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SIMULATION AND FLIGHT CONTROL OF AN AEROELASTIC FIXED WING

MICRO AERIAL VEHICLE

Martin R. Waszak”™ and John B. Davidson®
NASA Langley Research Center, Hampton, Virginia

Peter G. Ifju*
University of Florida, Gainesville, Florida

Abstract

Micro aerial vehicles have been the subject of continued interest and
development over the last several years. The majority of current vehicle
conceptsrely on rigid fixed wings or rotors. An alternate design based on an
aeroelastic membrane wing has also been developed that exhibits desired
characteristics in flight test demonstrations, competition, and in prior
aerodynamics studies. This paper presents a simulation model and an
assessment of flight control characteristics of the vehicle. Linear state space
models of the vehicle associated with typical trimmed level flight conditions
and which are suitable for control system design are presented as well. The
simulation is used as the basis for the design of a measurement based nonlinear
dynamic inversion control system and outer loop guidance system. The
vehicle/controller system is the subject of ongoing investigations of
autonomous and collaborative control schemes. The results indicate that the
design represents a good basis for further development of the micro aerial

vehicle for autonomous and collaborative controls resear ch.

Introduction

Micro aeria vehicles, or “MAVS’, are typicaly
designated as a class of aircraft with a maximum
dimension of 6 inches that are caPabIe of operating at
speeds of 25 mph or less! Developments in
miniaturized digital electronics, communications, and
computer technologies and strong support by DARPA
have moved the prospect of very small autonomous
flight vehicles from the ream of science fiction to
science fact. The goal is for these vehicles to provide
inexpensive and expendable platforms for surveillance
and data collection in situations where larger vehicles
are not practical. For example, they can be used for

Senior Research Engineer, Dynamics and Control
Branch. Senior Member AIAA.
t Senior Research Engineer, Dynamics and Control

Branch. Senior Member AIAA.

+ Associate Professor, Department of Aerospace,
Mechanics, and Engineering Sciences.

Copyright © 2002 by the American Institute of
Aeronautics and Astronautics, Inc. No copyright is
asserted in the United States under Title 17, U.S. Code.
The U.S. Government has a royalty-free license to
exercise all rights under the copyright claimed herein for
Governmental purposes. All other rights are reserved by
the copyright owner.

1

battlefield surveillance or mapping the extent of
chemical/radiation spills or viral outbreaks. Other
applications include use in search and rescue
operations, traffic/news coverage, and crop or wildlife
monitoring. Many potential uses would require
cooperative and collaborative control capabilities so
that large numbers of MAVs could be used to cover a
large operational area. In these types of applications
MAVs could be coordinated from a central base
station or used in collaborative swarms to collect and
transmit data.

The research and development required for
developing MAVs and related systems is technically
challenging and requires a number of technological
advances that may benefit a broad range of aerospace
applications. The development of a vehicle could also
foster development of component technologies and
help to support an emerging growth market for micro
aerial vehicles.

An aerodlagtic fixed wing micro aerial vehicle
concept has been developed by ateam at the University
of Floridawith a goal to design a vehicle that could
win the ISSMO (International Society of Structural
and Multidisciplinary Optimization) Micro Aerid
Vehicle Competition; a goal that has been
accomplished each of the last four years*?

The vehicle exploits an innovative aeroelastic wing
with the ability to adapt to atmospheric disturbances
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Figure 1 — photograph of Univ. of Florida MAV.

and provide smoother flight thereby providing a better
surveillance platform and making the vehicle easier to
fly. This is accomplished via a passive adaptive
washout mechanism.

The adaptive washout technique has been taken from
sailing vessels which use sail twist to greatly extends
the wind range of the sail and produce more constant
thrust (lift) in gusty wind conditions. Adaptive
washout is produced in the MAV by deformation of the
membrane wing in response to changes in speed and
vehicle attitude. The result produces changes in wing
camber and angle of attack along the span. The effect is
to reduce the sensitivity of the vehicle to disturbances.

NASA is collaborating with the University of
Florida to develop an understanding of the underlying
physica phenomena associated with the vehicle
concept with a goal of enhancing the vehicle design
and developing a capability for investigating
autonomous and collaborative control technologies.

Reference 4 documents the results of awind tunnel
test in which aerodynamic data was collected to provide
a database to support the development of a dynamic
simulation of the University of Florida MAV
(UFMAYV) concept. In that paper the flexible
membrane wing was shown to significantly increase
the stall angle of the vehicle without sacrificing L/D
ratio. The vehicle was also determined to be statically
stablein all axes.

This paper describes the development of a dynamic
simulation and flight control assessment based on the
aerodynamic data described in reference 4. A
control/guidance system design is also presented. The
inner loop controller design uses measurement-based
nonlinear dynamic inversion. The structure of the
guidance system allows the vehicle to be integrated
into an existing multiple vehicle collaborative control
scheme™
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Table 1 - UFMAV geometric and mass properties.

Empty Weight 0.12 Ibs
Wing Area 19.8in
Span 6in
Mean Chord 3.3in
Moments of Inertia:
Ixx | 0.086 Ib-in’
lyy | 0.231b-in’
1zz | 0.211b-in
Ixz | 0.037 Ib-in’

Vehicle Description

The University of Florida MAV (UFMAYV)
incorporates a high mounted flexible membrane wing
and low mounted cruciform tail attached to a tapered
fuselage with rectangular cross section (see figure 1).
The fuselage is a truss-like design constructed of a
carbon fiber/epoxy material covered with a thin
transparent monofilm membrane. A more detaled
description of the vehicle and its construction can be
found in reference 3. Table 1 summarizes the pertinent
geometric and mass properties of the vehicle.

A unique aspect of the vehicle is its flexible
membrane wing. The cambered wing structure is
constructed of unidirectional carbon fiber prepreg
laminate forming aleading edge spar and chordwise
ribs or battens. A membrane material is bonded to the
spar and batten. The wing membrane material is a4
mil thick flexible latex membrane.

The maximum dimension (including length and
wing span) of the vehicle is six inches. The wing area
is approximately 19.8 square inches. The root chord is
4.25 inches and the mean chord is 3.3 inches. The
camber of the unloaded wing is approximately 6.5
percent of the root chord with the maximum camber
occurring at approximately 30 percent chord and is
uniform across the span. The wing is mounted at an
incidence of approximately nine degrees with wing
incidence defined as the angle between the root chord
line and the longitudinal axis of the fuselage.

Control is accomplished using two independently
controlled elevons that are actuated symmetrically and
antisymmetrically using small rotary servos. A small
gas engine normally provides propulsion with a three
inch diameter propeller with a pitch of 1.25. However,
an electric motor was used during wind tunnel tests to
more accurately control propeller rpm and isused in
the simulation model as well.
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Simulation M odel

The simulation model is based on the arcraft
equations of motion presented in Reference 6. The
equations of motion were coded using
Matlab/Simulink.”” The structure of the simulation is
depicted in Figure 2. The simulation is structured
using subsystems representing actuator dynamics,
equations of motion (EOMs), and sensor dynamics. A
more detailed block diagram appears in the Appendix.

The actuators subsystem currently consists of first
order actuator transfer functions and limiters that
bound the permissible range of symmetric dsym and

antisymmetric dasy control surface deflections (£25

degrees and £20 degrees, respectively) and commanded
motor voltage (0 — 20 volts). The sensor subsystem
currently contains no dynamics but will permit sensor
models to be added at alater time.

The equations of motion include the longitudinal
and lateral-directions equations of motion, models for
thrust and aerodynamic forces and moments, and a
gandard atmosphere model (see Figure 3 and the
Appendix). Each of the major components of the
EOM s subsystem will be described subsequently.

Equations of Motion

The equations of motion are implemented in two
major subsystems representing the vehicle dynamicsin
the longitudinal and lateral-directional axes. There is
coupling between these two subsystems due to inertial
and gravitational coupling. There are also severd
quantities that are used to determine the aerodynamic
forces and moments (e.g., body rates, angle of attack,
sideslip angle, speed). These quantities are fed back to
the aero model as necessary.

command
inputs >
Actuators > EOMs

Sensors  fe—p

vehicle
responses

Figure 2 — UFMAV simulation structure.
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command
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Figure 3 — EOMs subsystem structure.
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The longitudinal and lateral-directional subsystems
consist of additional subsystems that systematically
build up the equations of motion as derived in
reference 6. The equations represent the six degree-of-
freedom motion of arigid aircraft relative to aflat,
non-rotating earth. The atmosphere is represented using
the 1976 Standard Atmosphere model. ™

UEMAYV Aero Modd

The aerodynamic model was obtained primarily from
wind tunnel data collected in the NASA Lan?Iey Basic
Aerodynamics Research Tunnel (BART)™ ~ Linear
regression analysis was used to generate functions that
approximate the dependence of the forces and moments
on angle of attack, sideslip angle, and propeller rpm.
The functions are in the form of Taylor series.

The regression analysis was performed using wind
tunnel data that consists of the aerodynamic force and
moment coefficients at various combinations of angle
of attack, sideslip angle, control surface deflection,
dynamic pressure, and motor rpm. The range of
variation for these parameters correspond to the region
over which the aerodynamics are linear! The main
implication of this simplification is that the angle of
attack is limited to values below 20 degrees and
sideslip to values between -5 and 5 degrees. Cross
terms between angle of attack, control deflection, and
motor rpm are used to account for the dependence on
propeller dipstream effects and the effect angle of
attack has on control effectiveness. The values of the
coefficients are shown in the tables in the Appendix.

Note that there are three sets of coefficients for lift,
drag, and pitching moment. Each set correspondsto a
different dynamic pressure. The differences ae
attributable to Reynolds number effects. Interpolation
is used in the simulation to determine the coefficient
values at any given dynamic pressure between 1.0 and
2.0 psf. Lack of sufficient lateral-direction force and
moment data and higher levels of uncertainty for these
guantities made it impossible to isolate Reynolds
number effects for side force, rolling and yawing
moment coefficients. As aresult, the values for the
lateral-directional coefficients represent an average over
dynamic pressure.

Additional terms were added to the Taylor seriesin
an ad hoc manner to account for dependence on angular
rates (i.e., dynamic derivatives). Terms associated with
the angle of attack and pitch rates were added for lift
(C|_q ,C|_a, ) and pitching moment (Cpyp q ,CMai ).

Terms associated with roll and yaw rates were added for
the side force (CYp , CYr ), rolling moment (Cj o

C|r) and yawing moment (Cnp,Cnr). The
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coefficients for most of these terms were computed
using PMARC. ™ Two exceptions were the dynamic
derivatives associated with rate of change of angle of
attack (C'-a 'CMai) which were chosen based on

“typical“ values published in reference 9, page 19. The
values for all the dynamic derivatives are shown in the
tables in the Appendix.

The expression for total lift force coefficient is
shown in equation (1) as an example of the Taylor
series expansion.

CL= (CLO +C|_TT)+(C|_a +CL_ T) a

T,

oy T %dsym 0

The thrust dependent cross terms CL(-)T account for

the fact that the effects of thrust are coupled with
angle of attack and control surface deflection through
prop stream effects. The expressions for drag, sde
force, and pitching, rolling, and yawing moments are
similar in structure but differ in the particular
coefficients associated with coupling.

UFMAYV Propulsion Mode

The propulsion model was obtained from wind
tunnel data collected during the BART test.) Motor
thrust was approximated by subtracting the prop-off
axial force from the prop-on axial force. Regression
analysis was used to generate generalized Taylor series
functions that approximate the dependence of motor
thrust on angle of attack, dynamic pressure, and
voltage commands. The propulsion model consists of
two parts:. a motor model that characterizes the
relationship between motor voltage command and
propeller rpm, and a thrust model that characterizes the
relationship between propeller rpm and thrust
coefficient. Thisimplementation separates the effect of
propeller loading on motor rpm from the thrust
produced at agiven rpm.

The regression analysis was performed in an ad hoc
manner to identify a combination of parameters that
provide a reasonable approximation to experimental
data The function approximating the relationship
between motor voltage and motor rpm is

KRPM = Cy +Cy,8+Cy @ +Cy ,a’
a

2

2
+C \Y; +C Vv
My rotor | MOtON M 5 motor

Vmotor

where KRPM  represents rpm/1000. Note that the
behavior is essentially quadratic in motor voltage
(Vmotor) With avariable offset which is determined
by propeller loading effects expressed through a
dynamic pressure () dependent term and the angle
of attack dependent terms.

The function relating thrust to motor rpm is

axRPM &
Cr =(Cy, +CT2KPRM)g B

©)
o

where Cy isthe thrust coefficient. No attempt was

made to explain the structure of this equation on a
physica basis. Tables of the propulsion model
coefficients are presented in the Appendix.

Analysis

The simulation model of the UFMAYV was used to
perform a number of analyses to assess the stability
and control properties of the vehicle. These analyses do
not, however, constitute a validation or verification of
the simulation model since there are no static or
dynamic data available for the actual aircraft in flight.

First atrim comparison is made for the vehiclein
straight level flight at several dynamic pressures. The
dynamic pressures (1.0, 1.6, and 2.0 psf) correspond to
conditionsat which experimental data are available.
These data were obtained during the wind tunnel test in
BART" and are representative of typical flight speeds
of the UFMAV.

Theresults of three longitudina trim studies are
shown in table 2. The experimental trim results were
obtained by achieving trim in the BART tunnel. This
was accomplished by first setting the tunnel speed
corresponding to the desired dynamic pressure and then
varying the vehicle angle of attack, symmetric elevon
deflection, and motor voltage (i.e., propeller rpm) until
the lift was approximately equal to the gross vehicle
weight and the pitching moment and total axial force
were both approximately zero.

The simplified analytical trim was determined using
the method described in reference 10. Equation (4) is
the matrix equation that was solved to determine trim
angle of attack and symmetric elevon.

&L, Cu. Y armi (Woc !
g: a C'—dsym trim /=1 TS Loy @
LM, Cwm

.dsymrim | —CMO b

dgym |

Thelift curve slope, moment curve slope, and lift and
moment control sensitivities were obtained from the
experimental data for the corresponding dynamic
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Table 2 — Experimental, analytical, and simulation

Table 4 —longitudinal modes.

based longitudinal trim. Dynamic Short Period Mode Phugoid Mode
Dynamic Propeller Angle of Symmetric Pressure damping| freq. damping freq.
Pressure RPM Attack Elevon (psf) ratio (rad/sec) ratio (rad/sec)
(psf) (deg) (deg) 1.0 0.13 23.3 0.44 0.85
Experimental Trim 1.6 0.12 30.2 0.35 0.65
1.0 18,900 10.4 -6.5 2.0 0.12 32.6 -0.56 0.67
1.6 20,600 54 3.5 Table 5 —laterd-directional modes.
2.0 21,900 2.0 2.5 Dynamic Spiral Roll Dutch Roll Mode
Analytical Trim (Simplified) Pressure Mode Mode
1.0 — 11.2 -5.6 (psf) eigenvalue| eigenvaluel damping freg.
1.6 — 5.4 -2.5 ratio (rad/sec)
2.0 — 3.5 -1.9 1.0 -1.04 -27.7 0.094 21.1
Computed Trim (UFMAV) 1.6 -1.04 -37.3 0.065 24.2
1.6 21,200 5.6 4.7 The simulation was also linearized about the above
2.0 22,000 3.5 -1.9 trim conditions to assess the dynamic stability of the
Table 3 — Computed lateral-directional trim. vehicl_e. Table 4 su_mmarizeg th_e frequency and
, — - , damping of the linearized longitudina modes. Note
Dynamic Sideslip Bank Antisymmetric . .
that the short period mode is stable for al three
Pressure Angle Angle Elevon . .
(o) (deg) (deg) (deg) Qynanm pressures but. lightly de_\mped. Its frequency
— = increases with increasing dynamic pressure but the
Computed Trim (UFMAV) damping is essentially constant. The damping of the
1.0 -0.051 -0.97 -0.59 phugoid mode varies significantly and is unstable at
1.6 0.028 -1.6 -0.54 the higher dynamic pressure.
2.0 0.070 2.1 -0.51 Table 5 summarizes the eigenvalues or frequency
and damping of the linearized lateral-directional modes.
pressure." The data was assumed to correspond to a Note that all the modes are stable and that the dutch

propeller rpm near trim.

The computed trim was obtained by using the
UFMAV simulation model and a constrainted
optimization routine to achieve level trim at a specified
dynamic pressure. Comparison of the three trim
analyses shows very good agreement for angle of
attack, symmetric elevon deflection, and propeller rpm.
Thisimplies that the longitudinal aerodynamic forces
and moments are well approximated in the simulation.

A dtraight and level trim analysis using the
simulation model was also performed to determine the
lateral-directional quantities: sidedlip, bank, and yaw
angles. Table 3 shows the results of this analysis.
Note that the UFMAV achieves lateral- directiona
control via antisymmetric elevon and dihedrd
coupling. It does not have two independent lateral-
directional controls (such as rudder and aileron) and
cannot be trimmed at zero bank angle (or zero sideslip
angle) asistypical. The results indicate that though
the vehicle does have significant asymmetries, all the
trim values are small and within the range of values at
which the aerodynamic data was obtained and ae
qualitatively consistent with the vehiclein flight.

roll mode is lightly damped. This is qualitatively
consistent with behavior of the vehiclein flight. Note
that the spiral mode isrelatively unaffected by changes
in dynamic pressure but that the magnitudes of both
the roll and dutch roll modes increase with increasing
dynamic pressure.

Linearized models used to perform this analysis can
be found in the Appendix.

Control Design

A preliminary guidance/control system has been
developed to enable investigations of autonomous and
collaborative control issues. The controller is
composed of two man parts. an inner-loop
measurement-based  nonlinear dynamic  inversion
controller for control of angular rates and an outer-loop
navigation command follower for control of wind-axis
angles™ An overview of the control system is
given in figure 4. The control system inputs ae
commanded flight-path angle g, wind-axis heading
anglec, and total speed V,. These inputs were chosen
to allow the vehicle to be readily integrated into an
existing multiple vehicle collaborative control
scheme!™ Controller outputs are commanded symmetric
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Figure 4 — structure of UFMAYV control system.

N0 @

and antisymmetric elevon deflection. A separate
proportional-integral error loop is used to generate
motor voltage commands to control total velocity.
For this preliminary study, the feedback
measurements are assumed to be known perfectly.
The two main parts of the control system ae
discussed in more detail in the following.

Measurement-based Nonlinear Dynamic Inversion
Given desired values of roll acceleration p, pitch
acceleration (], and yaw acceleration r, the inner-

loop  controller  generates symmetric  and
antisymmetric elevon commands to achieve the
desred angular acceerations. The inner-loop
controller is based on a modified nonlinear dynamic
inversion approach developed in reference 11. This
approach does not require a model of the basdine
vehicle (i.e. no stability derivatives), but does require
amodel of the vehicle's control effector derivatives
and feedback of body-axis angular accelerations and
control effector positions. Since this approach uses
acceleration measurements in lieu of a complete on-
board vehicle model, this approach is less sensitive to
vehicle model errors and can adapt to vehicle failures
and/or damage. An overview of the approach from
reference 11 is given in the following.
Given the vehicle equations of motion

x =F(x,d) = f(x) +g(x,d)
y=[p q r]" =h(»

where x is the vehicle state vector, dis the vehicle
control vector, and y is the vector of control
variables:. roll rate p, pitch rate g and yaw rate r. A
Taylor series expansion of (5) yields the following
first-order approximation to F(x,d) in the
neighborhood of [Xo,do]

F(x.d) = f(x0)+9(Xo o) +

©)

1

- (F () +9(x,d) (X- Xo)

ﬂX ( ) X:XO,d:do ° (6)
1

—(g(x.d) d- dp)

ﬂd( )x=x0,d=do dO

6

Letting X, and d, denote a previous state and control
from the recent past and defining

Ao=ﬂ1X(f(x)+g(x,d)) ]
ﬂ X_XO»d:dO (D
=— (g(x,d
By : OI(g(x ))szo’d:do

F(x,d) can be written as

F(x,d) = x@xo + Ao(X- Xo)+BoDd ®
in the neighborhood of Xx=Xxg, d=dg where
d=d,+ Dd.

At this point, this development differs from
reference 11 in that the number of controlsislessthan
the number of controlled variables and so the desred

responses cannot be completely achieved. A control law
is obtained by minimizing

J=(Yd- ¥) Q(Yd- V) ©)
where
fh(x)

Ix

and Q is a positive-definite diagonal weighting matrix
used to emphasize desired system responses. This
yields

y === X= hy(Xo+Ao(x- X0) +BoDd)  (10)

-1
m:[(hXBOthXBo] (hBo)T Q>
(Yd - hx).(o)

With a sufficiently fast update rate x tends to x, and
equation (11) becomes

11

. <1
0 = gy Bo)” QheBofy ()" Q(va - ko) (12)

whered = d, + Dd. The vehicl€'s control derivatives
B, are generated from the nonlinear aerodynamic
control coefficients using a central difference
approximation.

Navigation Command Follower

Given desired values of flight path angle g, wind-
axis heading c, and total velocity V, the navigation
command follower generates required roll rate, pitch
rate, and yaw rate acceleration commands for the
inner-loop controller.

The desired dynamics for the outer-loop were chosen
to be
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O =Wg (G- 9)

. (13)
Cq=Wc(Ce- C)

where the subscript d denotes the desired value and the
subscript ¢ denotes commanded input values. The
bandwidths w, and w, were chosen to be
approximately a decade below the bandwidths of the
desred inner-loop dynamics and therefore were
chosen to be 2 rad/sec.

Using the wind-axis point mass equations of motion
and assuming sidedlip angle and sideforce are small and
that V,and cos(g) arenon-zero, commanded wind-
axis bank angle m. can be determined as a function of
V,,g, ardc ™

V € 4cosg
Vg4 *+9cosgy

The desired dynamics for wind-axis bank angle was
chosen to be

tanng = (14)

My = Wr(m - m) (15)

wherew,, were chosen to be 4 rad/sec. )

The wind-axis angular rates I, g, and ¢ ae
transformed to commanded body-axis rates (assuming
sidedlip angle is zero) using
:pCIU &osa 0 -snalél O -sing Umi
[ @ . .
fgy=¢ 0 1 0 @ cosm sinmcosgq gy (16)
}rcb &ina 0 cosa ) -sinm cosmcosggc"p

wherea isangle of attack. The desired closed-loop
dynamics 'y, for the inner-loop were chosen to be

pd :Wp( pc - p)
dd = wq (gc - 9) an
4 =wr (rc - 1)

where the subscript d denotes the desired value and the
subscript ¢ denotes commanded values determined by
the outer-loop control law. The inner-loop
bandwidthsw,, w,, w, were chosen to be 20, 15 and
20 rad/sec, respectively, consistent with the open-
loop bandwidth.

Figure 6 shows time responses for inner-loop p., g,
and r, angular rate commands (i.e. no outer-loop
controller). The initial condition for these time
responsesis straight and level flight at V, = 37 feet/sec.
Reference signals were generated for comparison with
the achieved responses from equations (13), (15), and
(17) using the specified bandwidths. The commands
and reference signal s are shown respectively as dashed
and dotted lines in the upper two plots of figures 6a

and 6b. A sability-axis roll rate doublet was
commanded (50 deg/sec from 1 to 2 seconds and —-50
deg/sec from 2 to 3 seconds) with pitch rate and
stability-axis yaw rate commanded to zero. The effect
of choice of control variable weighting is demonstrated
in these figures. Figure 6a shows responses for a
control variable weighting of Q = diag([roll
acceleration error weighting, pitch acceleration error
weighting, yaw acceleration error weighting]) =
diag([1,5,2]). As can be seen, the stability-axisroll rate

o
&
&
o g Bl o8B g BE B

ih

8
th Ok

o ] 2 3 4 5
Time (sec)

Figure 6a— inner-loop p., q., and r, angular rate
commands, Q = diag([1,5,2]).

p, e =
deg/sec  “ _..b“--—-w._._._ :
100 ;
r, S
degisec O e
]
b : !
O e
d
g | :
i :
deg O ™ —————
n] '
Oy o
dg = Bt
dasy =] .
deg O L]
i n 2 3 i B

Time (sec)

Figure 6b — inner-loop p., q., and r, angular rate
commands, Q = diag([1,5,10]).
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Figure 7 - Figure 3 — outer-loop g.. ¢, and
Vtc commands, Q = diag([1,5,2]).

reference signal is more closely followed than the
stability-axis yaw rate reference signal with low dutch
roll damping asillustrated by the oscillatory sideslip
response. Figure 6b shows responses for Q =
diag([1,5,10]). Thisresultsin the stability-axis yaw
ratereference signa being more closely followed
than in figure 6a and a better damped sidedip
response.

Figure 7 shows time responses for outer-loop g,

c.. and \/tc commands. The control variable

weighting was Q = diag([1,5,2]). The commanded and
reference signal values are shown respectively as dashed
and dotted lines in the top three plots. As can be seen,
the vehicle closely follows the reference signal with
reasonable control activity.

These preliminary results demonstrate that thisis a
viable approach for control of systems where the
number of controlsis less than the number of control
variables, such as, MAV's. Future efforts will focus on
improvements to this approach, robustness anaysis,
and use of this method as part of a multiple vehicle
collaborative control scheme.

Concluding Remarks

A dynamic simulation model of an aeroelastic fixed
wing micro aerial vehicle has been developed that is
suitable for a wide variety of usesincluding control
system design, navigation and guidance algorithm
development, and their assessment. The simulation is
based on a vehicle concept developed at the University
of Florida and wind-tunnel data collected in the NASA
Langley Basic Aerodynamics Research Tunnel.
Regression analysis was used to obtain a generalized
Taylor series aerodynamic model.

8

The simulation was used to assess vehicle trim and
basic stability and control properties. The analysis
indicates that the vehicle has acceptable stability
properties and good controllability.

A control system was desgned using a
measurement-based nonlinear dynamic  inversion
approach. The method was extended to accommodate
application to systems with fewer controls than
controlled variables as is the case for the subject
vehicle. A guidance loop was also designed to allow
the simulation model to be integrated into an existing
multiple vehicle collaborative framework.

Assessment of the control and guidance systems
using the simulation demonstrated satisfactory
performance. Additiona research is underway to
improve the dynamic response, investigate performance
robustness, and explore implementation issues.
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Appendix

The appendix contains a block diagram of the basic

Structure

of the simulation model, tables of the

Nonlinear Dynamic Inverson with a aerodynamic force and moment coefficients and
. H ” . .
Special  Accelerometer  Implementation, linearized models  of the UFMAV.
AIAA Paper 2000-4565, AIAA Guidance,
Navigation and Control  Conference,
Denver, CO, August 2000.
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Aerodynamic Force/M oment Coefficients

Longitudinal Axes

Latera-Directional Axes
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