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his article discusses the altitude control of a flap-
ping-wing micro aerial vehicle (MAV). Although
the power requirement can be high for suboptimal
designs, flapping flight can be an efficient way to
transport a mass over a distance [1]. For example, an
optimized flapping flight can require 27% less aerodynamic
power than its optimal steady-flight counterpart at the scale
smaller than a bird [2]. This potential for increasing effi-
ciency as well as increased maneuverability has motivated a
renewed interest in flapping flight among researchers. How-
ever, it is difficult to understand the autonomous flight of
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bird-like micro robots due to limited sensing payload capac-
ity. This article describes the first step in tackling this prob-
lem, which is the automatic altitude control of such a vehicle.

Of the flapping MAVs available, the Golden Snitch [3],
named after the device referenced in the popular Harry
Potter series, is the platform used for this investigation
(see Figure 1). This device has a 20 cm wingspan and a
gross takeoff weight (GTOW) of 8 g, which includes its
fuselage, flapping wings, tail wings, a battery, a motor, and
a set of gear systems. The flapping wings are driven by a
motor with a four-bar linkage system. By adjusting the
lengths of the four bars, various stroke angles can be
employed. The stroke angle of the Golden Snitch is
designed around 53° [3].
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This article considers the practical problems of the control law
implementation and system integration using existing control technology.

Theoretical investigations of the aerodynamics of flap-
ping flight span over a century (e.g., [4]-[7] and citations
therein). Variations of the positional angle of fore and hind
wings during flight of locusts (Schistocerca gregaria) have
been determined [7]. Experimental studies [5], [6], [8], [9]
have enabled a better understanding of the natural wing
articulation by insects in hover and forward flight. External
or onboard cameras have been used for navigation and
guidance for the flight altitude of the Delfly II MAV [10].
Unlike the experiments in this article that employ stereo
vision, only one external camera was used in [10] to deter-
mine the scaled y-coordinate in the Delfly II experiments.
A proportional control (P-control) was designed to stabilize
the flight with a scaled y-coordinate as the feedback quan-
tity. As a result, the throttle required trimming in advance.
Modeling, dynamics, and control laws for flapping flight
have been investigated [11]-[20]. Optical methods for navi-
gation and guidance have been developed [21]-[23]. The
robotic birds in [10] and [21] are twice the weight of the
Golden Snitch, affording them a greater sensing payload
capacity than would be possible for the Golden Snitch.
Consequently, the aim of this article is not to develop a new
or more sophisticated control law. Rather, this article con-
siders the practical problems of the control law implemen-
tation and system integration using existing control
technology.

The article begins by providing some background on
the design and development of the mechanisms that enable
the Golden Snitch to fly. Then the equations of vertical
motion for this particular robotic bird are derived. Aerody-

FIGURE 1 The flapping-wing micro aerial vehicle, the Golden
Snitch, developed at Tamkang University. It is an 8-g weight and
20-cm wingspan aircraft, including the fuselage, flapping wings,
tail wings, battery, motor, and gear system. The flapping wings are
driven by a motor with a four-bar linkage system. By adjusting the
lengths of the four bars, various stroke angles can be achieved.
The stroke angle of the Golden Snitch is designed to be around
53° [3].
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namical and dynamical coefficients are obtained from
experimental data. To keep the overall weight of the vehicle
as low as possible, a commercial infrared (IR) transmission
module that weighs fewer than 1 g was selected, which
unfortunately constrains the communication capability. A
nonintrusive method to replace a traditional onboard com-
puter and sensors is also discussed. By using stereovision,
the three-dimensional position of the Golden Snitch can be
obtained [23]. Further details about the stereovision system
are provided in “How Does a Stereovision System Work?”.
All navigational information and control commands are
computed on the ground station and transmitted to the air
vehicle. The control commands generated using a modified
proportional feedback is shown be sufficient for achieving
height control. The validity of the approach is demon-
strated in numerical simulations and flight tests.

DEVELOPMENT OF THE GOLDEN SNITCH

Development History

For a flapping-wing M AV, weight is a critical issue because
the low cruise speed and small wing area generate less lift
forces than for a regular fixed-wing MAV. For this reason,
the Golden Snitch adopts a high strength-to-mass ratio tita-
nium alloy as the airframe material and parylene as the
skin material of the flapping wing. Furthermore, a light-
weight high-power battery was used in the design.

Determining an accurate size for the titanium-alloy air-
frame and its shaping using conventional machining meth-
ods without incurring residual stress is a challenging
process. To mitigate this, a wet etching technique was used
to tailor the airframe structures from the titanium-alloy
plate, and tests showed no apparent residual stress. A par-
ylene coating technique was used for laying the wing skin
attached to the titanium frame.

Because flight tests show that flexible wing frames gen-
erate more lift than rigid wing frames, the MAV was
remodeled using carbon-fiber wing frames with 30° ribs
and a new gear transmission module. The body mass and
wingspan were also reduced to approximately 8 g and
21.6 cm, respectively. Flight test results and aerodynamic
performance analysis showed a 35% improvement in
thrust. The removal of the structure reaming on pivoting
joints and the penalty force from the unsteady flapping
reduces friction losses, which is a net benefit of this design.
Reduced friction in the mechanical transmission module
boosted the wing beat frequency of the Golden Snitch MAV
up to 20 Hz (much faster than our earlier designs).



How Does a Stereovision System Work?

Astereovision system is designed to mimic the human eyes.
Two types of geometry are usually designed to obtain ste-
reo vision, the crossing method and the parallel method [22],
as shown in Figure S1. This article selected the parallel meth-
od, which is easier to manipulate.

Consider an experimental setting as shown in Figure S2.
Let the point P be the target to observe. Figure S3 shows the

(b)

FIGURE S1 Geometries of the stereo camera. (a) Crossing
method and (b) parallel method. The cross method resembles
human eyes more than the parallel method [22]. This article
selected the parallel method, which is easier to manipulate.
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FIGURE §2 The definition of the camera coordinate system. The
point P is the target to observe. The origin of the coordinate
system is located at the center of two cameras. The x points to
the left, y points toward the target, z is perpendicular to x and y,
and C denotes the dispersion of the two cameras.

view of the left and the right camera, respectively. Define Prax
as the largest pixel numbers counted from the central line
and ..« as the half field of view in the horizontal direction, as
shown in Figure S4.

The x coordinate of the target is given by [23]

x=c(d+71e)

(1)
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FIGURE S3 The vision of the two cameras. The cross mark
denotes the target, and P; and P. denote the pixels deviated
from the center of the vision, observed from the left and right
cameras, respectively.

FIGURE §4 The vision of a camera and definition of parame-
ters, with Pmax denoting the largest pixel numbers deviated
from the center of the picture in a horizontal direction and Omax
being the half field of view of the camera.

V4
A

i I

FIGURE S5 Definition of depth L and vertical vision angle ¢.
The geometry implies that tan ¢ =z/L.
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where C is the dispersion of the two cameras, P; and P. are the
pixels away from the center seen by the left and the right camera,
respectively, and p = P1/Pz. The depth y = L is obtained by

L Cc

= Y (0 —1)tan Omax (82)

where ¥:= P2/Pmax.

The height of the target is attainable through similar pro-
cedures. Define ¢max as the half field of view in the vertical
direction. Similar derivations yield [23]

Z = g tan Pmax, (S3)

where 4 = q/qmax, and the definitions of g, Gmax, and Pmax are
depicted in Figures S5 and S6.

The Wing Frame

The wing motion of a bird is a composite of flapping, twist-
ing, folding, and gliding. To precisely reproduce such a rich
motion set in a robotic bird would require highly sophisti-
cated mechanisms. Instead of creating such a mechanism,
a one-degree-of-freedom (1 DOF) flapping mechanism was
designed to simplify the design and keep its weight down.
This tradeoff means that the aerodynamic performance of
this design will be less efficient than the wing motion of
real birds. To compensate for this, the design uses a high
flapping frequency. A wing frame that can sustain a higher
flapping frequency requires high structural strength. Con-
sequently, strength and weight of the materials for wing
frames are crucial issues.

In our initial design, titanium-alloy wing frames were
employed. Having tried different materials, carbon-fiber
wing frames were found to generate more lift. Moreover,
streamwise vibration of the carbon-fiber leading edge
was characterized by a wingbeat frequency from 15.6 to
21.7 Hz for the wings with 30° ribs. This frequency is
much smaller than the natural frequency of 85 Hz for the
wing structure. Therefore this special vibration has no
effect on the resonance of the wing frame. By combining
this induced coherent streamwise vibration of the wing
frame and the vertical reciprocating flapping motion
shown in Figure 2, a stereo figure-of-eight flapping
motion of the MAV shows up and can be seen even by the
unaided human eye. This observation was validated by
the use of LED illumination, as shown in Figure 3. This
streamwise vibration of the wing frame is attributable to
the Knoller-Betz effect [25] and interpreted as a coherent
forward locomotion. The biggest thrust or the vibration
amplitude occurs at the instants of stroke reversals, i.e.,
the highest and lowest points of the flapping motion. Our
experiments show that a biomimetic figure-of-eight wing
tip trajectory can be generated by a simple flapping mech-
anism in flexible MAVs.
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FIGURE S6 The vision of a camera and definition of parame-
ters. The cross mark denotes where the target appeared in the
picture, and gmax and g denote the maximal pixels and the
pixels of the target counted from the center of the picture in the
vertical direction, respectively.

Design of the Gear Transmission System

The gear transmission system for the MAV is composed of
a gear-reduction set and a four-bar linkage, as shown in
Figure 4. A 7-mm diameter DIDEL electric motor was
installed to drive the transmission system. The gear set
with a gear ratio of 26.6 provided sufficient torque for driv-
ing the flapping wings. The entire gear set and the motor
were originally arranged on an aluminum base. In the
Golden Snitch, however, the whole set was replaced by
plastic pieces. Taking advantage of plastic injection mold-
ing, the pieces of the transmission system could be pro-
duced in large quantities of identical individual units.
These identical gear sets not only lower the costs but also
result in more reliable and repeatable experimental results.

DYNAMIC MODEL
The complete nonlinear dynamics of the Golden Snitch is
discussed elsewhere [19]. This article only considers the
equation of vertical motion, and focuses on the implemen-
tation of the altitude control law. Although realizing auton-
omous flight is the ultimate goal, the current stage only
controls the flight altitude due to the particular mecha-
nisms of the Golden Snitch. The chosen communication
module and the design of the linkage system place con-
straints on the operation capability in flapping frequency
and provide null ability for directional and attitude con-
trols. Consequently, this article is primarily concerned
with control, navigation, guidance, and implementation
issues related to vertical motion.

From Newton’s second law, the dynamics of vertical
motion can be formulated as

> F=msz, @

where F. denotes the forces in the vertical direction, m is
the mass of the flapping-wing MAY, z is the position in the
vertical direction, and Z is the vertical acceleration. The
external forces in (1) include the weight mg, the average lift



FIGURE2 Anillustration depiction of the continuous full-cycle flapping
motion of the micro aerial vehicles with a rigid four-bar transmission
module. (a) denotes the neutral position; (b) and (c) denote the down-
stroke; (d) and (e) denote the upstroke; the bird’s-eye views from (f) to
(j) correspond to the front side views from (a) to (e), respectively [3].

force generated by the main wings F., and the lift force
generated by the tails F;. The upward direction is defined
as positive, and the downward direction as negative. Note
that F is the average lift force over one flapping period of
around 0.08 s [19]. As a result, (1) describes the averaged
motion longer than one flapping period, and the equations
of motion are rewritten as

Fy + F —mg = mz. 2

FIGURE 3 Wing tip trajectory traced out by LED illumination. Images
1-3 are instantaneous images of a figure-of-eight taken by a high-
speed video camera. The right image combines the left three
images [3].

Nodal Point

FIGURE 4 Gear transmission system. The aluminium base is used
for wind tunnel tests, while the light plastic base is selected for an
actual flight experiment [3].

The lift forces of the main wings and the tails are func-
tions of the parameters [3], [19]

Fw = %pUZSwCLw (3)
F= %pwsch,, @
respectively, where p denotes the air density, U denotes the
incoming wind speed, S denotes the area of the wings, and
Cr denotes the lift coefficient. The subscripts w and t
denote the main wings and the tails, respectively. To sim-

plify future derivations, let K» = pSw»/2 and K: = pS:/2.
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4 2\
TABLE 1 The constants for the lift force coefficient for the
Golden Snitch.

Ao v
Set Angle 10° 20° 30° 40° 50°
¢ 19.07 20.22 3535 42.09 58.25
n 5.471 4174 4.851 4823 6.107

\f 0.6914 1.181 1.404  2.051 2.346

4 2\

TABLE 2 The values of the tail lift coefficient as a function of
the angle of attack (AOA).
Ao

v
AOA -20° -10° 0° 10°
Cu —1.242 —-0.2808 0.3571 0.5963
AOA 20° 30° 40° 50°
L Cw 0.6881 0.8148 0.9025 0.8868

The averaged lift coefficient generated by the main
wings over one flapping period is given by

Cr, = é’e—ﬂ] + 51 5)

where {, 17, and £ are parameters that are specified by the
wings, and the advanced ratio | is defined as

__u
I= 2bf P’ ©)

where ®, f, and b are the stroke angle, flapping frequency,
and semiwingspan, respectively.

The parameters {, 77, and £ in (5) are functions of the set
angle, which is an angle set up in the wing tunnel test. Differ-
ent from a fixed-wing aircraft, whose angle of attack remains
constant provided the pitch angle of fuselage remains con-
stant, the angle of attack of the flapping wings varies all the
time. As a result, the conventional definition of angle of
attack does not apply to flapping-wing MAVs. Instead, the set
angle is commonly employed as a parameter when the aero-
dynamics of flapping-wing MAVs are investigated. When
flight tests are discussed, the set angle equals the pitch angle
of the fuselage plus the installed angle of the wings.

Although flapping aerodynamics has been theoretically
investigated for many decades, they are not mature enough
to predict the aerodynamic parameters in (5) analytically.
So the model parameters in Table 1 were fit to experimental
data collected by wind tunnel tests [3]. The experimental
data of the tail lift coefficient as a function of the angle of
attack provided in [19] are listed in Table 2.

HARDWARE

Unlike a regular unmanned aerial vehicle, in which control
laws are easily implemented if the computational speed
meets the real-time requirements, an MAV is highly con-
strained by size and weight restrictions. Consequently,
when dealing with implementation of control laws and
realization of autopilot of the Golden Snitch, these two fac-
tors must be taken into consideration.

Hardware Architecture
Figure 5 illustrates the traditional hardware architecture
for the autonomous flight of unmanned aerial vehicles.

Ground Station

‘ Servos/Actuators ‘

‘ Trajectory/Attitude ‘

Sensors/IMU

FIGURE 5 The traditional hardware architecture for the autonomous flight of unmanned aerial vehicles. Traditionally, an aircraft is
equipped with an onboard computer for communicating with the ground station, receiving flight data from sensors or an inertial mea-
surement unit (IMU), and calculating control commands based on a designed control law. In addition to an onboard computer, sensors
and/or IMUs are present onboard to collect flight data; antennas and encoder/decoder are also essential for communication. The trajec-
tory of the vehicle is preassigned or guided by the ground station through the communication module.
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Unlike a regular unmanned aerial vehicle, in which control laws are easily
implemented if the computational speed meets the real-time requirements,
an MAV is highly constrained by size and weight restrictions.

Traditionally an aircraft is equipped with an onboard com-
puter responsible for communicating with the ground sta-
tion, receiving flight data from sensors or an inertia
measurement unit (IMU), and calculating control com-
mands based on designed control law. In addition to an
onboard computer, sensors or an IMU are essential for col-
lecting flight data; and antennas and an encoder/decoder
are also essential for communication. The trajectory of the
vehicle is usually preassigned or guided by the ground sta-
tion through the communication module.

The specifications of the Golden Snitch, however, are
designed to keep the total weight of the vehicle under 10 g.
If a traditional architecture is applied, the lightest radio fre-
quency (RF) communication module, including an encoder
and decoder, is approximately 3 g and the MEMS gyroscope
is about 30 g. Installing these sensors on board would be
too cumbersome, let alone installing a computer or micro-
chips with supporting circuits.

A modified architecture is depicted in Figure 6. In this
loop the traditional RF communication module is replaced
by a 1-g IR module. Sensors to obtain the flight altitude are

Ground Station

replaced by a set of external stereovision systems. Moreo-
ver, instead of using an onboard computer, control com-
mands are computed on the ground station and then
transmitted to the aerial vehicle. As a result, no control or
sensing units are installed onboard. Although this structure
limits the flight capability and applicability of a flapping-
wing MAV to some extent, it is the most effective method to
realize automatic control of flight altitude at gross vehicle
weights fewer than 10 g. As technology advances, it is likely
that an appropriate combination of sensors for complete
onboard operation will become available.

Communication Module

A commercial IR communication module was employed
because a regular RF communication module is too heavy
to install on the Golden Snitch. The signal from the IR
module is digital and composed of thrust and directional
information. Currently, no mechanism has been designed
to control the direction of the Golden Snitch, and only the
control of thrust is discussed in this article. The control of
the thrust was accomplished by a pattern of 4-bit code,

| IR Module |

| Motor/Linkages |

Stereovision

FIGURE 6 A modified control architecture for a micro aerial vehicle fewer than 10 g. In this loop, the traditional radio frequency commu-
nication module is replaced by a 1-g infrared module, and sensors to determine the flight altitude are replaced by a stereovision system.
Moreover, instead of using an onboard computer, control commands are computed in the ground station and then transmitted to the

aerial vehicle. As a result, no control or sensing units are on board.
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[ TABLE 3 The thrust level and the average flapping rate. ]
Thrust Level (#) Flapping Rate (Hz) Thrust Level (#) Flapping Rate (Hz) Thrust Level (#) Flapping Rate (Hz)
0 0 ® 11.9 10 12.35
1 10 6 12.35 11 12.5
2 11.1 7 12.35 12 12.66
3 11.76 8 12.19 13 12.8
4 11.76 9 12.35 14 12.8
. J
implying that at most 16 levels of thrust can be provided, CONTROL LAW DESIGN

including zero input. In actuality, only 14 signals, zero
input excluded, was used in thrust control. The 14 signals
control the 14 spin rates of the driving motor, which then
convert to 14 flapping frequencies through the four-bar
linkage. The relation between thrust levels and the corre-
sponding flapping frequencies are given in Table 3.

The use of this IR module raises a potential control
problem. Due to the protocol of the IR module, only 14
nonzero and discrete flapping frequencies are available,
implying that only limited amounts of control signals
are allowed to manipulate the MAV. As a result, tradi-
tional control laws may need to be modified before they
are applied.

FIGURE 7 Definition of parameters at cruise flight. The aircraft
experiences an incoming stream of speed Uo, when flying forward
with a nominal speed Uo and fuselage pitch angle ©.

FIGURE 8 Definition of parameters for vertical motion. When a
vehicle moves upward with speed z, the vertical motion induces a
decrease in the angle of attack by A®, where tan A® =z/U.
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As stated previously, this article does not present a new or
more sophisticated control law but mainly focuses on hard-
ware implementation and system integration. Accordingly,
a modified P-control is investigated and shown to be ade-
quate in this case.

Linearized Dynamics
The nonlinear dynamics describing the altitude of the vehi-
cle is given in (2). For initial analysis purposes, the Golden
Snitch was assumed to be initially cruising at a height of
z = zo with a speed of U = Uy, in which the corresponding
flapping frequency was assumed to be f = f;. The autopilot
was in charge of maintaining the flapping-wing MAV in
the cruise condition. For the MAV encountering a small
perturbation, the excursion of the vehicle from the nominal
condition was characterized by linearizing the nonlinear
equations of motion about this nominal condition.

Assume that the vehicle is initially operating under
cruise conditions, namely, z =20, 2=0, U= Uo, and
f=fo. Let O(f) be the pitch angle of the fuselage in
Figure 7 and assume that ® = @ at cruise. The set angle
for the main wings is approximately @w = ©o + cw», while
the angle of attack (AOA) of the tails is a: = G0 + ¢, where
cw and c: are constants that depend on the installation
angle of the wings.

On the other hand, when the vehicle moves upward at a
vertical speed z, the AOA decreases by

AB = tan! ill' )

as depicted in Figure 8. Let

Fw = Fw,O + aFw, (8)
F=F,+ 5Ft, (9)
z=2z0+ 0z, (10)

where Fu0 and Fio denote the required lift forces generated
by the main wings and the tail wings, respectively, 6F, and
SF: denote the perturbations in lift forces generated by the
main wings and the tail wings, respectively, and &z denotes
the offset of the flapping-wing MAV from the nominal alti-
tude. The linearization of (2) is then given by



5Fw + 5Ft 71152 (11)

Equations (3) and (5) suggest that the force generated by
the main wings is a function of U, {, 7, £, and J. In addi-
tion, ] itself is a function of the flapping frequency f. There-

fore, the dependencies can be written as

Fo = Fw(ur é,/ n ‘:&/ f)

so that the perturbation 8F, can be formulated as:

SF, = aF“’ 5LI + ok 8¢ + aF“’ 577 + 2L 6 + %]“’5]. (12

4 o

According to the wind tunnel tests, the parameters
(£, 7n, &) are functions of the set angle. Assume that the
vehicle suffers from deviations in its vertical position and
speed, denoted by 8z and 8z, respectively. Figure 8 indi-
cates that these deviations induce variations in the param-
eters by changing the direction of the injecting flow, which
is equivalent to changing the set angle.

Accordingly, the variations in those parameters are
attainable from the derivations

su=2Ls;
=2 Ui+ 5z
oz U=Uo,z=0
=0, (13)
BC _ 3¢ 90
8¢ = 5 =50 o2 =6z, (14)
877 911 90
on = 5@) 20 2z =6z, (15)
4 9 90 .
8¢ = 580 = —2- 057 (16)

Equations (13)—(16) suggest that the variation of param-
eters is a function of the variation of the set angle induced
by the speed perturbation. Hence, it is useful to obtain
90/9z analytically. According to Figure 8,

-1 (17)

U=Uoz=0 uo

0 __d z
9z dz(tn U)

On the other hand, the variation of | due to a flapping
frequency perturbation &f is given by

—Uo

18
f of = 2b<I>f2 18)
As a result, the perturbation of F, is expanded as
oF, 3¢ | 9F, 1M . 9F, 3¢ \s.
w = + A A
OF = U()( o 20 " on 20 T of 20 )%
—Uy 9Fy i
200f; 9]

= —Kulo(e <2 a{ —je 2L 877 g)&

— Uy OF,
+——L =L 6f 19
2017 o] ()
Similarly, the perturbation of F: is attainable by
SF, = 3—856 — K3 aa%, 99 55 = —Killy Lk ath 52 (20)

Denote the partial derivative of a parameter X with
respect to © as X e in the following derivations. The linear-
ized equations of motion are then formulated as

m&% + B8z = R&f, 1)

where

B=Kolo(eLo—]le"ne+Ep)+KilloCrio, (22)

Uy
—0 23
200f3 @)

R = Kw U(%Cﬂe_m
Control Law Design
Equation (21) provides the linearized equations of vertical
motion of the Golden Snitch. The open-loop transfer func-
tion of this system is given by

0z(s) _ R
Of(s)  ms®>+Bs’

Since the open-loop system has one pole at the origin and
the other pole in the left-hand plane, a simple P-control
with unity feedback is enough to stabilize the system,
regardless of the value of the feedback gain K. If the MAV is
to be maintained at the nominal height, we require the ref-
erence command to be zero in the linearized dynamics.
The reference command is the height for the system to track
over time, with the nominal height z(t) = zo. As a result,
the reference command in the linearized system, which
only considers the offset dynamics, is given by
0zy =z —20=0 from (10). The control of the linearized
system is then given by

24

Sf(s) = —Kdz(s) + 8z, = —Kdz(s). (25)

Or, 6f(t) = —Kdz(t) in the time domain.

When considering the Golden Snitch, however, the dis-
continuity of control caused by the limited communication
capability also has to be considered. As stated in the pre-
ceding sections, 14 nonzero flapping frequencies, denoted
by {foi, fo., ... fou}, can be used for cruise flight. It is impor-
tant to recall that 6f(s) in (25) actually denotes the frequency
variation, meaning 8f =f—fo. Assume that the required
flapping frequency for a specific cruise condition is fo,. The
available frequency variations under this circumstance are
the sequence 6f = {Afi}, where Afy = fo, — fo, k =1,...,14.

OCTOBER 2012 « |IEEE CONTROL SYSTEMS MAGAZINE 43



4 2\
TABLE 4 Physical parameters for the Golden Snitch.
. N
Item Value Item Value
m 8 0 0.3491
b 0.2 n 4174
f, 12.66 Ne 1.1007
e 20.22 S 0.006
& 57.4276 Uy 3.5
CLo 2.1985 @ 0.925
S 0.014 £ 1.181
kp 1230 e 2.3945
- Altitude Offset from Nominal
T T
i —— Sequence Control
8H - - - Continuous Control |-
\ \
6
5§ 4
N

0 1 2 3 4 5
Time (s)

FIGURE 9 Numerical simulation of altitude variation under altitude
perturbation. After an initial perturbation of 10 cm in height, the
control law brings the vehicle back to the nominal height success-
fully. However, due to the discontinuity of the control command in
actual practical implementation, the control history is less efficient.

History of Control Signal

Af (Hz)

Sequence Control
) - - - Continuous Control |~
-30 i i i

0 1 2 3 4 5
Time (s)

FIGURE 10 Numerical simulation of the control history.
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Since only limited choices of frequency variations are
available for use as the control command, the position feed-
back &f = — Kdz in (25) computed with a predesigned feed-
back gain K is rounded to the nearest element in the control
sequence Afi. Numerical simulations shows the validity of
this method for this particular system and on the conver-
gence of the system to the desired state.

NUMERICAL SIMULATIONS

The physical parameters of the Golden Snitch are in
Table 4. The unit for length is m; for mass, g; for frequency,
Hz; for angle, rad; and for the derivatives, 1/rad. For the
parameters shown in Table 4, the variables defined in (23)
and (22) are computed as R = 2.0541 and B = 102.0409.
From root-locus analysis, the damping ratio is about 0.7
when K = 300.

Figures 9 and 10 provide numerical simulations of the
modified proportional control law, compared to a regular
P-control. The vehicle is assumed to initially suffer from a
vertical position offset by +10 cm. Later the control law
begins to work and returns the vehicle back to the nominal
height, as shown in Figure 9. Figure 10 demonstrates the
control history. The solid line denotes the history by a regu-
lar continuous P-control, whereas the dashed line denotes
the history under the developed control law.

Due to the discontinuity of the control, the developed
algorithm is less efficient than the regular P-control, and
the response of the closed-loop system is slower. However,
the altitude remains stable under this algorithm.

EXPERIMENTS AND DISCUSSION

Flight Tests Inside the Laboratory

Two types of flight tests were arranged. The first type of
flight test was accomplished inside the laboratory and
designed to measure quantitative properties, whereas the
second type was performed within an indoor open space to
verify the qualitative performance of the entire loop. Exam-
ples of these experiments are shown in Figures 11 and 12,
and a video showing the experiments is available [24].

Due to space constraints in the laboratory, the MAV was
attached to the ceiling with a string of negligible mass,
which forces the MAV to fly within a certain range. The
length of the string is such that it is not enough to influence
its vertical motion. Although the string becomes tight to
provide centripetal force when the MAV is flying, any devi-
ation from the nominal altitude still results in corrective
control action. By flying faster or slower, the robotic bird
can adjust itself to the designated nominal altitude. The
system loop is constructed as seen in Figure 6, in which the
altitude of the MAV is measured by the computer stereovi-
sion system. Several blue stripes were placed on the wall, as
shown in Figure 11, denoting 1.8, 1.6, 1.4, and 1.2 m, respec-
tively, from top to bottom, to provide visual references for
human operators.
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FIGURE 11 Flight tests in the laboratory. The micro aerial vehicle (MAV) is tethered to the ceiling with a string of negligible mass to force it
to fly within a certain range. The blue stripes on the wall, denoting 1.8 m, 1.6 m, 1.4 m, and 1.2 m, respectively, from top to bottom, are set
to provide visual references for human operators. The MAV is highlighted by a red circle. The MAV flies around the preassigned cruise
altitude h = 1.5 m. These pictures are snapshots from a video [24]. The MAV is highlighted and the clock was post-edited with a photo editor.

The measured results are shown in Figures 13-15. In Fig-
ures 13 and 14 the nominal altitudes were set at 1.5 and
1.2 m, respectively. Although the MAV is noisy at the meas-
ured height, it is apparent that the Golden Snitch hovers
around the vicinity of the assigned altitudes. Due to the lim-
ited control sequences, the largest control that can be applied
is 2.5 Hz, corresponding to an excursion of 250/K cm,

where K is the designed feedback gain. That is, any excur-
sion measurement larger than 250/K cm is going to be fil-
tered and only triggers the largest control signal. As a result,
the noisy observation did not cause large variation in the
flight tests.

In Figure 15, the flapping-wing MAV originally cruised
at an altitude of 1.2 m. The new nominal altitude was set to
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FIGURE 12 Flight tests in an indoor open space. The micro aerial vehicle (MAV) is highlighted by a red square. Because no additional
methods are available to cross-check the measurements by the stereovision in the open space, the structure of the system loop was
verified only qualitatively. It is shown from pictures that the Golden Snitch is maintained at a range of heights under the control of the
developed structure. These pictures are snapshots from a video [24]. The MAV is highlighted and the clock was post-edited with a

photo editor.

be 1.5 m, and the corresponding nominal thrust level was
also provided. The figure shows that the flapping-wing
MAV starts to be brought to the new nominal altitude at
the 35th data point, corresponding to t = 10.5 s, although
measurement error exists [23]. When the new nominal
height was set, the MAV, cruising at the original nominal

46 IEEE CONTROL SYSTEMS MAGAZINE » OCTOBER 2012

height, is viewed as having initial excursion of -30 cm
from the nominal. Hence, the proposed control law is
expected to work and compensate for the excursion.
Figure 15 shows that the control does function to compen-
sate the excursion and try to maintain the MAV at the des-
ignated height.
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FIGURE 13 Position data acquired by the stereovision system. The
nominal altitude was 1.5 m. Although the data are noisy, Figure 11
suggests that the noise comes from the stereovision system.
Moreover, Figure 11 shows that the control keeps the robotic bird
flying around the nominal height even under noisy feedback.
These are the data sets from the flight tests inside the laboratory.
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FIGURE 14 Position data acquired by the stereovision system. The
nominal altitude was 1.2 m. Although the data are noisy, Figure 11
suggests that the noise comes from the stereovision system.
Moreover, Figure 11 shows that the control keeps the robotic bird
flying around the nominal height even under noisy feedback.
These are the data sets from the flight tests inside the laboratory.

Figure 11 also provides additional evidence that the alti-
tude of the MAV lingers around the designed 1.5 m. We
conclude that the variation of the observed data comes
from the measurement of noise by the stereovision system,
and this system is expected to improve in the future. How-
ever, these flight tests do quantitatively verify the function
of the control law.

Flight Tests in an Indoor Open Space

The flight tests in an indoor open space are shown in
Figure 12. Since no additional methods are available to
cross-check the measurements by the stereovision in open
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FIGURE 15 Altitude transition from a height of 1.2 m to 1.5 m. Plot
(a) shows the altitude history, and plot (b) shows the control his-
tory. In this flight test, the flapping-wing MAV originally cruised at
an altitude of 1.2 m. The new nominal altitude was set to be 1.5 m,
and the corresponding nominal thrust level was also provided.
The plots show that the flapping-wing MAV starts to be brought to
the new nominal altitude at the 35th data point, corresponding to
t=10.5 s, though measurement error exists.

space, these tests only qualitatively verify the structure of
the system loop. Although we currently do not know the
vehicle’s flight capabilities regarding altitude, the Golden
Snitch appears to cruise at a certain altitude under the con-
trol of the proposed scheme.

CONCLUSION

This article described a control law for stabilizing the verti-
cal motion of a flapping-wing MAV and developed a system
architecture that is potentially beneficial in realizing the
autonomous flight of flapping-wing MAVs fewer than 10 g.
The article began with a brief introduction to the Golden
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Snitch, including its development history and the develop-
ment of the overall system. The vertical dynamics were
given for altitude control. The use of wind tunnel tests to
obtain aerodynamical parameters was described. Due to
the limited payload-carrying capability, the control archi-
tecture was modified so that automatic control of flight alti-
tude of a flapping-wing MAV fewer than 10 g is possible
using current technology. Taking the hardware constraint
into account, it was shown that the modified P-control can
stabilize the vertical motion and track altitude commands.
Numerical simulations and flight tests were presented that
demonstrate the function of the developed control law and
the system architecture. We believe this flapping-wing
MAV to be the first under 10 g able to automatically main-
tain its flight altitude.
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