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ABSTRACT

An array of effectors and sensors has been designed, tested and implemented on a Blended Wing
Body Uninhabited Aerial Vehicle (UAV). This UAV is modified to serve as a flying, controls
research, testbed. This effector/sensor array provides for the dynamic vehicle testing of
controller designs and the study of decentralized control techniques. Each wing of the UAV is
equipped with 12 distributed effectors that comprise a segmented array of independently
actuated, contoured control surfaces. A single pressure sensor is installed near the base of each

effector to provide a measure of deflections of the effectors.

The UAV wings were tested in the North Carolina State University Subsonic Wind Tunnel and
the pressure distribution that result from the deflections of the effectors are characterized. The
results of the experiments are used to develop a simple, but accurate, prediction method, such
that for any arrangement of the effector array the corresponding pressure distribution can be

determined. Numerical analysis using the panel code CMARC verifies this prediction method.
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1. INTRODUCTION

1.1 Aircraft Morphing Concepts

The National Aeronautics and Space Administration (NASA) Aircraft Morphing
program has the objective of integrating research from a broad range of
disciplines in order to incorporate smart technologies into high payoff aircraft
applications.'  Smart technologies may be defined as embedded actuation,
sensing, and control logic that are tightly coupled in a feedback loop. Thetefore,
the primary focus for the Morphing program is to develop closed-loop devices
having dynamic actuation, local sensing, and feedback control. Consequently, a
combined approach to control systems and system identification is being used in
the Morphing program to address the control laws and controller responses
required for the individual devices, as well as addressing the global requitements
for distributed arrays of devices that are used to achieve an overall system
benefit®> Thus, it is within this framework that NC State and NASA have
partnered to develop a flying controls test bed that is equipped with distributed

actuation and sensing.

1.2 UAV Overview and Research

Uninhabited Aerial Vehicles (UAVs) are used for a wide range of purposes
including military, civilian and research. In military applications, the UAV can be
used for in-field reconnaissance or high altitude surveillance.”* The U.S. military
is also developing Uninhabited Combat Aerial Vehicles (UCAVs) to complement
and/or replace fighter aircraft* Civil use of UAVs include aerial photography
and observation of traffic patterns.*’ In agriculture UAVs can be used to inspect
crops and provide local applications of pesticide and/or hetbicides.*”  High
altitude, long range UAVs also setve as upper atmospheric weather stations.™

Finally the use of highly instrumented UAV’s in research applications provides a




quick, safe and inexpensive method to validate a wide vatiety of novel designs

and concepts.'""

New flow control methods are under investigation to reduce fuel consumption,
increase  range/endurance, increase control authority and enhance
maneuverability throughout the entire flight envelope of an air vehicle.” This
approach is in contrast to traditional, passive control approaches that have
inherently poor performance at off-design conditions. In general, active flow
control devices can yield more reduced drag, increased lift and better control of

unsteady aerodynamics than passive devices.'

Recent activity at NC State’s Flight Research Laboratory has demonstrated the
advantages of highly instrumented UAVs in validating flow and flight control
technologies under actual flight conditions."*' In the current work an existing
UAV platform is modified to evaluate multiple controller designs. An innovative
replacement for traditional flaps (ailerons, elevators, rudders, etc.) is used in order

to gain enhanced control of the aircraft.

1.3 Decentralized Control Techniques for Distributed Systems

New developments in decentralized control techniques have provided methods
to control distributed arrays with a large number of individual elements. These
techniques have been useful in a wide variety of applications. Studies have shown
that the decentralized control methods provide a viable option for distributing
air/ground traffic separation.”” Several studies have investigated the robust
control of multiple vehicles, including UAVs, traveling in formation and show
that a decentralized control method provides optimal control while reducing the
complexity of the control algorithm.!""®  Furthermore, recent discoveries in
material science and fluidics have been used to create a variety of shape-change

and fluidic effector devices to enable new approaches to aerospace vehicle flight



control. Microelectromechanical systems (MEMS) make feasible the concept of
combining actuation, sensing, computing, and telecommunications to produce a
very large array of distributed configurations with unprecedented capabilities for
control.”” Future aerospace vehicles might use distributed arrays with hundreds
of such devices for stabilization and maneuver control, thereby augmenting or

replacing conventional ailerons, flaps and/or rudders.”

The underlying theme in each of the distributed systems is that standard control
techniques have severe limitations because the overall system is rich and complex,
and requires high levels of connectivity and massive computations.”> However,
many systems contain similar elements that interact with their nearest neighbor in
a simple and predictable fashion. The goal of developing decentralized control
techniques is to obtain tractable algorithms for controlling the simple systems and

then applying the technique to a more vast, overall scheme.

The current work develops a test-bed with a distributed actuation and sensing
suite that provides the capability to test and evaluate a large number of controllers
and control methods, such as decentralized control. Control objectives include
active separation control, stabilizaion and maneuver control, disturbance
rejection or upset recovery, mission-adaptive performance enhancement, and
failure accommodation.” In addition to the aforementioned control objectives,
reduced fuel consumption, enhanced maneuverability and reconfigurablity are

potential benefits of distributed effector and sensor arrays.**”

Sophisticated
controller designs using elegant inputs, such as modal shapes that only vary
amplitude and frequency across the effector array will be used to provide mult-

axis aircraft control.



1.4 NASA Morphing Wing

The Smart Wing program was developed and sponsored by DARPA, AFRL and
NASA. The program evaluated smart materials through a multi-disciplinary
investigation for high payoff aircraft Phase 1 of the Smart Wing program
concluded with wind tunnel testing in 1997. One aspect of the Smart Wing
design was a Shape Memory Alloy (SMA) actuated trailing edge device that
replaced a traditional control surface. This design produced a contoured wing, or
a hingeless control surface (Figure 1).” The benefits of a contoured wing are
illustrated in Figure 2. The conventional hinged flap, due to its abrupt change in
curvature, is more prone to separation than the smooth transition of the
contoured control surface. Figure 2 shows that the contoured wing yields a higher

value of the maximum lift coefficient, C,_,, thus increasing the stall envelope of

l,max>

the aircraft. Another benefit is an increase in the upper corner of the drag

bucket, which indicates an increase in L/D,_,.

Wind tunnel testing of the Smart Wing was conducted at NASA Langley’s 16 ft
Transonic Dynamic Tunnel on a 16% scale F/A ~ 18 E/F model. The model
was tested with both the traditional, hinged control surfaces and the contoured,
SMA actuated surface. The Smart Wing showed significant aerodynamic
improvements.®* Figure 3 shows that for any given angle of attack, «, thete is an
increase in the lift coefficient, C;, resulting in 8% increase in lift. The pressure
distribution around the airfoil, Figure 4, shows that the Smart Wing produces
increased amount of suction on the upper surface near the trailing edge of the
aitfoil. This increase in negative pressure directly contributes to the increased lift.
The Smart Wing also shows improved aerodynamic performance by using the

contoured wing design.



1.5 Objectives of Project

The cutrent project develops a UAV test-bed to test decentralized control
methods using a distributed array of contoured control surfaces. The effector
and sensor suite are designed to evaluate, in the future, a wide range of control
objectives. The implementation of the distributed effector array is illustrated in
Figure 5. The continuous control surface proved very difficult to manufacture;
therefore, in the cutrent work the effector array is approximated with a sedes of
segmented and independently actuated -effectors. Surface pressure
measurements will be used as sensors for the array. A recent study has shown
that as few as four pressure measurements on an airfoil can provide information
on the overall lift” Thus the pressure sensors are designed to provide feedback
in the controllers. Each effector is paired with a single sensor; therefore, the
effector/sensor pair forms a subsystem. Each subsystem is first characterized
and then the subsystems are used to predict the response for the more complete

effector/sensor array.



2. EXPERIMENTAL AND NUMERICAL APPROACH

2.1 Experimental Set-Up

2.1.1 Wind Tunnel

The NC State Subsonic Wind Tunnel is a closed return wind tunnel with a test
section 32” high * 45” wide * 46” long. The wind tunnel operates at a maximum
dynamic pressure of 12 Ib/ft% thus the maximum velocity is approximately 85
ft/s. The tunnel is equipped with Plexiglass® side walls at the test secton. A
solid door was constructed to teplace one of the Plexiglass® side walls. This door
is equipped with a 6” offset splitter plate onto which the model is mounted. The
splitter plate is used to eliminate the influence of the wind tunnel walls’ boundary
layer on the model and to position the model in the center portion of the test

section.

2.1.2 Instrumentation
2.1.2.1 Pressure Measurement System

Two pressure scanning devices are used to measure the surface static pressures
on the model. A Scanivalve® system equipped with 96 channels and a +3.5” H,O
transducer is used as the primary pressure measurement system. A Pressure
Systems, Inc. Electronic Scanning Pressure (ESP) module was also used. The
ESP module has 16 independent £10” H,O transducers that are contained within
a lightweight and compact case; this module is capable of measuring up to 32

channels.

2.1.2.2 Servo Serial Boards

Servo serial boards, manufactured by BASIC-X™ are used to command the

positions of the servos/effectors. The boards allow the command of 256



positions for each servo. Up to eight serial servo boards can be linked together
therefore providing independent control of up to 64 servos using a single serial

connection.

2.1.3 UAV BWB Delta

The testbed is the UAV BWB (Blended Wing Body) DELTA that was designed,
built and flight tested at NC State (Figure 6). The flying wing platform is similar
to the design of the NASA BWB.* The root chord and tip chord are 58” and 5
47, respectively. The 9.5’ wingspan aircraft is powered by an Aviation Microjet
Technology™ (AMT) mini-turbojet engine that is rated at 18-Ibf static thrust.”*
The cruise and stall speeds are 120 ft/s and 45 ft/s, respectively. The UAV has
no landing gear; instead the aircraft is dolly-launched and skid recovered. The
aircraft has a dry weight of 30 lb. with a payload capacity of 15 lbs. BWB
DEILTA is an ideal candidate for the effector array because the flying wing design
allows the trailing edge surfaces of the aircraft to provide pitch and/or roll
control. The UAV BWB DELTA has removable outboard wing panels;

therefore, new wing panels equipped with the distributed effectors were

constructed.

2.1.4 Wing Panels

The outboard wing panels of the aircraft have a 217 root chord with a 5 %/4” tip.
The airfoil section is a NACA 0015. The wing span is 31 '/4”. Figure 7 shows
details of the wing during construction. The skins for the wings are made of a
wet-laminate fiberglass/graphite composite which incorporates a 1/8” Korex
honeycomb corc. The internal formers are 1/8” birch plywood. Aluminum bars
are integrated into the skin to provide attachment points for the effectors. A

hatch provides access to all of the servo motors, effectors, and pressure ports.



v

Twelve effectors, adjacent to each other, are installed on each wing. The effector
#1 is at the root and effector #12 is 18” from the root.  Because of the thin
cross-section at the most outboard portion of the wing, a conventional hinged
control surface is installed. A second conventional control surface is located on
the main body section of the aircraft. Thus the arrays of distributed effectors are
backed-up by conventional surfaces which give redundancy to the control
surfaces of the aircraft. Figure 8 shows the starboard wing with the complete

distributed effector array.

Each outboard wing panel equipped with the distributed effectors, servos and
other hardware has a weight of 3.5 lbs. The baseline wing panels have a weight
of 2.25 Ibs. Thus, the net increase in the weight of the wings is 1.5 lbs. There are
additional power requirements to operate the 24 servos (one for each effector);
however, the additional batteries are used to replace the ballast that is required in
the nose of the aircraft. Thus the overall weight increase of the modified wing

panels and its accessories is less than the available payload weight of 5 lbs.

2.1.5 Distributed Effectors and Sensors
2.1.5.1 Effectors

The arrays of independently actuated surfaces, also termed effectors, are designed
to operate with the same bandwidth (1-2 Hz) and maximum deflection (£15°) as
the conventional control surfaces. Therefore the modified vehicle can operate
similar to the baseline vehicle when the effectors are deployed as a conventional

surface.

The actuation of the effectors is provided by commercially available, off-the-shelf
servo motors, Hobbico™ CS-5 nano-servos. The design of the effectors
incorporates a hingeless, contoured control surface. Each effector is comprised

of two rectangular elements of thin spring steel having dimensions of 0.007”



(thickness), 1.5” (width) and 4” (length), one each on the upper and lower
surfaces. The effectors are deflected by the servos through a pull-pull wire
linkage; the opposing surface restores the actuated surface to its neutral position.
An undeflected and deflected full-scale prototype of an effector is shown in

Figure 9.

2.1.5.2 Sensors

An array of 24 surface pressure taps (12 taps per wing) is used to monitor the
deflections of the effectors. One pressure tap, 0.040” in diameter, is located
4.05” from the trailing edge of each effector. The pressure taps are equally
spaced at intervals of 1.5” in the spanwise direction with the first pressure tap
located 0.75” from the root chord. Therefore there is one pressure tap located
immediately forward of each effector. The pressure tubulations are connected to

the pressure scanning system through 0.040” diameter nylon tubing.

2.2 Computational Methods

2.2.1 XFOIL

The effect of Reynolds number, flap hinge location, and flap deflection are
examined using XFOIL. XFOIL is a two-dimensional inviscid analysis code
based on the linear vorticity stream function” In the present work an airfoil,
whose undeflected cross-section is the NACA 0015, is examined. The CAD
program, Unigraphics™, is used to generate undeflected and deflected trailing
edge airfoil sections. The contour of the modified wing panel is modeled by the
deflected trailing edges of the airfoil section. A range of deflected airfoil sections
with hinge locations of x/c = 0.4-0.9 and flap deflection angles of 10-60° are

examined.



2.2.2 CMARC

The aerodynamic analysis code CMARC is used to examine the pressure
distribution on the UAV BWB DELT.A equipped with the array of distributed
effectors. CMARC is a three-dimensional, inviscid, panel code method based
potential flow theoty.”® The geometry of the UAV, with and without deflection
of the effectors, is modeled in Unigraphics™. A representative aerodynamic
model of the wing panels is shown in Figure 10; the inset shows a close-up of the

deflected effectors.
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3. RESULTS AND DISCUSSION

Numerical and experimental results of the performance of the distributed effector
and sensor are presented in this chapter. The performance is first examined using
the two-dimensional analysis code XFOIL (3.1); then a three-dimensional analysis
using CMARC (3.2) is presented; finally the results of an experimental wind

tunnel investigation are presented (3.3).

3.1 XFOIL Results
The outboard wing panel of UAV BWB DELT.A is tapered. This variation in the

geometry results in different cross-sections across the span of the effector array.
XFOIL provides a quick method to isolate the effect of the varying geometry by
examining two-dimensional, aitfoil, cross-sections of the wing. This analysis
delineated the influence of changing flap deflection, Reynolds Number and hinge
location. Also the potential aerodynamic benefits of a contoured design versus a

conventional hinged flap are examined.

3.1.1 Effect of Flap Deflection

Figure 11 shows the effect of changing flap deflection, 8, Three airfoils with
deflections of 10°, 15° and 20° deflections are presented. The hinge location is
x/c = 0.7 and the Reynolds number is 1x10°. The lift and pitching moment
coefficients are plotted versus angle of attack, «. As the deflection angle is
increased, the C, is larger for a given angle of attack, while C_,, is unchanged.
Thus, the flow over the effectors is neither separated nor stalled even at large
deflection angles. This is verified by the fact that the pitching moment coefficient

remains constant for all cases.

11



3.1.2 Effect of Reynolds Number
Figure 12 shows the results for the change in Reynolds number for an airfoil with

a deflection of 15° and hinge location x/c = 0.7. Reynolds Number is defined as:

Re=+"— 3.1)

Thus the chord length, c, is proportional to the Reynolds Number. The chord
length of the airfoil cross-section varies from 19” (inboatd) to 8” (outboard) due
to taper in the wing. The Reynolds Number varies from 1 x10° - 2.5x10° across
the span of the effector array at the cruise velocity of the aircraft (120 ft/s). The
results show that although the Reynolds number changes considerably there is
little effect on the aerodynamic performance of the airfoil. The section lift
coefficient, C, differs only slightly near stall and the pitching moment coefficient,

C..» shows very little deviations for all cases.

3.1.3 Effect of Hinge Location

Figure 13 shows XFOIL results for airfoils with various hinge locations. Each
effector has a different hinge location, because the chord of the wing changes,
but the length of each effector is 4”. Thus the hinge location varies from x/c =
0.8 for the inboard effector to x/c = 0.5 for the outboard. Each of the airfoils
has a 15° deflection with a Reynolds Number of 1x10°. Since the chord length is
proportional to increasing the Reynolds Number, Figure 12, shows varying the

chord length will not change the results.

The results show that the outboard effectors in the array provide a greater C for a
given angle of attack, «. However, this also suggests the onset of stall, defined as
Clmao Will occur at a lower o for the outboard effectors. Therefore, although the
outboard effectors are the most effective, they stall first, and the aircraft is more

susceptible to wing tip stall. This tp stall of the aircraft has been has been

12



previously obsetrved in the wind tunnel analysis of a sub-scale model and in the
initial vehicle flight testing; the present XFOIL analysis clarifies these previous
results.”® The only slight variations in pitching moment due to the hinge location
occur at negative angles of attack that are unobtainable by the aircraft; it is

thought that this variation does not change with hinge location.

3.1.4 Effect of Surface Geometry

The NACA 0015 airfoil with a conventional, hinged control surface and the
contoured aitfoil are next examined. Figure 14 shows the comparison for a 15°
flap deflection at a Reynolds Number of 1x10° and a hinge location of x/c = 0.7.
C, and C_, of the contoured airfoil are increased compared to the conventional
airfoil at any given angle of attack; therefore, there is a clear benefit in the
performance of the airfoil that utilizes the contoured trailing edge. Similar results
are also obtained by varying flap deflection, Reynolds Number and hinge location
for the two airfoils. These results agree very well with the wind tunnel
observations in the Smart Wing program (Figure 3). The wind tunnel results for
the Smart Wing show an increase in lift coefficient of approximately 8%; whereas,
the XFOIL analysis shows improvements of approximately 10%.  The
improvement in pitching moment also suggests that there are considerable

improvements in the control authority of the contoured control surface.

Although the magnitude increase in C; compare well, the pressure distributions
from the XFOIL analysis differs from the wind tunnel results for the Smart
Wing. The Smart Wing shows an overall increase in suction mainly due to an
increase at the trailing edge location (Figure 4). However, the results from
XFOIL show that the suction spike produced by the sharp transition at the flap
deflection is flattened out, while there is an overall increase in the magnitude of
the upper surface pressures (Figure 15 and Figure 16). This overall increase in

magnitude is what accounts for the lift improvement for the contoured airfoil.
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The improvement in lift is significant, and possibly could be even greater if the
gap between the traditional surface and airfoil is also modeled. The gap may
cause greater flow separation, and degrade the performance; whereas, the

modified airfoil very closely represents the manufactured design.

In summary, the analysis shows that the effectors can be used in a wide range of
conditions without degradation to the performance. The study further suggests
that the array of effectors will have additional aerodynamic benefits due to the

contoured geometry of the design.

3.2 CMARC Results

3.2.1 Control Power Analysis

The CMARC simulations are used to provide an inviscid, three-dimensional
analysis of the UAV. The CMARC analysis reported in Ref(27) provides the
baseline information for control power effectiveness of the control surfaces. The
trailing edge surfaces of the UAV are designed to provide pitch and roll control;

therefore, the two figures of merit used to evaluate the control power

effectiveness for roll and pitch are p and 4 respectively. The following

ds,”

equations are used to calculate the control power estimates:

Elevator Control Power = 2 = O 32
t t = e .
evator Control Power 4, Cma (3.2

2C, V.
Steady State Roll = Py, = — “’E;b—‘ A(Sa (3.3)

Previous UAV research at NC State has shown good aircraft handling qualities

Lss

are obtained for values of p_ near 360°/s and d%5 between 1 - 2.
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The control power of the effector array, predicted by CMARC analysis,
ascertained that the modified control sutfaces can provide adequate control of
the aircraft.’? The analysis determined the amount of control power the effector
array could provide without the assistance of the conventional surfaces. The
pitch and roll authority the baseline vehicle, modified vehicle, and the effector
array are shown in Figure 17 andFigure 18. The results show the vehicle outfitted
with the effector array provides similar control authority to the baseline vehicle.
Therefore, the modified vehicle with the effectors deployed as conventional
surfaces result in handling that is similar to the baseline vehicle. A modal
deflection, where the spatial distribution of tp deflections form a sine wave
whose peak amplitude is 15°, is also examined. The control power is compatrable
to that of the baseline vehicle. Figure 17 andFigure 18 also show the control
power estimates using only the effector array; it is seen that the effector array

provides up to half the control power.

The effector array provides a good measure of pitch and roll authority without
use of the conventional surfaces. Duting a flight test scenario all surfaces are
used in a conventional manner for the more difficult maneuvers such as takeof,
approach and landing. Once a holding flight pattern is established at altitude, the
conventional surfaces are disabled and the ability of the effector atray to navigate
the aircraft and perform simple maneuvers can be examined. Following the flight
test the conventional surfaces can be re-engaged and the vehicle landed with a

conventional control surface configuration.

3.2.2 Pressure Characterization

Figure 10 shows the CMARC panel model; in the inset of a close-up of a
deflected effector is shown. The symmetry along the centetline of the aircraft
simulates the presence of the sidewall in the wind tunnel tests. The CMARC

model of the wing determined the pressure response to a single effectors

15



movement. Finally, a sensitivity matrix related the pressure response for multiple

effectors movements.

3.2.2.1 Single Effector Movement

CMARC yields predictions of the aerodynamic coefficients, such as lLft
coefficient by calculating the pressure at each panel and then integrating to find
the aerodynamic coefficients. Therefore, the pressure at the panel nearest to the
location of the pressure sensor can be compared to the measurement of the

pressure sensor.

Figure 19, shows a plot of the CMARC pressure distribution; the inset shows
effector #3 at a 10° deflection. CMARC analysis with no effector deflections
provides the baseline data. The baseline data set is subtracted from the predicted
pressure with the deflected effectors. The baseline data is used as a reference to
determine the net change in pressure due to the displacement of the effectors.

The following equation is used to quantify the pressure change, ACy,

ACP = CF,Recorded - C (34)

P,Baseline

The change in pressure on all sensors is measured for +5° and +10° deflections
of each effector. Since the wing has a symmetric airfoil section, the pressures on
the upper and lower surface for both positive and negative deflections are
obtained in a single run.  Figure 20,Figure 21 and Figure 22 show the pressure
response for deflections of an inboard (#3), a mid-span (#6), and an outboard

effector (#10). In general, the change in pressure varies linearly with deflection.

Thus, the pressure response to a single effector at any deflection angle can be
predicted. It is observed that the sensor nearest to the actuated effector is most

sensitive to the deflection. This sensitivity decreases for sensors further away
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from the actuated effector; the sensitivity is negligible mote than three sensors

away from the actuated effector.

3.2.2.2 Multiple Effector Moverent

d(AC,)

f

The change in pressure due to the actuation of a single effector, , is the

slope of the linear fit shown in Figure 20-Figure 22. These slopes, sensitivity
coefficients, are plotted in Figure 23 for three representative cases. They can also

be summarized in a matrix of the form:

a,; dp an
a a e a
21 2 IN
A="] S X (3.5)
Ay Au, Any

d(aC,)
dé,

where a = , and the row and column numbers represent the effector

and sensor numbers, respectively. The sensitivity coefficients derived in this
manner from the CMARC analysis are shown in Table 1. The results in Table 1
and Figure 23 confirm that the most sensitive sensor is that which is nearest to
the actuated effector. Also, the neighboring sensors equidistant to the actuated

effector have approximately the same response to deflection of the effector.

The results above also suggest that the distributed actuation and sensing array
could be used for failure monitoring and fault detection. Specifically, each
effector configuration is uniquely related to the pressure distribution of the
sensors. Therefore, for a given effector configuration, an inconsistency in the

pressure distribution can be used to identify a faulty sensor. Conversely for a
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measured pressure distribution, an inconsistent effector indicates the possible

failure of an effector.

3.3 Wind Tunnel Results

Figure 24, shows a representative series of effector configurations in the wind
tunnel that were evaluated during the testing. Three modal shapes with varying
spatial frequency and a one-up-one-down configuration are shown. The purpose
of the wind tunnel tests is to access the ability to characterize the pressure
response due to the actuation of a single effector and then for actuation of

multiple effectors.

3.3.1 Single Effector Characterization

Initially the wind tunnel experiments followed the same test matrix as the
CMARC analysis. A single effector was deflected over a range of angles and the
pressure response was measured. Figure 25Figure 26 andFigure 27 show the
results for a representative inboard (#3), mid-span (#6) and outboard (#10)
effector moved through a £15° degree sweep. The effectors are displaced with
two degree increments to provide good resolution for the linear curve fit. The
results are similar to the CMARC simulations. The change in pressure with
respect to deflection of an effector is linear. The magnitudes of the pressure
changes are also comparable to the CMARC analysis. As was previously
observed the largest sensitivity is measured at the sensor closest to the actuated
effector. The neighboring pairs of equidistant also show a similar response. The
slopes of the linear fit to the data are summarized in the sensitivity matrices

shown in Table 2.

The sensitivity coefficients from the CMARC analysis and the wind tunnel results
are shown for three representative cases in Figure 28, Figure 29 andFigure 30.

The results from the wind tunnel show that the CMARC simulations over predict
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the pressures for the sensor that is closest to the actuated effector, but at the
neighboring sensors the experiment and CMARC are in good agreement. The
source of error could be attributed to the wake separation between the main wing
and the actuated effector in the CMARC modeling. Nonetheless, the results
provided a method to estimate the pressure change due to the actuation of a

single effector using experimental or numerical data.

3.3.2 Multple Effector Characterization
The effect of flap deflection on the change in pressure can be written in matrix

form as:
Ax=b (3.5)

The sensitivity coefficients a_, in matrix A are given in Table 1 andTable 2 for the
CMARC analysis and the wind tunnel experiment, respectively. The vectors x

and b are given as

x= (3.6)

and

AC,,
AC,,
b= : (3.7
ACpyy
AC,y
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where x is a vector of flap deflections and b is a vector of change in pressute
coefficient. The matrix equation therefore provides a method to combine the
effects of the actuation of a single effector into the actuation of multple

effectots.

Figure 31Figure 38 show the predicted and measured pressure response for
several commanded effector deflections. The prediction method is evaluated in
each wing for several effector deflections including modal shapes with varying
frequency, constant deflection angles, and one-up-one-down configurations.
The prediction method uses Equation 3.5 to estimate the pressure response. The
results show that the linear combination of the single effectors provides a reliable

prediction for the multiple effector deflections for a range of effector deflections.

The above results show that the distributed effector/sensor array has the
capability to meet many of the proposed mission objectives. All of the elements
for closed loop control within the bandwidth limitations of the sensors and
actuators are in place. Specifically, for a given effector position there is a
measurable response from sensors. Therefore effectors can be commanded to a
desired configuration whose resultant pressure distribution optimizes a particular
flight condition, such as maximum L/D. The feedback can be potentally used
for stabilization and maneuver control, disturbance rejection or upset recovery.
The overall performance of the vehicle can be improved because the effector
array can be actively controlled to optimize several phases of the flight regime,

such as take-off, landing and cruise.

3.3.3 UAV Readiness for Flight Testing
The distributed effector and sensor array has been designed, manufactured, tested
and installed. Figure 39 shows UAV BWB DELTA equipped with the

TTAXT

distributed effector and sensor array. The UAV is therefore ready to enter the
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flight testing phase of the project. Final evaluations of the system which
included effector calibrations and comparison of the in-flight and wind tunnel

pressure monitoring systems have also been conducted.

3.3.3.1 Effector Calibrations

A servo is employed to actuate each effector. The deflection angle, for a given
servo position may differ; due to slight manufacturing inconsistencies, physical
taper in the wing and the vatying tension in the wire linkages. Therefore, a
calibration of servo position versus deflection angle was made for each effector.
Figure 40 shows a graph of the calibrations for the port wing. Effectors 1-6
have a slope of equal magnitude, but opposite sign, of effectors 7-12; this is
because the separate banks of servos are mounted in opposite directions (Figure
7). Table 3 summarizes the calibration results for both wings. These calibrations
are incorporated into a look-up table that may be used in a flight computer

system to command an effector to a specific deflection angle.

3.3.3.2 Comparison of Pressure Systems

Figure 41 shows a comparison of the measured pressures using the two pressure
monitoring systems used during the wind tunnel testing. The Scanivalve™ system
is a mechanically multiplexed, pressure system permanently mounted the wind
tunnel; the ESP module is a compact lightweight, electronically multiplexed
system that will ulimately be used for in-flight pressure measurement. The
results show that both systems provide identical results. Thus, the ESP module is
suitable to be used as the pressure monitoring system during the flight testing

portion of the project.
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4. CONCLUDING REMARKS

4.1 Summary of Results

This study examines the effectiveness of multi-axis control of a UAV using a
distributed actuation and sensing array that was designed, manufactured and
analyzed. XFOIL and CMARC are used to computationally evaluate the design,

and then wind tunnel tests are used to experimentally validate the design.

XFOIL provides a two-dimensional numerical analysis of the effects of flap
deflection, Reynolds Number, and hinge location. This analysis is used to
demonstrate the performance benefits of a contoured surface in the design of the
effectors. The distributed array consists of 24 effectors that is 12 on each wing.
The resulting effector is comprised of two plates of spring steel having
dimensions 4” (chord) x 1.5” (span) x 0.007” (thickness). The effectors are
actuated by a hobby servo via antagonizing pull-pull linkages. The pressure
sensors, centered at the base of each effector, are located on the upper surface of
the wing. An array of 24 pressure sensors provides feedback information for the

system.

Subsequent three-dimensional analysis using CMARC provides comparisons of
the control authority for the baseline vehicle equipped with conventional surfaces
to the control authority of the modified vehicle equipped with the effector array.
The modified vehicle has comparable control authority in addition to the
advantages of distributed effectors. These advantages include fault tolerance,

failure monitoring, and aeroelastic tailoring.

Wind tunnel testing provides an experimental evaluation of the performance of

the effector array. The measured effects of the deflections compare well with the
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CMARC simulations. The simulated and measured pressutes, in response to the
deflections of a single effector, are used to develop a simple but accurate method
to determine the pressure distribution that results from deflections of multiple

effectors.

4.2 Continuing Research

At the time of writing this thesis, wind tunnel testing of the fully equipped UAV
is underway at the NASA-Langley 12’ Wind Tunnel. The purpose of the testis to
access the static and dynamic performance of the actuation and sensing suite.
Preliminary results are encouraging and indicate that flight testing would be
beneficial.

4.3 Recommendations for Future Work

Following the wind tunnel testing at NASA the UAV will be readied for flight
tesing. ‘The present study and the wind tunnel tests at NASA provide a
experimental and numerical database that can be used as the basis for multiple
controller designs. The envisaged flight test plan includes the demonstration of

closed loop, multi-axis control using the distributed effector and sensor arrays.
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5. TABLES

Table 1: Sensitivity Mattix from

CMARC

Eﬁectore"s“# 1 2 3 | 4 5 6 7 8 9 | 10| 11 ] 12
1 38.72(20.48|12.64| 8.88 | 6.88 | 4.16 | 4.12 | 3.48 [ 2.92 | 2.50 | 2.96
2 18.44|11.30] 8.14 | 4.74 | 462 | 386 | 3.16 | 2.72 | 3.18
3 21.32|33.37¢ 17.74]10.94| 5.80 | 5.38 | 4.30 | 3.48 | 2.92 | 3.40
4 13.18}16.80|38.0 35.78/17.92| 7.86 | 6.64 | 5.06 | 3.90 | 3.14 | 364
5 9.26 | 10.11{17.34| 34.10 6.36 | 472 | 362 4.12
6 7.08 | 7.12 [10.54|17.46 874 | 6.04 | 448 | 492
7 5.58 | 5.22 | 6.66 | 8.66 20.60]11.82| 7.84 | 7.90
8 460|425 |520|6.34 | 8.06 {11.64]27.72 48.52|20.76|11.74[ 10.52
9 414|372 | 444|518 6.14| 766 | 9.22 20.9615.66
10 3.86 | 3.43 | 4.06 [ 452 5.18 | 6.06 | 5.80 [ 11.54|30.24]¢
1 400|354 ]|412|452]|494|560]510] 8.02 1232
12 410 365|414 448|482 538|480 6.96 | 8.82

** Note: All Values *1x10°5
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Table 2: Sensitivity Matrix for
Starboard and Port Wing Matrices of

dac,
dé,

Starboard

o2 # | 4 2 3 4 5 6 7 8 9 10 | 1| 12
1 2694 | 1312 | 848 | 631 | 471 | 164 | -002) 284 | 087 | 164 | 0.04
2 27.66 3290 | 17.18 | 1098 | 7.05 3.31 2.01 4.01 1.71 2.65 1.08
3 17.49 | 3127 | 1150 | 583 | 382 | 457 | 344 | 322 | 168
4 12.01 | 17.97 1971 | 951 | 562 | 6.36 | 434 | 3.44 | 250
5 8.13 | 10.15 3219 | 1097 | 807 | 702 | 456 | 3.84 | 2.23
6 382 | 576 | 10.87 | 2003 | 32.95 120 | -1.77 | -6.93
7 642 | 104 | 519 | 1172 | 15.85 13.04 | 10.37 | 8.05
8 568 | 347 | 539 | 9.27 { 11.45 19.73 | 1334 | 9.78
9 504 | 498 5.54 8.17 | 11.51 3\ 41.21] 25.44 | 16.01
10 439 | 496 | 551 | 6.96 | 10.11 44.13 | 26.59
11 4.71 4.84 4.86 6.54 9.17 | 1038 | 972 | 14.57 | 23.45 | 31.88 39.61
12 388 | 443 | 468 | 568 | 7.86 | 831 | 814 | 11.14 | 18.49 | 2250 | 36.12

Port
ensor #

Effector 2 3 4 5 6 7 8 9 10 11 12
1 2163 | 1504 | 6.08 | -453 | 366 | 4.08 3.64 249 | 168 | 275
2 36.31 3992 ] 2385} 1332 128 | 677 | 717 | 439 | 456 | 0.65 | 5.05
3 23.15 | 38.07 6378 4097 | 2290 | 927 { 1024 | 1176 | 6.78 | 689 | -1.53 | 483
4 1713 | 22.30 | 37.05 37.02 | 1423 | 10.97 { 1087 | 4.39 | 331 | -3.49 | 2.03
5 11.22 | 15.73 | 24.36 | 38.55 -0.06 | -1.53
6 11.22 | 11.59 | 17.08 | 23.87 6.44 | 468
7 520 | 7.37 | 11.03 | 1338 9.80 | 9.33
8 521 | 743 | 818 | 1081 11.26 | 10.97
9 463 | 621 | 8.76 | 943 25.30 | 15.17
10 477 | 567 | 745 | 834 37.73 | 25,60
11 551 | 683 | 773 | 836 | 869 | 7.28 | 10.55 | 19.51 | 23.81 | 32.57 36.71
12 357 | 624 | 650 | 744 | 823 | 671 | 989 | 17.39 | 17.66 | 22.99

** Note: All Values *1x10"5
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Table 3: Calibrations for Effector
Deflections from -15 to 15 degrees

Port Wing
-15] 13| 11} -9 -7] -5 -3} 1] Of 1 3| 5 7| 9] 11] 13] 15

45] 60| 71| 81| 90] 98| 108} 116] 119] 121] 127] 131 139] 145] 153] 161| 170

49] 65| 75| 83| 92| 100] 108} 116] 118 121] 127| 132| 139 147] 154] 163| 173

30] 62| 67] 74] 81| 91| 100§ 109] 113] 117] 127] 131] 138] 145] 151] 161| 170

43| 62| 71} 81| 89| 100[ 108] 118] 121} 127| 137| 141] 147| 157] 161] 167| 177

55| 64] 74] 86] 94| 104) 111} 120] 123] 126] 134| 141) 146] 156| 162| 164] 174

57| 69] 79] 89] 97| 108| 116} 122| 124] 131]| 141} 145] 150| 162| 168| 171] 177

206] 195] 179] 169] 158| 150) 143| 136] 133] 128] 119} 115] 105] 99| 92| 85| 75

OINID]NEB W] —

201] 193] 183] 173| 161| 153] 145 136] 130] 127] 120] 110] 103 97{ 86| 77| 69

9| 206] 194] 183| 174| 163] 153] 145] 138] 133| 129{ 120] 111] 104] 97| 88| 80| 69

10] 204] 189 178] 170} 168] 151| 142] 133] 129] 125] 118] 110] 104] 94| 84| 76] 66

11] 200] 172| 163] 153] 143] 135] 127] 121] 119] 115] 117] 99| 95] 87| 81| 72| 61
12| 206] 186 175] 163] 154| 144| 135] 128] 125]| 122] 112| 107} 102] 94| 86| 76| 66

Starboard Wing
-156] 13| 11| 9] -71 -5 3] 1 o] 1] 3[ S5 7 o 11 13} 15

184] 181] 173] 168| 158] 151| 143] 136] 132} 129] 122]| 115] 106| 98| 88| 77| 63

188] 180] 170} 162] 152] 144| 138] 131} 126f 124 117] 111] 102| 94] 86| 75| 64

189] 179] 167} 159] 148] 142| 134] 128] 124/ 122]| 116] 109] 102] 94| 87| 78] 65

193] 181] 171] 162]| 151} 145[ 137] 131{ 126] 124| 119] 110] 102] 93| 84| 74| 61

193] 182] 171} 164| 152] 147| 138] 132{ 127| 125] 119} 111] 104{ 96| 88| 77| 66

189] 178] 168} 160| 149] 144| 136] 128] 125] 121| 114] 105] 97| 88| 80] 69| 61

66| 81| 95| 102 115] 118] 126] 133] 135] 139] 143| 154]| 161] 170]| 177} 188| 204

70| 87 99} 105] 1151 118] 124] 131] 132] 138] 142] 152] 160] 164] 173] 181| 190

(o] ood ] K23 (50 B3 I8 L]

63| 85] 97} 104] 113] 117] 121} 130] 132} 136] 141| 150] 158} 161] 170] 177] 187

10| 60| 84| 94] 102) 110] 115] 118) 127| 129] 134| 138 148| 1565] 158| 167] 171] 179

11 67| 79{ 92| 104] 111} 117] 121} 130} 132 137] 142] 151| 159} 162 172]| 178] 187

12| 54| 75| 86] 99| 108| 118] 123] 133} 137| 142| 149] 160{ 168| 171]| 178| 184] 188
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6. FIGURES

Figure 1: SMA Actuated Smart Wing
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Figure 2: Comparison of Contoured
and Conventional Control Surfaces
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Figure 4: Cp Pressure Distribution for
Smart Wing and Conventional Surface

Figure 5: Theoretical Effector Array

Figure 6: UAV BWB DELTA
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Figure 7: Construction History of
Outboard Wing Panels

Figure 8: Starboard Wing with
Effectors Attached
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Figure 9: Actuator Design - Deflected
(left) and Undeflected (right)
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Figure 10: CMARC Model of
Outboard Wing Panel with Effector
Deflection
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Figure 18: Steady State Roll Rates
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Figure 19: Pressure Distribution from
CMARC with an inset of a deflected

effector
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Figure 24: Port Wing in Wind Tunnel
with Various Effector Arrangements
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Figure 26: Pressure Response for Mid-
Span Effector Movement (#6)
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Figure 27: Pressure Response for
Outboard Effector Movement (#10)
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Figure 32: Measured and Predicted
Pressure Response for Sine Wave (A
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Figure 33: Measured and Predicted
Pressure Response for Sine Wave (A
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Figure 34: Measured and Predicted
Pressure Response for Sine Wave (A
=15°% w0 =10.75)
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Figure 35: Measured and Predicted
Pressure Response for Constant
Deflection (A = -10°)
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Figure 37: Measured and Predicted
Pressure Response for One-Up-One-
Down Deflection (A = 4°)
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Figure 39: BWB DELTA with
Distributed Effector Wings
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Figure 40: Calibrations for Port Wing
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