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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 effectorhensor 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 Adrmnistration (NASA) h c r a f t  Morphing 

program has the objective of integrating research from a broad range of 

dlsciplines 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. Therefore, 

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 requirements 

for dlstributed arrays of devices that are used to achieve an overall system 

benefit.2 Thus, it is withm this framework that NC State and NASA have 

partnered to develop a flying controls test bed that is equipped with dlstributed 

actuation and sensing. 

1.2 UAV Overview and Research 

Uninhabited Aerial Vehicles (UAVs) are used for a wide range of purposes 

includmg military, civilian and research. In d t a r y  applications, the UAV can be 

used for in-field reconnaissance or high altitude surve~llance.~,~ The U.S. d t a r y  

is also developing Uninhabited Combat Aerial Vehicles (UCAVs) to complement 

and/or replace fighter air~raft."~ Civil use of UAVs include aerial photography 

and observation of traffic  pattern^.'^' In agriculture UAVs can be used to inspect 

crops and provide local applications of pesticide and/or herbicides.*" High 

altitude, long range UAVs also serve as upper atmospheric weather stations." 

F h d y  the nse nf h&!y ifistmmefited UAVs i~ research applicatims provides a 
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quick, safe and inexpensive method to validate a wide variety of novel designs 

and concepts. "J' 

New flow control methods are under investigation to reduce fuel consumption, 

increase range/endurance, increase control authority and enhance 

maneuverabrlity throughout the entire fight envelope of an air ~ehic1e.l~ 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 device~.'~ 

Recent activity at NC State's Flight Research Laboratory has demonstrated the 

advantages of highly instrumented UAVs in valtdating flow and flight control 

technologes under actual fight condl t i~ns . '~~ '~  In the current work an existing 

UAV platform is modlfied to evaluate multiple controller designs. An innovative 

replacement for traltional 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 dlstributed arrays with a large number of individual elements. These 

techniques have been useful in a wide variety of applications. Studles have shown 

that the decentralized control methods provide a viable option for distributing 

&/ground traffic separation." Several studies have investigated the robust 

control of multiple vehicles, includmg UAVs, traveling in formation and show 

that a decentralized control method provides optimal control while reducing the 

complexity of the control algorithm.""8 Furthermore, recent discoveries in 

material science and fluidics have been used to create a variety of shape-change 

and fiuidic effector devices to enabie new approaches to aerospace vehicle fight 
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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 Mtations because the overall system is rich and complex, 

and requires hgh levels of connectivity and massive computations.” However, 

many systems contain similar elements that interact with their nearest neighbor in 

a simple and predictable fashon. The goal of developing decentralized control 

techniques is to obtain tractable algorithms for controUing 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, stabhation and maneuver control, disturbance 

rejection or upset recovery, mission-adaptive performance enhancement, and 

failure accomm~dation.’~ In addition to the aforementioned control objectives, 

reduced fuel consump tion, enhanced maneuverabhty and reconfigurablity are 

potential benefits of distributed effector and sensor arrays.24725 Sophisticated 

controller designs using elegant inputs, such as modal shapes that only vary 

amplitude arid frequeiicy across the effector array id be used to provide multi- 

axis aircraft control. 
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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 multidisciplinary 

investigation for high payoff aircraft.22 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. Ths design produced a contoured wing, or 

a hingeless control surface (Figure l).23 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 hgher 

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

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, ci, there is an 

increase in the lift coefficient, C, resulting in 8% increase in lift. The pressure 

dlstribution around the airfoil, Figure 4, shows that the Smart Wing produces 

increased amount of suction on the upper surface near the traihng edge of the 

airfoil. Trus increase in negative pressure directly contributes to the increased lift. 

The Smart Wing also shows improved aerodynamic performance by using the 

contoured wing design. 
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1.5 Objectives of Project 

The current project develops a UAV test-bed to test decentrallzed control 

methods using a hstributed 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 dlstributed effector array is dustrated in 

Figure 5. The continuous control surface proved very difficult to manufacture; 

therefore, in the current work the effector array is approximated with a series 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.25 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 predlct the response for the more complete 

effector/sensor array. 
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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 lb/ft2; thus the maximum velocity is approximately 85 

ft/s. The tunnel is equipped with Plexiglass@ side walls at the test section. A 

solid door was constructed to replace one of the Plexiglass@ side walls. This door 

is equipped with a 6” offset splitter plate onto whch 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 Insmentation 

2.1.2.1 Pressure Measunment @stem 

Two pressure scanning devices are used to measure the surface static pressures 

on the model. A Scanivalve” system equipped with 96 channels and a k3.5” 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 +lo” 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 

+.A ~ u s ~ u o ~ s  .h of the semos/effec:ors. The b=ards d o w  the commmd of 256 . .  
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positions for each servo. Up to eight serial servo boards can be linked together 

therefore providmg independent control of up to 64 servos using a single serial 

connection. 

2.1.3 UAV BWB Delta 

The testbed is the UAV BWB (Mended Wing Bo& DELTA that was designed, 

built and flight tested at NC State (Figure 6). The flylng wing platform is similar 

to the design of the NASA BWELZ6 The root chord and tip chord are 58” and 5 

‘/4”, respectively. The 9.5’ wingspan aircraft is powered by an Aviation Microjet 

TechnologyTM (AM”) mini-turbojet engine that is rated at 18-lbf static thrust.z7328 

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 shd recovered. The 

aircraft has a dry weight of 30 lb. with a payload capacity of 15 lbs. BWB 

DELTA 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 Whg Panels 

The outboard wing panels of the aircraft have a 21’’ root chord with a 5 ‘A” Up. 

The airfoil section is a NACA 0015. The wing span is 31 ‘A’’. Figure 7 shows 

detds of the wing during construction. The skins for the wings are made of a 

wet-laminate fiberglass/graphite composite whch incorporates a 1 /8” KorexTM 

honeycomb corc. Thc internal fcLmers are 1 /8” birch plywood. Alurninlm 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. 
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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 lstributed effectors are 

backed-up by conventional surfaces which gve 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 lbs. 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 addtional 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 Disvibuted Effectors and Sensors 

2.1.5.1 E$ectors 

The arrays of independently actuated surfaces, also termed effectors, are designed 

to operate with the same bandwidth (1-2 Hz) and maximum deflection (kl5O) as 

the conventional control surfaces. Therefore the modified vehicle can operate 

s d a r  to the baseline vehcle when the effectors are deployed as a conventional 

surface. 

The actuation of the effectors is provided by commercially avadable, 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” 

8 



(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” dmneter nylon tubing. 

2.2 Computational Methods 

2.2.1 XFOIL 

The effect of Reynolds number, flap hmge location, and flap deflection are 

examined using XFOIL. XFOIL is a two-dimensional inviscid analysis code 

based on the linear vorticity stream In the present work an airfoil, 

whose undeflected cross-section is the NACA 0015, is examined. The CAD 

program, UnigraphmTM, is used to generate undeflected and deflected trailing 

edge airfoil sections. The contour of the modified wing panel is modeled by the 

deflected tradtng 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. 
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2.2.2 CMARC 

The aerodynamic analysis code CMARC is used to examine the pressure 

distribution on the UAV B W B  DELTA equipped with the array of distributed 

effectors. CMARC is a three-drmensional, inviscid, panel code method based 

potential flow theory.30 The geometry of the UAV, with and without deflection 

of the effectors, is modeled in UnigraphcsTM. A representative aerodynamic 

model of the wing panels is shown in Figure 10; the inset shows a close-up of the 

deflected eflectors. 

10 



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-hensional analysis code XFOIL (3.1); then a three-dimensional analysis 

using CMARC (3.2) is presented; &ally the results of an experimental wind 

tunnel investigation are presented (3.3). 

3.1 XFOIL Results 

The outboard wing panel of UAV B W  DELTA is tapered. T h s  variation in the 

geometry results in Qfferent cross-sections across the span of the effector array. 

XFOIL provides a quick method to isolate the effect of the varylng geometry by 

examining two-hensional, airfoil, cross-sections of the wing. This analysis 

delineated the influence of changmg 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 changmg flap deflection, 6,. Three airfoils with 

deflections of loo, 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, a. 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. Thts is verified by the fact that the pitchng moment coefficient 

remains constant for all cases. 
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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 hmge location x/c = 0.7. Reynolds Number is defined as: 

PVC Re =- 
P 

Thus the chord length, c, is proportional to the Reynolds Number. The chord 

length of the airfoil cross-section varies from 19" (inboard) to 8" (outboard) due 

to taper in the wing. The Reynolds Number vanes from 1 x10' - 25x10' 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 pitchtng 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 hnge 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 hmge location vanes 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, a. However, this also suggests the onset of stall, defined as 

C,,-, wdl occur at a lower a for the outboard effectors. Therefore, although the 

outboard effectors are the most effective, they stall hrst, and the aircraft is more 

susceptible to wing tip stall. Ths tip stall of the aircraft has been has been 
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previously observed in the wind tunnel analysis of a sub-scale model and in the 

initial vehlcle flight testing; the present XFOIL analysis clarifies these previous 

results.28 The only slight variations in pitchmg moment due to the hnge location 

occur at negative angles of attack that are unobtainable by the aircraft; it is 

thought that thts 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 airfoil are next examined. Figure 14 shows the comparison for a 15" 

flap deflection at a Reynolds Number of 1x106 and a hmge 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. Slmilar results 

are also obtained by varying flap deflection, Reynolds Number and hmge 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 matnly due to an 

increase at the t,.ai!ing edge location (l3gu-e 4). However, the resdts from 

XFOIL show that the suction splke produced by the sharp transition at the flap 

deflection is flattened out, wMe 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 

condltions without degradation to the performance. The study further suggests 

that the array of effectors d 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 

baselme information for control power effectiveness of the control surfaces. The 

traihng 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 pss and , respectively. The following 

equations are used to calculate the control power estimates: 

C d a  - m, 

'6, 'my 
Elevator Control Power = - - - 

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

are obtained for values of p.. near 36Oo,/s and d a  between 1 - 2.31 As, 
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The control power of the effector array, predicted by CMARC analysis, 

ascertained that the modified control surfaces can provide adequate control of 

the air~raft.~' 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 s d a r  control authority to the baseline vehicle. 

Therefore, the modfied 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 tip deflections form a sine wave 

whose peak amplitude is lSO, is also examined. The control power is comparable 

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. During a flight test scenario all surfaces are 

used in a conventional manner for the more dfficult maneuvers such as takeoff, 

approach and landmg. Once a holding fight pattern is established at altitude, the 

conventional surfaces are disabled and the abdtty of the effector array to navigate 

the aircraft and perform simple maneuvers can be examined. Following the flight 

test the conventional surfaces can be re-engaged and the vehcle 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 centerline 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 
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movement. Finally, a sensitivity matrix related the pressure response for multiple 

effectors movements. 

3.2.2.1 Jingie EJector Movement 

CMARC yields predctions of the aerodynamic coefficients, such as lift 

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, AC,, 

The change in pressure on all sensors is measured for +5" and +lo" 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 (#IO). In general, the change in pressure varies linearly -with deflection. 

Thus, the pressure response to a single effector at any deflection angle can be 

predlcted. It is observed that the sensor nearest to the actuated effector is most 

sensitive to the deflection. This sensitivity decreases fur xriburs f d l e r  away 
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from the actuated effector; the sensitivity is negligble more than three sensors 

away from the actuated effector. 

3.2.2.2 Muft$fe Efector Movement 

4ACP ) , i s  ' the The change in pressure due to the actuation of a single effector, 
d s f  

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: 

a21 a22 * . *  a 2 N  A = .  . .  (3.5) . .  

where a d(ACp ) , and the row and column numbers represent the effector 
dS f  

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 dlstribution 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 varymg 

spatial frequency and a one-up-one-down configuration are shown. The purpose 

of the wind tunnel tests is to access the abihty to characterize the pressure 

response due to the actuation of a single effector and then for actuation of 

multiple effectors. 

3.3.1 Shgle Effector Charactetization 

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 25,Figure 26 andFigure 27 show the 

results for a representative inboard (#3), mid-span (#6) and outboard (#lo) 

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 ChfARC 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 sirmlar response. The 

slopes of the linear fit to the data are summarized in the sensitivity matrices 

show-n 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. 

T i e  resuits from t ie  wind tunnei show chat the CMAiiC simuiadons 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 Mulupfe Effector Characterization 

The effect of flap deflection on the change in pressure can be written in matrix 

form as: 

A x = b  (3.5) 

The sensitivity coefficients a,,,, in matrix A are gven in Table 1 andTable 2 for the 

CMARC analysis and the wind tunnel experiment, respectively. The vectors x 

and b are given as 

and 
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where x is a vector of flap deflections and b is a vector of change in pressure 

coefficient. The matrix equation therefore provides a method to combine the 

effects of the actuation of a single effector into the actuation of multiple 

effectors. 

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 predlction 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 dlstributed 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 h t a t i o n s  of the sensors and 

actuators are in place. Specifically, for a gven effector position there is a 

measurable response from sensors. Therefore effectors can be commanded to a 

desired configuration whose resultant pressure dlstribution optimizes a particular 

flight condition, such as maximum L/D. The feedback can be potentially 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 fltght 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 

distributed effector and sensor array. The 'u'ATvr 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-fhght and wind tunnel 

pressure monitoring systems have also been conducted. 

3.3.3.1 Efector 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 varying tension in the wire linkages. Therefore, a 

cahbration 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; t h s  is 

because the separate banks of servos are mounted in opposite directions (Figure 

7). Table 3 summarizes the cahbration results for both wings. These cahbrations 

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 Congarison ofPf-esst/re Jj3tem.r 

Figure 41 shows a comparison of the measured pressures using the two pressure 

monitoring systems used during the wind tunnel testing. The ScanivalveTM system 

is a mechanically multiplexed, pressure system permanently mounted the wind 

tunnel; the ESP module is a compact lightweight, electronically multiplexed 

system that will ultimately be used for in-fhght 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. T h s  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 modlfied vehicle has comparable control authority in addition to the 

advantages of &st&uted effectors. These advantages include fault tolerance, 

failure monitoring, and aeroelastic tailoring. 

Wind tunnel testing provides an experimental evaluation of the performance of 

the effecter array. The meas>wed effects of the deflectbcs cem-e r UL we!! with the 
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CMARC simulations. The simulated and measured pressures, 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 test is to 

access the static and dynamic performance of the actuation and sensing suite. 

Preliminary results are encouragmg 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 fight 

testing. 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. 

23 



5. TABLES 

Table 1: Sensitivity Matrix from 
CMARC 

** Note: AllValues *1x10A5 

24 



Table 2: Sensitivity Matrix for 
Starboard and Port Wing Matrices of 

dAC, 

d6f 
- 

1 

1 2  3 4 5 6 7 8 9 10 11 12 

$*<as’* 
ls4&-& 2694 1312 848 6 3 1  471  164  -002 284  087  1 6 4  004  

I 3 1 1 7 4 9 1 3 1 2 7 ~ ~ ~ ~ ~ 1 3 8 4 3 1 1 9 2 5 1 1 1 5 0 1 5 8 3 1 3 8 2 1 4 5 7 1 3 4 4 1 3 2 2 1  1 6 8 1  

I 8 I 568  I 347  I 539 I 927 I 1145 I 1786 I 2 5 7 7  19.091 3084 I 1973 I 1334 I 978  I 

Port 

I 3 ~ 2 3 1 5 ~ 3 8 0 7 ~ s j . 7 8 4 0 9 7 ~ 2 2 . 9 0 ~  9 2 7 1 1 0 2 4 1 1 1 . 7 6 1  6 7 8 1  6 8 9 1 - 1 5 3 1  4 8 3 1  
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** Note: All Values *1x10A5 
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Table 3: Calibrations for Effector 
Deflections from -15 to 15 degrees 

Port Wina 

Starboard Wing 
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6. FIGURES 

Figure 1 : SMA Actuated Smart Wing 
Contoured Surface 

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 

30 



Figure 9: Actuator Design - Deflected 
(left) and Undeflected (right) 

Figure 10: CMARC Model of 
Outboard Wing Panel with Effector 

Deflection 
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Figure 14: XFOIL Analysis of 
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Figure 18: Steady State Roll Rates 
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Figure 25: Pressure Response for 
Inboard Effector Movement (#3) 

44 



Sensor 4 - Sensor5 - Sensor6 - Sensor7 
0- Sensor8 
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Figure 32: Measured and Predcted 
Pressure Response for Sine Wave (A 

= 15", w = 0.25) 

51 



-0.5 

Figure 33: Measured and Predicted 
Pressure Response for Sine Wave (A 

= 1 5 O ,  w = 0.5) 

- 
- - -12 - 
- 

I I -1 6 - I 

52 



Effector Number 

Figure 34: Measured and Predxted 
Pressure Response for Sine Wave (A 

= 1 5 O ,  w = 0.75) 
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Figure 39: B\VB DELTA with 
Distributed Effector Wings 
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