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# 2. BEPH O

Monday, 10 Aug 2009 2009 & 8 £] 10 [! k! Hi—

ﬁﬁd’ ZEE F'ﬁﬁfiﬁﬁﬂﬂ %‘1’ )
AFM Student Paper Competition 0900 hrs AR Fjsﬂsb %:1; F=$4(09:00)
Aircraft Dynamics | 0900 hrs 7= 15 1 (09:00)
Aircraft Flying Qualities 0900 hrs IFEWJ%WEFF[}’?FF (0900) > # 7 F“Wud/ FE AN =
Mars Entry, Descent, Landing, and Return 0900 hrs 3 * 'F B A 5a il S [T T4 9 R 1[11(0900)

Aircraft Aeroservoelastic Control Modeling and Optimization | 1300 hrs 7 fﬁiﬁjﬂﬁiﬁﬂéﬁﬁ (= (1300)

Projectiles and Missiles 1300 hrs ’Fﬁjwi{%ﬂﬂ (1300)
System Identification | 1300 hrs =7k 1 (1300)
Vehicle Flight Test 1300 hrs T 3HJZ¢ (1300)

Tuesday, 11 Aug 2009 (2009 & 8 £] 11 | I K H#~)

Launch Vehicles and Missile 0900 hrs &k s & 'Fﬁ%}éﬁﬁﬁ (0900)
Unmanned Aerospace Vehicles and Systems | 0900 hrs = » N+ Hi 52 25 | (0900)
Use of UAVs in Atmospheric Flight Mechanics Education 0900 hrs " |, * TS 5 A 5a T 5 1585 (0900)

Handling Qualities Workshop: 40 Years with Cooper Harper 0900 hrs JFEJ{[W;&FEFF[} EHT”»F{- Copper Harper £i%# 40 =¥

Scale (0900)

Aircraft Dynamics and Control 1400 hrs T& = JJ?’E‘”ELﬁ[J (1400)

System Identification Il 1400 hrs ==RFH[ 11 (1400)

Workshop on Atmospheric Flight Mechanics Education 1400 hrs 378~ 1585 F;F'IJ#T”‘F/T (1400)
Wednesday, 12 Aug 2009 (2009 & 8 £| 12 || E/H#=)

Aircraft Dynamics Il 0900 hrs 7= 12 11 (0900)

Unmanned Aerospace Vehicles and Systems I 0900 hrs £ » N7 Hi S 25 11(0900)

V/STOL and Rotorcraft Handling Qualities 0900 hrs 5@1@[@%‘3’& if‘eiﬁ%}%ﬁéﬁﬁ#@? (0900)

Aircraft Aeroservoelastic Control Modeling and Optimization Il 1300 hrs ?F‘él"?@ﬁjﬂ?ﬁg = 11 (1300)

Aircraft Dynamics IlI 1300 hrs 7= JsZ8 111 (1300)

Control Methods to Meet Handling Quality Requirements 1300 hrs T4 |‘Eff,[},’ﬁ§tzLﬁj[J (1300)
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25
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Monday Morning / 10 August 2009

Session 2-AFM-2 Aircraft Dynamics |
Chaired by: S. KOMADINA, Nerthrop Grumman Corporation, El Segundo, CA, and M. BOLENDER, U.S. Air Force, Wright-Patterson AFB, OH

0800 9 1000 1030
AIAA-2009-5600 AlAA-2009-5601 AlAA-2009-5602 AlAA-2009-5602 AlAA-2009-5604 AIAA-2009-5605
Nonlinear Analytical Six- Degree- of- Improving Receiver Modeling and Sensitivity | Generation of Equations | 5- Degree- of- Freedom
Elucidation of Low Order | Freedom Simulation of | Staticn- Keeping by Analysis of fhe Meridian | of Mation of Flying Dynamic Rig for Wind
Flight Dynamic Systems | Hypersonic Vehicles Formulating Tanker Unmanned Aircraft Vehicles - General Tunnel Tests of
Using Volterra Kernels Motion as Disturbance Remarks Aerospace Vehicles

5. Frendreis, University D. Royer, University of
A. Omran, Old Dominion | of Michigan, Ann Arbor, | C. Elliott, University of Kansas, Lawrence, KS | K. Sibilski, Air Force A. Sen, Indian Institute
University, Norfolk, VA M Texas at Arlington, Institute of Technology, | of Technology, Kanpur,

Arlington, TX Warsaw, Poland India

Monday Morning / 10 August 2009

Session 3-AFM-3 Aircraft Flying Qualities

Chaired by: R. HESS, University of Califomnia, Davis, CA, and K. SHWEYK, The Boeing Company, Huntington Beach, CA

0800 1

AIAA-2009-5606 AlAA-2009-5607 AlAA-2009-5608 AlAA-2009-5609 AlAA-2009-5610

Flight Assessment of A Comparison Between | Candidate Structure for | Means for Flying Longitudinal Flight

Pilot Behavior with Three Handling and Modeling Pilot Control Qualities Improvement in|| Handling Quality

Smari- Cue and Smart- || Flying Qualities Behavior with Sudden Piloting Tasks Required | Analysis by Reduced

Gain Concepts Active Assessment Methods Changes in Vehicle Extremely High Accuracy] Order Motion of a Civil

Dynamics Transport Aircraft

D. Klyde, Systems M. de Koning, Delft A. Efremoy, Moscow Encountering Turbulence

Technology, Inc., University of R. Hess, University of Aviation Institute

Hawthorne, CA Technology, Delft, The California, Davis, CA Moscow, Russia M. Yang, National
MNetherlands Cheng Kung University,

Tainan, Taiwan (roc)

[ﬁ[ 2 Tud’ é@%fﬁ
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FDR)el S,V RAice ] > £ B il f e M=Eug g fU%’f?ﬁ@ R | R
8 R 3N (Extended Kalman Filter, EKF)?EJ TR 4 (5% (X Bias % Noise
FVRYAY) » 2l | BLSsT RAE A Eé‘.??ﬂ%ﬁ&w VIR i 0 S T R R
Eoll ’FE‘TJ%WJ Jﬁﬁr’mx};}% ey Jﬂ%rbﬁﬁgp@ﬁﬁﬁﬁr’ﬂ%‘adﬁ ffﬁf**‘i‘i
EIE A RS [ > A PSS T N B BT Fp VAR
;;rwﬁfu:%rmw T w 3 S £ i inverse control) - 2 [
i f jcf[} = Level 3 = J[ETRS £] 7 a3 (Pilot Induced Oscillation, P10). p"
B © I ] B ) S ST T
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Yk D E IR E A T BB (BT = = o T J I (RS £
7f R H I’%ﬁ' [ERIEA = qiﬁjﬁcfﬁ aJ’FLbTif% PIFS eg s =B o
J‘F' A AR I 18 tfﬁﬁ—ﬁ%& VIGEEE SE L Y R
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e 2 prHRa = ﬁwfﬂﬁwuJﬁjﬁﬁﬁﬁfbﬁ@ﬁﬁ$wwn#ﬂﬁ@fg
B W S5 2 T S AT

2.1 B

B IR R 1k FIE [@ﬁgﬁjﬁ;ﬁﬁj B 9= i mIH%nF[}j it
5t (aerodynamic derivatives ) =I'[{f1irs o [P 1@’?@“[ > GRSy
Bl lﬁ[gﬁjf FEH

(1)53 Fe/t )52
(LR ik AR
(3T =+

By~ SR TR 0B BT 9t ] 2R RO R T
TR RS R A S i&%’@f%ﬁ?ﬁ%{ﬁﬁ%ﬁ%ﬁ
reyaR > FASHRERUIR AR R R I AR B B R i i 05 A
) %‘F i(similarity theory) > ﬂﬁﬁfﬁﬁJﬁ&k&ﬂ%ﬂgr ﬁ@qﬁ[ﬂﬂﬁfu }[ﬁ]’iﬁ&ﬁi
F'Pa‘"’?“?fﬁ?ﬂ%ﬁ VB mr?;;-ﬁ:fgugu I I—Exﬁ[]ﬁ[ﬁﬂﬂir;[ﬁ[ﬁ 1/7@‘5 J SRS £
ﬁﬁ*W%%wé@ﬂaﬁﬁhﬁw#ﬁ@%*W@%*ﬁ%ﬂM“ﬁ%ﬁﬂﬁ
=0T ?FF Lo JFEl—:gflu:iaji;{_quﬁ‘sgﬁﬁutp ﬁ'x _ﬁm;{/gﬁ-ﬁ:;ﬁ ) EI[H_JJFQ,—:E E)
TRASFTL I ALY ™ RS RE 38 s SRR A0 B ) 2 B RS TR
(SN f*‘%ﬁ'# Al ity o PRI RN e B }-HEI*JF“ AT ik
S 2T %‘HH Ak R > Sa g R IR S TR
F”F%‘ﬂﬂi CPRIRNH %~ R - PSS ORRIRE - S @A

VR ﬁ%&ﬂlﬁﬂﬂﬂﬁjﬂ P R PLY IRE AT

(1) ENHER 3Ei /B (noise) = | ”J 2l (b'as)if[F [
(2) PRl 15 i iy B kL 5 - Sl
(3) []El IS T B i | LSt (robust) > 15 rlf'

S T e R 7 A mzl¢wmww$ﬂm%ﬁ%°
R S R P R R A ST TR A
ST TR R

AR E 53T s o 550y E IS SR P
SYPTV R T L  ESESHID 2 R | R TSR] e R =

e L E PR TR L e La s R
TG R A3 g i - S - AR T i (bandwidth) & PS5 &k (cross over frequency)
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S - [ PSS R S S R )
Mﬁﬁyéﬂﬁﬁ@mmmﬁﬁ%’aw‘ﬁ@%Wﬁ% AR (1
“ﬁ@ﬁ%@%wﬁf'aﬁ DA ST | TR
#ﬁ@wﬁumwaﬁﬂ”ﬁﬁﬁﬁ‘W'Fﬂﬂﬁ@?ﬁﬁvfﬁﬁwﬁ
rw"‘ HRGET Hm K FIHIE L 371 - Brpge s Bl g 'hlﬁ}% "
+ 7][ r%;n & ] 43 % (Least Square, LS)® Maximum Likelihood(MLE). -
St 2 jc%w[%llq ifl1 > NASA Aim Research Center g@@ﬁﬁ%f}&fﬁﬁiﬁﬁlﬁﬁﬁ%ﬁﬁ
B S Bh S S0 ) R SIS G I R S R T AT R

-Comprehenswe Identification from Frequency Domain(CIFER) [&£% 55 #1— £! ?’2@\

PRE I

FRPEIE T A E%IET'szﬁm@{%'j?Eu%ﬂlii ’ élﬁqiﬁﬁﬁjjﬁgﬁﬁl
ﬁoiﬁp@%}%@%@% FLRLI | 5 S0 g BB - H H[ﬁ"gjg}j/]q;]ﬁ@ ’Erﬂf"i
3 AIAA 2000-5940 1 AIAA 2000-5941 » [ [* BT -

2.1.1 Fﬁ%ﬂ/ AlAA 2009-5940

Ex H.&WIJ—\DEEE[“F“ght Vehicle Aerodynamic Coefficients Estimation Under
Limited Measurements: New Flight-test Results”, {5 A. K. Sarkar =™ * » ['= ¥y
P [ES«'BJF’[PI”J 8 s #r k&4 (Defense Research and Development Laboratory) » %
mwwn@vp%ﬁ#w[EWJWW%@%%Wﬁﬁ%ﬁéﬁﬂwﬁ%
(aerodynamic coefﬁuents)’ﬁ'??f[ [y e Bl | VARSI o [ 0 | R E[J B
ﬁ*i%ﬁﬂ(electro optical tracking statlon)j%qﬂ NG T N F['b&&ﬁ& Jp@ﬁ"ﬁ’ﬂ[ﬁa
R - SR RO RIRYRIA AERVR] 255 (BT I 280

(1) Cpo-l=] —rgjﬂﬁ[ IE' E 7L SR ok fﬁl[g[@

AR R E'Jf %{“’E(Slant Range) ~ 1 fF & (A2|muth)7yfg, % (elevation) »
We@?ﬁﬂ ﬂ?@’%iﬁ‘&d (A SRR R I e R AR TS - H R R
IR R BB o | (SEER R 3 (U SRR B PR 2 i N AR
3 (Extended Kalman Filter) ~ Modified Bryson Frazier Smoother(MBFS) fﬁlﬁﬁfjﬂi
B (yz) ~ 08 (Vv Vo ) RIS (agay.a, ) » B S Sl o ) g ]
E"’JEI?‘F’—H%EEST’?%E?“B’E%E'J Maximum Likelihood Estimation(MMLE) %3 » 3%+
T GERET > (ETRIRE 4 0 (T o, R 5 T

ASC-TRM-09-11-001 9



(Rn[! Am’ Em)
(RR' AR’ ER) Radal‘ ;EOTS Data (Xm, ym, Zm) EKF / MBSF Filter

_’ N
Processing Smooth.er foor State
Estimation

(X J,2,7,7) |MMLE (NR) Estimator |Estimated Co(M)

" |for Parameter Estimation

RR I R T S S

1.2

preflight-nom
preflight-ub
preflight-lb

® TFVv2

= TFV3

Cdo

0'50 0.5 1 15 2 25 3
Mach Number

[p S BRI PR

I 2 F0 - RSB £ A SR
UL T - [T ISR - AR IR vt
ELHRLER TV o RO AR B

(2) T SEURE g5 o ]2 F e f i o B
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A 2 fol T P IR DRCEDEE YR - A fﬁ[ET PREY )] R AR E
W“@mvﬁﬂmﬁﬁwV~@wﬁmhﬁﬁﬁ %MEEﬁ}qubﬂﬂ
FIE)E o [EHHLRE PR FSE S @ 7 %ﬂﬁ[

(3) TRVt AR
(b) TRV 35 i BT

R 2 I H”lijf/\i_jl']‘ ,ff%i N S E ] AR Re TR R A %@]%%%E‘
YAFEZR H‘E‘nﬁﬁi S I/@‘*J ek E”:#J[EFIJEW (S ]Ff[ L“‘fF%F‘}P‘F" J
JH‘?.TIIE@V‘“ Sl SR ,Fthgﬁﬂi SR 5 SRR R 2 2 R K
B Al lﬁlﬁﬁ[&‘ﬂﬂifﬁﬁf[lpﬁ PIFETH o PHIF=A L '@“‘%WH'}HT L JJ L3

STEFIR I (BT TR IV = R R - 56 A
PSRBT FL G RS 5F B AP e
fljiﬁ MMLE I ]ﬁlgﬁtﬁh I FLIET HZEI Jpﬁﬁr’r@%@k@lma@@ '/l']_' ymz{_}
P A e D S T PR S AT R BTR ] R G BTV R IR 6
B, o

Telemeter accelerometer and gyro outputs

(axm, airm dzm, pm qm, Im)

Preprocessing Compatibility Check (Estimation of Removal of Process
(Removal of outliers) Instrument/Sensor Bias and Scale »| and Measurement Noise
Factor Using MMLE) Using Filter Smoother

f
(X em, Ynm Z ume)

External Measurements from Radar

I Telemeter Control Surface/Wing Deflections

& Estimation of (o, ) from @ Aerodynamic Model Structure Estimated
Preflight Data Base Determination and Aerodynamic | _ Aerodynamic
| @ Cm in pitch & yaw plane Coefficient Esimation Coefficients
® Drag Coefficient Estimation

6 TRAEEYRI 8
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Estimation of Cma_ From Flight Data

0 | | Preflt Nom
Preflt NP

Ar Preflt Nm .
TFV2 {yaw plane)

2 TFV2 (pitch plane)

<1 TFV3 (yaw plane)

> TFV3 (pitch plane)
+  TFV1 (yaw plane) |
*  TFV1 (pitch plane)

o

Cm per degree
o

0 0.5 1 1.5 2 25
Mach Number

qgﬁl 7 7F§1ﬂﬂf?ﬁh[ﬁi}§ [”‘:f[ 1 _?@%%g%%[

2.1.2 Fﬁ%ﬂ/ AlAA 2009-5941

i’ﬁﬁﬂm@%—: [ I Aircraft Parameter Estimation Usmg Neural Network based
Algotithm”, {&=# 5 N. K. Peyada =k %7‘%‘" & Kanpur B[Fe [ 1o Vi~
?‘Ejﬁ ff] - i%ﬁﬁ@ (p T B = R R (feed forward neural nwtwork, FFNN)%fi
?Fff]k/ Gauss- Newton £§le§| SR FE TR E};{v[ﬁl [ﬁ,{ﬁ%n‘ﬁ S o ¢TJIZI°JF§
Per] < F it HANSA-3 E[TRES - Fé‘iﬁé}%tﬁ e U S > pl Kanpur B[ 1o
FI 7 ﬁ‘%%‘[?ﬁj:gfﬁ[ﬂ[[%‘ 8 G o [RI Pkl fig g o A ﬁgﬂﬁjﬁﬁiyﬁ e
AT (R "/?EEF%‘FBIEIET*U* [ il R R R e A
RESSH L AR f' iﬁ'ﬂ%@@{‘;‘ﬂ% 1% (Filter Error Method, FEM)bﬁifz o2y
(Least Square Method, LS):%=F
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Wing

Span 10.47 m
Area 12.47 m2
Fuselage
Length 7.2m
Weight
Empty 485 kg

Max fuel weight 65 kg
Max T-O weigh | 750 kg

Performance
Cruise speed 116 kt
(at10,000ft)
Stall speed 44 kt

L INEIES . E

[ 8 HANSA-3 BT 5L 4 vk

TR S = el kL B R }lﬁf%ﬁ"*éﬁlﬁﬁ“rﬁ“i“%@l Jae
pabiE i et “T“U_Eﬂj A VR e SR Sy Tl F# [Ty
Rl ;%&f S AT T T P R DD B BRI E T ks
]Ik ﬁﬁ“ﬁ*?{ TR W EEE) - Output Error(OE) - Maximum
Likelihood(ML)» FEM - ﬁ%‘ﬁ@ S0l ML T R R IR SR B
B T IV RS AR < (aireraft stability derlvatlves)bjfiﬁ“ﬂxﬁ%ﬂalrcraﬂ control
derlvatlves)“'?mﬁ R T [il I ISR ]E[[:hb’ﬁ”ﬁt&&%ﬁ SRy R
1= —m&fﬁ%ﬁﬂﬁﬂjﬂjﬁ@?}?}’ﬂ fﬁ,mﬁﬂ/ﬂiaﬁifﬁﬂ ER] B FH[EJ@ o ZHEFRM]
FEM V5% BESR §JSe ERehl 7 fe  BN IE  9 e [2 2 e
RS« AR T LM 2 TR A ¢
FHHE | 3 2SR cost function - cost function 7 TSR ) r’ﬁJ » SR
ﬁ [ o B B YR B TRRTRR e g e

oo PRSP

LTHGEE e E SR I TR RS A RS R - I/Eiﬁ?ﬂg&ﬁrﬂ
f’m %ﬁ’@‘ﬂféﬁﬁf‘ I HFES P EH AR - ¢’m~ [E=H ™ FFNN
k> Gauss-Newton F{i# &~ 7@‘*1 Jﬁigﬁﬁ[

Gauss-Newton iFﬁgﬁi ol RLER BRItV E T Fllfﬁ I E kL
Newton’s J#{ sk 2 [ £ Zds | fift s A0 H [F‘[Eﬂ? g™

{ﬁtﬁ n @& s = (A,....H0) A2 55V m [ HFE 1 r, » Gauss-Newton @ﬁ
T 'iﬂﬁfiﬂiﬁ NI ERIESEE S = XM

()= i2(p), Hlim=n
i=1

?ﬁ:l"?”ilﬁ)ﬁ%?ﬁﬂ@ O F P S
ﬂ(s+l)—ﬁ(s)+A A)L:"—‘ {-ETTJE_IFI —FE[%,J I’@é’ié& E‘jj:_[/ﬂ’
IR B F %c_l £,
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INIa=-3r
Elir=r,i=1~m, 3 kLr %t p[%9 Jacobian matrix, £ 5E8 £ mxn o

FAFE N R HEVRERE RS ﬁﬁ%ﬁ T SR TR TR e
ARG (B o SRR P R AR PR Y 555 - B ) B TRAICE]
("9 FIRS FHERE T el (compatibility check) i?ﬂﬁ’ﬁ'%ﬁi?ﬁﬂgﬁﬁlﬁﬂ%g@ BT
22 RSN AR o BRI 1 ﬁErT“ 3
U (k) = (a(k),0(k),a(k).V (k),Cp (k),Cy (k).Cpn (K))
EHTCo),CL(),C(k) PR ™ EHEIEYR] ay,a, fVE(dynamic pressure),d [BF4E ]
Earglr o ﬁﬂa’?J‘H PP k+1 E\ﬂj R > EAE
Z(k +1) = (er(k +2),0(k +2),q(k +2),V (k +1),a,(k +1),C, (k +1))

RS A O 9 . -

Hidden layer

Output layer

[ 9 HETASIARER S A I

PSR S L TR
Cp =Cpo +Cp,a +Cpsde

CL=C +C|_aa+C|_q(G(_:/2V) +C 0%

Cim =Co +Cinex +Cmq((i(_:/2V)q +Ch0e

PR AT I S ] e

© =[Cp0,Cpe:Cbe:CL0:CLa CLaes CLg: Cmo: Cmas Cimae: Cimgl
TR B SR

U (k) =[Cy (k),C; (k),Cq(k), B(K),#(K),(K), p(k),r (k)]

[ B D

Z(k+) =[BKk +1),4(k +D),p(k +1), p(k +1),r(k +1),ay(k +1)]
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B BRI P
© =[Cv0,Cvs:Cyp Cyr Crar:Cio: Cigs Cip» Cir, Cisr s Cigas Cro» s Cpy 3 Cps Cirr, Cirer ]

(PR S LSRR+ T SRR RO 10
R o (B R Sa Ay T S5 S AR S - BORIE R 5e )
) B Y -

FLTI FLT2
Parameter
NGN FEM LS NGN FEM LS
Cp, 0.0343 0.0343 0.0349 0.0353 0.0352 0.0359
(0.0006)" (0.00139) (0.00094) (0.00069) (0.00116) (0.00089)
CD(r 0.1991 0.1952 0.1827 0.2388 0.2489 0.2311
(0.00598)  (0.01363) (0.00942) (0.00606) (0.01035) (0.00789)
CDas 0.181 0.1798 0.1804 0.167 0.1598 0.1626
‘ (0.00632)  (0.01493) (0.00997) (0.00703) (0.01202) (0.00908)
CLD 0.3755 0.3562 0.3592 0.3535 0.3288 0.3414
(0.00238)  (0.01051) (0.00395) (0.00314) (0.00747) (0.00473)
. 4.87 4.9692 4.6329 49719 4.994 4.891
(0.02638)  (0.11522) (0.04705) (0.02927) (0.07376) (0.04747)
CLq 21.302 21.45 26.481 18.02 19.421 19.494
(0.72701) (2.9955) (1.22295) (0.88719) (2.1665) (1.4193)
CL(,}\ 0.3083 0.4647 0.5716 0.2605 0.5051 0.4272
‘ (0.03066)  (0.13291) (0.05138) (0.03808) (0.09037) (0.05781)
C,,,O 0.1073 0.1021 0.0999 0.1154 0.1039 0.1036
(0.00266)  (0.00282) (0.00318) (0.00351) (0.00223) (0.00284)
Cma -0.4969 -0.4878 -0.5304 -0.4275 -0.4154 -0.4375
(0.03717)  (0.03141) (0.03786) (0.03548) (0.02168) (0.02847)
Cmq -6.5781 -4.7902 -3.704 -6.5309 -6.0379 -5.6789
(0.98897)  (0.839306) (0.98427) (1.1446) (0.66239) (0.85133)
Cme; -0.9304 -0.877 -0.8364 -1.0121 -0.9039 -0.8887
¢ (0.03535)  (0.03589) (0.04136) (0.0414) (0.0271) (0.03467)
“Values in parentheses indicare sample standard deviation.

OV RINEC T RRES et

2.2 7% Ffﬁéf‘EF‘,[!,’E'T

TRV ["E#,@T(handling qualities) & 1§ i= Pﬁ[}[@fr(flying qualities)’F‘JIth’t{F",E?
Cooper > Harper [ #5341V’ Cooper-Harper Rating » = 7 j{{if} 40 & - ik
+ j”ﬁﬁﬁgﬂ‘ F“f sl flﬁ‘—%’j EE%?I‘T TRTHRIELET o 35 (ST TR LD B
il — A PR T R R TR S O SRR B
R RLIR R B YRR UL FL' Hb*%’p’féiﬁ’?‘/ﬁii% RN AR s 22 ]
TS I Bz~ TS%%F} FL‘ bh(ease) ™ ¢ ¥ 1 (effectiveness):d P (= F1f1Y sl il
R 591 ' %2 L MIL-F-8785C % MIL-STD-1797A- Cook &1 St [ I & 5
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Fﬁ[h (1 55 Err s ’EFFI#[’E’TET'L:? I E Y Safah i PR AR ;T?}&%@{ﬁfﬁﬂ
BRI s 2 TR RIS YRR 6y PRSP
e RN TRN IR S rba ey AU L A R
i VAR o pIP) b T Cook Ut FEIRH Y BT P AR EAR > Bl
= [l IR STy - P — S AR SR e T
A8 438 (TSR 7 5[ 12 V3 1% (controlibility) S48 1 (stability) 7
AL - = i RR A S EAR S RS SR - (T RRE IRE
Hl - %f*?&?ﬁ%ﬂfﬁél’%p@?ﬂ%  UPIRES VA iES ) Spiral mode fIRL-
{71 {1 i Spiral mode IO T HIGEEL - » PP a2 Fifit ) ] SO

Bl SR ﬁéf‘eﬁﬁ#,@? Cooper-Harper Rating 40 = ’ﬁffﬁ%]‘ fgiﬂj PY#R i worksop
il e P N A TR o e L SR
KPR Ty FIIAEEY PRV © (L5614 JVFT i BLRLFE U Cooper-Harper
Rating - ¥ *'| Cooper-Harper Rating %ffﬁfg eIt li?ﬁéf‘eﬁ[}[@ﬁ?fﬁ,ﬁﬁ : Fé‘f,%ﬁvpﬁ%ﬁl
11 . o E[ll?ﬁkﬁ‘ HI > {8 Cooper-Harper /=3, » Fﬁéf‘%ﬁ#@?ﬂ/?ﬁ%iﬁﬁ%i@
 BURLONEH RS R ROV B S IR T BRI
SR A A 7 5 e [ AR S TS AT
FE 1 f}?ﬁ[ﬂﬁ MRS~ EORT ﬁé]’ﬁﬁ‘l‘%(high gain or low gain operator) - ffi
S R B ST Y RE BT SR i
FHRBET B E QR R SRR A
i o ST ¢ AR I R R TR G AL R S R
}3&?]‘ 73 r’ﬁjﬁ?@fﬁ};'f 20 e
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Adequacy for Selected Task Aircraft Demands on the Pilot in Selected Pilot
or Required Operation Characteristics Task or Required Operation* Rating
Excellent Pilot compensation not a factor for
Highly desirable desired performance
Good Pilot compensation not a factor for
Negligible deficiencies desired performance
Fair - Some mildly Minimal pilot compensation required for
unpleasant deficiencies desired performance
Minor but annoying Desired performance requires moderate o
deficiencies pilot compensation
sansfad'ér‘; without No Deﬂ::‘fgﬂes Moderately objectionable Adequate performance requires e

improvement? I improvement deficiencies considerable pilot compensation
Very objectionable but Adequate performance requires extensive o
tolerable deficiencies pilot compensation

Adequate performance not attainable with °
maximum tolerable pilot compensation

No| Deficiencies it % TR
_‘ Major deficiencies Considerable pilot compensation is e

warrant
required for control

| improvement

I Major deficiencies

Is adequate
performance
attainable with a
tolerable pilot
workload?

Major deficiencies Intense pilot compensation is required °

to retain control

No

Is it

! SN -l ontrol will be lost during some portion
P, improvement -4 Major deficiencies & i PO

I mandatory of required operation
* Definition of required operation involves designation of flight
ok dacisons phase and/or subphases with accompanying conditions.

[ﬁ[ 11 Cooper-Harper Rating EEI fﬁ,)ﬁ%ﬁ!i{%

OB IS FAA T L6 H ) FAA S S S0 S0 SR 43 (B
RUT » FREET] PAA T SEER RS TR A RS gRRR
ﬁéf%#l’ﬁ;’/ ﬁéf‘eﬁﬂﬁjﬂ"%%%ﬁ ("t MIL-F-8785C » MIL-STD-1797A > ﬁﬁéﬂf?‘ FAR
AT ST ST FAA SHEFTRRY 3 5 I b 5 e st e
S SUNG 72 %‘ﬁﬁﬁ%ﬁ%ﬂ%éﬁw P RS AD SR o S TR
R IR -
f f

TR IHITREGZS > 2 BV PRSI - R T
SR R D LB E TR TR TR IR
BRE oL -

221 ﬁﬁ?i/ AlAA 2009-5607

i’ﬁﬁ:ﬁﬁd’ (=¥ %% M.P de Koning, i fi# i Delft University of Technology ™42
& PIFRI PP SIMONA PRARIRURR UL 12 - Hi#R" T [l ffvse
o R [ﬁjj/?lﬁi?m%ﬂ/* FEPTL > f9FR )" Cooper-Harper Rating(CHR) ™
Handling Qualities During Tracking Method(HQDT) * Experimental Behavior
Measurement Method(EBMM) = %?ﬁh{%ﬁiiﬁﬁéﬁ JIPT e
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OB TR (ST B 1

FETF 2:7 WP 7 A (8 ey o 3 o T ™ = e 0V
iR -

FETFS 317 WS I R 1368 7 (5 1 G

wa\ CHR [ ]Frﬂigl“ﬁ"?[: 2 [[E&[ﬂyf HE TR S mﬁ’%@ FRE] '/_I 'FLI
ﬂﬂiwﬁ}%ﬁ‘]‘

Handling Qualities During Tracking Method

HQDTEEII’ﬁdik;'/a@F 0 = felRLEL v CHR o iy HifRp sk & PIO [y
i L &W&%:\%F BRPLIRAS I T S TR R
- RO [HRHE T BN - SHOR (1] 50D
LY TRRGITE RS IO s B BRI ity
s FE HODT [,“rlﬁlyigljbﬁ@% :%q%‘ll 13 Fr=.
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No tendency for pilot to induce undesirable motions 1 ]

u d suame motiens tend o occur when pilot initiates abrupt maneuvers or
co r\trn ese motions can be prevented or liminated by 2

initia Tupt maneuvers or
r r eliminated, but 3
able pilot attention

4

nnnnnn

Oscillations tend to dev \p when pilot initiate bruptmnneuver:‘.or
tt mpts tght ntrol. Pilot must reduce gain or abandon task 4
rrrrrrr

( gt\\t(dtd\php\t((bpt
llmp\lghl ntrol. Pilot must open loop by 5
B

or normal control \may n vergent oscillations. Pilot 8
ontrol loo pby relea ezing the stick

'kun

[A! 13 HQDT % itk FIl = oA B

Experimental Behavior Measurement Method

EBMM ~5(1 Delft University of Technology Firig "[/gl??ﬂ‘#g?fﬂ s AR ENH]
{F@,—:F g.:r‘[‘—fﬁ@* I/]-’Eé;czl_ PRI ET, [ﬁ%{%,vﬁgl"eﬁﬁ@ﬁ % Lﬁﬂ » F|’Tf7‘~ = %1 175 fEe
EJZHFQmF SRS I/*l- P‘J’ Fj?@’* E{]E[méﬁg SRS o el - &

[~ Vﬁ&ﬂ%‘\

EBMM = BRLifei= FISfISe S S oo g - el il
F’HFEW F‘}HF&” qj{{J/ﬁgH Eﬁ,ﬂiﬁrﬂ E[EFH@—J AT R FF&;%@F
R R FURT @RI sz R I SR B - T EBMM
S P o PURIRES R T T L -
Ytj’%ﬁ’&?ﬁﬁ'wﬁéﬁﬁ}?ﬁﬂ%jf%@ﬁ 7y = 7 > S5 [IE% Nominal aircraft(NOM),
rate limited aircraft(RL) » rate limited aircraft with anti-windup algorithm(RLAW) =
PP o NOM A1 K i (o8 RL 4 REELETRS F SR8 sk
il 12,575 » RLAW [ o A1 RL 5188 LT 7 FASSHIaenay * sk A%
12.5°s 9t - B3gf &g p anti-windup #Lfﬂjj« ’még@r s I Rf%ﬁf[’iféﬁ%éﬁ:;i PIO Eﬁ ,
prIE i B = Gy o R PR R 4 [m:,m{g.vg IR o

£ EFOHENY ST AR EBMM % CHR Ry i Bl |~ FlEpvial > 247
HQDT VA ==y & AR - Pl MR AT~ PSR SRt/ -
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2.3 IR R 53

g dlirnﬁl/ ”Fr’w%—ti AIAA 2009-6087 > {=# £ Jinwhan Kim> | [F'J [~ 347~ Optimal
Synthesis Inc » 4 ¥ (=¥ 7 differential vortex Iattlce method(DVLM) »
Extended Kalman Filter(EKF) s [Fﬁ]ﬁ[ﬁ[&ﬁk I o H %u’?xl%ﬂ/ o ST I AAES
@%;l:ggqu F_ ,El[jj’\’][:}ﬂubﬁ@ IHH&JFE)&&B” | LT J[lbi};ﬁ j@ﬁj i/[lﬂ*tr Z;@}éﬁ
TREFHE (RS 2 ol > [RER A = = (R [t ik -

AT %EEMEWI#[ET (e ISR SR TRV e i [N TR
[ﬂar’ﬁ}iﬁfugg I 4= v.ﬁﬁww IEWF bf;@gﬂg [l <t o RIS ST W{WD
R

vi T (nT—-D)/m—gsiny |
b4 (Lcosgp—Ssing)/(mV )—gcosy/V |
. ¥ (Lsing—Scosg)/{mVcosy)
X = =
X Veosysiny
v Vcosycos y
h | Vsiny ]
ﬁlfé%abgl %E IF [[j\
Vv Velocity ¢ Bank angle
¥ Flight angle T Thrust force
& Side-slip angle L Lift force
x North D Drag force
¥ Easl S Side force
k Altitude M Mass
7 Throttle £ Gravily ace.

(N0 ERE ARSI ] o R TS DVLM 325 "FLIET’ VLM
VEH TR SIS ARL T S - Z R - %ﬂzwaﬁm T )
FE TR /f’*'J V=R RPT A e SERET VLM R BTV A 3?%@%&%/ JHE]
IR S RETSW'J I/ vortex panels » = — [ vortex pannel ?]T‘r [l circulation
[ 1/4 kR ﬂ“L' . i/[lg%ﬂ 14 4. }H =) [ vortex pannel [~ [’ 'FL'
TRES ] 0~ [ J”VIEJ[H IR
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bound vortices

control ponts

— ‘ | X

Trailing vortices extend to infimty

qu,' 14 %[> Vortex pannel = Tﬁlﬁ%’ﬂ

R PSS TRR D € AT o 17 2l A bﬁﬂh
A ARSI D 1Y ?Eﬁﬂﬁkﬂ%rﬁﬂw%‘h JE= g TR A
;@%ﬂ;@f;g{/? °

SSL I 2 T TR P o R e A e
Fl o SRR M B st ST - B T HCE VLM ARERR » i
(LA 4P R A PR DVLM  EKF It £ > sl 2 -

2.4 TR SR BT 2 1 S BRI

FagH e [nJHgFrmTP » "Modeling and Feedback of Turbulence Hazards on
Automated Real-Time Pilot Reports” FFN “*F’E'Ft‘ AIAA 2009-6066- [=¥ £ Gimmy
Krozel - % "“Impact Analysis for In-Flight Icing Hazards” > E j‘??i/ '*r'yth AlAA
2009-6068 > {=¥ Shubh Krishna - [y H,gﬂmd/ riipﬂ.‘ﬁ]‘ Fﬁfj fﬂ /;—J?—Pfxgnypz;f e

f}i BREC ~ IS 7~ )~ AR **%iﬁq’f ~Ji T R ~ S5 3 (Convection
Induced Turbulence> CIT)\HEJ:];.] il (Clear Air Turbulence CAT)~ ! If IiEL(Mountaln
Wave Turbulence » MWT) ~ 855 ~ 2~ f |72 1 > RIS R S 2 o
RISV LEEIFLE&T [r[ﬁ;%[ I/BwLﬁf[j 15y =, 3\’7§n+’f "J;Hﬁ\ﬂﬂjfiﬁcpf[,wﬁ Jﬂﬁfﬂ“"
R E@pﬁ’wb%ﬁ%ﬁkw}
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Impacts highlighted with bold blue
lines are studied in detail in this paper.
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Equipment

Increased
Controller
Workload

Reduced
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Max Altitude

L PIREP L
Processing

Circular L
Holding LA
S Ici
elllEly Diversions to
Alternate
' Airports M
I

Altitude L
Adjustment h |
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Route
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I 1 FREIER A

AlAA Atmospheric Flight Mechanics Conference AlAA 2009-5610
10 - 13 August 2009, Chicago, lllinois

Longitudinal Flight Handling Quality Analysis by Reduced
Order Motion of a Civil Transport Aircraft Encountering
Turbulence

Ming-Hao Yaug"
Aviatien Safety Council, No. 200, Sec 3, Beisin Read, Taipei County, Tatwan, 203, Taiwan ROC
Natienal Cheng Kung University, No 1, University Road, Tainan, Taiwan, 701, Taiwan ROC

Cjing-Shun, Ho®
Natienal Cheng Kung University, No 1, University Road, Tainan, Taiwan, 701, Taiwan ROC

C. Edward Lan
Kansas University, KS 66045, Lawrence, Kansas, USA
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The objective of this study is to analyze aireraft’s longitudinal aeredynamic
characteristics and flight handling quality of short peried mode by using FDR data from a
civil transport aircraft encountering turbulence. The Extended Kalman Filter is used to
enhance the quality of recorded data through kinematics compatibility and, at the same time,
estimate some unrecorded parameters. In addition, the turbofan engine’s thrust is estimated
with a newly established thrust model using the FDR data; while the coefficients of
aerodynamic forces and moments are evaluated with aireraft’s dynamics equations. The
aireraft’s longitudinal aerodynamic derivatives are then estimated by a neural network
methed based on radial-based functions. The results for this flight shew that the short period
dynamic characteristic of the aircraft is stable, but the flight handling quality degrades to

Level 3.
Nomenclature

CAP = Control Anticipation Parameter
Cp.Cp.Cy = Lift. Drag, and Pitching Moment Coefficient
Crpmx = Lift. Drag, and Pitching Moment Coefficient due to state x
EDR = Eddy Dissipation Rate
EEF = Extended Kalman Filter
NN = Neural Network
My Malpha = mnormal load factor per unit angle of attack
p.gr = body rotation rate with respect to x. y .z axis
RBFNN = Radial Bazed Function Neural Network
Jel = air density
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= angle of attack or engine by pass ratio
= elevator deflection angle
= stabilizer for pitch trim

YR
|

= wing area

I. Introduction

In general. awcraft stability depicts whether the motion will diverge when the awrcraft encounters the disturbance
from 1ts equilibrium state. The flight handling gualty describes the “ride quality”™ for pilet fo accomplish the
assigned task at different flight phases. These two criteria are important for aircraft designers to verify that the
atrcraft 1s confrollable without huge workload for a pilot. In any atreraft accident investigation, the investigators find
the clues about flight operation, aircraft motion, and system conditions from the flight data recorder (FDR). Because
of the limitation of aircraft’s navigation system and the recording media capability of the FDR. sometimes there are
msufficient data for investigators to perform a thorough investigation. As a result, the investigators have to utilize
other tools, such as the training/engineering based simulators, for further aircraft performance and stability analysis
[Bef. 1]. The traming /engineering simulators are based on the certificated aerodynamic charactenistics from the
static wind tunnel and flight test results. These data are not capable of describing the nonlinear dynamic flight
conditions i accident flight or in adverse weather encounter. Except the analysis of stability and performance. the
nvestigaters have not employed the flight handling quality in the accident nvestigation.

In the present study. the severnity of the atmospheric furbulence is evaluated by the turbulence index (TI) or eddy
dissipation rate (EDE) from the FDE data of a civil transport aircraft flight at the cruise altitnde. The flight data will
be filtered with the Extended Kalman Filter (EKF) to perform the kinematics compatibility check and estimate un-
recorded flight data, such as the 3-dimensional wind field, sideslip angle and rotation rates at body axis. . _etc. The
thrust force of furbofan engines will also be estimated by a thrust model using FDE recorded engine-related data.
After the forces and moments of aircraft are obtained. the radial based neural network (RBFNIN) is applied to model
the atrcraft’s longitudinal aerodynamic characteristics. The study then analyzes the degradation of the aercdynamic
derivatives, the stability of short period mode, and the flight handling quality variation for this case.

II. Aerodynamic Derivatives and Flicht Handling Quality Estimation from Flight Data

A. The Accuracy of Flight Data

For Civil transport aircraft. the recorded flight data is measured or calculated in the navigation system. and
transmitted to the data bus in the ARINC 429 format. The flight data acquisition units (FDAT) cellect the data and
convert them into ARINGC 542 342A 573, 717, 747 formats and recorded. The error sources of the readout FDR
data are from the charactenstics, imstallation, calibration of the sensors, AD comversion process, wirmng
configurations and readout documents. Refernng to ICAOQ Annex 6. ED36A and ED112, the maximum tolerance
range of errors for FDR data are listed in Table 1[Ref 2].

Table 1. The ervor tolerance ranges for recorded flight data referring to ED112
Parameter Accuracy Parameter Accuracy

Attitude +2deg |Nermal ACC] +005g
Airspeed +3% Lat ACC +005g
Ground . -
- -
Speed Depend Long ACC +005g
Drift Angle | Depend TAT 27
Wind Speed | Depend AOA Depend

Wind Dir Depend LatLong Depend

B. Aerodynamic Derivatives Estimation
Aerodynamic derivatives are used to describe the contributions of the asrodynamic forces and moments to
atrcraft flight dynamies. There are three methods used to estimate the aerodynamic derivatives.

Approximare mathematical model (AMM)

q
=
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AMM 15 the simplest and least accurate method, and are often employved m the aircraft prelinunary design to
evaluate the flight stability. The values of the asrodynamic derivatives are estimated from mathematical formula,
tables, or charts. These formula, tables or charts have been obtained from the past experiments and/or theoretical
estimation and may have been digitized. The most popular sources are the Engineering Sciences Data Unit, and the
USAF DATCOM.

Wind Tunnel Measurements (TWIM)

In WTM. reduced scale models of aircraft are tested. With the six- component balances, the aerodynamic forces
and moments in vniform wind condition in the tunnel can be measured. The tests are performed at different tunnel
wind velocities (Reynolds numbers), angles of attack, and sideslip angles to simulate the aircraft static flight
conditions. For the civil transport aircraft, the airframe designers are not specifically required to undertake the
dynamic testing. Therefore, when an awcraft at a highly dynamic situvation, the nonlinear dynamic characteristics of
the aircraft may be dominant. and the static test results are unreliable to describe the dynamie situation. Recently, the
rotary balance tests have been introduced in the dynamic wind tunnel tests for civil aircraft. The rotary balance test
15 typically conducted at a very low Reynolds number, with the results used mainly in estimating the developed spin
modes of general aviation and military awrcraft. In addition, dynamic aerodynamic derivatives for a civil transport
have also been acquired recemtly through the forced oscillation test at low speeds and low Reynelds numbers.
However, how useful these dynamic data are in accident flight reconstruction and in describing the aircraft response
in severe atmospheric turbulence encounter is yet to be verified. Therefore, for the time being it 15 imperative to
estimate the aerodynamic derivatives from flight data for accident flight investigation.

Flight Test Measurements (FTM)

In FTM. a parameter identification method 15 still needed. In the late 1960s, FTM started being developed at
NASA and some flight test research centers [Ref. 3]. As the computer calculation speed and system identification
technology improved, the aerodymamic derivatives identification method has also evolved in complexity. The
calculation method started from the least square to the Newton-Raphson and then evelved to the Maximum
Likelihood [Ref. 4]. The aercdynamics to be identified has progressed from a linear to a non-linear one. Today, the
maximum likelihood 1s still widely used in this fleld [Ref 5]. No matter which identification methed is used. the
estimation is mostly based on a small disturbance theory, by building up the aerodynamics from the ecuilibrivm or
trim at a specific flight condition. The asrodynamic derivatives from this method represent the quasi-steady values
as the mstantaneous slope at the equilibrium states. Note that abnormal flight conditions cutside the flight envelope
are not flight-tested, so that the flight test data are still inadegquate for accident investigation.

The aerodynamic characteristics derived from the aforementioned methods are reasonable in the normal
operation. When an aircraft encounters adverse weather, such as severs atmospheric turbulence, or in a loss-of-
control situation, the associated aerodynamiecs is expected to be highly nonlinear and dynamic in nature. Therefore,
an appropriate identification method must be capable of handling more complex phenomena. One such method is
that based on the artificial intelligent, Al technigue [Ref 6].

C. Flying and Handling Qualities

The flying and handling qualities of an aircraft are described as the acceptability and suitability for safe and
efficient control by pilots to execute some flight tasks. These two qualities are described gualitatively and are
formulated in terms of pilot opinions. From pilots” point of view, the flying quality is regarded as how well an
atrcraft responds to the pilot’s command. The two gualities are interdependent and are probably inseparable.
Therefore, the flying and handling qualities are always to be named as flight handling quality. Pilot’s perception of
flight handling cuality of an aireraft is mfluenced by many factors, such as the stability. control and dynamic
characteristics of the airframe. flight control system dynamics, response to atmospheric disturbance, and cockpit
design. The engineering criteria of flight handling gualities include: low order equivalent system/Control
Anticipation Parameter (LOES/CAP), Bandwidth, Time response, Dropback, Nichols charts and Neal-Smuth. The
aforementioned criteria are based on analysis in the frequency domain and fransfer functions, verified on the ground
based simulators and flight-tested inside the flight envelope. The present amalysis focuses on the aircraft
asrodynamics and flight dynamics, and flight handling quality in the encounter of atmospheric turbulence. The
parameters, used to describe the motion of awcraft, are estimated from the recorded flight data to represent the real
dynamic sitvations of the awrcraft. Instead of the simulation or wind tunnel testing parameters, are denived at quasi-
steady condition.

When the aircraft encounters atmespheric turbulence, the buffeting of the airframe and its effect on pitching
attitude and angle of attack may cause the aerodynamics to be highly nonlinear, or in the worst sitvation, the aircraft
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becoming wnstable. In regard to the aireraft flight dynamics, the resulting aerodynamic environment may cause the
pilots to lose contrel of the longitudinal short period mode of aircraft. Therefore, in the present study the
longitudinal short period mode is analyzed based on the damping ratio and undamped natural frequency of the
reduced order longitudinal equations of motion. The CAP index and normal load factor per unit angle of attack. n .

are used to depict the degradation of the flight handling quality.

III. Methodology

In present study, the bias and noise of the recorded flight data of a civil transpertation aircraft are filtered out by
performing kinematics compatibility check through Extended Kalman Filter. In this way, the unrecorded flight data,
such as sideslip angle, 3-dimensional winds.. etc, are derived. The severity of encountering atmospheric turbulence
15 diagnosed by EDR index, evaluated by flight data. Then, the thrust forces are derived from the thrst model and
the FDE recorded flight data for turbofan engines. Once the flight data and thrust forces are estimated, the
aerodynamic force and moment of the aircraft at body axis are derived by plugging the flight states and thrust forces
into the nonlinear flight dynamic equations. The aerodynamic forces are then translated into wind axis. In most cases
when atreraft encounters atmosphere turbulence, the on board passengers and flight crew surfer injuries because of
rapidly bumping of aircraft in longitudinal motion. Therefore, the study focuses on the analysis of aircraft’s
longitudinal characteristics of motion of the aircraft. In order to amalysis the degradation of longitudinal
aerodynamic characteristics of aircraft, the longitudinal aerodynamic derivatives are modeled by the EBFNN. After
obtaining the lengitudinal aerodynamic derivatives, the damping ratic, undamped natural frequency, CAP and n_
are estimated and used to evaluate the longitudinal flight handling quality. In the following paragraphs, the Extended
Ealman filter, atmospheric turbulence strength identification, thrust model, and radial based function neural network,
employed in this study, will be discussed.

A, Extended Kilman Filter(EKF)

EKF can be applied to the nonlinear optimal estimation. It uses the system’s observations/measurements and
system’s dynamics, and measurement’s dynamics, to estimate the neise and bias embedded in the measurements and
estimate system parameters. EKF applies sequential and recursive processes by linear minimum variance theory
[Ref. 8]. The nonlinear stochastic differential and measurement equations map the states and measurements at time

k-1 to k can be described as
Xp =g b-1+g(¥p F-Dwey k=012
Iy =h(Xg.ky+vy k=12 (1
where w; and v; denote the processing and measurement noise of the system.
The prioti etror covariance matrix, o | 15 defined as the difference between the true state ((7;) and the predicted
state (.E-.'k (=10 at time k. and can be formed as,
By = Elor, - £ 008 - 2,07

- @
=% P %0 + Gl Gig

where, j’k (=) is prior estimate of the system state at k. derived from estimated state at time k-1 from state transition
. -1 . . . ) T
matix, $; 3= é:f(:r‘_\x ) . O is the expected value of processing noise, defined as E(wpw: ).
=) Tt
Ty

The EKF uses the Kalman filter gain, K to adjust and update the system state at time k by the .52',5{—] , and the
system predicted measurements and measured values.
X=X+ E(Z -2 (3)

The Kalman filter gain is a function of priori error covariance matrix, system measurement dynamic

matrix, (H; = L‘:—U ). and measurement noise (R = E{vkv_;] 1) . The final expression for the gain is
e =Ty
K =F Hy (HiF{H{ +Ry)! @
4
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Through the above calculation process, the ervor covariance matrix is minimized to result in
B =(I-KH.F ©)

The EKF program in this study is developed by ourselves with Matlab platform. The flight data are dividing into
two groups: inertial data and pneumatic data. The pneumatic data are corrected by QNH to obtain the true airspeed.
The estimated states about inertial system are including v, v. w. ax. ay, az, p. q. r. and, p. . r. In order to verify that
the noise and bias of estimated states are removed, the estimated results are used to re-calculate the states of aircraft
by plugging them intc the nonlinear flight kinematics equations. and cbserve whether the estimated results are
converges and approaching to the recorded flight data. After the above procedures are done, the wind speed and
wind direction are calculated from the difference between ground speed and true airspeed.

B. Armospheric Turbulence Strength Identification

The atmospheric turbulence strength can be estimated by the fluctuation of vertical acceleration, eddy dissipation
rate (EDR), and the vertical wind variation [Eef. 7). The instantaneous peak and root mean square (FMS) values can
be used to indicate the severity of atmospheric turbulence in these three indexes. According to ICAO and WMO
documents in 2006, the automatic pilot reporting system (APRS) is based on turbulence index (TI) to define the
severity of atmospheric turbulence. The value of T i1s defined in terms of the instantaneous and RMS values of EDR,
and the severity is related to them as follows:

Severe: TI=13 to 27, Peak EDE=0.5
Moderate: TI=6 to 14, 0.3<" Peak EDE<0.3
Light: TI=1 to 5, 0.1<Peak EDR=0.3

No: TI=0, Peak EDE.<0.1

EDR describes the dissipation of turbulence kinetic energy, and the value of EDR can be estimated from the
aireraft response to the vertical wind in frequency domain as follows:

g =l e (6)

where ¢, (f) is the vertical wind component of turbulence at frequency f, and |Hz' [_f']l 15 the transfer function of
aircraft response, @:(f) is the aircraft response in vertical acceleration. Using von Kédrman's power spectral density,
and the integral for the EMS, EDE( ¢ ) can be approximated as
2 ) ;
S=—20 @
0773
C. Thrust Model for Turbofan Engine
The awrcraft for this study is equipped with PW4139 turbofan engines. The by-pass ratio (o ) and the fan
pressure ratio (FPR) for these engines are 4.8 and 1.73, respectively. The engine thrust in this study is caleunlated
from a thrust model to be developed and the FDR data. The recorded data includes, engine pressure ratio(EPR),
engine exhaust temperatwre(EGT), N1 and N2. The nozzle exit temperature is assumed to be the same as the FDR
recorded exhaust gas temperature (EGT). As a result, the time lag between the pilot command, engine response, and

engine health problems are ignored. The thrust force of turbofan engine is calculated by using the momentum
principle with contributions from the core engine and fan section and can be shown to be,
. |V, T,
L:”_- Zee My +al—L oy ®)
my l+a| ag ag

where sty 15 the mass flow rate. My is the flight mach number, ap is the flight speed, 17, is the effective exhaust
velocity in the core flow. I is the effective exhaust veloeity in the fan flow. These two velocities are estimated
from the Eq. (9) and (10)
Fijz _ 2EGT
ag To(r -1

71
(erre 2y 7y )
By
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EBqo/Fy is the total to static pressure ratio of the free stream before entering to the engine, and I is the static

temperature of the free stream.

D. Radial Based Function Neural Network (RBFNN)

EBFNN is a type of feed-forward NIN. The structure of RBFNN consists of 3 layers: input, hidden layer, and
output layer. The hidden layer is a radial based function, and measures the distance between the input and weighted
distance. The weighted distances are summed and compared to the target value. The above depictions are written as

M
vTuofechoaan
i

where ¢{) 1s the radial based function, ¢; is the center of the jﬂ1 neuron at hidden layer. w; is the weighting. and
wy i3 the bias. In this study. the Gaussian function is used as the radial based function:

e )

where o is standard deviation, defined the shape of the radial based function.
In the learning process of the RBFNN. w;.c; . and & in Eq. (13) have to be corrected with the learning rate to

minimize the learning error.
a5 (p) = me(p)(|x(p) - ¢, ()

ac;(p) =y Q’j & jadlx(p) @B - (13

so, By =n (p)e(p:l 0*11

|rp) - ¢; (it - ()2

E. Decoupled Longitudinal Equations of Motion
Basically, the linearized deccoupled aircraft longimidinal dynamics are described by the following three equations
of motion as Eq. (14):

0 a Q [ Q
=g w=Xpu+ Xyws(Xg—mll Jg-mglcosd, + Xpn

o Q a 0 o
mw—Z, w=Zutu+Zyw+{(Zg-ml )g-—mgfsind, +Z,n (14)
[ a o

a a
Lg-Myw=Myu+Mww+Mgg+Myn

where the X, Z. and M are the axial force for the drag. normal force and pitching moment. respectively. The

] o o

subscript states forthe ¥ | Z and M are the dimensional asrodynamic derivatives related to the states on body axes.
With M defined in the following, Equation (14) i3 mwltiplied by M7 and rearranged in form of
x(1) = Ax(f) + Bx(t) to result in

i —.'!.:.d 1] -
W Iy I g w 2,
Sld|=lmy, omg omg g i+im g (13)
0 -Mw I, gl Lo 1 ojel o

0
Mol 0 (m=Zy) 0 0
0

o o 01
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where zy 15 defined as coinsine form of aerodynamic denvatives. The short period mode 15 typically a damped
oscillation in pitch about the body y-axis in normal flight conditions. The majority motion variables are including
the angle of attack, pitch rate and pitch angle. If we assume the aircraft is in steady level flight. therefore, the
equation of motion is represented as Eq. (16).

HEENES
gl |™w Mg g]
Eqg. (16) is similar to a second-order vibration eguation. with the natural frequency and damping ratic given by

@y =\,'{n-rﬁ:,4 —MyZg). Wpag =—lmg +2,) (17}

The short period transfer functions describing the pitch rate, angle of attack, and normal acceleration response to
elevator contrel input are given by (Eq. (18), (19) and (20})
gis) 55—,

- (18)
“.?{5} {5' —[mq —Zw]-'l—"' mq—TH _mu'f:_rj
a.(s) My, Syllp
FACEI 7 (19)
niz) (:2 —{mg + 2y )5 + Mgy — My Ig)
:—”(: +1up m'"]
an) | u = (20)

nis) (s - {m{r +,)5+ Mgz, — m“.:q)

For flight handling qualities critenia, the normal load factor per unit angle of attack (n, ) and CAP are defined as
Egs. (21) and (22)[Ref 12].

. =n:{ﬂl.-; =_‘—]I.'H|:' = lip (11)
alf) £ gTe,
cap-d0 _ 2% 25Ty

LPLCO B g

IV. Numerical Results

A. Turbulence Strength Identification
The time window iz 5 seconds for EMS of EDE. The instantanecus peak and RMS of EDR are denoted by
EDRprer and EDRgye spatially. The results are shown in Fig. 1. They show that the aircraft first time encounter

turbulence 15 encountered at 240-270 seconds. The most severe turbulence at the first fime 1= at 256 seconds. At that
time, the EDRpysr is 0337, the EDRpys is 0436, and the TI iz 19, Therefore, the flight encountered severe

turbulence.
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Figure 1. a) The instantaneous peak value of EDE, b) The EMS of EDE.

B. Estimation of Flight Data and Thrust Force

To estimate the un-recorded flight data and remove the noise and bias of the recorded flight data. the EKF 13
performed as kinematics consistency in present study. The state transition and measurement matrix for EKF are the
partial differential equations of nonlinear kinematics eguations of flight dynamics. The thrust force is estimated by
inserting the FDR recorded flizht data and the dimension of the engine into Eqs. {8).(9) and (10} of the thrust model.
Then the aercdynamic coefficients are estimated from the dynamic eguations of motion. The time histroy for Lift
coefficient( C; ), drag coefficient{ Cp ), side force coefficient{ Cy ), pitching moment coefficient{ C,, ), rolling

moment coefficient( C) ) and vawing moment coefficient( C, ) are shown in Fig. 2.
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Figure 2. Variation of aerodynamic coefficients with tume
Fiz. 3 is the 3-dimensicnal wind field along the flight track. According to these calculated 3-dimensional wind

field, the minimum and maximum values of wind speed normal to the herizontal plane are —9._8 knots: and 36 knots,
respectively (see Fig. 3).
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Figure 3. Estimated results for the 3 dimensional wind field

C. Aircraft Longitudinal Aerodynamic Derivatives

In the present study, the zeredynamic derivatives in the wind axes instead of body axes are estimated based on
the NN medels of coefficients and evalvated with a central difference scheme. Because the actual aerodynamic
derivatives for the subject airplane are not available, the following results based on wind-tunnel testing for the
Convair 880 and Boeing 747 and listed in Table 3 [Eef. 13] will be used for comparison, since the weight of the
subject atrcraft falls between these two types of areraft.

Table 3. Some the longitudinal aerodynamic derivatives of Convair 880 and Boeing 747 (Ref. 13)

Convair 880

C.En' Cﬂw C:'.':Ia' C:f.':hii' Cmg CI&.’-

Ma=2 4.8 013 | 065 | 0357 | 45 0.19
Boeing 747

Ma=9 [ 55 Jo4a7 [ 16 [ 12 ] 25 [ 03

The derivatives of longitudinal aerodynamic forces coefficients are assumed to be functions of Mach
number (Ma) - time rate of magnitude of vertical wind compeonent( w,, ), rotational rates of body axes (p.q.r) and its

tume rates( @, 4.7 ). angle of attack (@) and 1ts rate (&) . sideslip angle (&) and its rate (), and the stabilizer for pitch
trim (&, ) . The elevator effects on C; and Cp are ignored. On the other hand, for the pitching moment related

derivatives, the elevator deflection is considered as an important contributing wvasiable. The longitudinal
aerodynamic coefficients dut to these vanables are estimated by EBFNN. The longitudinal aerodynamic dervatives
will be considered below for the evaluation of the stability and flight handhing cuality.

In the estimation process, a guarter of the whole flight data are used in the learning process, and then the whole
flight data are wsed to validate whether the leaming results of NIV represents the aireraft flight dyvnamics. For the
optimmzation process of the RBFINN, the network has to update the centers of radial functions, and weightings.
These values also affect the learning results. The non-linearity of EBFNN 15 controlled by the number of centers,
and when the numbers of center are increased, the learning results will be mired in the local minimum of the
leamning error. Therefore, in this study, the initial value of centers of radial function and weightings are determined
by the Fuzzy C-Means algorithm for the denvatives of Lift and drag coefficients. The mitial values of centers of
radial function and weightings are determined by the orthogonal least square method for pitching moment
derivatives.

Denvatives of Lift Coefficient

9
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Before encountering atmospheric turbulence. the subject aircraft was operating normally in eruise conditions.
The flight level was 330, and the Mach number was (.78, Before encountering atmospheric turbulence, the average
values of (.. Cpp . Cpg and Cpyy are 447, 0189, -0.016. and -0.0098 respectively. Compared fo the results in
Table 3, the values of Cj, and Cj5 for Convair 880 are 4.8 and 0.19 at Mach 0.8, and the values for Boeing 747 are
3.5 and 0.33. Therefore, the estumated results are reasonale and are in the range for these two types of atrcraft in

cruise conditions.
When the subject aircraft flew into the atmosphernic turbulence, C7_ varies from 5.17 to 0.41. The value of Cp 5

varies from 0.189 to 0.001. From the above results, the effecitness of lift force due to stabilizer for this case is
decreasing. Therefore, the control power of the stabilizer. O, . 15 expected to decrease as well. The estimated

results of aerodynamic derivatives are shown in Fig. 4.
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Figure 4. Some of the Lift coefficient related aerodynamic derivatives estimated by REFNN

Denivatives of Drag Coefficient
Before encountering the atmospheric twrbuleace, the average values of Cp, .Cpy . and Cps are 0.45, 0.0001

and -0.003 respectively. In Table 3. the values of Cp_, for Convair 880 and Boeing 747 are 0.15 and 0.47

respectively at Mach number 0.8, Therefore. the estimated results are in the range for these two types of aircraft in
cruise conditions. The mapginitude of drag derivatives are also very samll except for Cp, . Therefore, these small

terms are neglected in the following study.
/ith the aircraft in atmospheric turbulence, the values of Cp, varied in the range of 0.6 to 0.28. The drag

coefficient derivative with stailizer angle is not significant.
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Figure 5. Some of the drag coefficient related aercdynamic derivatives estimated by REFNN

Dernvatives of Pitching Moment Ceefficient
Figure 6 is some estimated denivatives of the pitching moment coefficient. Before encountering atmospheric

turbulence, the average value of G, 15 -0.337; Cpy 15 -2.79; G5 15 -1.12, and Gy 45 -5.56. In Ref. 12, Cpypy 15 -

0.58 at Ma=0.8 for Convair 830, the value for the Boeing 747 is -1.2. When the aircraft encountered atmospheric
turbulence, the values of O . Cpp . and Oy ranged from -0.02 to -0.44, 292 to -0.05, and -1.64 to 0.11

respectively.
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Figure 6. Some of the pitching moment coefficient related aerodynamic derivatives estimated by RBENIN

The pitching moment coefficient due to angle of attack represents the static stability of aircraft. the value being
negarive in normal operation. In the severe atmospheric turbulence under consideration, although the aircraft is still
statically stable, the static stability is decreasing and degraded by up to 96%. In addtion. Oy and O .
representing the picting control power from stabilizer and elevator. also decreased in magnitude. In the present study,
the sign for (5 15 changed from negative to positive, and referring to the Eqgs. (18-20), the sizn change of C, 5
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means that the a significant opposite phase delay of elevator control relative to the motion. If the pilot applies
control to the aircraft at this moment. the motion from pilots’ control to the aircraft would be oppsite to what 1s
needed. In the worst situation, this phonemenon may cause “pilot induced oscilation™.

D. Aircraft Stability and Flight Handling Quality Analysis

The aerodynamic derivatives listed in Eg. (16) are based on body axis. Except for the pitching moment
derivatives, the asrodynamic force derivatives, estimating from the EBFNN in the present study, are based on wind
axis. Therefore, the lift and drag derivatives have to be transformed into the body axis. In addition. the derivatives
due to w and w are replaced by the derivatives due to @ and & by using A =w/uy . In addition, the aercdynamic
dettvatives due to axial velocity on wind axis are functions of aerodynamic foroce coefficient and the force
coefficient derivative with Mach number. and the Mach sumber itself. For example, the lift derivative due to axial
velocity is can be represented as Eq. (22),

o a2 uisCr) 1 1 aC; 1 1 .
L —T—Wascl +5mpsmm—mq$& oS — i, —Cz, (22)

According to the definition of flight phases in flight handling guality, the subject aircraft in cruise conditions
should belong to Category B. After obtaining the aerodynamic derivatives on the bedy axis. the undamped natural
frequency and damping ratio can be obtained from Eg. (17) and plotted as shown in Fig. 7. The positive damping
ratio in the preseat study represents the stable damping (Fig. 7b). Therefore, the eigenvalues of the short period
motion are on the left hand side of the imaginary axis, and the aircraft short period mode is stable in the atmospheric
turbulence. Before encovatering turbulence, the average value of unndamped natural frequency is 2.01 (rad/sec), and
the average value of the damping ratio is (.334. In the present atmospheric turbulence, the variation of undamped
natural frequency ranges from 0.43~2.35(rad/sec). and the damping ratio ranges from 0.09~1.42. Refering to the
thumprint, Fig. Te, when the aircraft is in the present turbulence, the flight handling quality in these period of time is
un-acceptable because of the low undamped frequency or damping ratio[Ref. 14].
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Figure 7. a)The vndamped natural frequency, b) damping ratio. and ¢) thumb of print criteria for short period

longitudinal motion

Figure 8 consists of a) CAP and damping ratio of short period mode, and b) undamped natoral frequency and
normal load factor per unit angle of attack. Before encountering the turbulence, The average vaule of CAP s
0. 38.'['j sec’ :I and the average value of normal lead factor per unit angle of attack is 17.51 (g/rad). The flight
handling gquality belongs to level 1 based on CAP and n_, . The Level 1 flight handhing guality means the flight

sitnation is -:leail'v adequate for the mission flight phase. As encountering the atmospheric turbulence, CAP ranges
from 2. 21(c' sec :|~U 13(g lsec ‘} and the value of n, ranges from 0. 1861; ‘rad)~22(g/rad). When the CAP is

0.13(5 sec’ } and the damping ratio is 0.198. At that moment, the flight handling guality belongs to Level 3 and very
closes to the Level 2. When n_, is 6.62(g/rad) and the undamped natural frequency 13 0.736, the worst flight

handling quality situation for this case. the handling quality belongs to Level 2 & Level 3. The Level 2 is adeguate
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to accomplsh the mission. but it increases the pilot workload. The level 3 flight handling quality means the asreraft o3

atill controllable, but has inadeguate mission effectiveness, and mav cause the high workload for pilots.
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Figure 8. The short period mode of a) combining CAP and damping ratio, b) undamped natural frequency and
normal load factor per umt angle of attack

2

V. Conclusions

From the above analysis results, the severe atmospheric tutbulence caused the aerodynamics, static stability,
dynamic stability, and flight handling quality degradation. The aerodynamic degradation in Cy, was up to 90%, the

static stability C, . was up to 96%, compared to the normal flight in cruise conditions. The most significant finding

in this case was the comtrol power reduction of the control swrfaces, including the stabilizer and elevator. In
particular, the lift coefficient derivative with the stabilizer was decreased up to 99%. In addition, the sign change of
Cnse implied a complete oppsite phase lag of elevator control. Although the dynamic characteristics for the aircraft

15 still stable in the short period mode, the flight handling guality degraded to Level 3. The above results implied that
the areraft in atmospherie turbulence was difficult to control 1n the short period mode. This condition just lasted for
several senconds. The above findings were consistent to the flight operation manual (FOM) for pilets. In FOM | the
nstructions for pilots, encountering the turbulence at high altitwde, is that the elevator comtrol should not be
exercised. In this case, if the pilot applies the control force to the aireraft under severe turbulence, the unexpected
delay and reversed control from elevator may occur and this may induce the PIO. This will cause much plunging
and bumping when the amrcraft flies through the turbulence.
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Nonlinear Filter Formulation for Rapid Estimation of
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Estimation of acrodynamic models of damaged aircraft using an innovative differential
vortex lattice method tightly coupled with extended Kalman filters is discussed. The
approach exploits prior knowledge about the undamaged aircraft to reduce the order of the
estimation problem. Three different extended Kalman filter formulations are given, together
with a comparative analysis. An approach for designing test mancuvers to improve the
observability of the system dynamics is also discussed. Algorithms given in this paper can be
used as the basis for online derivation of aircraft performance model, which can then form
the basis for designing safe landing guidance laws for damaged aircraft.

L. Introduction

daptive control of damaged aircraft is being investigated at NASA and other aerospace research laboratories in

the U.S."* The focus of these research efforts has been in maintaining control over the attitude dynamics of the
damaged aircraft. Assuming that the aircraft remains controllable at its current flight conditions, it is important to be
able to predict its performance at other flight conditions in order to derive maneuver constraints that should be
enforced to ensure safe transition of the aircraft to landing configuration. The objective of the research discussed in
this paper is to develop estimation schemes for rapidly extracting the aerodynamic parameters of damaged aircraft to
enable the assessment of aircraft performance. The performance data of interest include flight envelope boundaries
and maneuver limits. This data can form the basis for the design of safe landing guidance laws.

Several innovative concepts have been advanced in this paper. Firstly, a rapid approach for deriving
aerodynamic models of damaged aircraft termed as the Dyfferential Vortex Lawtice Method (DVLM) was developed.
This approach recasts the well known Vortex Lattice Method (VLM)’ to reduce the dimension of the aerodynamic
problem. The DVLM formulation exploits prior knowledge about the airframe to create a low-order computational
methodelogy for relating the changes in the vehicle geometry due to damage to its aerodynamic parameters. This
low-order method can be implemented in real-time onboard for the aircraft to provide estimates of the aerodynamic
parameters for use in the computation of flight envelope and maneuver limits, and for adaptive guidance law
synthesis. Approaches for estimating the maneuver limits and structural dynamic characteristics are also outlined.

Secondly, the Extended Kalman filtering (EKF) approach*® is employed for online estimation of damaged
aircraft parameters based on the DVLM. Design of maneuvers for enhancing the observability of the damaged
aircraft model parameters is also discussed. The model parameters derived from the estimator can be used for
computing the flight envelope and the maneuver limits. These can then be used in the synthesis of safe guidance
laws for landing the aircraft.

Unlike the airframe stabilization problem, the guidance task is almost entirely based on predictive information
about the aircraft dynamics. For instance, landing guidance requires the aircraft to slow down to the approach speeds
while descending to the correct altitude at a specified heading. Since damaged aircraft may have a high drag and
lower stall angle of attack, the aircraft energy has to be carefully managed to ensure that adequate lift is maintained
until flare altitude and touchdown. This will require energy conservative maneuvers and descent strategies. Since
damaged aircraft may not be able to employ all its high-lift devices, its speed must be carefully managed to avoid
premature loss of lift. These factors make it important to derive a reasonably accurate performance model of the
aircraft for the design of a viable guidance system. It may be noted that although most inner-loop flight control
systems operate well within the limits of controllability most of the time, the guidance task often involves operating
near the edges of the operational envelope.

" Research Scientist, 95 First Streel, Suile 240, Senor Member ATAA.
T Research Scientist formerly at OSI, Currently with Amoeba Technologies Inc.
¥ Chief Scientist, 95 First Street, Suite 240, Associate Fellow ATAA.

1
American Institute of Aeronautics and Astronautics

Copyright @ 2009 by Optimal Synthesis Inc. Published by the Amenican Institute of Aeronautics and Astronautics, Inc., with pemission.

ASC-TRM-09-11-001 39



This motivates the use of the indirect adaptive control framework’ for the guidance problem, wherein an
estimation procedure is used to find the parameters of the model, which then forms the basis for the design of
guidance commands. Due to the use of predictive information available in the estimated model, this problem must
be formulated carefully to ensure that the model closely approximates the expected dynamics of the damaged
aircraft. This is because of the fact that due to their dependence on predictive information, guidance systems are
much more susceptible to modeling uncertainties.

The present research assumes that the approximate location and extent of the damage on the airframe are known,
perhaps from electro-optical sensors onboard the aircraft. Large modern aircraft may incorporate several cameras in
the airframe, allowing rapid detection of any airframe anomalies.

Section II presents the equations of motion and the associated filter formulation. The differential vortex lattice
method (DVLM) is described in Section III. The DVLM-based nonlinear filter formulations with various
parameterization methods are given in Section II. The performance validation based on numerical simulations is
presented in Section V, and the conclusions from the present research are given in Section VL

-

II. Equations of Motion and Filter Formulation

The proposed approach for online estimation of damaged aircraft performance uses a nonlinear online estimation
algorithm in conjunction with the Differential Vortex Lattice Method (DVLM). This paper focuses on investigating
the feasibility of the proposed estimation algorithm. The 3D point-mass model is used for describing the motions of
aircraft by assuming that the kinematic states of the aircraft are stabilized by the inner-loop controller. In this
section, the equations of motion and the associated filter formulation are presented. Since the system dynamics is
nonlinear, an Extended Kalman Filtering (EKF) algorithm is used in the filter formulation.

A. Point-Mass Dynamics of the Aircraft

h a

I/'

Figure 1. Coordinate system

The 3-D point-mass dynamics of an aircraft is used to describe the motion of aircraft in 3D configuration space.
This model assumes that the control variables continuously maintain the aircraft moment equilibrium, such that the
aircraft can follow commanded angle of attack e angle of side slip f and/or the bank angle ¢ Based on the
coordinate system shown in Figure 1, the equation of motion can be expressed in the form:

v T (nT—D)/m—gsiny
7| |(Lecos¢—Ssing)fmV)—gcosy/V
i = ¥ _ (Lsing—Scosg )/ mVcosy) "
x Veasysiny )
v Vicosycos y
_J}_ | V siny ]
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In Equation (1), L is the lift, D is the drag, S the side force and T is the maximum thrust. The maximum thrust, T,
is assumed to be constant. The actual thrust varies linearly with respect to the throttle setting 7. Table | defines all
the symbaols used in Equation (1).

Table 1. Symbols used in the Equations of Motion

L Velocity ¢ Bank angle
¥ Flight angle T Thrust force
& Side-slip angle L Lift force
x North D Drag force
¥ East A Side force
h Altitude M Mass

7 Throttle I3 Gravity acc.

B. Computing the Forces on a Damaged Aircraft using DVLM

Under normal operating conditions, the lift, drag, and side force in Equation (1) can be expressed as functions of
aircraft geometry and aerodynamic parameters such as aircraft speed, angle of attack, and the angle of sideslip.

If physical damage occurs to the airframe, both the aircraft geometry and the aerodynamic parameters change,
and thus the original relationships are no longer valid in describing the aerodynamic forces and the resulting
motions. The Vortex Lattice Method (VLM) is capable of describing the aerodynamic forces based on the airframe
geometry, and the distribution of circulation over discretized panels defining the geometric airframe can be
calculated and integrated into forces at the given flight conditions, i.e.,

L=L(p,T A V_apB)

D=D(p.T AV, f) (2)
S=S(p.T.AV.,ap)

where pis the air density, I"is the circulation strength distribution, A is the aircraft geometry, V.. is the airspeed, « is
the angle of attack, and /7 is the angle of sideslip. Note that the circulation components are also functions of the
aircraft geometry and the flight conditions. However, for the conventional VLM, the dimension of I is equal to the
number of panels approximating the airframe, normally a large number. Designing online recursive estimators based
on the VLM is unrealistic due to its high dimension.

The Differential Vortex Lattice Method (DVLM) proposed in this paper allows the calculation of the forces on
the damaged aircraft using differential circulation strength components in the vicinity of the damaged section,
involving a much smaller set of circulation strengths when compared with the conventional VLM approach. The
associated reduction in the dimension allows the DVLM to be used as the basis for the derivation of recursive
estimators.

C. EKF-based State-Parameter Estimation

The parameter estimation problem is often called the dual estimation problem since it requires the simultaneous
estimation of the system states and the unknown parameters. In general, these problems involve system
nonlinearities including nonlinear coupling between the states and the parameters. The extended Kalman filter (EKF)
is most widely and commonly used for the formulation of nonlinear dual estimators. The implementation procedure
of the EKF proceeds as follows:

For a given nonlinear system with unknown system parameters,

i=f{x,8)+n, (3
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with x being the system state vector, & the parameter vector to be estimated, and f{-) is the nonlinear function of
states and parameters. The vector n,, is the process noise which is assumed to be Gaussian in the EKF development.
The dynamic model of the parameters & is chosen based on any prior knowledge about its temporal behavior.
The simplest model assumption is that & is piecewise constant org =0.
The augmented system dynamics can then be written as:

.xa:fﬂ-(.xjaj:;_;]:|:f_(.x0,9}:|+n; (4)

Here, x“ is the augmented system state vector.

Although & is assumed to be piecewise constant, this model allows moderate time variations in the parameters
through the artificial process noise vector n?. The remaining filter design procedure is the same as that of the
standard EKF implementation procedure outlined in Table 2.

Table 2. Extended Kalman Filter [4]

System model I=flx)+w w~N(0, Q)
Measurement model e =hix )+, v, ~ N(0, R )
x=f( %) rof
Time propagation . ’ ; F :I'—f}
P=FP+PF" +Q Lox Jos
__ahk 1
i =ip ALz — he(x ) Hy=|—>|
Measurement update £ £ e~ L g
BM=(1-LH )F - r( T ]—l
Ly =F H \HF H, +K,

For the present state-parameter estimation problem, the measurements, assumed to be available for the
estimation process, are the aircraft position, velocity and acceleration components.

=V oy xxy hV 5 g +aT (5)

where n, is the measurement noise vector.
III.  Differential Vortex Lattice Method

A. Equations of Motion

The vortex lattice method (VLM) is based on inviscid, incompressible, steady and irrotational flow assumptions,
and has proven to be highly effective for determining aerodynamic characteristics of the complete aircraft
configurations™'®. Once the aerodynamic model has been determined, it can be used to predict the performance
characteristics of the aircraft.

The first stage in the implementation of the vortex lattice method is the discretization of the vehicle geometry
into vortex panels, as shown in Figure 2. The entire wing surface is divided into a number of vortex panels laid out
in a lattice like structure. A horseshoe vortex with Circulation 77 is placed at the quarter-chord location of each
panel. In the classical implementation of the vortex lattice method, the trailing vortices are assumed to extend to
infinity. The wake is assumed to be flat. The control points are assumed to lie at the three quarter point of each
panel.
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bound vortices

control points

Trailing vortices extend to infinity

Figure 2. Discretization of a wing surface into vortex panels
The normal velocity at the control point of the m™ panel due to the horseshoe vortex at the »™ panel is given by
Vi =Cpnl’y (6)

Thus the normal velacity at the m™ control point due to all the vortices on the wing surface can be written as
N
Vo= Cuul )
1

The standard boundary condition imposed at any one of these control points ensures that the total normal
ity at any one of these control points is zero (i.e. no penetration boundary condition). This is enforced as
WS

L]

w
VM+V“5£R{05M+6'M)=ZC I +V_sinfa,+8,)=0 (8)
1

Here, a, and 8, are the angle of attack and the local wing twist at the m™ control point. The parameters C,,,,
end on the geometry of the wing, and can be pre-computed. The above equation can then be written in matrix
n as follows:

Al=b (9)

Here, the matrix A depends only on the geometry of the wing, and can be pre-computed. The vector of boundary
ditions b depends on the free-stream velocity V.., the local angle of attack ¢, and the local wing twist &,,. I”is
vector of circulation strengths of the horseshoe vortices.

Once the circulation strengths /" are known, the total velocities v at the locations of the control points can be
wulated as follows

N
V.H:VH-FZDM.HF” (10)
1
Bernoulli’s equation can then be used to estimate the pressure at the control point locations as:

P =Pm+%p(i”j—l”j]=Pm{f,-} (1)

The forces along the x, y and z axes are then given respectively by
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P, (), F, = B(I)dA,, F, = BRI}, (12)
1 1

B. The Differential Vortex Lattice Method (DVLM)

The differential vortex lattice model investigated under the present research significantly reduces the dimension
of the problem by exploiting the knowledge about the circulation over the aircraft structure before the damage. The
DVLM problem is formulated in terms of computing the changes in the circulation on the panels in the
neighborhood of the damage.

Let the circulation distribution over an undamaged wing be given by

AI'=b (13)

Here, 7™ is the array containing the circulation strengths in the different panels, arranged in some pre-determined
manner. The element a; of A represents the aerodynamic influence of the ™ panel on the ;™ panel. Tt should be
noted that

a, = — (14)

When a portion of the airframe is damaged, the circulation strength at that location can be assumed to go to zero.
At this point, it is useful to note that the influence of the damaged panels is felt strongly only at the neighboring
panels and can be considered insignificant sufficiently far away.

It is important to get a quantitative idea of the decay of the influence of the damaged panel. Consider a wing of
span s, divided into » panels of the same size, span-wise. For the purposes of illustration, consider only one panel
chord-wise. The size of each panel is then given by &/N. The distance between the control point of a panel and its
periphery, where the bound vortex is assumed to be, is given by half this distance &/(2N). The influence on a panel
due to its own circulation is then given by

;2
a,; 2 (15)
52
The influence on a panel due to another panel, n panels away, is given by
N2
Qi 22 (16)
nos
The ratio of the influences is then given by
aJ i+n 1 ?
- (1
a, 4n? (17)

ii

It can be seen that the above equation is independent of the span s, and the total number of panels chosen N. If n
is 3, then the ratio of influences is 2.77 percent, which can be considered quite small. Thus, if an error of 3 percent
can be tolerated, it is sufficient to study flow over three panels adjacent to the damaged area on all sides. This has
the advantage of reducing the area of computation of circulation strengths to 3 neighboring panels. Thus the
elements of I are the same as those of I, except at locations 3 panels away in each direction from the location of

damage.
Thus the equation for circulation can be rewritten as
(A, 0 A, r, 1 [b]
10 0 0 0 =0 (18)

[A, 0 A,||r,+r| |b,]

where the subscript n represents undamaged values and d represents damaged values. The vector o7 represents the
change in circulation between damaged and undamaged values. The expression for o7 then becomes:
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r=A} (b, —A,I,)-T, (19)

This is the fundamental hypothesis of the Differential Vortex Lattice Method (DVLM). The process of
formulating the differential circulation is illustrated in Figure 3.

Partial loss of lifting surface
due to physical damage

Circulation strengths
on the panels
affected by damage

I

Figure 3. Modeling airframe damage using Differential Vortex Lattice Method

The corrected circulation vector can be used to evaluate the pressure distribution of the damaged airframe. The
pressure distribution can be integrated to produce aerodynamic forces. The aerodynamic forces can then be
normalized with respect to dynamic pressure and reference area to yield drag, lift and side force coefficients. The
Differential Vortex Lattice Method is summarized in Figure 4.

Circulation
Vector for
Undamaged
Aircraft
r [Cp
— - Transform Cg
Diff tial I'ransformation int C
Detected ifferentia into _ into 1l
o —{ Circulation —* Forcesand —
Damage I Pressure
d 5
Model e Non-
Distribution . . .
Dimensionalize

Figure 4. A Summary of the Differential Vortex Lattice Method

IV. DVLM-based EKF Formulations
This section will discuss two DVLM-based EKF formulations with different sets of parameter states. These are:

e Circulation Strength Estimation : Circulation strength distributions are introduced as the system parameters
to be estimated. Two variations of this estimation problem will be discussed.
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parameterization of the damage.

Parameterized Damage Estimation

Details of these two approaches are presented in the following subsections.

A. Formulation 1: Direct Estimation of the Differential Circulation Vector

The filter is initialized with the pre-computed undamaged aircraft circulation strength vector and the measured
state vector. Given the aircraft position, velocity and acceleration vectors derived from GPS/INS system and air data
sensors onboard, the EKF will generate estimates of the differential circulation vector and the resulting aerodynamic
coefficients. The overall structure of the proposed estimator, together with a potential closed-loop guidance system,

is given in Figure 5.

: The extent of damage is directly estimated by an appropriate

Rumway 0ata Adaptive T, b Ajrcraft v, i, VN X, 5.2
Guidance - Faoint-mass [ r
L Cwynamics - -
Envelope J
Estimatar SR
Vehicle State
Estimation LB
L Augmantad State - GPEIH A Data
" Parameter
Estimation
]
fa
for Damage
L intialzation Infarmation
O
VLM-Based Calculate
Force Circulation
Calculation Dis tiibistion

Differential Wortex Lattice Method {CVLNM)

Figure 5. Filter structure for circulation strength estimation

The augmented system dynamics for the state-parameter estimation problem can be written as follows:

L}

[ T,
| or,

|ar, |

Here, n is the process noise vector.

(nT —D)m— gsiny
(Lcosp— SsinplmV)—gcosyV
(Lsing—Scosgl{mV cosy)
Vcosysin y
Vcosycos y
V siny
-G dlh
— 6,

(20

The associated Jacobian matrix for the augmented system dynamics, F*, can be expressed as:
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Ae R®® | Be R®™

Fa_afﬂ_

dx”

an

0eR™ diagl ¢, ) R™™ |

The partitioned matrix A involves the partial derivatives of force components with respect to the speed, Ly, Dy
and S, which can be calculated by numerical differentiation. The force sensitivities to the changes in circulation
components, Ly, D and Sp involved in the partitioned matrix B can be evaluated inside the DVLM solver, which
reduces the computational load. Two different perturbation models for the differential circulation strength estimator
were formulated. Based on the magnitude of expected changes in the estimated differential circulation strengths,
these are termed as the heavy and light perturbation models.

Heavy perturbation model
The state vector oI}, is the perturbation term defined as

rdizrui"'ari (22)

where I, is the circulation vector for the undamaged case, and I'; is for the damaged case. Note that this formulation
attempts to estimate the entire differential circulation strength vector. To achieve a better filter performance, first-
order Markov processes are employed for the differential circulation states. A small leakage constant {'is introduced
to improve the condition of the estimation problem. If {'is set to zero, A follows a standard Wiener process.

Light perturbation model
The second differential approach attempts to determine the changes in the differential circulation strength vector

defined as:
r

d,i

=™ +dr, 23)

In this case, the circulation strength vector for the damaged case is calculated using the DVLM, and the
perturbation of this circulation strength vector is estimated using the EKF. This reduces the absolute magnitude of
the perturbation by exploiting the DVLM more e ffectively, perhaps leading to a better estimation performance.

This procedure requires the DVLM solver to run at each time step, and is computationally more intensive than
the heavy perturbation approach. However, the computational requirements of DVLM approach are modest,
enabling its use in the EKF algorithm.

B. Formulation 2: Estimator based on Parameterized Description of the Damage

The second formulation is based on damage parameterization in which the parameter state represents the size or
extent of damage. The filter directly estimates the actual size of the damage using sensor measurements, and the
DVLM algorithm provides circulation strength solutions and the resulting forces on the airframe. This approach has
several advantages over the circulation estimation approach given previously.

Firstly, the filter is robust to initial error and the uncertainty in the initial damage estimate determined from
sensors, since the damage size is directly estimated by the filter. Secondly, the damage parameterization generally
involves a much smaller number of parameter states when compared with the number of circulation states. This
reduces the number of state variables to be estimated, improving the system’s observability and estimator
performance.

The major limitation of this damage estimation approach is that the DVLM module has to be run at each time
step. Moreover, sufficient accuracy is required for the DVLM solver since its output is directly used for the
subsequent force evaluation without being updated by sensor measurements. In order to improve the accuracy, the
original DVLM solver is modified using the Gauss Seidel smoothing procedure that incurs a slight increase in
computational cost.

However, various numerical experiments during the present research have revealed that the proposed approach
can provide higher accuracy with improved computational efficiency. Figure 6 gives the structure of the estimator.
Note that this is a slightly modified version of the estimator given in Figure 5. The filter employs the sensor
measurements in conjunction with the forces computed from the DVLM solver to update the damage parameter
state. As stated in Introduction, it is assumed that information required for parameterizing the damage is available
from onboard electro-optical sensors.
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Figure 6. Filter structure for parameterized damage estimation

The augmented system state for state-parameter estimation can be expressed by

v T (MT—D)/m—gsiny i
7| |(Leos¢—=Ssing)AmV )=gcosy/V

F4 {Lsing—Scosg }/{mVcosy)
¢ | V cos ysin
== ramx +n 24)
¥ Vecosycosy
il Vsiny
éld | _';-1 '91d

)L | |

Here & are the damage parameters. The Jacobian matrix for the system dynamics can be represented as

af oty - af G himy &

A=—eR =—g R™™

e axe Js 396

Fa= = 25)
Oe RPm™E M diag( ¢, )

The partitioned Jacobian matrix fs needs to be evaluated numerically due to the complexity of the relationship
between damage parameterization and the system dynamics.

In fact, the damage parameterization can be done in various ways. A parameterization scheme using a single
scalar damage parameter is employed in the present research. Specifically, the number of damaged panels, which is
a direct measure of the damaged area, is used as a parameter state. lllustrative examples of the parameter numbering
schemes depending on damage configurations are shown in Figure 7 and Figure 8.
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Figure 7. Tip damage parameterization Figure 8. Hole damage parameterization
V. Simulation Results and Performance Analysis

A series of numerical simulations are set up to evaluate the performance of the state-parameter estimation

methods discussed in this chapter. The full VLM is used for simulating the actual aircraft dynamics, and the DVLM-
based EKF formulations are used for online estimation of aircraft states and parameters.

A. Simulation Scenarios

The two following damage configurations are considered for the present simulations.

Case 1 : Wing-tip damage

U [ T T T T T T

X (m)

y (m)

Figure 9. Damage configuration (case 1): Total number of panels = 200, number of damaged panels = 15
number of panels for DVLM analysis = 10

Case 2 : Hole-in-the-wing damage

of T T T T T

X (m)

y (m)

Figure 10. Damage configuration (case 2): Total number of panels = 200, number of damaged panels = 8§,
number of panels for DVLM analysis = 18
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Note that term damage in this paper implies the loss of lifting surface panels on which the circulation strengths
are zero.
Simulation settings are given in Table 3.

Table 3. Simulation parameter settings

Parameter Value
Aircraft weight 45941 (kgf)
Nominal thrust 5791 (N)
Nominal angle of attack 6"
Initial Speed 130 (nm/hr)
Initial Altitude 3000 (m)
Process noise covariance diag(0,0,0,0,0,0.1,....1)
N 2 <2 <2 2 2
Measurement noise covariance diag(0.1°, 0.00175", 0.00175", L.O", 1.0°,
. B 1.0°, 1.0%, 0.0175%, 0.0175%

B. Information- Enhancing Input Design

Oscillatory inputs in angle of attack, angle of sideslip and bank angle are used as the information-enhancing
inputs. The amplitudes of these inputs are determined based on sensitivity analysis, and the excitation frequency and
simulation time span are chosen based on the period of the Phugoid mode ''. Figure 11 illustrates the control input
histories used to generate the results given in this chapter.

o : Angle of Attack (deg) B : Side-Slip Angle (deg) : Bank Angle {deg)
10/ 2 5
5¢ 0 / 1 0 /
0 - -2 - -5
0 20 40 0 20 40 0 40
time (sec) time (sec) time {sec}

Figure 11. Aircraft inputs used in the simulation

For the present simulations, the angle of attack starts from the nominal equilibrium value of 6 for the
undamaged aircraft.

C. Simulation Results

Perturbation models in Equations (22) and (23) are used in the estimation algorithm for the two damage
scenarios. It is assumed here that 15 panels are damaged in the wing-tip damage configuration, and 8 panels in the
hole-in-the-wing damage configuration. The dimension of the circulation state vector varies depending on the
damage configuration for the filter based on Formulation 1. In order to construct the circulation state vector for this
approach, 10 panels are used for the wing-tip damage configuration, and 18 panels for the hole-in-the-wing damage
configuration.

Figure 12 and Figure 13 show the motion state estimate errors for the wing-tip damage scenario and the hole-in-
the-wing damages scenario, respectively. For each damage scenario, the error histories of the three estimators, two
for Formulation | and one for Formulation 2, are plotted to enable a quantitative comparison between them. In the
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figures, the solid blue lines and the dashed green lines correspond to the DVLM estimators based on Formulation 1,
and the dotted red lines are the error histories from the parameterized damage estimator based on Formulation 2.

Formulation 1 with Heavy Perturbation
Formulation 1 with Light Perturbation
e Formulation 2

Error ;W (m/s) Error :y (deg) Error :y (deg)

1 0.01 0.01
0 )
-0.01
Error 2 {m) Error 1y (m) Error :h (m)
27 v 2 T 2 v
| | | |
| | | |
I I I
T - i e e ] BT T e et et
0 W«y? - o T2 0 W—T\_W 0pE=~= *:r =
| | |
1 1 1
-2 t -2 L -2 y
o 20 40 0 20 40 0 20 40
time (sec) time (sec) time (sec)
Figure 12. Errors in the aircraft motion state estimates (wing-tip damage)
Formulation 1 with Heavy Perturbation
Formulation 1 with Light Perturbation
------- Formulation 2
Error 1V (m/s) Error vy (deg) Error :y (deg)
1 " 0.01 i 0.01 g
| | |
| |
0 b : ) S S
i 1
| | |
-1 : . -0.01 I‘
o 20 40 S0 20 40
Error :x {m) Error 1y (m) Error :h (m)
2 2 T 2 r
| | | |
I I I
| | | |
e i R SO e e |
0. o AR o e S S T R OWM‘_WTM et Opk‘,..a S i -
' i i i
| L ) : ) 1
o 20 40 0 20 40 0 20 40
time (sec) fime (sec) time (sec)

Figure 13. Errors in the aircraft motion state estimates (hole-in-the-wing damage)

All the proposed formulations show satisfactory performance for the aircraft motion state estimates. In
particular, excellent filter performance is observed for Formulation | with light perturbation and Formulation 2. This
is mainly because of the availability of direct measurements for all those motion states in the measurement equation
shown in Equation (5).

However, their performances in estimating unmeasured states and resulting aerodynamic forces greatly vary
depending on the formulations and perturbation models. The results for the wing-tip damage and the hole-in-the-
wing damage scenarios are shown in Figure 14 and Figure 15.
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Formulation 1 with Heavy Perturbation
Formulation 1 with Light Perturbation

------- Formulation 2
xio0 Lift Error x10*®  Drag Error x10® Side Force Error
6 i 2 1 .
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Figure 14. Errors in the aerodynamic force estimates (wing-tip damage)

Formulation 1 with Heavy Perturbation
Formulation 1 with Light Perturbation
-------- Formulation 2

4 Lift Error N Drag Error Side Force Error
x10 X190 2000 r
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-6000
A5E-——-- s
I -8000
1 1
| |
-5 b -2 L -10000 v
] 20 40 0 20 40 0 20 40
Time (sec) Time (sec) Time (sec)

Figure 15. Errors in the aerodynamic force estimates (hole-in-the-wing damage)

Regarding Formulation I the filter with light perturbation outperforms the heavy perturbation filter. The
performance of the heavy perturbation model is inadequate. The leakage constant provides artificial system damping
and prevents the filter from diverging, however the filter with heavy perturbation basically lacks numerical stability.
The light perturbation model employs smaller corrections and uses more information from the DVLM solver, and
shows improved performance considering the system’s marginal observability and the minor inaccuracies in the
DVLM. In fact, this observation led to the conjecture that using the DVLM as an open loop solver and focusing on
improving the accuracy of inputs to the DVLM solver might provide better overall performance, which resulted in
the second formulation with direct damage parameterization.

As can be observed in the above figures, the second formulation provides excellent filter performance. In
addition to the accurate estimation of the aircraft states, good force estimation results are obtained as shown in
Figure 14 and Figure 15. The state estimate for the number of damaged panels for the hole-in-the-wing damage
configuration is shown in Figure 16. Figure 17 compares the associated circulation strengths and the results by the
full VLM formulation.
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Number of Damaged Panels

10 15 20 25 30 35
time{sec)
Figure 16. Estimate of the number of damaged panels

&

40

{Formulation 2, hole-in-the-wing damage)

Figure 16 shows that the estimate converges within a few seconds, however steady state errors remain. This error
is due to the difference between the full VLM and DVLM formulations. The error can be reduced by improving the
accuracy and fidelity of the DVLM algorithm.

Full VLM
mrmeme DVLM
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Figure 17. Circulation vector estimates: VLM vs DVLM+EKF

{(Formulation 2, hole-in-the-wing damage)
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For the hole-damage, the panels with the ID numbers 153, 157, 158, 159, 162, 163, 164, and 168 are the
damaged panels on which circulation strengths are zero, and the adjacent panels are the boundary panels. Some
errors and ambiguities are observed near the boundaries of the damage due to the errors in the estimation of the
number of damaged panels and the approximation algorithm by the DVLM algorithm. However, the overall
estimation performance appears to be very satisfactory. In particular, it is observed that the circulation strength
prediction errors based on the estimated parameter are quite localized. Another advantage of this formulation is that
the filter dimension and its convergence rate are not explicitly dependent on the resolution of the airframe geometric
discretization used in formulating the DVLM.

The following observations can be made from these plots:

- The filter using DVLM Formulation 1 with the light perturbation model and the filter using Formulation 2
with the parameterized damage outperform the filter using the DVLM Formulation 1 with the heavy
perturbation.

- The filter using Formulation 2 shows the best force estimation performance among the three proposed
approaches, especially during the transient phase.

Table 4 summarizes the performance comparison between the three approaches proposed in this paper.

Table 4. Performance Summary

Formulation 1
(Circulation Strength Estimation) Formulation 2
Filter Formulation (Parameterized Damage
. . . Estimation)
Heavy Perturbation Light Perturbation '
b . or, or; 6
arameter State " \ ( \ .
=ru—Ta) =r?™_r,, (Damage Size)
State-dimension
Scalability Poor Poor Good
Dependency on DVLM Low Moderate High
Overall ) ) i . )
. Low ~ Moderate Moderate ~ High Moderate
Computational Cost =
Estimation Accuracy Poor Good Good
Filter Stability and Poor Fair Good
Robustness

VI. Concluding Remarks

This paper described extended Kalman filter algorithms based on a differential vortex lattice method to realize a
practical approach for determining the aerodynamic model of a damaged aircraft, and to use it as the basis for
estimating flight constraints. The present research was motivated by the desirability of relating the damaged aircraft
geometry with its flight dynamics. Central premises involved in the research are that the inner-loop flight control
system allows the continued flight of the aircraft, onboard sensors can provide information about the location and
qualitative nature of the damage on the airframe, and that the Vortex Lattice method can provide sufficiently
accurate aerodynamic characterization of the aircraft.

A novel, computationally efficient algorithm for computing the aerodynamic forces on damaged aircraft, termed
as the Differential Vortex Lattice Method (DVLM), was advanced in this paper. This algorithm uses prior
knowledge of the aerodynamic model to derive a differential formulation of the well-known Vortex Lattice Method.
It was shown that the algorithm is accurate, and can provide several orders of magnitude savings in computational
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time when compared with the Vortex Lattice Method. The computationally efficient differential formulations make
it possible to rapidly estimate the aerodynamic model of damaged aircraft, and use it eventually for designing safer
landing guidance algorithms.

The differential vortex lattice algorithm was then used as the basis for the design of three extended Kalman
filters. Using a point-mass dynamic model, these estimators were shown to be capable of extracting the damaged
aircraft aerodynamic parameters from the motion measurements. Accurate estimation of the aircraft motion and the
aerodynamic parameters using the extended Kalman filters was demonstrated in two distinct damage simulations.
Numerical simulations were performed to demonstrate and compare the performance of the proposed filtering
algorithms. The results confirm that Formulation 2 based on the direct damage parameterization outperforms the
other approaches which estimate circulation strengths.
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