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Abstract

This document describes the design of an automatiding system for the
Meridian unmanned aerial vehicle (UAV) in developinéor glacial ice research. The
Center for Remote Sensing of Ice Sheets (CReS$&bkshed by the National Science
Foundation (NSF), will use the Meridian UAV to ca@n ice penetrating radar system
with eight flat plate antennas attached undernea¢h wings of the aircraft. The
autolanding system designed in this thesis is meanhcrease the autonomy of the
Meridian to eventually reach a fully autonomousesys

A literature review of current research in autamé&nding systems is presented.
The Meridian UAV is modeled usingdvanced Aircraft Analysiand Athena Vortex
Lattice software; longitudinal and lateral state space et®dre developed and analyzed
to evaluate the dynamic modes of the aircraft. elsgivity analysis is performed
evaluating the effect of changingsQCns, and G on the aircraft dynamics to investigate
the effects of eight flat plate antennas attachetbvb the wings. Fuzzy logic is
determined the ideal application for an automatialing controller based on its ability to
control uncertain and nonlinear systems. Usingyulbgic, a longitudinal automatic
landing controller is designed which uses high leeenmands through the wePilot2000
for aircraft control. Simulation shows the conliolis promising for further research and

eventual implementation with the wePilot2000 fligbntrol system.
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1 Introduction

The Center for Remote Sensing of Ice Sheets (CReflthe University of Kansas
was established by the National Science Found#N@&F) in 2005, with the mission of
developing advanced sensors to measure ice thigksagace elevation, accumulation
rate, and basal conditions in Greenland and Antardh support of global climate
change research. The center has developed sensbradar systems deployed on ground
based vehicles and manned aircraft, and an irgthial of CReSIS was to develop an
autonomous unmanned aerial vehicle (UAV) to camg penetrating radar. The
University of Kansas Department of Aerospace Ergjing (KUAE) has developed a
UAV called the Meridian, shown in Figure 1.1, whielll carry a CReSIS developed

radar system which includes attaching eight flatgplntennas under the wings.

Figure 1.1: The Meridian UAV

The Meridian UAV is a 1,083 Ib aircraft with a 26ft wingspan. The Meridian
will be controlled by the wePilot2000 flight contrgystem, which is a semi-autonomous
FCS for fixed wing UAVs which requires a pilot ftakeoff and landing. This presents a
major concern for Meridian flight operations. Thbutpe pilots for the Meridian flight

1



test operations have substantial experience withaiR&aft, the Meridian is much larger
and heavier than a normal RC aircraft and will haignificant differences in flight
characteristics. In response to this concern, thesis describes the design of an
automatic landing system for the Meridian UAV thses the wePilot flight control
system.

Chapter 2 of this document summarizes a literatev@ew of current research in
automatic landing systems. Chapter 3 presentstiteling of the Meridian UAV and a
sensitivity analysis of g Cus, and Gg which reveals potential for more difficult than
expected flight qualities when landing the aircrafthis potential supports the need for
an automatic landing system and particularly amlanting controller that can handle
uncertainty in the plant model. Chapter 4 descrithes wePilot2000 Flight Control
System (FCS) that was chosen for the Meridian UAW a brief discussion of flight test
of the FCS. Chapter 5 introduces fuzzy logic aantheory and the fuzzy logic
controller designed for the automatic landing systeChapter 6 presents the design of a
fuzzy logic automatic landing system for the MeadiUAV with simulation results.

Chapter 7 presents conclusions and recommenddtphgure research.



2 Literature Review of Current Research in Autoland Systems

This section presents a literature review of curmeark in automatic landing
systems for fixed wing aircraft. The main purposethis literature review is to research
different control theories that have been usedaltolanding controllers and compare
results. This comparison will aid the decision dfatvcontrol theory will be used for the
autoland system of the Meridian UAV.

The landing phase of flight is widely recognized adifficult challenge for
autonomous controller design. An autoland cordgrothust be designed to reject external
disturbances, such as wind and turbulence, as agelincertainties in the plant model
used for the design of the controller. Furthermtite autoland system must consistently
control an aircraft to an accurate touchdown pamd a smooth touchdown to prevent
damage to the aircraft.

The landing phase is divided into two phases: agrand flare to touchdown.
The approach requires the controller to follow astant glide slope and track the runway
centerline. The flare requires the controller dioiv an exponential curve which will
guide the aircraft to a smooth touchdown. Refegerjt] and [2] put particular emphasis
on the necessity of modeling the ground effectrduthe flare maneuver for controller
design as this introduces a large nonlinearityhm dircraft dynamic model between the
approach and flare phases of landing. Both pape¥$3] to calculate the change in zero-
lift angle of attack and the airplane lift curveme. Reference [4] takes this one step
further and provides an overview of ground-effeldntification as well as a process used
by Airbus to validate an automatic landing systeSince the two phases of the landing

process are present in every automatic landingesysthe main focus of this literature

3



review is the different controllers designed fotaamomous landing. Four papers are

discussed, each with a different control theory.

2.1 Automatic Landing Control Methods

2.1.1 Feedback Linearization Method

The goal of Reference [1] was to use the feedbawkatization method for
nonlinear control in the design of an automatialag system. The paper writes, “To
perform feedback linearization, the output showddifferentiated until a component of
the input, 5 appears.” Pages 10 through 12 present a denvatiothis feedback
linearization along with the steps taken in thetawmprocess. Unfortunately, the paper
presents limited insight into the performance afidations of this controller and no tests
are performed outside of these simulations. Ifduaeg the controller performance in
the presence of sensor noise, the paper usesdeseeptions, excellent, good, and fair,
without any mention of criteria for these ratingghus, the paper lacks good evidence for
whether or not feedback linearization is a valuabéthod for control design.

On a separate note from the controller desigs,ghper states the following:

“The longitudinal touchdown point is stipulatedide within a zone of 250m to 600m of
the desired point and the lateral touchdown pdnougl be such that the main landing
gear is at a maximum distance of 19 m from the ayneentre line.” This means that the
designers of this autoland system define an acoleptangitudinal error of 8%-20% (if

the runway length is 10,000 ft).



2.1.2 Fuzzy Neural Networ ks and Genetic Algorithm

In Reference [5] a fuzzy neural network is desthtee command pitch angle with
inputs of altitude, altitude command, altitude yated altitude rate command. The paper
assumes that the change in the throttle commazér since the aircraft maintains a
constant speed along the flight path. The restdt® simulations of this fuzzy neural
network controller are presented as acceptable taadpaper concludes that fuzzy
controllers can successfully control a vehicleemese wind disturbances. However, the
touchdown conditions for this auto-landing contollinclude a pitch angle of
approximately -10°. This landing condition is uo@gtable considering in the case of the
Meridian UAV, this pitch angle at touchdown wouldveé the nose into the ground and

cause considerable damage to the aircraft inclualibgken propeller.

2.1.3 Fuzzy Logic Controller

This paper, Reference [6] uses a Fuzzy Logic @datr(FLC) to control the glide
path error (via altitude control), for pitch stabdition, and to maintain constant speed.
The fuzzy controller uses the error (from desirathpand the time-rate-of-change of the
error (from desired path) to determine the coninplut, u. The FLC also uses scaling
factors for input variables, the error and the rerate to affect the controller response.

For testing, the aircraft was placed in initial ddions meant to take the vehicle
off of the desired path. The simulations show th€ uides the vehicle back on course
and holds the desired path quite well. The ulteriznefit of this controller is its simple
design, as shown in block diagram implementatiomd &s ability to account for

nonlinearity.



2.1.4 Quantitative Feedback Theory

Reference [2] uses Quantitative Feedback TheoryT{Q@B design a digital
autoland controller. QFT is a step-by-step protesseate robust gains for a controller.
The process, as described in the paper, is asvallo

1. Determine the set of plant® that cover the range of structured parameter
uncertainty as well as plant templates for eaatpueacy of interest.
2. Specify acceptable tracking models that the cldseg- response satisfies,

Tr<Tr<Tgru, and determine tracking bounds.

3. Determine disturbance rejection models based on disturbance rejection
specifications, and determine disturbance bounds.

4. Specify stability margin and determine U contours.

5. Draw U contours, disturbance bounds, and trackounts on a Nichols chart.

6. Synthesize nominal loop transfer functios{2)

7. Synthesize prefilter F(z)

8. Simulate system to evaluate performance.

9. Iterate as required to meet specifications.

Based on Monte Carlo simulation, the performancaefQFT controller matched
that of classic PID gains for all cases. Howevee, QFT controller performance far
exceeds classic PID gains for the case with modwemainty and in moderate

turbulence. The paper concludes that the QFT albertroffers better overall safety,



performance, and robustness for the case of alaa&pvith model uncertainties flying in

turbulent conditions.

2.2 Conclusion

The automatic landing system to be designed byaititdor will be designed

specifically for control through the wePilot200@fit control system. The wePilot limits

the control inputs to outer-loop controlsy, W,, and ¢/ . Based upon the reviewed

literature and this control limitation, the authmoncludes that a fuzzy logic controller
will be the best for the approach and flare portodrthe autoland system that will be
designed. This conclusion is based on the sintplitiat the fuzzy logic controller
presents to the problem of not having direct cdrver aircraft attitude. The fuzzy logic
controller design needs to be tested for robustmeste presence of both model
uncertainty and external disturbances. Howevemsicdering the controller of Ref. [6]
also performed well with a nonlinear aircraft mqdbe author hypothesizes that a fuzzy
logic controller will prove robust and ultimatelygood choice for operation with the

wePilot.



3 Modeling and Sensitivity Analysis of the Meridian UAV

The design phase of the Meridian UAV did not imeoWind tunnel testing or any
high-fidelity CFD analysis. Based on preliminagsearch conducted by KUAE, the
AAA and similar conventional parametric method$ieitunderestimate or overestimate
aerodynamic derivatives of UAVs due to the low Rdgls numbers at which UAVs
operate [8]. Consequently, the eight flat plateeanas introduce a large uncertainty to
the aircraft dynamic model. The antennas are asdumhave the largest affeci @nd
Cnp, Which are calculated with an estimated uncergagit20% and 15% respectively
([24]). By varying the value of these two stalyilderivatives, the change in flying
gualities of the vehicle is studied to estimate tvbe or not the antennas harbor the
possibility of drastically changing the vehicle’'gnémics. Special attention is given to an

already unstable spiral mode.

3.1 Modeing with Advanced Aircraft Analysis (AAA)

Advanced Aircraft Analysi$AAA) is a software program developed IBDAR
Corporation [9] primarily for preliminary aircraft designAAA estimates stability and
control derivatives of an airplane using geomeprazameters and basic aerodynamic
characteristics. For a given flight condition anplane configuration AAA uses the
input geometric and aerodynamic characteristicsinterpolate through an internal
aerodynamic database of different size aircraftstijobased on DATCOM[10] and
figures from the Roskam Airplane Design series .[Ifjis process results in a low-
fidelity estimation of stability and control derivges produces a very quick, useful

analysis of airplane stability dynamic flight quegds for preliminary design.



3.1.1 Physical Geometry

The geometric parameters of the Meridian are showrable 3.1. When modeling
an aircraft with a V-tail, such as the Meridian UAXAA calculates the projected
horizontal and vertical tails. This informationako given in Table 3.1, as a sec@A
file was created with the projected horizontal aweltical tails to double check

calculations ilAAA Figure 3.1 presents a three-view of the Meridi&V/ .

Table 3.1: Basic Geometry of the Meridian UAV

Span (ft) Reference | Aspect | Taper | Incidence | Dihedral Quarter Chord
P Area (ftz) Ratio | Ratio [Angle (deg)|Angle (deg) |Sweep Angle (deg)
Wing 26.38 69.61 10.0 1.0 0.0 5.0 0.0
V-Tail 4.64 15.69 5.5 0.5 0.0 50.0 17.6
Projected
Horizontal Tail 5.92 10.00 35 0.5 0.0 0.0 26.3
Projected
Vertical Tail 4.99 11.92 2.1 0.5 0.0 0.0 225

3.1.2 EngineModd

AAA allows for engine data to be modeled with the laivp, which inherently
improves longitudinal mode dynamics estimation.vienes work by the authors [12]
presents a performance evaluation of the enginteviitlafly on the Meridian. Table 3.2
presents data for the required brake horse powdly tthe Meridian at a number of
airspeeds. The information in this table was usetie AAA model per flight condition to

calculate a large set of derivatives with varyiirg@eeds.
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Table 3.2: Required BHP for Airspeed

V, (kts)| BHP, | BHP, | ABHP

60 20 135 115
70 20 135 115
80 22 135 113
90 25 135 110

100 30 135 105
110 36 135 99
120 44 135 91
130 53 135 82
140 64 135 71
150 77 135 58
160 91 135 44

3.1.3 Stability and Control Derivatives

The geometry from Table 3.1 and the engine madeh fTable 3.2 are exported to
AAAas required along with other minor geometric ctiargstics. The trim speed is set to
120 knots at Standard Sea Level conditions in gteagel flight. The resulting

derivatives that were calculatedAdAare presented in Table 3.3 and Table 3.4.

Table 3.3: AAA Steady State Coefficientsfor Meridian UAV

Steady State Cocfficients
Cr, 0.3214
Cp, 0.0232
Cry, 0.0238
Crny 0.0097
Cng, —0.0098
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Table 3.4: AAA Dimensionless Stability & Control

Longitudinal Latcral-Dircctional
Derivatives (rad~!)| Derivatives (rad=!)
Ch, 0.0000 Cy, —0.4789
Ch, 0.1409 Cy, —0.1465
Cry, —0.0713 Cy, 0.3217
Cr, 0.0109 C, —0.0776
Cr. 5.1648 C, —0.5546
Cr. 0.7407 C, 0.1099
Cr, 4.6179 Ch, 0.1386
Ch, 0.0028 CHTB —0.0007
Cn., —0.6207 Ch, —0.0351
Chn., —2.9826 Ch, —0.1338
Ch, —13.973 Cy, 0.2316
Crny, 0.0294 Cys. 0.0000
Comy, —0.3419 Ch,, —0.0134
Cp, 0.0117 Cy., —0.3681
L., 0.4149 Cy, —0.0253
i, —1.6709 Ch, 0.1481

These stability and control derivatives, alonghwdierivatives corresponding to a
wide range of airspeeds, were calculated for uselask-up table in a 6-DOF nonlinear

simulator [8] for pilot training and for use in paing flight test plans.

3.2 Moddingwith Athena Vortex Lattice (AVL)

The Athena Vortex Lattice (AVL) [13] software wakso used to develop stability
and control derivatives. AVL is a vortex latticedeodeveloped at the Massachusetts
Institute of Technology by Mark Drela and Harolduvgren. This code is a low-fidelity
modeling program that estimates aerodynamic stalifid control derivatives by solving
for zero vorticity in the flow over the aircraffting surfaces. The code can also support
fuselages by modeling them as slender bodies, hsitwas assumed unnecessary for
modeling the Meridian. The AVL model for the Meadi uses the geometry from Table

12



3.1 and was used to compare AVL stability and adrderivatives to AAA derivatives.
AVL ignores the effects of the engine power. Fds tleason, AAA is expected to be
more accurate in estimating longitudinal dynami¢sgure 3.2 shows the 3-D

visualization of the AVL model of the Meridian.

Figure3.2: AVL Mode of the Meridian UAV

Table 3.5and Table 3.6 summarize the results fiteenAVL model stability and
control derivative estimation compared to the AfeSults.

Table 3.5: Comparison of AAA and AVL Longitudinal Stability Derivatives

Stability
Derivative (rad™)| AAA AVL | % Difference

L. 51648 | 4596 | _11.01
Cr, 46179 | 6.2079 34.43
Ch., —0.6207 | —0.4858 —21.73
Cn, —13.973 | —11.334 —18.88
L 04119 | 0.2392 | —42.35

Cr. ~1.6709| —0.0244|  —44.68
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Table 3.6: Comparison of AAA and AVL Lateral-Directional Stability Derivatives

Stability
Derivative (rad™t)| AAA AVL | % Difference
Cy, —0.4789 | —0.3431 28.36
Cy, —0.1465 | —0.01473 90.24
C,, 0.3217 0.2923 9.14
C, —0.0776 | —0.0501 35.44
C, —0.5546 | —0.5826 —5.05
C, 0.1099 | 0.1109 —0.91
Cn, 0.1386 | 0.1366 1.44
Ch, —0.0351 | —0.0174 20.43
Ch, —0.1338 | —0.1228 8.22
Ci,, 0.2316 0.164 29.19
Ch 0.3681 | 0.2053 | 44.23
C,., 0.0253 | 0.0236 6.72
—0.1431 | —0.0833 | 43.75

These results show that the AVL estimated stghilérivatives are, in most cases,
within the expected prediction error for AAA statyilderivative estimation, as given in
[14]. The difference in the control derivative iesition is most likely due to the
difference of methods for modeling the v-tail betwehe two modeling methods, where
AAA estimates derivatives based on the projectatizbotal and vertical tails and AVL

estimates derivatives based on the v-tail as mddele

3.3 Meridian Dynamics

Using the AAA results and stability and controtidatives shown in Table 3.3 and
Table 3.4, and the methods described in [14], téwedsard 6-DOF equations of motion for
the longitudinal dynamics of a fixed wing aircrafe rewritten in state space form. The
linearized, longitudinal and lateral-directionadtst space models are used for analysis of

the dynamic modes of the Meridian UAV
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3.3.1 Longitudinal State Space M odel

The perturbed longitudinal equations of motionwargten as [14]:

it = —gbcosth + X,u + Xpu+ Xoa 4+ X550,
Uice — U6 = —gbsinty + Z,u+ Zo + Zaoe + qu + Zs,0.
0= M + Mpu+ Mya + Mg+ M0 + Mg, 5, (3.1)

assuming steady level flighf,= q andé = ¢, Eq(1.1) is rewritten in state space form:

1 0 0 Ojfu] | (X,+X;) X, 0 -gcost, [[u] | X,
0 U,-z,) 0 O|la|_ zZ, z, U +Z) -gsing, ||a|, z, (]
0 -M, 1 0||lq M, +M;) M, +M,) M, 0 ql | M, .
0 0 1 e 0 0 1 o |l¢] | o

(3.2)
Equation (3.3) presents the longitudinal state spaodel for the Meridian, where the
dimensional stability and control derivatives ara@calated from the dimensionless

derivatives of Table 3.4. In the standard LTI mode= Ax+ Bu.

-0.0347 18.0827 0 - 321fu - 1.1738
-0.0016 -2.5588 0.9828 0.0010a N 0.2 EI7] (3.3)
0.0057 -27.2435- 3.2861- 0.0006 - 49.747

0 0 1 0 0 0

D o N

3.3.2 Lateral State Space Model

The perturbed lateral-directional equations ofioroaire written as [14]:

U3 — Uy = gdeosty + YaB + Yob + Vi) + V5,0, + Y5.6,
& — App = L3f+ Lyd + Ly + Ls, 04 + L. 6,
W — By = N3+ Np,8+ Nyo + N + Nj, 8, + Ny, 6,

where A; = § and DBy = ﬁ— (3.4)

assuming steady level flighph = g andp= ¢, Eq(1.4) is rewritten in state space form:
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1 0 0 -Alp L, 0 L, L, p L, L,
0 1.0 Ofg |1 0 0 0 |, 0 O [é;}
0 0 U,  0|AB]| |Y gcosq Y; Y-W(B| | Y Y, [lin
-B, 0 0 1 |[r] |N, 0 (N;+N;) N, r] [N, N

(3.5)
Equation (3.6) presents the lateral state spaaehior the Meridian. This is calculated

using the same method for the longitudinal statespnodel. In the standard LTI model,

X = Ax+ Bu.

p| [-6.3927 0 -13.6841 1.2629 p 40.9715 4.4110

/ 1 0 0 0 0 0 bo)

7= ?14 a|  (3.6)
£| |-0.0047 0.1589 - 0.2366 — 0.98963 0 - 0.18p,

F -0.2846 0 16.2954 - 1.02956r - 1.4977 17.5244

3.3.3 Dynamic Analysisand Flying Qualities

An analysis of the eigenvalues of the dynamicsriced in Eq.(3.3) and (3.6)
results in the dynamic characteristics of the Marndshown in the W,ise cOlumn of
Table 3.7. This table also shows the dynamic cheamatics of the Meridian in the
landing condition with the approach airspeed of ki® and a full 40 degree flap

deflection.

Table 3.7: Dynamic Mode Analysisfrom AAA M odel

M ode Vcruise Vmin/approach
Phugoid ¢ 0.048 0.084
o, (rad/s) 0.162 0.386
Short Period < 0.345 0.462
oy, (rad/s) 3.72 3.80
Spial (s) -110 -54.6
Tos(S) 76.3 54.6
Dutch Rol ¢ 0.083 0.132
on (rad/s) 2.76 2.6
Roll T(S) 0.34 0.26
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The dynamic analysis of the Meridian reveals astesdy spiral mode. The effect
of the unstable spiral mode is summarized with dakeulation of theTime to Double
Amplitudeshown in Eq(3.7) from [15]. This dynamic charaistise of the aircraft is very
important as it describes how quickly the spiraldeavill diverge, or more practically
how quickly the bank angle will double in amplitude the case of the Meridian, this
value will have a major impact on takeoff and lagdthe aircraft because it will be
remotely piloted for these phases of flight. If tiree to double amplitude is too small,
the pilot will have to devote most of his focuskeeping the aircraft level and may have

an incredibly difficult time landing the aircraft.

T, =InT2 (3.7)
Ts
Requirements on handling qualities for the spinalde, based on MIL-F-8785C
standards, call for a value ofsIlgreater than 12 seconds for Level 1 (adequatelingnd
gualities) and greater than 8 seconds for Level@dased pilot workload, degradation in
mission effectiveness). These handling qualitiesraeant for a piloted aircraft and are

not necessarily adequate for a third-person RQ,slzecifically on an airplane as large

as the Meridian.
3.4 Sensitivity Analysisof Cig and Chpg

3.4.1 Effect of Flat Plate Antennason Cig and Cyg

The stability derivative gis often referred to as tlghedral effec{16], due to the
large influence of wing geometric dihedral angle this stability derivative, where a

negative value is stabilizing. The eight flat platéennas under the wing of the Meridian
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are below the aircraft center of gravity. Thus,asifive sideslip angle will produce a
positive rolling moment, resulting in the relatibis of Eq(3.8). This means that the

antennas will have a de-stabilizing effect on tineraft dynamics.

(Clﬁ )Amennas> 0 (3.8)

The stability derivative £ is referred to as theirectional stability effegtwhere a
positive value is stabilizing. The flat plate amas on the Meridian will produce a
positive yawing moment with a positive sideslip lenigased on their position relative to
the aircraft center of gravity. Equation (3.9) eefks this relationship, which means the

antennas should have a stabilizing effect on theadt dynamics.

(C) ™ e

The addition of the eight flat plate antennashe &ircraft will also affect the
stability derivative @g which is an important derivative in dutch-roll @mics and in
flight path control. The flat plate antennas willoduce a negative side-force due to

sideslip, as defined in Eq(3.10).

( i )Antennas< 0 (3.10)

3.4.2 Resaults

The values for g and Gg are varied up to 100 percent according to the
relationships in Eg. (3.9) and (3.10) (increasingipositive manner) to investigate the
change in aircraft dynamics with the antennas liestaFrom this analysis, the Spiral

mode time constant is the aircraft dynamic modetmaffected by these two stability
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derivatives. The Phugoid, Short Period, and Roltlesowere not changed in response to
the derivative variation and the Dutch-Roll modeswanly slightly affected with a
decrease in Dutch-Roll damping. As mentioned aarie time to double amplitude, a
characteristic of the spiral mode, will be very omant for flight operations of the
Meridian. It is therefore reasonable to make theetto double amplitude the principle
aircraft flight quality of interest for a sensitiyianalysis of G and Gg.

Figure 3.3 shows the change of this variable \&tha change of & As seen in
this figure, a positive change ingactually exhibits a de-stabilizing effect on theeft
dynamics, contrary to previous discussion. Howgewen at 100 percent positive
change in this derivative, the spiral mode meetsel & standards (MIL-F-8785C).
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Figure 3.3: Sensitivity Analysisof Cy

Figure 3.4 shows the change in time to double anud versus the change igC

This analysis shows that the positive change irs #tability derivative worsened
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instability in the spiral mode as expected. At@2cent change in this derivative, the
time to double amplitude no longer meets Levelahdards but meets Level 2 standards

up to 100 percent change and remains greater thaecbnds.
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Figure 3.4: Sensitivity Analysisof Cg
Figure 3.5 presents the results of changing bagra@d G simultaneously, which
shows a change in time to double amplitude sintdaa change in only g In this case,
the time to double amplitude meets Level 1 starglaplto a 68 percent change in both
derivatives and meets Level 2 standards up to Hdbept change and remains greater

than 10 seconds.
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Figure 3.6 presents the results of an exhaustiost®Carlo calculation of the time
to double amplitude with varying,g£and Gg. This calculation also included varying

Cys, but this derivative’s effect on,Jwas negligible.
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B

Figure 3.6: Monte Carlo Calculation of T
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Figure 3.7 shows the exhaustive Monte Carlo catmn of the dutch-roll damping
ratio with varying Gg, Cg, and Gg. The combined effect of increasingg@nd G is
shown to reduce Dutch Roll damping by up to ~40%enehs a 100% change i C

increases dutch-roll damping by ~20%.
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Figure 3.7: Sensitivity of Dutch Roll Damping to Cg Crg and Cyg

This sensitivity analysis shows that the uncetyain the aircraft model and the
addition of eight flat plate antennas under thegwsiof the Meridian could have adverse
effects on the handling qualities of the MeridiaAW This sensitivity analysis shows
that the Meridian pilot may experience difficult niing qualities on landing and
supports the design of an automatic landing systefihe sensitivity analysis also
suggests an autolanding system for the Meridianlghase a controller which can handle
the plant model uncertainty and different aircdfbamics with or without the antennas

attached.
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4 ThewePilot2000 Fixed Wing Autonomous Flight Control System

The first task for the CReSIS/KU Flight Test Teamas to secure a commercial-
off-the-shelf (COTS) autopilot for future use orethleridian UAV. After flight test of
the Cloud Cap Piccolo Il Autopilot System, [18]etteam determined that this autopilot
was not fit for use on an aircraft the size of Meridian UAV. After this decision,
testing began with the weControl wePilot2000 Flighontrol System (FCS). The
wePilot2000 is a semi-autonomous flight control teys which includes onboard
hardware, shown in Figure 4.1, and ground statiitware for mission control and
aircraft monitoring. At the time of this reporbet flight test team has completed 36
flights with the wePilot2000 on a one-third scal@kY¥s4 test bed aircraft and five

successful flights onboard the Meridian UAV.

Figure 4.1: wePilot2000 FCS, from weControl [17]
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The basic wePilot2000 system architecture is pitesein Figure 4.2
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Figure 4.2: wePilot2000 System Architecture[17]

4.1 wePilot2000 Avionics Hardwar e

The wePilot2000 is a fixed wing FCS integratedooobhe PCB which runs on an
Intel XScale PXA255 32-bit RISC Processor. Posiamd groundspeed data is provided
by a NovAtel GPS receiver, updated at 4 Hz. Batameressure is measured using a
10-1100mbar piezoresistive pressure sensor. THe RS an integrated six-degree-of-
freedom inertial measurement unit (IMU) with thrggroscopes (100 deg/s) and 3
accelerometers (£10 g) which are used for statenason with an extended Kalman
filter. The wePilot has eight PWM input channets tontrol input from the RC

transmitter and six PWM output channels for seremtol. The FCS also has an
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interface for an external magnetometer. Referdth@$ sums up the entirety of the
avionics hardware included on the wePilot PCB.uFégs.3 shows the wePilot PCB with
integrated avionics hardware encased in the magtaheninum case as it was delivered

by Viking Aerospace.

Figure4.3: wePilot in Aluminum Casing

4.2 Communications

Communication with the wePilot involves both theund station and the remote
control (RC) transmitter. The RC controller car @sther the standard 72 MHz or 2.4
GHz receiver to connect to the wePilot. For grostadion communications, the wePilot
uses an external RF modem at either 900 MHz o GH4. The current flight test team
uses the Digi XTend-PKG 900 MHz RF modem for theitlan UAV and for the one-
third scale Yak-54 test bed. This communicatiostey transfers telemetry data and
mission commands between the FCS and the groutidnstdData can be updated at rates

up to 8 Hz but has been set at 4 Hz for curreghfliest operations.
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4.3 Ground Station

The wePilot2000 ground station software displagiical health data including
airspeed, ground speed, altitude, attitudes, FQ®@rigehealth, distance from the ground
station, GPS location. The software transcribesGRS location onto a calibrated aerial
map of the location of flight for navigation purgss Through this program, mission
plans are uploaded and high level mission commanelsent to the autopilot. Mission
plans are created in the software and can be uptbtalthe autopilot at any time while

the system is in the ‘Ready’ state.

ki Fixed-Wing Ground Control Station Software

EBX

Eile Configuration” Help

~Mission

Ewec; ——  Edit: mock mission fight 11_24_08 ]Edwt incident test 11_24_08 | Edit ft dley 180 deg tum test

A Q| B3| X :
Edt _Pan | Zoom | Save | Close | ploac

Cmd Ref Cur il
#irSp 00 00 +00 mis Aol 0"
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Yaw 00 +00°
Wfind +0.0 méz
ity W0 A s | [ oedvs Distanca -
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Horizontal 00 m
Course 00 00 Veitisal i
Autopilot - —Alarms
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Launch & Termination

i Pasition -
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Figure 4.4: wePilot Ground Station Software

4.4  wePilot2000 Guidance, Navigation, and Control

The wePilot GNC is broken down into guidance aadigation, inner loop control,

and outer loop control.
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4.4.1 Guidance & Navigation

In autonomous mission flight, the wePilot trackaywoints defined by latitude,
longitude, altitude, and desired airspeed. Dufligit between waypoints, the wePilot
tracks the flight path defined by a straight linetveeen two waypoints and it uses an
algorithm to reduce the error from the flight patkponentially. The autopilot is
designed to fly over the next waypoint in a missama then turn toward the next flight
path. This means that the aircraft does not perfarpre-turn maneuver and mission
plans need to be designed taking this into consiaer. Mission plans can also include
circle waypoints which has the aircraft fly an oror a defined number of times around

the circle at a defined orbit radius.

4.4.2 Inner Loop Controls

Inner loop controls on the wePilot are designedgusl,, robust control methods.
The controller is synthesized based on user-pravadability and control derivatives for
the aircraft including the estimated uncertainirethe aircraft dynamics model. The H
controller maintains stability through a broad rargf uncertainties in the plant model,
which reduces the need for gain-tuning flights pti®o autonomous flight. This also
means the controller is robust enough to handlé kvghd conditions, as seen from
experience gained by the CReSIS flight test teaflying the one-third scale Yak-54 in

winds of up to 15-20 knots (see Ref. [20]).

4.4.3 Outer Loop Controls

The wePilot operates in one of three modes:

* RC mode: The pilot has direct control of the aircraft througpe RC transmitter.
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* Assisted mode: The pilot is limited to the high level commands firspeed,
climb rate, and course rate W, ¢¢). These high level commands can also be
issued from the ground station using an auxiliamytml unit (ACU) connected to
the laptop.

» Automatic mode: Flight in this mode is fully autonomous in the pragmed
mission plan. This mode also includes three modiéght interruption:

0 Home mode: commands the aircraft to fly to the designated EHom
waypoint and orbit until given a new command.

0o Hold Figure mode: commands the aircraft to enter an orbit about the
point where the Hold Figure mode was triggered.

0 Link Lost mode: In the event that the FCS loses communication thi¢h
ground station for more than 30 seconds, the dirgvél return to the
Home waypoint to attempt to regain the communicatimk. If
communication with the ground station cannot bestad®ished, the pilot
can assume control of the aircraft and land.

At any time during flight, the pilot has the abjltio revert to RC mode and assume
full control of the aircraft; however, the pilot canly switch the autopilot into the
Assisted mode but no other modes of operation. dgrband station cannot switch the
autopilot into RC mode at any point in wePilot agg&m, but the ground station can
switch the autopilot between all other modes ofrapen. These mode-switching
restrictions are setup to allow the pilot the cleata recover the aircraft if the autopilot
malfunctions and to prevent the ground station ajoerfrom switching off the autopilot

without warning to the pilot.
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45 wePilot FCS Simulation

The wePilot2000 provides a system simulation emvirent which simulates the
high level commands and programmed mission plahke simulation uses the plant
model used for the controller synthesis for a bdgitamic response and simulates sensor
data. The ground station interacts with the weRil@imulation as it does during normal
operation, displaying all of the simulated data capfrom the wePilot. This hardware-
in-the-loop simulation environment allows the grdwstation operator a chance to test
how the autopilot will behave throughout a plann@dsion and check that all waypoints
are set with the correct attributes. It also githesoperator a good training environment
for becoming familiar with all available informaticat the ground station during flight,
how the autopilot responds to flight interruptiamd how to edit the current mission plan

and upload a revised mission.

KL% Fixed-Wing Ground Control Station Software (SIMULATION MODE) - HW-SN#: 06000022 - SW Ver#: 0.20
i
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Figure 4.5: wePilot2000 Ground Station in Simulation M ode
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4.6 Flight Test of wePilot2000 FCS

The wePilot2000 FCS was tested extensively byOlReSIS Flight Test Team on a
one-third scale Yak-54 to validate the system fiabwNity as the Meridian UAV flight
control system and test all operational modes taud® in operation of the Meridian
UAV. The experience with the wePilot2000 FCS gditierough this testing, presented
in Ref. [19] through [26], proves invaluable to ttesign of an automatic landing system
using the wePilot.

Figure 4.6 shows the ground track for one pardictlight in Antarctica which took
the Yak-54 three miles away from the ground statidhis mission was flown to test the

flight path tracking capability of the wePilot.
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Figure4.6: Ground Track of Long Range Flight of Yak-54 in Antarctica

Figure 4.7 shows a close-up of the ground tradkénmiddle of the long straight-

line flight path. This figure shows how far thecaaft deviates from the flight path when
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given time to converge to the flight path. Whenry away from the ground station (the
ground track to the left of the desired flight pathe aircraft maintained a position error
of ~3 meters (~10 ft); flying back to the groundti&in (the ground track to the right of
the desired flight path), the aircraft maintainegasition error of ~6 meters (~20 ft).
This implies that the flight path tracking of theeRilot is acceptable for the lateral
tracking of the runway centerline for the automéitding system.

It is important to note that flights in Antarcticaere performed without the
magnetometer and the wePilot software was updatessume that the heading angle
was equivalent to the course angle. This means ttlea wePilot was not able to
compensate for crosswinds in this straight linghli Although the ground track error is
acceptable, it is also safe to assume that witlestimate for heading angle, this error

could be reduced.
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Figure4.7: Ground Track Compared to Desired Flight Path
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5 Fuzzy Logic Control Theory

Fuzzy Logic is a method for representing imprecisecepts. Where normally in
crisp logic, an element is either a member of diq@dar set or it is not; set membership
is defined as either 0 or 1. Fuzzy logic allowsmembership to be partial, such that an
element’s membership to a set can be defined as@nper between 0 and 1. [29]

A Fuzzy Logic Controller (FLC) is a control methbdsed in linguistics in which
the inputs to the controller are given a degremembership in each applicable fuzzy set.
A group oflf...and...therrules are used to determine the fuzzy output @RbC. This
FLC output is then defuzzified with any number afying methods to get a final crisp
value for a control signal. Take for example a Rk two inputserror anderror rate,
and one control output. The inputs to this syst&an be called zero, negative, or
positive, and if negative or positive, the inputshrde described as large or small or
anything in between. This example FLC would bdagiesd with rules such aH:error is
negative and largand error rate is positive and smahen control output is positive.
This is the basic form of a Fuzzy Logic Controller.

This chapter presents the FLC design process hadMATLAB/SIMULINK

construction for the FLC for simulation of the datading controller.

5.1 Fuzzy Logic Controller Synthesis

The first step in the design of the FLC is the stauction of the membership
functions for the error, the error rate, and thatadler output .. These membership
functions require predetermined fuzzy sets to dlesdhe scale of a given parameter. As

fuzzy logic is based on linguistic representatitims FLC uses five fuzzy sets named
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Negative Big, Negative Small, Zero, Positive Smatig Positive Big, abbreviated as NB,
NS, Z, PS, and PB respectively. Figure 5.1 throbgure 5.3 show the terms of the
controller parameters using triangular membersthigetions for the five fuzzy sets. The
degree oferror (e=h-hy) is measured on a scale from -10 m to 10 m, aadidgree of

error rate (de/d) is measured on a scale from -4 m/s to 4 m/s.sdBeales are based on

flight test experience with the wePilot FCS and Meridian UAV.

NB NS z PS PB

Member ship Function, p

O
i T T T 0 T t T T f

-10 -5 0 5 10

Error, e (m)

Figure5.1: Termsof theinput parameter error.
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Figure 5.2: Terms of theinput parameter error rate.

The degree of the control outpi;, is measured from -2 m/s to 2 m/s based on the

current \4 control input limits for the wePilot FCS.
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FLC Output, V, (m/s)

Figure5.3: Termsof the output parameter V,.
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The terms oferror, error rate, and Vz have membership functions presented

analytically in Eqns(5.1) through (5.3).

}tm(-¥)=—[¥] for —10<x<-5
.x-;l() for —10<x<-5
ts@=1
—— for —-5<x<0
5
x+2
12 for —-2=x=0
== 2
—_— for 0<x=<2
2
X
3 for 0=x<5
Mo = 10—
' for 5=x<10
5
zifpg(-x):? for 5<x<10
(5.1)
-y - o
fag (V) == for —4=x=-2
+4
}T for —4=y=-2
My (V) =1~
. for —2=v=0
2 -
[v+1 for —1=v=0
(V)= U (V)==
A=140) 1-v for 0O=zy=l
‘% for O0=v=2
{ =47
Mg (V) P \ o
- tor 2=v=4
-2 '
Lov-2 S
Mg (V) = 3 for 2=v=4
" - (5.2)
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(yp(z)=—1-= for —-2<z<-1

=) |":+2 for —-2<-z<=-1
Ay (Z) =1 )
® |._—5 for —-1=:z=<=
=+ 0.5 R A
03 for —05<-<0
5

for D<z=05

0.5
\": for D<z<z
!EPS(:)_-\Z—: for l=z=2
op(z)=2-1 for l<z<2

(5.3)

With the membership functions designed, the néeg s to formulate the fuzzy
control rules for the FLC. These are linguistitesufor the FLC which take on the
typical form

IF error is A AND error rateis B THENV;is C

where A, B and C are the fuzzy sets for the eewor rate, and controller output. In this
case, with five fuzzy sets for each of two inputgmaeters, the FLC contains twenty-five
rules which can be represented in table form awshio Table 5.1.

Table5.1: RuleBasefor FLC

Fuzzy Set, de/dt

Fuzzy Set, e NB NS Z PS PB
NB PB PB PS PS NS
NS PB PS PS NS NB
z PB PS Z NS NB
PS PB PS NS NS NB
PB PS NS NS NB NB

The rule base for the FLC serves to determinefubey output of the controller
based on the fuzzified inputs. The common Mamdgre- min-max composition is used

for this process of fuzzy output determination knoas fuzzy inference or rule firing. In
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this process, the FLC rules are evaluated usinguhsafied inputs to the system and

taking the minimum calculated degree of the outipzizy set membership for each

applicable rule. For example, assume the senadings aree=7 m andde/dt=0.75 m/s.

To obtain the fuzzy inputs, these sensor readingsabstituted into Eqns(5.1) and (5.2)

which yields

e p47)=3/5,

e pe(7)=2/5,

Uderdt A0.75)=1/4,

Ude/dt, p£€0.75)=3/8.

For this case, the rule base of Table 5.1 reductsetinduced decision Table 5.2.

Table5.2: Induced decision tablefor FLC example

00| pdeat,z(0.75)=1/4 | ngesat ps(0.75)=3/8 | 0

0 0|0 0 0 0

0 0|0 0 0 0

0 0|0 0 0 0

Me ps(7)=3/5|0(0 uns(2) uns(2) 0
Meps(7)=2/50|0 uns(2) une(2) 0

These four applicable rules can be expressed forasi

Rule 1: Ifeis PS andie/dtis Z thenz is NS,
Rule 2: Ifeis PS andle/dtis PS therzis NS,
Rule 3: Ifeis PB andde/dtis Z thenz is NS,
Rule 4: Ifeis PB andde/dtis PS therz is NB.

With the Mamdani-type min-max composition employé strength of these four rules

is calculated by taking the minimum of the fuzzpuhvalues for each rule as shown in

Table 5.3.

Table5.3: Rules strength table

00| pdesat,z(0.75)=1/4| ngesat ps(0.75)=3/8 | O

0 0|0 0 0 0

0 0|0 0 0 0

0 0|0 0 0 0
e ps(7)=3/5|0] 0| mn(3/5,1/4)=1/4 min(3/5,3/8)=3/8
e pe(7)=2/5]0[ 0] min(2/5,1/4)=1/4 min(2/5,3/8)=3/§
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The control output for the four rules is obtairmdtaking the minimum of the rule
strength and the corresponding fuzzy set in theuiutmembership function, which
results in Table 5.4. Figure 5.4 through Figu& $how the control output calculated for

the four applicable rules.

Table 5.4: Control outputs

0|0 paerat,z(0.75)=1/4 | pge/at,ps(0.75)=3/8 | 0
0 0|0 0 0 0
0 0|0 0 0 0
0 0|0 0 0 0
ters(7)=35]0]0] min(L/dungz) | min3/8umd2) |0
tere(7)=2/5]0[0] min(1/4ing2) | min(3/8ime@) |0
5 :
g
B
c
>
LL
2
B
o
&
s 1/41
2 | 4 o
FLC Output, V, (m/s)

Figure 5.4: Control output for Rules1 & 3
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Figure5.5: Control Output for Rule 2
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Figure5.6: Control Output for Rule4

The fuzzy output of the system is now calculatgédgregating the control outputs

of the applicable rules. The Mamdani-type min-rkC forms the aggregated control
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output by taking the maximum of the individual amhtoutputs. In this example, the

aggregate control output is
HagdZ) = max{min(1/4yns(z)), min(3/8uns(z)), min(3/8une(2))},

which is shown in Figure 5.7.

NB NS 1.
=
S
o
B
c .
>
|
2
o
e 38
5
=

-2 -1 0
FLC Output, V; (m/s)

Figure5.7: Aggregate control output

The final step in the FLC design is defuzzificatiaf the aggregated control output
into a crisp value for the controller output, instibaseV,. This FLC employs the center
of area method which calculates the crisp valudfibging the center of area of the
aggregate control output using Eqn (5.4)

x _ thlzjﬂagg(zj)

2 iHeaa(2)

wherez is the controller outputy; in this casek is the number of subintervals of the

z (5.4)

output, z is the control output for a given subinterval, ang(z) is the membership
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value in the controller output fuzzy set. For #eample at hand, the FLC output

calculation yields/, = -1.1 m/s, as shown in Figure 5.8.

e >
=
c
o
B
C .
> .
L
%L 1 V,=-1.1mis
g 38
5
=
-2 -1 0
FLC Output, V, (m/s)

Figure5.8: Defuzzification of the FLC

The FLC for \{ control is designed in the same manner as thel'\C. It does not,
however, send a,Mcommand directly to the wePilot. Rather, the autg the \{ FLC is
summed with the desired,\at the airplane’s location in the approach phadss FLC is
also a one input — one output design, where thatirgpthe error (Y — Vyg) and the

output is the required change in the commandetbéchieve the desired actual V

52 MATLAB/SIMULINK FLC Model

The fuzzy logic controller described in Sectiod % built into the autolanding
SIMULINK model using the MATLAB Fuzzy Logic Toolbox This toolbox allows the
user to design a fuzzy logic controller using apgbieal User Interface (GUI). Figure 5.9

shows the FIS (Fuzzy Inference System) editor windehere the following basic
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attributes of the FLC are set: the input and ougpaitameters, the type of inference

(Mamdani-type in this case), the rule firing methadd the defuzzification method.

) FIS Editor: ¥_z

File Edit View
\ v
a z
/ [marmclani)
XX W,
clefelt
FIZ Mame: Wz FIS Type: mamelani
And method min | || Current Yariable
Or method o v Marme =]
Implication p— il [ Mg
Range [-1010]

Anjgregstion v v
Defuzzification centraid £ Help Cloze | ‘
System "V _z" 2 inputs, 1 output, and 25 rules ‘

Figure5.9: FISeditor

The Membership Function Editor, shown in Figured5i& where the parameter terms of

Figure 5.1 through Figure 5.3 are incorporated theéocontroller.

) [Membership Function Editor: ¥_z

File Edit  Wiew
FIS “ariables Membership function plots  Plot points: 181
MBE NS 7 Pz P
X
A
e A
XX |
clefclt
g v L L L N L) | N T
10 -8 ] 4 2 0 5 4 5 5 %
input variahle "e"
Current Yatiahble Current Membership Function (click on MF to select)
Mame e Mame 7
Type input Type trimf v
Params
[-202]
Range 1010]
Dizplay Range [-1010] ‘$ w ‘
Ready ‘

Figure5.10: M ember ship Function Editor
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Figure 5.11 shows the Rule Editor which is use8uid the rule base for the FLC. In
this case, all twenty-five rules of the FLC reprdged by Table 5.1 are entered in the

linguistic form into the Rule Editor.

File Edit “iew Options

1. 11 (e iz ME) and (desdt iz NE) then (v _z is PE) (1) ~
2. 1f (& iz MNE) and (desch iz NS) then (% _z is PE) (1)

3. 1f (2 iz NB) and (desch iz T1then (V_z is PS) (1)

4. 1f (2 iz NB) and (desch i= PS)then (V_z is PSI (1)

5. If (2 iz NE) and (desch iz PE) then vz iz NS) (1)

£. If (e iz NS) and (desdt i= NE) then (%_z is PE) (1)

7.1t (2 iz NS) and (desd is NS) then (v _z is PS) (1)

8. If (e is MS) and (derdt is Z)then (V_z is PS) (1)

9. 1f (e is MS) and (desdt is PS) then (% _z is NS) (1)

10, 1f (& is ME) and (desdt i= PE) then 1 _z is ME) (1)

1. If (e is Z) and (deddt is NE) then (_z is PEI (1) v

If ancl Then
eis defdt iz W Zis

NS NS ME
Z Z z
PS PS PS

e rE

rone w rone w none w
[Tt [Tt [ rat

Connectian Weight:

(Jor
(53 ancl 1 Delete rule Add rule | Change rule | J J

‘ FIS Mame: ¥_z ‘ ‘ Help | Close | ‘

Figure5.11: Rule Editor

With these three modules completed, the FLC dasigomplete. Figure 5.12 shows the
Surface Viewer which allows the user to view how thputs of the controller map to
corresponding outputs. In this case, with only twputs and one output, the surface
viewer shows the entire mapping of the controlier ¥,. The fuzzy logic toolbox

buildup of the FLC design fory is presented in Appendix B.
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) |Surface Viewer: ¥_z g@g|

File Edit Yiew Options

cledcit
¥ (input): o | T (input): delct | £ (outpu): Wz v
A gricls: 15 Y grics: 15
Ref. Input: ‘ ‘ Help | Cloze | ‘

Ready ‘

Figureb5.12: Surface Viewer

With the FLC design finished, the MATLAB Fuzzy LiogToolbox incorporates
the controller design into a FLC SIMULINK block feimulation. The block diagram

implementation of the FLC fo¥y is shown in Figure 5.13.

__/’I_’ Rule

Rulet

Input MF

s Rule
In1

ghlethod
Rule2

Rule

-
Output WiF Ll
Rule3
m .
o Rula Total Firing

Strength

Ruled

hidRange

Rule

Ruled

Figure5.13: SIMULINK block diagram of V, FLC
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6 Fuzzy Logic Autolanding Controller using the wePilot FCS

The fuzzy logic controller designed in Chaptes Sénds outputs Vmgand Vcmd
to the wePilot while in Assisted Mode. The inptiwsthe FLC are altitude, distance
relative to the start of the flare (h and x respety), and the current Mand \4. Figure

6.1 presents a general block diagram of the fuagiclautolanding controller using the
wePilot, wher& = [VZ h Vv, x]T. This controller is operational only in the ved
plane (x-z). As discussed in Section 4.6, therddtieacking for the autolanding system

will rely on the wePilot flight path tracking caphty.

Vx-cmd
Nominal Fuzzy Logic VZ-cmd‘ wePilot FC!
Trajectory Controller "] (Assisted Mode)

Sl
x|
v

A 4

Aircraft

Figure 6.1: General Block Diagram of Autolanding Controller

This chapter presents the plant model for simmtatithe desired flight path
trajectory, and the results of the controller siation. The SIMULINK model used for

simulation is shown in Appendix C.

6.1 Plant Moded for Autolanding Controller Simulation

The autolanding controller is designed to wrapighHhevel control algorithm
around the wePilot FCS. As such, the controlleony given control over high level
commands in the wePilot,,\and \4 for longitudinal control. For simulation purposes
these high level commands were characterized iente€ReSIS work [27]. The

MATLAB System I.D. toolbox was used to determine transfer function for Yand \%
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control based on flight test data obtained overesdvautonomous flights with the

wePilot FCS. The resulting average transfer fumgiare shown in Eqns(6.1) and (6.2).

V, _ 23091
V,  s+16321 6.1
V, _ 02974

X

V.  s$+0.2848

Xemd

(6.2)

The transfer functions are converted to state-spawe and combined with the simple
relationship that Vis the first derivative of altitudd and \ is the first derivative of

positionx. This state-space model is presented in Eqn.(6.3)

V,| [-16321 0 0 ofv,] [23091 O

h 1 0 0 of h 0 0o [V,
e + 1 (6.3)
V, 0 0 -0.2848 0|V, 0 02974V, | ©
x| | O 0 1 of x| | O 0 |

This state-space model allows convenient calanadf the instantaneous altitude
and distance from the runway for the simulatiorhisTplant model also simulates the
operation of the autolanding controller with theRiet, as the controller has no direct
control over the attitude of the airplane. Theauntunate side-effect of this is the lack of
simulation of the attitude of the airplane at tlomidhdown point. For this reason,
extensive flight test of the autolanding controflanding’ at 100-500ft will be required

to collect data on touchdown point attitude tolftate controller tuning.

6.2 Desired Flight Path Trajectory

As discussed in [3], the landing process congktsvo phases, the approach and

the flare. The total landing trajectory is presenin Figure 6.2.
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Figure 6.2: Trajectory for Automatic Landing (V, and V, positive as shown)

The approach is a descent to the flare heightanatant glide slope as described by

hy =V; sin(y,) (6.4)

The standard range for the desired glide slope5%Z degrees for commercial aircraft
[3] or higher for different applications. For a WAthis glide slope can be greater than
that of commercial aircraft due to the lack of magger comfort concerns; however, with
the approach speed set at 41 m/s and a maximum aoded V = 2 m/s, the maximum
glide slope attainable is 2.8°. Furthermore, tksirgd glide slope should be less than
this maximum so the controller can recapture th&iree altitude in the case of wind
disturbances. For this reason, the desired véxteacity for the landing approach is set
to -0.82 m/s which is a rather small glide slopd d5°.

For the autolanding controller, the instantaneaesired altitude during the
approach is calculated based on the current distiom the start of the flare maneuver

as shown in Eqn(6.5), wherg Is the altitude at the beginning of the flare.
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—_ VZd
hy = v xt hy, (6.5)

Xg
The desired flare trajectory is an exponentiaVewhich starts atihand decays to
h =0 m. The general form of the equation fordksired flare trajectory is given by Eqgn
(6.6):

h, =h, e 6.6)

The time constant is set to= 5 s and the flare height is set t9 1 10 m. The chosen

time constant is relatively high, compared to otfesearch in autolanding controllers (for
example, [3] and [4]); but because of the lackttifuale control during this maneuver, a
more gradual flare is desirable, i.e. an exponkatieve with a larger time constant. The

vertical velocity throughout the flare maneuveths first derivative of Eqn(6.7):
: h
h, = —(Tf)e“” (6.7)

For the controller to calculate the desired heigind vertical velocity during the flare,
Eqns(6.6) and (6.7) are adjusted to be in terntBeotlistance from the start of the flare as

shown in Egns(6.8) and (6.9).

he =h, e 6.8)
: h -XIV, T
h, = —(Tf)e e 6.9)

The desired forward velocity controlxMs set to 41 m/s (80 kts) in the approach
phase until the airplane is at an altitude of 5Gemse From there, and into the flare
maneuver, the desirediVs set to 36 m/s (70 kts) which is ~13¥yas [3] states is the

ideal approach speed.
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6.3 Smulation Results

For simulation of the autolanding controller, timtial conditions are set as
follows: V,(0) = 0 m/s, B0) = 70 m, \%(0) = 45 m/s, and0) = -3500 m. At this initial
position, iR = 80 m (see Eqn(6.5)) which requires the contratlecapture the flight path
as it flies forward from the initial position. Fkige 6.3 presents the overall results from
the autolanding controller simulation. The flarajéctory described by Eqgn(6.8) is
adjusted such that the exponential curve conveigese meter below the runway, i.e.
hy, = 11 m and one meter is subtracted from the figimd side of the equation. Figure
6.4 presents the controller signal from both theakd \ fuzzy logic controllers. The
autolanding controller performance during the apphoand the flare is presented in

Figure 6.5 and Figure 6.6 with the deviation frdma tlesired flight path.

100 T
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Figure 6.3: Overall Autolanding Controller Simulation Results
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Figure 6.6: Flare Trajectory

The FLC settles at a steady state errorsg# & m (3.3 ft), which is seen in Figure
6.5, during the approach phase of the landing. inguthe flare maneuver, the error
builds to almost 3 m above the desired exponeatiale. This error is largely a result of
the inherent priority that the FLC input of err@te, de/dt{ holds within the controller.
This relationship can be seen in Figure 6.7 whieeeirtitial spike in the error rate at the
beginning of the flare incites the initial spiketime \,.cmq from the FLC. As the error

rate reduces to zero, so follows the commandedtaéitelocity.
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Figure 6.7: FLC responseto Error and Error Rateduring flare

Despite the error during the flare maneuver, th€ Kuides the airplane to a
smooth landing. Figure 6.8 shows the vertical ¢i¢&joduring the flare maneuver and
highlights the vertical velocity at the touchdowoirg which is \,.tp = -0.19 m/s (-0.62
ft/s). The desirable touchdown speed is genegaByft/s (~0.6-0.9 m/s) as stated in [28];
this autolanding controller, however, is designeda lower touchdown speed due to the
lack of attitude control at the touchdown pointheTvertical velocity at touchdown can
be adjusted by simply reducing the altitude offtaee trajectory further into the ground.
Before this is taken into consideration, flighttte$ the system landing at heights well
above the ground should be performed to observattitade of the aircraft during the

flare maneuver.
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Figure 6.8: Vz during the flare maneuver

After initial simulation of the autolanding conlier, the FLC is adjusted for the
recommended case where the wePilot limit gnsvincreased from 2 m/s to 4 m/s. In
this case, the commanded glide slope in the apprphase of the landing is increased to
v4=2.8° (2 m/s for the approach airspeed of 41 m/Bhe overall results of this new
simulation are presented in Figure 6.9. The stestake error in this case settles ggre

1.28 m which is similar to initial simulation.
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Figure 6.10: Flare Trajectory for New V, Limit



Figure 6.10 shows the flare trajectory and theghtflipath error for the new
simulation. As seen in this figure, the error peak2.1 m during the flare, a 0.9 m peak
error improvement on the initial simulation. Thdange in the controller to
accommodate the new;\tontrol limit requires a change in the output mermship
function for the FLC.

One of the main reasons for using fuzzy logichis tiutolanding controller design
is this control method’s ability to account for tioear and uncertain systems. This
claim is validated by simulating the FLC autolardtem for varying WV ;.cmq transfer
functions. Without changing the FLC for any cdSgure 6.11 through Figure 6.13 show
the results of the autolanding FLC for the follogitransfer functions, from Ref. [27],

substituted into the plant model of Eqg. (6.3):

V, _ 1185
v, s+09159

V, _ 4992
#2. vV -

.. S+2.394

V, _ 2099
% v, s+1808

V, _ 2657
v, s+2281
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Figure 6.13: Flight Path Error for Varying Transfer Functions

These figures show that the FLC, with no modifmad, can follow the desired
flight path trajectory for varying plant models.hdSe results show the robustness of the
FLC design in the case of uncertainty in the plawidel as is the case with using the
wePilot outer loop control for the automatic largigystem.

For realistic simulation of the autolanding FLC est the controller calculates
control input for a discrete time interval, rathban continuous calculation as with all
simulation thus far, the controller is simulated $ample rates of 50 Hz, 20 Hz, 10 Hz,
and 5 Hz. The flight path and flight path errosuks of this simulation are presented in
Figure 6.14 and Figure 6.15 respectively. Thesallt® show that the controller
performance for the approach phase remains appabeiynthe same at sample rates as

low as 5 Hz, but the flare performance is degraatesiHz.
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Figure 6.15: Flight Path Error for Varying Sample Rates

Figure 6.16 presents the vertical velocity for #etolanding simulation with

varying sample rates. This figure shows that &ongle rates of both 5 Hz and 10 Hz, the
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controller requires constant adjustment when capjuhe flight path and during the flare
maneuver. Based on these results, although tleé fierformance is not degraded, it
would not be ideal to run the FLC at a sample hkass than 10 Hz for the flight path
capture and flare phases of the automatic landiqgence. However, a sample rate of 5
Hz would be valid for maintaining the constant glislope in the landing approach after

the aircraft converges on the approach trajectory.

1

VZ (m/s)

Distance (m)

Figure 6.16: Vertical Veocity for Varying Sample Rates

Figure 6.17 presents the vertical velocity from #utolanding FLC simulation with
sample rates of 50 Hz, 20 Hz, and 16 Hz. In thi&ecit is shown that a sample rate of at
least 16 Hz eliminates the constant controller stdpent seen in the results of Figure
6.16. Based on these results, the FLC automatidirlg system would ideally operate

with a sampling rate of at least 16 Hz.
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7 Conclusons, Recommendations, and Future Work

7.1

Conclusions

Based on the design of an automatic landing systenthe Meridian using the

wePilot FCS, the following conclusions can be made:

1.2

The phase of flight which poses the highest risloperation of the Meridian

UAV is the takeoff and landing due to the inheragt introduced by an RC pilot
flying in the third person perspective.

An automatic landing system was designed usingyflagic using wePilot outer

loop commands. Simulations show the controllemadeely follows the desired

landing trajectory with an acceptable steady sater which was expected. The
controller is shown to perform well in the presen€enodel uncertainty.

Fuzzy logic is considered the ideal control theforythis application based on the
‘black box’ nature of the combined aircraft modetavePilot inner loop controls

as the plant model for which the automatic landiogtroller is designed.

Due to the lack of direct input to control surfactge autolanding system lacks
control over the attitude of the aircraft, whichepents the system from
controlling the aircraft pitch angle at touchdowrdgrevents the controller from

being useful for rollout after touchdown.

Recommendations

The following recommendations can be made reggrttia design of an automatic

landing system for the Meridian using fuzzy logic:
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» The wePilot high level command limit for verticalacity should be increased to
4 m/s to allow for the automatic landing to commamdapproach glide slope of
2.8 degrees as opposed to the current glide slopd® degrees.

* Flight tests should be planned to observe theud#itof the aircraft during
autonomous flight with the wePilot while commandidifferent magnitudes of
vertical velocity. This should give insight intbet behavior of the aircraft when
approaching the runway in the automatic landingnage.

» Methods for reducing the steady state error infiilzey logic controller should be
researched.

* Tests should be done on bringing the throttle te &hd commanding a positive
vertical velocity and observing the attitude of Hiecraft as the wePilot is given
this command. This could potentially allow thedaihding system a method for
rotating the tail on touchdown so it may retain tconof the aircraft during
rollout.

» Testing should be carried out on the behavior efviiePilot in manual mode after
switching away from automatic mode tracking of ight path. If the wePilot
maintains the defined flight path despite distudea the autolanding system can
use the flight path tracking ability of the wePil&ar tracking the runway

centerline.

7.3 FutureWork

Based on this research, the following suggestiamsbe made for future work with

the Meridian UAV:
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A precision altitude sensor (i.e. laser altimetadar altimeter, etc...) should be
tested for use on the automatic landing systerthimMeridian UAV.

The fuzzy logic controller should be scaled downaiod tested extensively on the
one-third scale Yak-54 including the use of a miedi altitude sensor.

The automatic landing controller should be impletadrnto a hardware package
incorporated onboard the aircraft to have direcmmmnication with the
wePilot2000 FCS and not rely on the ground statmmmunication link.

Flight test of the automatic landing system shdiugd involve automatic landings
at varying heights above the runway, starting @ feters and incrementally
decreasing this test landing height. Close atterghould be paid to the attitude
of the aircraft at the virtual touchdown point. eSeef. [7] for proven method of
flight testing an automatic landing system.

An automatic takeoff controller should be desigredl implemented with the

automatic landing system to make the Meridian UAMIly autonomous system.

63



8

10.

11.

References

Biju Prasad B., Dr. S. Pradeep, “Automatic Landifgstem Design using
Feedback Linearization Method,” AIAA 2007-2733, AMAnfotech@Aerospace
Conference and Exhibit, Rohnert Park, Californid0/May 2007.

Wagner, Thomas and Valasek, John, “Digital Autola@dntrol Laws Using
Quantitative Feedback Theory and Direct Digital iDes Journal of Guidance,
Control, and Dynamics, vol. 30, No.5, 2007, pp.9-34913.

Lan, C.E., and Roskam, JAirplane Aerodynamics and Performance
DARcorporation, Lawrence, KS, 2003, pp. 480-486.

Devesa, B., Jourdan, C., and Marc, C., “GrounddEffedentification and
Autoland System Validation from Flight Data,” Joatof Aircraft, vol. 41, No. 4,
2004, pp. 730-734.

Jih-Gau Juang, Kuo-Chih Chin, Jern-Zuin Chio, “ligent Automatic Landing
System Using Fuzzy Neural Networks and Genetic Allgm,” Proceeding of the
American Control Conference, 2004, pp. 5790-5795.

Kyungmoon Nho, Ramesh K. Agarwal, “Automatic LargliSystem Design
Using Fuzzy Logic,” Journal of Guidance, ContraiddDynamics, vol. 23, No.2,
2000, pp. 298-304.

Bauschat, J.M., Monnich, W., Willemsen, D., and y®0G., “Flight Testing
Robust Autoland Control Laws,” AIAA 2001-4208, AlAGuidance, Navigation,
and Control Conference and Exhibit, Montreal, Can&d9 August 2001.

Leong, H., Jager, R., Keshmiri, S., and Colgren, “Revelopment of a Pilot
Training Platform for UAVs Using a 6DOF Nonlinearollel with Flight Test
Validation,” AIAA-2008-6368, AIAA Modeling and Simation Technical
Conference, Honolulu, Hawaii, 18 August, 2008.

“DAR Corporation,” http://www.darcorp.com.

Williams, J. E. and Vukelich, S. R., “The USAF Std&p and Control
DATCOM,” Tech. Rep., McDonnell Douglas AstronautiCempany, St. Louis,
MO, October 1979, AFFDL-TR-79-3032.

Roskam, Jan.Airplane Design: Parts I-VIIl DARCorporation, Lawrence, KS,
1997.

64



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Sweeten, B. C., Royer, D. and Keshmiri, S., “Therilan UAV Flight
Performance Analysis Using Analytical and ExperitaénData,” AIAA
Infortech@Aerospace Conference and Exhibit, 6-912009.

“Athena Vortex Lattice,” http://web.mit.edu/drelat®lic/web/avl.

Roskam, Jan.Airplane Flight Dynamics and Automatic Flight CooitPart |,
DARCorporation,, Lawrence, KS, 2003.

Yechout, T. R., Morris, S. L., Bossert, D. E. andllgren, W. F.Introduction to
Aircraft Flight MechanicsAIAA Education Series, AIAA, New York, 2003, pp.
368,369.

Stengel, R. F.Flight Dynamics Princeton University Press, New Jersey, 2004,
pp. 98,99.

Anon., "wePilot2000 Datasheet,” from Viking Aerospa Web Page, URL:
http://www.vikingaero.com/uav_autopilot.html, [atélarch 3% 2010].

Jager, R., “Test and Evaluation of the Piccolo ukdpilot System on a One-Third
Scale Yak-54,” Master's Thesis, Department of Apewe Engineering, The
University of Kansas, Lawrence, KS, 30 April 2008.

Royer, D., “Acceptance Test Requirement/ProcedorewePilot2000,” UAV
Flight Test Safety Board Review, The Universitykdnsas, Lawrence, KS, 15
July 2008.

Leong, E., “Evaluation of Acceptance Flight Tests&e for the wePilot Flight
Control System on Yak-54 RC,” Technical Report, efor Remote Sensing of
Ice Sheets, The University of Kansas, Lawrence,3SJuly 2008.

Royer, D., “CReSIS Flight Test Program Flight 088" Technical Report,
Center for Remote Sensing of Ice Sheets, The Usityeof Kansas, Lawrence,
KS, 29 April 2009.

Royer, D., “CReSIS Flight Test Program Flight 088" Technical Report,
Center for Remote Sensing of Ice Sheets, The Usityeof Kansas, Lawrence,
KS, 29 April 2009.

Royer, D., “CReSIS Flight Test Program Flight 09a8;” Technical Report,
Center for Remote Sensing of Ice Sheets, The Usityeof Kansas, Lawrence,
KS, 29 April 20009.

Royer, D., “Incident Report for Flight on 9-17-08&chnical Report, Center for

Remote Sensing of Ice Sheets, The University ofséan Lawrence, KS, 3
October 2008.

65



25.

26.

27.

28.

29.

Royer, D., “CReSIS Flight Test Program Flight 098" Technical Report,
Center for Remote Sensing of Ice Sheets, The Usityeof Kansas, Lawrence,
KS, 29 April 2009.

Royer, D., “CReSIS Flight Test Program Flight 11@B}" Technical Report,
Center for Remote Sensing of Ice Sheets, The Usityeof Kansas, Lawrence,
KS, 29 April 2009.

Lykins, R., and Keshmiri, S., “System Identificatiof a COTS Autopilot System
Using Flight Test Data,” CReSIS Meridian inner-tedocument.

Roskam, J.Airplane Flight Dynamics and Automatic Flight Caois Part II,
DARCorporation, Lawrence, KS, 2003, pp. 843-855.

Klir, George J., St. Clair, Ute H., Yuan, Beuzzy Set Theory: Foundations and
Applications Prentice Hall, 1997, pp. 73-95.

66



Appendix A: AVL Input Geometry File

File: Meridian.avl

#***************************************

#AVL dataset for Meridian wing/tail
#***************************************
MERIDIAN

#Mach

0.181

#lIYsym |Zsym Zsym

0 0 0.0

#Sref  Cref Bref

6.466981 0.804164 8.04164

#

#

#AVL Axes:

# +X downstream

# +Y out the right wing

# +Z up

#

#

#Xref, Yref, Zref is the c.g. location.
#c.g. is 0.157m in front of the wing trailing edge
#root chord is 0.254

#X value (from wing LE) is 0.242-0.157 = 0.085
#Z c.g.is 0.09m

#Xref  Yref Zref

#0.29845 0.0 0.0

0.16080 0.0 0.0

#

#

#***********************************
SURFACE

RWing

#Nchordwise Cspace Nspanwise Sspace
10 1.0 15 -2.0

H#======—===========RO0t section
SECTION

#Xle Yle Zle Chord AngleOfincidence
0.00.00.00.804164 0.0 15-2.0

#

AFILE



clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalpha(®*

CLAF

0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3 CD3 | CD(CL) functionrpeneters

CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392

#

# =================Define Section where Flap starts
SECTION

#Xle Yle Zle Chord AngleOfincidence

0.0 0.402082 0.0 0.804164 0.0 15-2.0

#

CONTROL

#label gain xfrac vx vy vz sgn

Rflap 1.0 0.75 0.0.0. 1.

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalpha(®*
CLAF

0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3CD3 | CD(CL) functionrpeneters

CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392

#

#=================Define End of Flap Section
SECTION

#Xle Yle Zle Chord AngleOfincidence
0.2.088134 0. 0.804164 0. 15-2.0

#

CONTROL

#label gain xfrac vx vy vz sgn

Rflap 1.0 0.75 0.0.0. 1.

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalpha(®*
CLAF
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0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3 CD3 | CD(CL) functionrpeneters

CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392

#

#=================DPefine Start of Aileron Section
SECTION

#Xle Yle Zle Chord AngleOfincidence
0.2.412492 0. 0.804164 0. 15-2.0

#

CONTROL

#label gain xfrac vx vy vz sgn

Raileron 1.0 0.75 0.0.0. -1.

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalpha(®*
CLAF

0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3CD3 | CD(CL) functionrpeneters

CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392
#

#=================Define wingtip section
SECTION

#Xle Yle Zle Chord AngleOfincidence
0.0000 4.02082 0.0000 0.804164 0. 15-2.0
#

CONTROL

#label gain xfrac vx vy vz sgn

Raileron 1.0 0.75 0.0.0. -1.

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalpha(d*
CLAF

0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3 CD3 | CD(CL) functionrpeneters
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CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392
#

#***********************************

SURFACE

LWing

#Nchordwise Ccpace Nspanwise Sspace

10 1.0 15 20

#=================Define wingtip section
SECTION

#Xle Yle Zle Chord AngleOfincidence
0.00 -4.02082 0 0.804164 0. 152.0

#

CONTROL

#label gain xfrac vx vy vz sgn

Laileron 1.0 0.75 0.0.0. -1.

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalpha(®*
CLAF

0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3CD3 | CD(CL) functionrpeneters
CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392

#=================Define Start of Aileron
SECTION

#Xle Yle Zle Chord AngleOfincidence
0.-2.412492 0. 0.804164 0. 152.0

#

CONTROL

#label gain xfrac vx vy vz sgn

Laileron 1.0 0.75 0.0.0. -1.

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalpha(®*
CLAF

0.9949
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#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3 CD3 | CD(CL) functionrpeneters
CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392

H==========—=========Define End of Flap
SECTION

#Xle Yle Zle Chord AngleOfincidence
0.-2.088134 0. 0.804164 0. 152.0

#

CONTROL

#label gain xfrac vx vy vz sgn

Lflap 1.0 0.75 0.0.0. 1.

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalphat®*
CLAF

0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3CD3 | CD(CL) functionrpeneters
CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392

H#==========—=======Define Start of F|ap
SECTION

#Xle Yle Zle Chord AngleOfincidence

0.0 -0.402082 0.0 0.804164 0.0 15 2.0

#

CONTROL

#label gain xfrac vx vy vz sgn

Lflap 1.0 0.75 0.0.0. 1.

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalpha(®*
CLAF

0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3 CD3 | CD(CL) functionrpeneters
CDCL
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0.1759 0.00637 0.4051 0.00615 1.4416 0.01392

H==========—=======R0t section

SECTION

#Xle Yle Zle Chord AngleOfincidence

0. 0. 0. 0.804164 0. 1520

#

AFILE

clarky.dat

#

#Set dcl/da = 2 pi CLaf, i.e. CLaf = CLalphat(®*
CLAF

0.9949

#

#Set parabolic drag polar

#CL1 CD1 CL2 CD2 CL3 CD3 | CD(CL) functionrpeneters
CDCL

0.1759 0.00637 0.4051 0.00615 1.4416 0.01392
#

#

#***********************************

SURFACE

RTail

#Nchordwise Cspace Nspanwise Sspace

8 1.0 8 1.0

TRANSLATE

3.1750. 0.

H=================Tajl Root Section
SECTION

#Xle Yle Zle Chord AngleOfincidence
0. 0. 0O 0.686816 0 8 1.0

#

NACA

0009

#

CONTROL

#label gain xfrac vx vy vz sgn

Rveetail 1 0.01 0.0.0. 1.

H==========—=======Tgajl t|p section
SECTION



#Xle Yle Zle Chord AngleOfincidence
0.531114 0.9017 1.074674 0.343408 0 8 1.0
#

NACA

0009

#

#

CONTROL

#label gain xfrac vx vy vz sgn

Rveetail 1 0.01 0.0.0. 1.

#

#

#***********************************

SURFACE

LTail

#Nchordwise Cspace Nspanwise Sspace
8 1.0 8 1.0

TRANSLATE

3.1750. 0.

Ho=================Tgajl t|p section
SECTION

#Xle Yle Zle Chord AngleOfincidence
0.531114 -0.9017 1.074674 0.343408 0.8 1
#

NACA

0009

#

#

CONTROL

#label gain xfrac vx vy vz sgn

Lveetail 1 0.01 0.0.0. 1.

H==========—=======Tail Root section
SECTION

#Xle Yle Zle Chord AngleOfincidence
0. 0. 0. 0.686816 0 8 1.0

#

NACA

0009

#

#

CONTROL

#label gain xfrac vx vy vz sgn

Lveetail 1 0.01 0.0.0. 1.
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Appendix B: V, FLC Design in Fuzzy Logic Toolbox

File Edit  ‘Wiew

V FLC defined in the FIS Editor
)| FIS Editor: V_x FLC

EEX

Wl
{mamdani)

[ VI
FIS Mame: W x FLC FIS Type: mamdani
And method Thin “ Current “ariable
Or method e RS W _x
Implication Fhin w THBE Cutt

Range [-53]

Aggregation thas v
Defuzzification centroid w Helps Clase
Reacdy

V« FLC Membership Function Editor

) \Membership Function Editor: ¥_x_FLC
File Edit View

FIZ “ariahles Membership function plots  PIot points: 181
HB M5 z P FB
/0
JIA
E VI
05t B
0 N N o N T N N N N
-10 -5 & -4 -2 0 2 4 53 a 10
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V« FLC rules entered into the Rule Editor

J|Rule Editor: ¥_x FLC

File Edit Wwiew Options
1.1t (& is NE) then (% _x is PEI (1) A
2.1f (e is MS) then (v _x is PS) (1)
S f(eiz Zithen (v _x iz Z1 (1]
4.1 (8 Is PS) then (¥ _x is MNS) (1)
5. If (e iz PE) then (% _x iz NE) (1]
v
If Then
Eis W_wiz

ME -~ ME F
M M
z Z
P P
PE PE
none w none w
[ ] met [ ] met

Connection Wieight:

yor

() and 1 Delete rule Add rule | Change rule |
FIS Name: ¥ _x_FLC ‘ ‘ Hep | cose | |

V FLC rule mapping in Surface Viewer

) Surface Viewer: ¥_x FLC

File Edit Wiew Options

5

= 0 1
-5 L L L
-10 -5 1} 5 10
&

A (ingut): e | CinpLE): - none - o | Z [output): W v
X grids: 15 Y grids: 15
Ref. Input: Help | Cloze |
Ready

75



Appendix C: SIMULINK Mode of Autolanding Controller

Wz control

SIMULINK Model for Autolanding Controller Simulatio
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