence the motion of the
FWMAV, thereby allowing for full control of the vehicle. The split-cycle parameter
creates a wing trajectory where the upstroke and downstroke are asymmetric, shifted
approximately by =£7, as shown in Figure 2.4. This asymmetric waveform creates
a non-zero net drag force over the cycle of the flapping wing, while only marginally
decreasing lift, and is used in the control of the FWMAV [9, 67]. It is desirable to
maximize this net drag force per value of 7 for a given FWMAV. The term 07/0t
will be used to represent the amount of net drag force or thrust, produced per 7
used. For simplicity, Eq. (2.15) shows the split-cycle stroke angle function without

the amplitude or bias parameters,

cos|w(l—A)t] for 0<t < ==
¢ (t) = wl )4 oy (2.15)
cosw(l+X)t+¢] for 75 <t<

where, ¥ = 17A2 ~ &= igﬁ, and A = 1J2:2T thereby making the split-cycle stroke

angle function in terms of 7, split-cycle parameter, and w, flapping frequency.

In practice, it was found that the FWMAV wings did not adequately track the
split-cycle waveform wh