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The Development of Flapping MAVS:
The Stability Flight Control of a Flapping MAV and Its Avionics

‘R BT A RE Sk 1 A2E
Abstract

The development of flapping MAVs, especially in the aspect of flight stability
control and the avionics are studied in this research. The goal of this project is to
investigate a possible control law and its implementation to stabilize the attitude of
a flapping-wing robot, so that it can track navigation commands, achieve
autonomous flight, and execute various missions. This work, as a subproject of “the
Development of Flapping MAVs”, was primarily lead by Dr. Fu-Yuen Hsiao, in
charge of developing the control law to stabilize the flight of flapping MAVs, and
collaborated with Dr. C.C. Hung, responsible for the development of
Electro-mechanics system.

On the basis of the earlier knowledge on the Golden Snitch, a flapping-wing
MAV in TKU, we stabilize the flight trajectory with a modified P-control. Different
from other mechanical or aerial systems, the selections in control signal are limited
in this problem due to the restrictions in carry-on weight. Numerical simulations
also provided to demonstrate the robustness of our control law.

On the other hand, this research also presents the study of
microstrip/meander-line antennas embedded into or deposited on flapping-MAV
structures, and both the formulation and simulation of electromagnetic radiation
characteristics of microstrip/meander-line antennas are introduced. The basic
concepts of microstrip and meander-line antennas are introduced in the above
analyses and some simulations of these antennas on 2D isotropic substrates are also
demonstrated.

This report is essentially composed of two parts, the trajectory control and the
development of micro avionics. Each part is detailedly presented in the format of
paper by the investor. The ultimate goal of this research is to realize the
autonomous flight of flapping-wing MAVs.



The Flight Stability Control of a Flapping MAV

FY. Hsiao*

Abstract— The trajectory control of flapping-wing micro-
aerial vehicles (MAVSs) is discussed in this report. The Tamkang
University (TKU) has been devoted to the development of
flapping-wing robots for a long period, including design, fabri-
cation and control. On the basis of the earlier knowledge on the
Golden Snitch, a flapping-wing MAV in TKU, we stabilize the
flight trajectory with a modified P-control. Different from other
mechanical or aerial systems, the selections in control signal
are limited in this problem due to the restrictions in carry-on
weight. Numerical simulations also provided to demonstrate the
robustness of our control law, and flight test will be scheduled
to examine this design. The ultimate goal of this work is to
realize the autonomous flight of flapping-wing MAVs.
Keyword: Micro Aerial Vehicles (MAVs), Flight dynamics,
Trajectory control, P-Control

|. INTRODUCTION

This report studies the trajectory control of a flapping-
wing MAV, especially the MAV developed in the Tamkang
University. Flight in flapping is a very efficient way to
transport a unit of mass over a unit of distance, even though
it requires extremely high power output [8]. For this reason,
it is an interesting field and a new generation technology for
the researchers to investigate.

The TKU MEMS Laboratory has been developing bird-
like flapping MAV's for several years, and the most recent
prototype, “ Golden Snitch”, is a 8-gram-weight and 20-cm-
wingspan aircraft including the fuselage, flapping wings, tail
wing, battery, motor and a set of gear system. The flapping
wing is driven by a motor with a four-bar linkage system.
By adjusting the lengths of the four bars, various stroke
angles can be designed. the stroke angle of Golden Shitch is
designed around 53°. [4].

Researchers have been devoted themselves into the de-
velopment of flapping-wing MAVs. Many theories about
dynamics and control laws are come up with. Lighthill [7]
performed some of the earliest theoretical studies on the
aerodynamics of insect flight and Weis-Fogh and Jensen [11]
determined the variation of the positional angle of fore and
hind wings during flight of Schistocerca gregaria. A variety
of experimental studies has enabled a better understanding
of the nature of wing articulation by insects in hover and
forward flight [3], [10], [12]. Moreover, several modeling
and control laws are aso proposed by researchers [1], [2],
(5], [€]. [9].

In this research, we investigate the tragjectory control of
flapping MAV. Although some researchers have been inves-
tigating this problems with application of various control
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theories, most of the results are not implementable in the
current days. To implement those control law we requires
powerful onboard computer and various sensors. However,
these equipments are hardly possible to carry onboard, due
to the limitation of size and weight. Consequently, we don’t
intend to propose a new or fascinating control law in this
report. Instead, we focus on the practical problems about
how to implement the control law and realize autonomous
flight of the flapping MAV under current technology level.

In detail, taking the Golden Snhitch as the example, we
derive the equations of motion and obtain those dynamical
coefficients with experimental data. To solve the weight
problem, we select a commercia IR transmission module,
which unfortunately constrains our control ability. We also
propose an hon-intrusive method, using stereo-vision, to
obtain the position and attitude of the flapping-wing vehicle.
Based on the current hardware that we can construct, a P-
control with modified output feedback algorithm is proposed,
and numerical simulations are provided to demonstrate the
robustness of our agorithm.

Il. DYNAMICS MODEL

The flapping-wing MAV developed by the MEMS Labora-
tory in the Tamkang University, the Golden Snitch, is shown
in 1, and its full nonlinear dynamics of this vehicle has been
discussed in Ref. [14], provided the coordinate definition
shown in Figs. 2 and 3.

In this report, however, we only consider the dynamics
in the vertical motion with focus on the implementation
of trajectory control law. Although realizing autonomous
flight is the ultimate goal, in the current stage we are
under the constraint of mechanisms, leading to the limited
operation capability in flapping frequency and null ability in
direction and attitude controls. As a consequence, this report
mainly discuss the control law and implementation in vertical
motion, and put the direction and attitude controls in future
schedule.

Fig. 1. The Golden Snitch developed by the MEMS Lab in Tamkang
University.
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Fig. 2. A cartoon depicting the definition of the body-fixed frame.

Fig. 3. A cartoon depicting the configuration parameters of the fuselage.

According to the Newton's second law, the dynamics of
the vertical motion can be formulated as

Sr -

where forces include the weight, mg, the averaged lift force
over one flapping period generated by the main wing, F',,,
and the lift force generated by the tail, F;. Hence we expand
the eguation of motion as

mz

Fo+F—mg = mZ (1)

According to Ref. [4] and [14], the lift forces of the main
wing and the tail are functions of several parameters, given
by

1

F, = EpUQSwCLw 2
1

Ft = §pU25tCL” (3)

respectively, where p denotes the air density, U the incoming
wind speed, S the area of the wing, and C the lift
coefficient. The subscript w and ¢ denote the main wing
and the tail, respectively. For simplicity, we would like to
let K, = pSw/2 and K; = pS;/2, and replace those
coefficients with K, and K in future derivations.

The averaged lift coefficient over one flapping period
generated by the main wing is a function of the advance
ratio J [14], given by

Cr, = Ce ™ +¢ (4)

where the constants ¢, n, and £ are functions of set angle.
No theory so far is mature enough to predict those constants
and the experimental values for the Golden Snitch are listed
in Table | [4]. In addition, the advanced ratio, .J, is defined
as

w

U
- 2bf® ©
where ®, f, and b are the stroke angle, flapping frequency,
and semi-wingspan, respectively. The experimental values of

TABLE |
THE CONSTANTSIN LIFT FORCE COEFFICIENT FOR Golden Snitch.

Set angle 10° 20° 30° 40° 50°

¢ 19.07 2022 3535 4209 5825

n 5471 4174 4851 4823 6.107

13 06914 1181 1404 2051 2346
TABLE Il

THE VALUES OF THE TAIL LIFT COEFFICIENT AS A FUNCTION OF AOA

AOA —20° —10° 0° 10°
Cr, -1.242 -0.2808 0.3571 0.5963
AOA 20° 30° 40° 50°
Cr, 0.6881  0.8148 0.9025 0.8868

the tail lift coefficient as a function of angle of attack are
provided in Ref. [14] and listed in Table II.

I1l. HARDWARE

Aside from the dynamics of the Golden Shitch, we now
turn to the hardware implemented for the control of the
flapping-wing MAV. Different from a regular unmanned
aerial vehicle, on which most control laws can be easily
implemented, an MAV is greatly constrained by its size and
weight. Consequently, implementation of control laws and
realization of autonomous flight must take consideration of
these two factors.

A. Hardware Architecture

Figure 4 provides the traditional hardware architecture for
the autonomous flight of unmanned aerial vehicles. Tradi-
tionally the aircraft is equipped with an onboard computer
(OBC), in charge of communicating with ground station,
receiving flight data from sensorg/inertia measurement unit
(IMU), and calculating control signals based on designed
control law. Sensors or an IMU is aso equipped onboard in
order to collect flight data; antennas and encoder/decoder are
also necessary for the purpose of communication. Trajectory
is usually pre-assigned or controlled by the ground station
via the communication module.

In the regime of MAV, however, the traditional architecture
may not be suitable due to the limitation of size and weight.
Take the Golden Shitch for example. We install a commercial

e Si

| Servosfhotuators ‘ ‘ Trajectory / Attitude ‘

Fig. 4. The traditional hardware architecture for the autonomous flight of
unmanned aeria vehicles.
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Fig. 5. The modified hardware architecture for the autonomous flight of
our flapping-wing MAV.

infrared (IR) communication module (less than 1 grams)
onboard, and keep the total weight of the vehicle under
10 gram. If the traditional architecture were to applied, the
lightest RF communication module, including encoder and
decoder, is ~3 g, and the MEMS gyro is ~30 g. These are
definitely too heavy to apply, much less onboard computer
or control chips.

A modified architecture is designed in this research, de-
picted in Fig. 5. As mentioned previoudly, the traditional RF
communication module is replaced by a 1-gram IR module,
and we developed an dternative navigation methodology
using stereo vision. The guidance and control signal are
accomplished and in the ground station, instead of onboard
computer. As a result, we don’t equip any onboard control
unit in this research. This structure indeed confines the flight
capability and applicability of the flapping-wing MAV, but
it is the easiest and the only way to realize the autonomous
flight nowadays.

B. The Communication Module of Golden Snitch

As mentioned earlier the limitation of carry-on weight
makes us select a specific commercial infrared communi-
cation module, which transmits signals in three channels,
potentially applicable to control of the thrust, the direction,
and the mode.

In channel one, 14 levels of signals are designated and
applied to thrust control, corresponding to 14 spin rates of the
driving motor, which drives the main wing through a four-
bar linkage [4]. As aresult, the 14 levels of signals generate
thrusts through modifying the flapping frequencies. The
relation between the thrust level and the flapping frequency
is given in Table I11. On the other hand, 6 levels of signals
are are designated and reserved for future direction control.
3 levels of command can be assigned in each direction (right
or left). Finaly, one of three modes can be selected so that
signals will not interfere with each other if more than one
bird are flying.

Due to the constraint of the communication module, a
regular state feedback or output feedback is not feasible since
the control signal cannot be simply proportional to the state
or output. A different control law must be investigated.

TABLE Il
THE THRUST LEVEL AND THE FLAPPING RATE

Thrust Level Flapping Rate Thrust Level Flapping Rate Thrust Level Flapping Rate
(No) (Hz) (No) (H2) (N9 (Hz)
0 0 5 11.9 10 12.35
1 10 6 12.35 11 12.5
2 111 7 12.35 12 12.66
3 11.76 8 12.19 13 12.8
4 11.76 9 12.35 14 12.8

IV. CONTROL LAW DESIGN

As stated previously this research mainly focuses on how
the control law can be implemented in our robotic bird.
Accordingly, a complicated control law is unredlistic since
we only have limited choices in control signals. Therefore,
the traditional P-control is investigated and shown robustness
in practical implementation.

A. Linearized Dynamics

The nonlinear dynamics describing the atitude of the
vehicleis givenin Eqg. (1). Assume that the vehicleis original
in the cruise condition: z = zg, 2 =0, U = Uy, and f = fy.
Moreover, assume that the pitch angle of the fuselage is ©,
as shown in Fig. 6(a). When in cruise condition, © = 9.
We conclude that the set angle for the main wing and angle
of attack the tail are approximately a,, = O + ¢, and
ay = Og + ¢, respectively. Here, ¢,, and ¢; are certain
constant, depending on the installation angle of the wings.
Moreover, if the vehicle moves upward with a vertical speed

Fig. 6. A cartoon showing the incoming stream and fuselage pitch angle.
a) The vehicle moves forward only; b) The vehicle also moves upward with
Speed z.

%, the angle of attack decreases by

AO = ! (6)

tan™

S e

as shown in Fig. 6(b).
To apply the P-control, we first linearize the dynamics
about the cruise condition, given by

5F, +0F, = mo: @

Consider the perturbation of the force generated by the main
wing. Egs. (2) and (4) indicate that the force is a function
of U, ¢, n, & and J. Additionally, J itself is a function of
flapping frequency f, and {¢, n, £} are functions of set angle
©. Therefore, we can write

Fw - Fw(U7Ca77a§7f)
The perturbation is then given by
OF, OF, OFy
0F, = 8UcSUJr ac o¢ + an on
OF, OF,
+8—€5§ + W&] (8)



Assume the vehicle is suffered from vertical position
and speed perturbations, 6z and 2, respectively. Then we
conclude

U .
= i UG + 22 52
0z U=Up,2=0
=0 9
_ 9o 9C 0O
= 309 39 9:°" (10)
_ Onse_ 0100
M = 569~ 509 (D)
e = Lo 900 (12)

20°° T 9092 %"

As shown in Fig. 6(b), with an upward speed perturbation
the influence to the fuselage angle of attack is given by

8—6 = (tan_l;é) !

EE U T

U=U,,2=0 Uo

On the other hand, the perturbation of J in terms of the
change of control frequency 6 f can be written as

oJ
8] = a—fa qu)fQ 5f (14)
As a result, the perturbation of F,, can be expanded as
B OF, 0C  OF, On  OF, 0\ .
0Fw = (ag 90 " Ton 90 " B¢ a@)‘sz
n —UO OF, 5f
209 f2 0J
_p7 OC s On 0
- _-K nJ 7S nJ &S
WUo(e™" 56 = J6e ™ 55 + 56 )92
Uy 0Fy,
—— 1
“%af7 07 (15)

Similarly, the perturbation of F; can be expanded as

o 5o

00
= KtU() GCLf @

0F, =

5% (16)

For simplicity, we drop the sign “¢” and denote the partial
derivative of (-) with respect to © as (-) ¢ in the future
derivation. The linearized equation of motion can then be
written as

mi+ B: = Rf (17)
where
B = K,Uo(e™Co—JCene+Eo)
+K:UoCr,.0 (18)
R = K,U3(ne "’ Yo (19)
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B. Control Law Design

The linearized equation of motion for the Golden Shitch
is given in Eg. (17). As we can see, this is a very neat
equation and can be controlled by using the traditional output
feedback. The transfer function from the control adjustment
to the vertical perturbation can be expressed as

2(s) R

f(s)  ms2+ Bs
As aresult, if a position feedback f = — Kz is applied, this
system will be stable anyway regardless of the value of K.

In our system, we have to consider the discontinuity of
the control signal. As stated in the preceding sections, the
nominal control is a set of 14 levels, denoting as { fo,, fo.,

- fo.. +- Consider the cruise condition under input fo,. By
taking the difference we obtain the sequence f = {Afr},
where A fi, = fo, — fo., k=1,---,14.

As a result, if we consider the position feedback f =
— Kz with a pre-designed feedback gain K and round it
to the nearest element in the control sequence Afy, then
we can view the system as a position feedback with gain

= Afi/z. Since this system is stabilizable regardless of
the value of the feedback gain, we conclude that this system
will converge to the nominal state eventually.

V. NUMERICAL SIMULATIONS

The physical parameters of the Golden Shitch are provided
in Table IV. The unit for length is meter; for mass is gram;
for frequency isHz for angleisrad; and for the derivativesis
Lrad. Based on those parameters we obtain R = 2.0541 and
B = 102.0409. From the root locus analysis, the damping
ratio is about 0.7 provided K = 300.

TABLE IV
PHY SICAL PARAMETERS FOR Golden Snitch

Item Vaue || Item Vaue || Item Value
m 8 Sw 0.014 St 0.006
b 0.2 P 1230 Uop 35
fo 12.66 (€] 0.3491 P 0.925
¢ 20.22 n 4.174 13 1.181
Co | 574276 || ne | 11007 || (o | 23945

Cre 2.1985

Figure 7 provides a simulation of this control law, round-
ing the feedback signal f = — Kz to the nearest element in
the control sequence A fi. At beginning we assume that the
vehicle suffered from a vertical position offset by +10 cm.
Then, as shown in Fig. 7 the control law starts to work
and brings this vehicle back to the nominal height. Figure 8
demonstrates the control history. The solid line denotes the
history by continuous control while the dashed line denotes
the history by our current control module.

We can see that our current control moduleis less efficient
because of the limitation in control capability. Therefore,
originally they differ very much. Even so, the current control
module, collaborated with the designated control law, still
stabilizes the trajectory.



z(em)

Fig. 7. Numerical simulation of trajectory. The Golden Snitch is assumed
to be perturbed by 10 cm in height. Then the control law brings it back to
the nominal successfully.

Af(H2)

Fig. 8. Numerica simulation of control signal for the previous figure.

VI. CONCLUSION

In this report we investigate a potential control law to
stabilize our particular flapping-wing MAV developed in
Tamkang University. At beginning we briefly review the
required dynamics for the trajectory control. Wind tunnel ex-
periments are also done to obtain physical and aerodynamical
parameters and coefficients. We then introduce the hardware
which is to be applied to the control of flight trajectory,
especially focusing on the atitude control. Considering the
capability limit of an MAV in carrying weight, we modify
the control architecture so that automatic control of flight
trajectory is possible using current technology, accomplished
by a specific IR communication module and stereo vision.
However, this modification also brings constraints to the
usage of control law. Taking the constraint into account, we
analytically prove that the traditional P-control with modified
output feedback works very well in this case. Numerical
simulations are also provided to demonstrate the robustness
of our control law. Flight test will be the next step to examine
this design after the hardware of the whole control loop is
finished.
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The development of Avionics for a Flapping MAV

Abstract

This  research  presents the study of
microstrip/meander-line antennas embedded into or
deposited on flapping-MAYV structures, and both the
formulation and simulation of electromagnetic
radiation characteristics of microstrip/meander-line
antennas are introduced. The basic concepts of
microstrip and meander-line antennas are introduced
in the above analyses and some simulations of these
antennas on 2D isotropic substrates are also
demonstrated.

Keywords: flapping MAV, microstrip antenna,
meander-line antenna

1. Introduction

Conventional onboard dipole/monopole antennas
mounted on aircraft fuselage often lead to
disturbances in  aerodynamic field. In
high-performance aircraft, spacecraft, and missile
applications, where size, weight, performance,
installation, and aerodynamics are of major constraints,
low profile antennas such as microstrip/meander-line
antennas may be required. This research presents an
innovative smart antenna module where the
microstrip/meander-line antennas are embedded into
or deposited on flapping-MAV (Micro-Unmanned
Aerial Vehicle) structures for wireless
communication.

The concept of microstrip antenna can be traced
back to 1953 (Deschamps, 1953) and a patent in 1955
(Gutton and Baissinot, 1955). However, microstrip
antennas have not received considerable attention
until the 1970s due to the development of
printed-circuit technology, the improved
photolithographic techniques, the availability of good
substrates with low loss tangent (a quantity related to
substrate loss due to dielectric damping) and attractive
mechanical properties.  Microstrip antennas have
matured considerably during the past 30 years, and
many of the limitations have been overcome.
Recently, numerical simulations using moment
methods and finite difference techniques have
available, and the interesting development of
microstrip antennas has been the use of active device
integrated directly in the antenna structure (Lin and
Chuang, 1999).

The meander-line antennas were first proposed
by Rashed and Tai (1982, 1991) for antenna size
reduction by continuously folding the wire to reduce

the resonant length. The meader-line antennas tend
to resonate at frequencies much lower than a single
element antenna of equal length, and an increase in
the number of meander sections introduces less size
reduction in return for an improved bandwidth.
Moon (2001) adopted the folded meander-line
structure and then covered the radiation element on
the surface of multilayered dielectric chip.
Michishita et al. (2004) reduced the size of meander
line antenna by high permittivity material. Although
the meander-line antennas can be simply fabricated by
using modern printed-circuit technology and using the
appropriate 2D  electromagnetic  analysis, the
numerical  simulation of antenna  radiation
characteristics will be necessary due to the radiation
complexity of meander-line antenna on substrates.

2. Microstrip Antenna on Isotropic Substrates

The basic configuration of the microstrip antenna
consists of a very thin metallic patch in a small
fraction of one wavelength above the ground plane as
shown in Fig.1. There are numerous isotropic
substrates that can be used for microstrip antennas and
their dielectric constants (&, ) are usually in the range

of 2.2 < & < 12. Thick substrates whose dielectric
constant is in the lower end of the range are desirable
because they provide better efficiency, higher
bandwidth, loosely bound fields for radiation into
space, but at the expense of larger element size (Pozar,
1987). The microstrip feed line is also a conducting
strip, usually of much smaller width compared to the
patch. The microstrip feed line is easy to fabricate,
simple to match by controlling the insert position.
However, such feeds are thus limited in bandwidth to
about 2-5% for practical purposes (Pozar, 1992).

To overcome the difficulties of microstrip
antennas embedded into or deposited on flapping
MAVs, microstrip line feed will be adopted in this
research because of its simplicity of fabrication and
easy matching in the same plane of the patch located.
For the rectangular patch and coordinate system
shown in Fig.1, the lowest resonant frequency
(f,c)oo for the dominant TMg, mode is given by

(Bahl, 1982)

(oo = 5—— = o
rc/010 — -
2Lgi4/er 2(L+2AL), e \/,uogo O
Vv

o



where

(e +0.3) (V(\j/ + 0.264)

AL=0.412d W , 2
(e —0.258) (d+0.8]
PO S forwid >1. (3)
2 2 J1+12d/W
V., is the speed of light in free space,

Uy =47x107"H/m is the permeability of free-space,

; x10°F /m is the permittivity of free-space,
T

L is the physical length of the patch, W is the
width of the patch, d is the thickness of the
substrate, L, is the effective length of the patch,
AL is the extended incremental length due to
fringing effects, q is the fringe factor or length
reduction factor, &, and ¢4 are the relative and
effective dielectric constants, respectively.

Analytical description of a rectangular microstrip
patch utilizes transmission-line theory to model the
patch as two parallel radiating slots labeled as #1 and
#2 as shown in Fig.1. The resonant input impedance
Z,, atthe edge is then
Zy =g (4)

2(G,£G,,) 26,
where G, is the conductance of slot #1, and G,, is
the mutual conductance between slot #1 and #2,

1 J‘n{sin(kOW/Zcosa)

&y =

1

} sinf@de,  (5)

T 12072 b cosd
1 J~7r sin(k,W /2 cos ) ?
271207 % cos & , (6)

Jy(k,Lsin@)sin® o de
ko =27/ Ay =27 \[ o, is the wave number or
propagation constant of free-space, A4, is the
wavelength of free-space, f is the operating

frequency, J, is the Bessel function of the first kind

of zero order. Typical values of the input impedance
feeding at the edge are in the range of 150-300 ohms.
The plus (+) sign in Eq.(4) is used for modes with odd
or antisymmetric resonant voltage distribution beneath
the patch and between the slots (e.g., the dominant
TMo1o mode) while the minus (-) sign for modes with
even or symmetric resonant voltage distribution.
Polarization of a radiated wave is defined as the
property of an electromagnetic wave describing the
time varying direction and relative magnitude of the
electric-field vector. The polarization of an antenna
in a given direction is defined as the polarization of
the wave transmitted by the antenna. The sense of
rotation for circular polarization (CP) is determined
by observing the field rotation as the wave is viewed
as it travels away from the observer. If the rotation
is clockwise, the wave is right-hand circularly
polarized (RHCP); if the rotation is counterclockwise,

the wave is left-hand circularly polarized (LHCP).
Circular polarization with only one feed can be
achieved by a square patch with two truncated
opposite corners as shown in Fig.2. The square
patch is fed at the center of one of its side, and the
antenna is fed along a center line as with a linear
polarized patch. Right- or left-hand circular
polarization depends on the location of the feed.

3. Design of Microstrip Antenna on 2D lsotropic
Substrates

Analyses of square and rectangular patches on an
isotropic substrate can be completed by using
Egs.(1-9). Ansoft Ensemble® is employed to
simulate the microstrip patch on an isotropic substrate.
Consider the microstrip patch on some FR4 substrate
(e.9. & =47, d=1.6mm) operating at 2.40 GHz,
the geometry can be calculated as L = 29.70 mm and
Aa =2.42 mm. For asmall section of 100-ohm feed
line and a quarter-wave transformer attached to the
corner-truncated CP patch, Fig.3(a) shows the
dimension of this example, and the return loss is
shown in Fig.3(b). The impedance bandwidth of
10dB is about 3% of the operating frequency. The
return loss, i.e., the scatter parameter S,; that describes
the relation between incident and reflected power for
microstrip patch, can be validated by treating the
patch as a one-port element. The measurement of
the return loss by network analyzer (e.g. Agilent
EB362B) in Fig.3(b) is in good agreement with the
simulation. Figure 3(c) is the far field pattern of
electric field (E-field) operating at 2.40 GHz. The
performance of RHCP feed is better than LHCP’s
because the maximum of LHCP E-field components is
only about -10 dB of RHCP’s. The patch is indeed
suitable as an RHCP antenna.

4. Design of Meander-line Antenna on 2D Isotropic
Substrates

Consider the prototype of meander-line antenna
in Fig.4(a) on some isotropic FR4 substrate with finite
ground plane (21mm x 2.5mm ) operating at 2.40 GHz,
Fig.4(b) shows the simulation of return loss curve
where the impedance bandwidth of 10dB is about
4.5% of the operating frequency. Figure 4(c) is the
simulation of far field pattern of this example, the
bold line is the H-plane diagram and the solid line is
the E-plane diagram, respectively. This results show
that the meander-line antenna in Fig.4(a) has the
characteristic of omindirectional pattern in the upper
and lower planes of the isotropic FR4 substrate. The
far field pattern of H-field is less than that one of
E-field due to the effect of instrinsic impedance. The
measurements of the return loss by network analyzer
(Anritsu 37347C) in Fig.4(d) and the far field pattern
by anechoic chamber NSI 2000 in Fig.4(e) are in good
agreement with the simulations of Figs.4(b) and 4(c),
respectively. However, the design of meander-line
antenna in Fig.4(a) does not give a good gain to meet
the demands of wireless communication, so it is
necessary to have a better design for flapping-MAV.

This research adopts better design for the



meander-line antenna with finite ground plane
(50mmx4.5mm) as shown in Fig.5(a). Althrough
the design of meander-line antenna of Fig.5(a) is only
a bit different from that of Fig.4(a) in ground plane,
gap and width, the value of antenna gain is higher
than 6 dB over the design of meander-line antenna in
Fig.4(a), i.e., over 4 times of that in the measurement
of antenna gain.  The return loss of design in Fig.5(a)
is measured by network analyzer and shown in
Fig.5(b), and the far field pattern are also measured
and shown in Fig.5(c).

5. Conclusions

The basic concepts and designs of microstrip and
meander-line antennas are introduced in the above
analyses and some simulations of these antennas on
2D isotropic substrates are also demonstrated. The
above analyses also show that the electromagnetic
properties of microstrip/menader-line antennas on
flapping-MAV structures could be evaluated by using
the mentioned equations of the above analyses and an
integral equation with a numerical technique, such as
the MoM analysis in commercial software Ansoft
Ensemble®. These designs of microstrip and
meander-line antennas of this research will be
recommended as basic configuration for the
microstrip and meander-line antennas on flapping
MAVs.
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1
[]

1
Figure 3(a) A corner-truncated circular polarized patch
operating at 2.40 GHz.
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Figure 3(b) Simulation and measurement of the return
loss (dB) of a corner-truncated patch
operating at 2.40 GHz.

Magnitude of rE Field [dB V Morml vs. Theta of 2.40 GHz

Figure 3(c) Far field for a corner-truncated patch
operating at 2.40 GHz.
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Figure 4(a) A meander-line antenna operating at 2.40
GHz.
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Figure 4(b) Simulation of the return loss of the
meander-line antenna.
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Figure 4(c) Simulation of the far field at 2.40 GHz of
the meander-line antenna.
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Figure 4(d) Measurement of the return loss of the
meander-line antenna.
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Figure 4(e) Measurement of the far field at 2.40 GHz
of the meander-line antenna.
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Figure 5(a) The better design of meander-line antenna
operating at 2.40 GHz.
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Figure 5(b) Measurement of the return loss of the
better design of meander-line antenna.
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Figure 5(c) Measurement of the far field at 2.40 GHz
of the better design of meander-line
antenna.



FRIEFTFEL R AR & REF 0D RE g R

98 # 6 " 22 p
o i BES Rap g | F A
Fu-Yuen Hsiao VLB X
B%Fé* 98/6/10_—98/6/12 * g AL € 3 s

€ k¥ B [St. Louis, MO, USA — 97-2221-E-032-017-

= (¢ 2)2009 # & 2 W4+ 2P £ ¢

oy - (% =) 2009 American Control Conference

7% 4 (¢ < )#FrA07.6 p ¥ AlMc 7 BE 4 B o 47

Eg (3 <) #FrA07.6 Dynamics of Flapping Micro-Aerial Vehicles

P

LN F AT EA

6/9 Fx:Ez p 6/12 =3 %> #FrA07.6
6/10 g2 H v %rﬁ FR S 6/13 #® St Louis, MO
6/11 jﬂ?%—gi,ﬁa;g@

B g N

American Control Conference = 2R #IF P2 E R FiFF £ € ot X B €7 W5 ﬁ&&g%—ﬁ\ £
Frozny o A - BRI RATEF I ELERE o = X mgw LR g
?&'fﬂ” [ AR S M‘%ﬁmiﬁ*ffbﬁl P AL T IFFI G T A RS B Ty
TR o gteh s ARt E & B (2010) ACC 7 picds (7 B H-= (invited session)”#
2 BATF Y ﬁvf%’*i%?f?‘“éﬂ%fr EiFen®EAE > SHRKREE FHE- HT o

E B RRES (R ATESE Y G)
T~ E gk

T TR RS
2009 American Control Conference Proceeding

= o~ H

4
H#
iy

% Y04



Dynamics of Flapping Micro-Aerial Vehicles

T.M. Yang and F.Y. Hsiao

Abstract— The dynamics of flapping wing micro aerial vehi-
cles (MAVS) is studied in this paper. The MEMS Laboratory in
Tamkang University has been developing flapping-wing MAVs
for several years. Based on the developed flapping-wing MAVs
we study its dynamics and compare our results with flight test
data. Although several papers have discussed similar topc
previously, using our flight test data we demonstrate the vadlity
of the assumptions and derivations. We also propose a claim
that links the average aerodynamical forces to the wind tunel
test data, so that a flapping MAV can be analyzed with the same
methodology as what we have done to a fixed-wing aircraft.
Flight test data and numerical simulations are also provide to
demonstrate the validity of our derivation.

Fig. 1. The flapping MAV developed by the TKU MEMS Lab.[11]

I. INTRODUCTION ) ) ] ) )
kinematics of the wing. In the full dynamic model of flapping

Flight in flapping is a very efficient way to transport\ay, zaeem built a longitudinal flight dynamics with time-
a unit of mass over a unit of distance, even thouth ifyerage theory [3], but only in 2-dimension space. In this
requires extremely high power output[S]. For this reasomaper, we intend to develop the three-dimensional model
it is an interesting field and a new generation technology,nich will then be compared with the real trajectory.
for the flight configuration. There are two kinds of flight |, this research, we investigate the dynamic model of flap-
configuration that is investigated in the literatures orursit ping MAV. Starting from Newton’s second law we develop
flapping fIi_ght: Bird_—like fIi_ght_and_ Insect—like_ fIig_ht. Thg the equations of motion of our flapping-wing robot. Due to
focus of this paper is on bird-like flight. The bird-like &@ri he fast flapping frequency compared with the translational
robot we are investigating is developed by the TKU MEMS,q rotational rates, the average lift and thrust forces ove
LAB in the recent years. each flapping period are applied to this model. Numerical

~ The TKU MEMS Laboratory has been developing birdimyiations are also provided to examine the validity of our
like flapping MAVs for several years. Figure 1 demonstrateg,qodel and selected parameters.

the most recent prototype,Gblden Snitch which is a
7-gram-weight and 20-cm-wingspan aircraft including the Il. DYNAMIC MODEL
fuselage, flapping wings, _tail W_ing,_ batt_ery, motor and a se/;‘ Equations of Motion
of gear system. The flapping wing is driven by a motor with
a four-bar linkage system. By adjusting the lengths of the
four bars, various stroke angles can be designe@&diden
Snitchthe stroke angle is designed arousg?. [2].

The aerodynamics performance in flapping animals con- |
sists of delayed stall, rotational circulation and wake-cap
ture [10]. These phenomenon and their functions can be
explained by experiments and theories. However, completg) b)
and exact analysis of the flapping flight is not available
because of the aerodynamic and mechanical complexity. As Fig. 2. A cartoon showing the definition of the body-fixed feam
a result, In Ref. [4] Kim developed a smart flapping wing ) ) )
with a macro-fiber compositers (MFC) actuator to mimic Before the formulation of equations of motion (EOM) a
the flying mechanism to measure the aerodynamic forces Bpdy-fixed frame is defined in Fig. 2. Tha-axis points
flapping devices in wind tunnel test. Furthermore, In Ref. [7forward along the axis of the fuselage in the MAV's plane

Rakotomamonijy investigates the optimization of the flagpin®f Symmetry. They,-axis is normal to the plane of symmetry
pointing in the direction of the right wing. Thg,-axis then

Tse-Ming Yang is with graduate student of Aerospacepoints downward in the MAV plane of symmetry, completing

Engineering, Tamkang University, Tamsui 251, Taiwan, RO i _ i iti i
492370305@92. t ku. edu. tw Cthe right-handed Cartesian system. In addition, the ceordi

Fu-Yuen Hsiao is with faculty of Aerospace Engineering,Kang Uni- nates in the inertial frame are denmed@?v Yis Zf) in this
versity, Tamsui 251, Taiwan, ROEyhsi ao@mi | . t ku. edu. tw paper. The transformation between these two frames can be




accomplished by a rotational matrR, satisfying 2) Averaged Force and Advance Ratilt addition to the

V: — RV 1) applicability of averaging theory, there was still one thin
I{ Mb @ unclear before. Although the averaging theory was assumed

to be applicable to the dynamical analysis of a flapping
where V; and V;, denote any vectors in the inertial andwing robot, the researchers in control field were still not
body-fixed frames, respectively. is the cross product oper- clear about the formulation of thaveragedlift and thrust
ator of the angular velocity = (w,,w,,w.) [8]. forces. Accordingly, dynamics and control scientists Ugua
The equations of motion of the flapping wing MAV cansimulated the lift and thrust force with a simple function,
be obtained by applying Newton’s second laws, given by such as a periodic triangular wave.
d On the other hand, the researchers in aerodynamics field
Z F = m—V+wx(mV) (3) always formulate the lift and thrust forces generated by a

ddt flapping wing as a function of the advance ratig,defined
M = |26+ x (1) 4)  as

where I denotes the inertia tensor. The external forces _ U (5)

includes the weight of the vehicle, aerodynamical forces by 4 2bf
flapping wing, horizontal tail wing, and vertical tail. Theos .

forces also generates moments about the center of grav\%zlzriir’n{ ssgg bre?srseig\(/)lefs/ a;;/%s:aﬂsp&rgezzgusﬁgt and
(CG)..We '.ShOUId noticg that Egs. (3) and (4) are t'he.EOI\an advance ra{tid less thaﬁ 1. Low ,advance ratid is
descnl_Jed in the body-fixed frame, where the velocity in thgn indication that these flyers must flap their wings at high
body-fixed frame has components ¢, w), and the angular

. . speed compared to the speed of their flights in order to
velocity has component (g, r). The expansion of Egs. (3) s?ay aloft T%erefore the rtre)gime dgf<1lis dgominated by
and (4) can be found in [6]. ) ’

unsteady-state flight. On the other hand, fop> 1, the flight

B. Averaging Theory and Formulation of Forces regime becomes quasi-steady and approaches steady-state.
1) Applicability of Averaging TheoryDue to the periodic For example, a fixed-wing airplane operates in the regime

motion of the flapping wings, the averaging theory is usuallpf J near infinite because the wings’ flapping frequency is

applied to analyze the dynamics of a flapping wing robogero. The lift and thrust forces can be expressed as furgction

such as in Refs. [3] and [8]. The averaging theory i®f J [2]

applicable based on the assumption that the wing is much 1,
lighter than the the body. As a result, the flapping wing i - §PU SCL(J) (6)
slightly affects the vertical motion of the vehicle. 1,

Even though the assumption sounds reasonable, it seems Fihrust = §PU SCr(J) ()

that no flight test data has been shown in the literature. . .
In [3] a control law is designed based on this assumptiof"€r€Cz(J) andCr(J), as functions of/, denote the lift
while in [8] a ground-basecexperiment has been designedcoefficient and thrust coefficient, respectively.

to investigate the controllability of a biomimic MAV. Here we claim thathe forces calculated from the lift
or thrust coefficient as a function of can be treated as

the averaged forceA simple proof goes below. Consider

b
! o dl

- l flapping down

v=lw

b) v

Fig. 4. A cartoon showing the definition of wing parameters.
Egﬁesré.[lg]le cruise flight ofGolden Snitchcatched by high speed CCD a very thing rectangular wing, as shown in Fig. 4(a), with
length b, width W, stroke angle®, and flapping frequency
Our Golden Snitchhowever, verifies the validity of this w = 27 f. Assume the setting angle is zero so that the angle
assumption. As we can see in Fig. Gplden Snitchflies of attack (AOA) is determined by the attacking angle of
forward in a velocity of~3 m/s, but the fuselage still remainsthe incoming air stream completely. Consider a small area
at analmostfixed height when the wings are flapping. element on the wing, whose flapping motion is shown in



Fig. 4(b). According to aerodynamics theory, the lift forcewhere C7 (J) = C7_(J) + C7 (J). We can see that the

generated by this element is formulated as average force has the same formulation as Egs. (6) and (7).
1 We would admit that this is not a rigorous proof because
dF = QPVQCL(OZ)dA (8)  many aerodynamics factors are not considered, such as the
stability of the air flow, the flexibility of the wing and so on.
whereV? = U? + (lw)?, dA = Wi, and However, at least this proof gives a qualitative link betwee
lw the average force used in the dynamics field and the most
a = arctan <—) common way to formulate flapping lift and trust forces in

o _ _ _ the aerodynamics field. In other words, if we have the lift
To simplify the notation we defing/b = . Introducing the and thrust coefficient curves at hand, which are usually easy

advance ratio we obtain to obtain in aerodynamics journals, we can simply apply the
lw LN same methodology of analyzing a fixed-wing vehicle to the
Jo analysis of a flapping-wing robot.

As a result, Eq. (8) can be reformulated as
1 C. Formulation of Forces and Moments
dF = —pV?Cr(a)dS
2 ) Having shown that the average forces over one flapping
l) 72} Cr(a)dy period can be calculated by using Egs. (6) and (7), which is
Jo independent of time, we conclude that the methodology to
L o9 T\ analyze a fixed wing vehicle can be applied to the flapping
2pU o { + (Jcb) 7 } Crla)dy © wing vehicle. There are only two differences. First of all,
where S = Wb is the total area of the wing, and = ﬂ}e forlce ;:on:(enth bar:d ICT fare tno Ion?e[jfunctlonst.
a(J,v). Consider the average force during the downstrok angie of attack only, but aiso functions of advance ratio.
MO : econd, when applied to analyze the dynamics of the whole
during time intervally, given by : ; . L .
vehicle, we don’t use angle of attack since it is not rigohpus
P 1 Ta F(bd defined in flapping motion. Instead, the set angle and stroke
Ty 0 (t)dt angle are introduced.
1 (Ta pF Figures. 5(a) and (b) provide the distribution of aerody-
- T, / dr'dt namics forces on the wing. As a result, provided Eqgs. (6)
070 and (7) F,, and F., can be obtained by considering the

1
= SPUW [1 +(

2 Tq r1
_ S/ d/ 1+ (i)272 Cp(a)dydt vector addition of the lift and thrust forces.

Since the integrant is not an explicit function of time, we ca Feins Fiprust sin(a) — Fiipecos(a)  (13)
integrate with respect of time first and null dlit. Therefore, wamng = Finrust cos(a) + Fiipesin(a)  (14)

_ U2s b 2 .

F = ° ) / [1 + (JW—(I)) 72] Cr(a(J,v))dy whereq is set angle of MAV.

0

Define

= /o [”(f_q»)gﬂ Cr(al(J,7))dy D —

We obtain that

v 3
T E ;
A L

Fig. 5. The aerodynamic force distribution during a)dowwist. b)
upstroke.

_ I a) ‘ b)
Fa = §PU SCLd(J) (10)
where the subscriptl denotesdownstroke Similarly, the
average force during the upstroke is given by
- 1 On the other hand, the moments exerted on the MAV can
F, = EpUQSC’Lu(J) (11) be obtained through summing up all individual moment and

] torque. All the necessary geometric parameters to catculat
As a result, the average force generated during a complé{g,ments are shown in Fig. 6. In addition to the regular

flapping is given by formulation of moments, one thing to remind again is that we
F = Fy+F, have to consider the torque applied by the motos Tmotor

I 1o, pointing along+x;-axis because our motor spins clockwise.

= 5pU°5CL,(J) + 5pU75C, (J) Applying the formulated forces and moments to Egs. (3)-(4)

1 we can solve for the position, velocity and attitude of the

= U *SCL(J) (12) wmav.



Fig. 6. A cartoon showing the geometric parameters of thelége.

Set angle 10° 20° 30° 40° 50°

a 19.07 20.22 35.35 42.09 58.25
b 5.471 4.174 4.851 4.823 6.107
c 0.6914 1.181 1.404 2.051 2.346
a’ 109.8 103.9 153.2 156.2 92.43
b 7.878 8.168 11.05 10.58 9.154
c 0.3139 0.1475 0.01054 -0.5002 -0.8389

TABLE |

a)

b)

Fig. 9. The lift and drag performance of tail wing in wind t@hriest.

AOA —20° —10° 0° 10° 20° 30° 40° 50°

0.8148
-0.6971

0.9025
-0.8186

0.8868
04-1.

-1.242
-0.4868

-0.2808 0.3571
-0.695 -0.4938

0.5963
-0.5229

0.6881
-0.5974

C
Liail
Digil

TABLE I
THE PARAMETERS IN FORCE COEFFICIENTS FOR A TAIL WING

E. Coefficients of the Horizontal Wing

THE PARAMETERS IN FORCE COEFFICIENTS FOR A FLAPPING WIN{2] In addition to the main Wlng the tail Wlng is still to be

considered. The tail-wing parameters of aerodynamic force
is obtained through wind tunnel test, shown in Figs. 9(a)
and (b). The tail-wing angle of attack ranges frer20° to
50° and wind speed ranges frotnm/s to5 m/s.

According to aerodynamics, lift and drag coefficients are

D. Coefficients of the Main Wing

According to Ref. [1], the coefficient of lift and coefficient
of thrust can be modeled as:

given by
CLwing = aeib‘] +c (15) C o 2Ltail (17)
Cryiny = a'e ™7 ¢ (16) Feo PU?Stait
) 3 2Dtail
For the TKU flapping MAV, those parameters are obtained Chyun = “U2S, (18)
through wind tunnel test, and list as a function of set angle P otail (19)

in Tab. (1). With the lift and thrust coefficients, the foroem

be obtained using Egs. (6) and (7). According to the resuljhere is density of air,S,.;; is the area of the tail wing,
from the proceeding section, the obtained forces will be thg, ., and D;,;; denote the lift and drag of the tail wing,
average ones over one flapping period. An example showimgspectively. FoGolden Snitchthe area of tail wing is about
the variation of forces as a function of time is shown in5013.715 mm?2, and the density of air is abowt23 kg /m?.

FIgS 7 and 8. Hence,

u 0 1 1 v RSP CL..U? = 2.65Lu (20)

O VY = " Cp,U? = 2.65Du (21)
I I L NS 0 A 7 Yl WY Yol S Vil
E_lg n;"' L‘i {j’j : [\ J/ H /J/ \ fj \\\ where the unit ofU and Liait(Dian) are m/s and gf,
3 T : o i o respectively.

“ 0 50 100 150 2(;0 250 300 350 IIl. FLIGHT TEST AND NUMERICAL SIMULATION

Time (ms)

Having shown that the averaging theory is applicable to the
flapping wing MAV, and the way to obtain the average forces
from experiment data, we apply this result to the analysis of
our Golden Snitch

Fig. 7. The variation of lift force during a flapping perio2][

0 va 12 3 TEES”
2 A. Flight Test
& 20 : N . . . .
g 10 A.NJ’\\;r"/ﬂ\ Aé’/\{/?\ﬁ\g‘u/‘\i“ﬂ ViAW U/IMWKL‘M AVDNM\,AF% .The Gold_en $n|tchhas begn put into flight test and its
E,m UMM A SN A LA v ! flight duration is about 5 minutes. Some examples of the
= Fdown §_wp | flight trajectory are provided in Figs. 10- 12 [2]. The only
-4 — - : : control applied to this vehicle is the spin rate of the motor,

100 150

Time ()

200 250 300 350

which controls the flapping frequency. Currently, thereas n
control of direction. The flight trajectory, however, is 1si
This is resulted from the torque generated by the motor due
to the conservation of angular momentum.

Fig. 8. The variation of thrust force during a flapping perjafl



Fig. 11. An example of the flight test trajectory. [2]

B. Numerical Simulation

1) Attitude Equilibria at Cruise Flight:At cruise flight
the MAV must be in the equilibria of its attitude. According
to our model, we obtain that the pitch angle at cruise flight
must bel2°. Examining Fig. 3 we realize that th@olden
Snitchflies at the angle ofl5°. This is encouraging since
our prediction is quite close to the reality. However, tlastf
also implies that the predicted lift force at wing tail may be
too large so that the pitch angle is smaller than the real one

2) Simulated Flight Trajectories:Besides encouraging
result in the match of derived and actual attitude equilib-
ria, three dynamical cases are also simulated, provided ir
Figs. 13- 15. In the first case, shown in Fig. 13, we use the
derived parameters from the previous chapter but neglect th
torque made by the motor. The simulated flight trajectory
forms a circle. In the second case we reduce the coefficients

Fig. 12. An example of the flight test trajectory. [2]
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Fig. 13. The flight trajectory in case 1.
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Fig. 14. The flight trajectory in case 2.



catch the trend of the flight test trajectory, but also match
the cruise flight condition.
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[2]
Fig. 15. The flight trajectory in case 3.
[3]

of main wing by half. The flight trajectory is presented in
Fig. 14. In the case 3, we take into consideration the torquey
generated by the motor and use treat other parameters the
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