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International VTOL R&D :Special Session

(1) Franco-German Rotorcraft Research
(2) NATO NGRC (Next Generation Rotorcraft Capability)

3. International VTOL R&D




3. International VTOL R&D

(1) Franco-German Rotorcraft Research
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3. International VTOL R&D

(1) Franco-German Rotorcraft Research
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3. International VTOL R&D

(1) Franco-German Rotorcraft Research

# High speed rotorcraft — RACER
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3. International VTOL R&D

(1) Franco-German Rotorcraft Research
* Ship-Deck Landing
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3. International VTOL R&D

(1) Franco-German Rotorcraft Research
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3. International VTOL R&D

(2) NATO NGRC (Next Generation Rotorcraft Capability)
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3. International VTOL R&D

(2) NATO NGRC (Next Generation Rotorcraft Capability)
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3. International VTOL R&D

(2) NATO NGRC (Next Generation Rotorcraft Capability)
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3. International VTOL R&D

(2) NATO NGRC (Next Generation Rotorcraft Capability)
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{2) NAVAIR S&T
(3) U.S. Army Aviation S&T

4. US VTOL R&D
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4.US VTOL R&D

(2) NAVAIR S&T
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4.US VTOL R&D

(2) NAVAIR S&T
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4.US VTOL R&D

(2) NAVAIR S&T

# Repair Technology
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4. US VTOL R&ED

(3) U.S. Army Aviation S&T
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4. US VTOL R&D

(3) U.S. Army Aviation S&T
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4.US VTOL R&D

(3) U.S. Army Aviation S&T
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¢ FUAS(Future Unmanned Aircraft Systems)
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US Air Force VTOL Initiatives :
Special Session

(3) High Speed Vertical Take Off and Landing Market Feasibility Study

5. US Air Force VTOL Initiatives
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5. US Air Force VTOL Initiatives

(3) High Speed Vertical Take Off and Landing
Market Feasibility Study
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5. US Air Force VTOL Initiatives

(3) High Speed Vertical Take Off and Landing
Market Feasibility Study
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5. US Air Force VTOL Initiatives

(3) High Speed Vertical Take Off and Landing
Market Feasibility Study
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5. US Air Force VTOL Initiatives

(3) High Speed Vertical Take Off and Landing
Market Feasibility Study
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5. US Air Force VTOL Initiatives

(3) High Speed Vertical Take Off and Landing
Market Feasibility Study
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6. Aerodynamics./ Crash Safety|-B§3 2%

4. Aerodynamics/ Crash Safety|C ¥ SR
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(1) | Fundamental Test of a Hovering Rotor: NASA *
Comprehensive Measurements for CFD L :g?:
Validation (Paper 1166) bkl
(2) | Full-Aircraft CH-53K Hover Smulations with Sikorsky
HELIOS (Paper 132)
(3) | Prediction of the Laminar-to-Turbulent ONERA_ US Army
Transition Pos#ion on a Helicopter Rotor Blade | DEVCOM AvMC
with Cyclic Pch Variation (Paper 1152)
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4. Aerodynamics,/Crash SafetylC 7 SR

Crash SafetyliMT 2B X—%
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(2) | A Summary of Test Results from a NASA Lit + | NASA =8N

Crusse eVTOL Crazh Test (Paper 1390) TR
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and Safety Evaluation (Paper 1304)
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O Special Session — US VTOL R&D (NASAZ L)
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4. Aerodynamics.~' Crash SafetylB4 SN

0O Fundamental Test of a Hovering Rotor:

E:DIT'I[:]TE“EHSWE Measurements for CFD Validation
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4. Aerodynamics./Crash Safety(Cl7 SR
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4. Aerodynamics,” Crash Safety(— 4 SR
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4. Aerodynamics,/Crash SafetylC ¥ SR

O Simulation and Analysis of NASA Lift Plus Cruise eVTOL
Crash Test (8% NASA)
O A Summary of Test Results from a NASA Lift + Cruise
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4. Aerodynamics./Crash SafetylCl$ SRR
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4. Aerodynamics,/ Crash Safety|c 7 SR
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2. Straight Talk from the Top — Sikorsky
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Rainer Heeger; Research Program Manager at Airbus Helicopters .
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Plenary Lecture (1/6)

Airbus vision for the future of vertical flight
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Plenary Lecture (2/6)

Philippe Petit; German Aerospace Center(DLR)
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Plenary Lecture (3/6) % oty

#1 — Stefan Levedag, Director of the Institute of Flight Systems Technology at DR !
"Rotorcraft Rezearch at German Aerozpace Center (DLR) - Science and Application | DIR
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Luca Medici Head of Aircraft System Integration at Leonardo Helicopter Division
[ Advancing Air Mobility - New Paradigms and Lessons Learned |

i LEONARDO

v LFTAFSSREBANEREOERREL, VetipotD oy EF FFHFA it 2L TOEHNE
<, eVTOLEE =WLCRAr>>HBY codnzBETAAOD

48



Plenary Lecture (5/6)
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Aircraft Design : 5. Kalow, R. Bartels: German Aerospace Center (DLR)

Automated calculation of the internal structure and the natural frequencies of

helicopter rotor blades with regard to automated rotor blade optimization
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Technical Session (2/8) Pt 3
ACOUSTICS : F. Guntzer, J. Caillet, C. Cariou, J.-P. Pinacho, P. Dieumegard; Airbus Helicopters

A comprehensive helicopter acoustic modeling tool based on simulation and
experiment
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UAM : R. E. Brown; Sophrodyne Aerospace

Do eVTOL aircraft create an inherently more problematic downwash than
conventional helicopters?
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Technical Session (4/8) I Mot

Certification by Simulation : M. Daniele, M. Mamino, G. Quaranta; Politecnico di Milano

Rotorcraft flight simulation to support aircraft certification: A review of the state
of the art with an eye to future

RCBS (Rotorcraft Certification by Simulation) project@ S E IS 2L T RN,
> ROBSeFREZSERICAT, g0 —AE388S3,

1. AHTIPERF =S TROLSORBL AVENTL,
ERLHEEEAL TS,
2 Vizab=¥avETN, YIizlb—5—%fEHL,
HBESLUBTIZLCIORASERETS,
I BULEYIab—vasofiREsRETs,
> AEtEoBEci3Confidence Ratio{CR) L L 3 IR ML NS,
R=MU
M : HEEER Flight Simulstion ModelFSM) GF M2 N3
EioT-vv
U:viabv—varBRostM
> RCBSIS#'4 23R i3, ShorttermTiEAA LULWEAS L
QAW EENTTE, VaidationleBME I -84 23 Lot
FREN, ARFoWMBUL, Bl no TR
BONIRACIERDSD A » FHFECEILRALEND,

19

Technical Session (5/8) e AHNA
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Technical Session (6/8) B Kewaoold

TEST & EVALUATION 2 : M. Blacha, Airbus Helicopters, P. Burden, Hamble Aerostruciures
RACER - TESTING OF MAJOR COMPONENTS
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Technical Session (7/8) BE et L4NA

AERODYNAMICS 6 : Long He, et al. Beihang University
STUDY ON FLOW CONTROL DRAG REDUCUION OF HUB ON COAXIAL RI§ID ROTOR AIRCRAFT
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Technical Session (8/8) B Newawetd

DYNAMICS 4 : Mrinalgouda Patil, et al. University of Maryland

An Integrated Three-Dimensional Aeromechanical Analysis for the Prediction of Stresses on Lift
Offset Coaxial Rotors o
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Investigation of the Ducted-Propeller Effects on Aeroacoustic Performance Using
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AERODYNAMICS : T. Yumino: B 8 T A% H. Sugawara, Y. Tanabe; JAXA

Vibration Reduction Effect of Coaxial Rotor by Blade Installation Phase Angle
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AERODYNAMICS : J. Bailly, ONERA; G. Wilke, DLR; K. Kimura, Y. Tanabe, JAXA

JAXA-ONERA-DLR Cooperation: Results from Multi-Point Aerodynamic Optimization
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Technical Session (AEY» > DORR) R Kot

AERODYNAMICS : G. Wilke, O. Schneider, Berend G. DLR; H. Sugawara, Y. Tanabe, JAXA
Investigations of a boxed rotor: The STARII rotor in DLR’s test hall
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Abstract submission deadline 23 February 2024
Notification to authors 10 April 2024
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AR

$3: LIFT Aircraft HEXA

The HEXA qualifies as a powered ultralight !
under FAA regulations, so It requires no s

pllots beense to fly. To be considered an
ukralight. an alrcraft must have 3 maxmum
empty weight of 254 1b {115 kg, but an
additional 30 |b (13.7 kg) 1s allowed for each
float, and more weight = allowed for the 23 |b
(12.7 kg) parachute system. |t can carry a 250
Ib (113 kg) passenger for up o 15 minutas
while retaining 25% battery |ife, HEXAhas a
tata] emaoty weight of 432 Jb {196 kg).

~ANrcraft type: eVTOL multicopter amphvbious passenger aircraft

Aloting The passenger can manvally thy the aireras. use volce commands or it can be down by remote control
Lapadty: 1 person

*Crutse speed: 45 mph (72 omvh)

Maximum oulse speed. 63 mph (35 nots)

“Masimum fherg time: 15 mrenes

“Empty weght 432 Ib (156 kgl

Payboad weght: 250 Ib
sPropelers: 18 propellers
Electric Mctors: 18 electric motors

*Power source: Batteries

+usedage: Carbon fioer composite

“Mindows: Froer: wind screen with open sides

“andrg gear: The aireraft is amphibiouws and is canatle of landing on both kind and water. There are 4 perimeter tloars for
The Sth center doat Is tlled weth energyansorbirg foam for added buoyancy and hare bnding

bucyancy and stabilny.
protection.

“Safety Features: DI 3 Seiy > o afety through redundancy for s pas
DEP means having n S 30 Morors on the i one or more motors of propel)
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S

Rotorcraft Analysis Framework in JAXA

« HeliDesign — Sizing of a rotorcraft

+ rFlight — Trim, performance, flight dynamics modelling
+ rBET/RMT — Low fidelity fluid/structure coupling analysis
* rMode — Natural frequencies and modes of a rotating

blade

+ rGrid — Automatic grid generation for CFD
* rFlow3D/JANUS — CFD/CSD/Trim coupling Analysis

* rNoise — Noise prediction
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Mulbeaptar Lift & Cruise Viscireed Thrust

Gross Weight GW _ 8007 kg 500 kg 2000 kg 2,404 kg 22507 Kg

Empty Waight, Wy T 3807 kg 7004 1850 ky 1950 kg 1,8007Hg

Capacity - 230 kg 200 #g 80 kg 8ikg 450 kg
(Payload) 2 passengars 1 passengers. 4 passengars 4 passengen
Aurto pilet 1 pllat 1 pilot 1 pilat

Possarplant [ Allslesnc #ll electrz Al eleeic Al eleeiric Al elecnc Al alseiric

MAaw Cruisn spead L 0kmn 130 kmih a0 kmin 200 ki 322 kmin 241 kmin

Fearige . teowm 0 kin 36 km 250 km 161 kem 181 km

Widh x Langin L amxna2 5,53 x 5,52 Nax 113 145116 136x7.3 15213

Wy GW _ 0,83 0,78 0,83 a,81 0,807
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KU= Contents

Flight Dynamic Model (HETLAS)

Recent Progress in HETLAS Applications

Importance and Methodologies of MTE Analysis |

Kinematically Exact Inverse Simulation Techniques |

Direct Dynamic Simulation Approach to NOCP |

KU Flight Dynamic Model (HETLAS)

Summary of Part 1

Objectives of HETLAS

HETLAS: Helicopter Trim, Linearization, And Simulation
Primary Tool for Rotorcraft Design/Development using Following Functions and Applications

Flight Dynamic Analysis Applications for MTE Analysis / FCS Development
= Trim = |nverse Simulation
= Linearization » Naonlinear Qptimal Control Analysis
= Simulation = Design/Evaluation of Flight Control Laws

[ Evolution of Rotorcraft Development

1% Generation | 2" Gen.('60~'75) | 3% Gen. (75-'90) | 37Gen (0= 13) [ 4% Gen.(15~'20) | 5% Gen.(30~)
('45-"60) CH-ATA,UH-1, UH-60A AVEdE ChoaT RAH-66 FVL, MUX
R=5 f H-21 CH-53 AH-64A ASUH-1Y/Z CH-53K FUAS

= <10 kaots = <130 knotfs * =150 knets = =150 knots * =170 knois =200 knots
+ Reciprocating Et: = Turboshaft EG + Pawer Increased = High Efficiency ¢ Extreme Efficicney | *Long End /Range
* Mechnnical FOS » Mechanical AFCS || » Mechanical AFCS ||« FEW FCS + Digital FBW FCS +Ind. Blade Coatral

* Woaden Blade = Metal Blade + Composite Blade = Composite Blade = Composite Blade/ *Compounding
* Law Survivahility = Passive = Active = Sensor Fusion Siruciure =Adaplive FCS
Survivahility * Crashwaorthimess = Low RF/Noisc |+ Active Crashworthy | *Autenomous FCS
3
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/2% Flight Dynamic Model (HETLAS)

Mode g Concept: Component-Based / Physical-Law-Based Approach ]

W i External farces and moments Flight dynamic equations
3
- ) Farce Summation Linear mation equations
N u={wg—wrl+ganld=X/m
Rator B = H gy + Ky + X+ U+l —tep)+ psingeos =V /m
¥ = b + T + T W v =g |+ g cod goosd! = £ m

» B = gy + gy # gy #o ST -—
==

Wing/Contral surf. ‘ﬁj =
o | = | [== °

-
v Buler attitude sngles -
2 " 1 Quasternan
Fuselage ?:m:::::m“:jm"l u Finite rotation angles - n:._
‘Wind shear mode|
Etz. Pasition kinematics
Propeller/Ducted
Morment Summation
| L= Ly = Loy + L+ Angular metion equations
M =My, + My <M l = =L ygr—d (Fv pgy= L
Power plant N =N g+ Ny + Ny g, =t dpred_(p' =iy M
Flight contral I F= (=T pg—T (fFtgri=N

system

R —

/-—{ Unified Rotor Models | ~N

Blade element method
Rotor Type |Dynamics| Control | Location | Ovrientation

Diversity in Rotor Configurations is reflected
in selecting Requirements for Rotor Maodel

o I erllective | Fromt {Pully
P]’l.:lpl.:lli' r Mo dymamics o ar Rear Sl ileg FWID Ll
I{' . i “\ RFM [Pusher)
Rotor-components modeling requirements ) Collective
Conventisnal | Flap/ Lag ! 3 orelic Topicenter Vertical {reference))
& Amy eonfigurations of the rotor/ prapeller cin be hndbed, nmetim rotar REFY pi‘I:bﬂ Small FVWIH eili
Flapping and lgging mstions are independeatly adopred
(ExL Nod jes: ABC rofor blad ) Flap | RPM 9 deg sideward
A roterblder Comvenihoanl MR enllective Rear | dilt with small cant
Tnferference anseng reters wsing eompirical data. tadl rodar
N dependeni) angle
Botk Pitch controls and BFM control are selectable.
Mumbeer of blades and airfeils is oot lmited. GimhalTeeter Flap Collective Ve 1irckoreaxs)

Input data of cach blade are recelved from external files i masin rofor Gimbal 3 ol Top/eenter Small FWI el

Warioes imflow ossdels Pitches
High-fidelity rofor modeling technkg s = | CimbalTeeter Fla 190 deg sideward
i p . .
= General reler orienlaling ing tail ratar Gi 1 Callective Rear tilt with small cant
= General directions of roler rolalion (W, OCW sugle
P— g Fut [— ABC Collective Vertical
L L .'. e ) {hdvamced Mo dynamics | 2 eyelic Top/center Sl FWD tili
s T e et e Blmde i i ptches o
e [ el | s
—ap =y —Fy =&y Fp Callective
Fenolon vosiom for bapm Diuctid Mo dymamics | - {thrust dtu“E:-nI ST
wvecloring) Lo

-
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KU#== Flight Dynamic Model (HETLAS)

l Generalized Wing Model (for Rotorcrafts with Lift Compounding)

Unified Wing Models

_ + Control Surface f Diversi
iversity
A aerodynan Wing Model

data Table Lookup

in  Wing Configurations is

m Lifting Line Theory reflected in selecting Requirements for

4 Wing—componenis modelling requirements N, [Wing Type | Control surfaces| Location Orientation
*  Orientation of rach wing cam be defined with respect in the | [Conveational Aiberon | flap Fuselage Horlzontal with diledral.
reference starboard maln wing ml!:h“ll:_ﬁ_ (2 control surfaees) | eener M:tu;;ud twist distribution
Many cantyol surfaces can be alloeated to the wisg, some of (starbanrd) ang e pan
which have the pight or reversed defeetion angles Conventinnal .\I.-i"k':::zl comglest) | relge Symmeiric in w2 plane with
= Adrfiil cam have the convectionl sricniation or ibe reversed one main wing Iil.i.]1 ¥ B — respaeet (o starboard side msin
— _ (porty {righily compled) wing
< | o _-\" - Canventional | Elevator Rear i:.:xh';::i:_;:am"::_ in_d‘
= =7 —¥ = horizeaial (1 ot rol surlaces, sl d K rlentatin m{m up
o~ A~ . il independent selage awe arlenfation w
| e — - i = . ) specilfied attachment anghe
ay _*" - . 290 deg mpward tile frams the
gil = lem :"E:L‘::tm.l ﬁu:'\dn::maurfuu Rear reference airfoil may be wpaide
i | i h i | Tmselage down orientation with
AW — 1 I stabilizzr independent) specified attachment angle
J — u
| i Wing with
! i ] | F J l | | emil plate As specified As specified [As specified
'\__ Fad _) ithers As specified As specified [As specified
7

Rotor Inflow Dyvnamics Blade Aerodynamic Forces

Method)
Rotor RPFM Dynamics
a,=fix ¥ ¥, % ¥ x x ur)
Gimbal Dynamics
-

i1 BL#

Blade Beam Dynamics
LN PLE TS THOS JOR T TR PO TN

and Moments (Strip Theory)

Wing Acrodynamic Forces and
. . ) Moments (Strip Theory)
Aireraft ngld—l:lnrl}: Dynamics

- = [r'{!-"l X Xy Xy Xy X, x-:lrur'r)

Fuselage Aerodynamic Forces and Moments  |X = f(x.u.1)

(Tabulated A¢rodynamic Coefficients) P r o« T T T
X= {xr !:_I, L] "“'l’-"'. -'-,q! ..'.,.,. “",l !xu}
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KU®:= Flight Dynamic Analysis Model (HETLAS)

| Trim-ArialysisiModel
[ Trim Flight Category { for Trim Kinematical Equations ) ]

= Rectilinear Flight : hover, vertical flight, side and rearward Flight, forward flight with
sideslip and climb angle
1 Turning Flight : coordinated/uncoordinated turn with flight path angle {(Helical Turn)

1 Auto-rotational Descent

= Bank-zero Trim (for Pilot's Attributes)

[ Trim Equation (NAEs) Solvers ]

5 Pullup (instantaneous)

n Standard Mewton Methods
1 Push-over (instantaneous)

] = Quasi-Newton Methods

Broyden's good method

Broyden's bad methoed

Greensradt’s 1* and 27 method
Thomas optimal methed

Martinez's column=updating method
Etc.

[ Trim Methodology

1 Harmonic Balance Method

= Pericdic-Trimming Algorithm (PTA)

L

* Partial Periodic Trim Algorithm (PPTA)

X =% B, B ) - T
X

KU Flight Dynamic Analysis Model (HETLAS)

 Iinearization Analysis Mogel. i 3 Lifi [Con ; J

[ Mumerical Jacobean approximation using the Finite Difference Formula ]

Motion equations % =f(xw7) Trim solution |fm. = (X 0y ) =ﬂ|

Derivation of Linear Model @ Trim Conditions x=Ax+Bu
V. f(x,u) _f;{Jr,,---,JrI t a"urjln.,Jc“,uj.—f{x,,---,Jr:F —-’\f,,"'.fx-“}' xfeR" ueR"
: 2.’\1".
V. I(x,u)= (‘?_T: f(x.u)-.V, ['{x.u)}— AeR™

V. fixu)= (V“_ f(x.u},---,V,.f(x.u}}=B s R™7

[ Reduced Order Model : Low-Order Equivalent (LOE) Model ]

Truncation method by ignoring the inter-axis coupling

{i|\|_(‘d‘|| A,ﬂ[m}_[ﬂu Blz\]u'] N [i'- :r.c‘iu Uv’ﬂ]}rﬁu 0y u)
ix)' kAJ' Azzz X;) Bﬂ Bzz \ _L 0 A:-:v,-"\:‘z

X, ) L0 By )

Residualization (time-scale separation) method
I W %
BRI
0 VAL A X ) LB, ( )-J.-
. ! Xy =X, Xp. X, Xg
X = l"::_Au[:"\zz]_aAz:}‘L + {R] _’\u("‘zz}_ Bz}" L

< Residualization method is better suit for rotorcrafts due to high inter-axis coupling

10
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KU*== Flight Dynamic Analysis Model (HETLAS)

[ [Simulation: Analysis: Modelo | [fLotanazits it L [Com o adl ]
[ Standard Explicit Time Integrator ]
+ RTAM-3 : 3rd order Real-Time Adams-Meoulton integrator
+ RK-4 : 4th order Runge-Kutta time integrator
+  RKF-45 : 5th order Runge-Kutta time integrator with step size control
[ Standard Implicit Time Integrator ]
+  Crank-Nicalson Algorithm : 2rd Order

+  Backward Difference Method : 3rdf 4th Order Algorithm

[ Pseudo Spectral (PS) Time Integrator coupled with Piccard Method ]

Motion equations [i =f{x,i), x(0)=x,

Monlinear Algebraic Equations (NAEs)

hi.}-‘ hk.
n=xﬂ+52‘f”f*—xJ (=12 Ny x, =x, 42 2 L,

k=l k=0

4=

Applications of Piccard Fixed Point Iterative Method

k=N

[weraly Liter) Jarer ) {urer)

x' xU+EZIHf* «f) f(x,""".1,)
=0

Ku= Flight Dynamic Analysis Model (HETLAS)

l Point Performance (Fuel Independent) Analysis Model ]

® Hovering & Vertical Flight Performance ' .
» OGE Hovering Limits @MCP. TOP P ] I
» IGE Hovering Limits @MCP, TOP "

» Max. Vertical Climb Rate ®@MCP, TOP h‘_’/a-"‘-._._.__, 1
/Y

# Forward Flight Performance =
* Max. Climb Rate @MCP 4

» OEl Service Ceiling @MCP A
# Max. Cruise Speed @ MCP Ea—r ._.V“""::_\- : i e

F Mever Exceed Speed Limits Vne

# Flight Envelope 7

» Max. Load Factor PENE. 7. S I S -
= Service Ceiling (max. RoC<100 ft/min)
# Absolute Ceiling (max. ReC= 0 ft/min)

i

B

Engine Power MCP: Maximum Continuous Power i
TOP: Take-Off Power e
Engine Failure AEQ: All Engine Inoperative o e
OEl : One Engine Inoperative ) e
Ground Effect IGE : In-Ground Effect T e TS
OGE: Out-of-Ground Effect Farwald Zpe=d :""Il": ]
12 I'B:H: soivane: I Bt puge -’um

34



KU*== Flight Dynamic Analysis Model (HETLAS)

l Point Performance (Fuel Independent) Analysis Model ]

O Computer-Model Procedures for Point Performance Analysis

Sub rmtine Fosl Ferforsims Analies Bodns T w0 Chacpas

Call Azafl Toebrme ol Dt Srpmccmwany
0 matany . N X . . .
Call dmodhmenmi: Tiibis Ronlizg 1. Adrcraft Data Processing & Analysis Option Selection
Call darcsafl Conlf parmon Dac.
Call Jeshna Pussct Seitmyg
Call e Data Brepeacciing
Esd Cormain

Tl Srardurd D Performasce S 0 Assbosis Opoos, O Tras Beseg

e e s 1 Aass Do, D Lt oty 2 AN Day Performance Analysis for Initial Guess
28 Ay (. Sou Love Comeun. 0 i R S {Generate Tnitial Values and Save it for “Trim Mover™)

Call T Aresbysin (- Ses Leve Condeson. (- Trum Besu)
Exd Cartain

3l Pertrmassy Rovrine Mui (1 Ansbyia Cpror) Trim Mover Functions
[
Da [ = 1 Sumiber of Tosspersivan
B J=l, Mo of Wil
D K=, ¥amber of Akrades
ol Amcagiarn: corsbmen caloubicn

Sea level, 158 condition
trim result

Db L=, Memmibar of Vilocamn
Cialll Toien Bk (1 Sowspt Flhgt coradibic)
0 W Trm Moash
(Cnlll Trirn Asndyms (1 Niwr T Node]
0. Tren Bwlin}
Calll Engress dvie {1: Tim R, - SFC
Calll Perforssme: Asalysn (1 5P
IO Pexfrmance fion L veiooy

Perlurmince
irim node

3, Performance Analysis with WAT Sweep
{WAT: Weight, Altitude, Temperature)

Endl D

Call Lapesg: merpdmen (1 Poformescs dmsa [1- L
10 [stergealincd Fuirctace

ol Faed Maxomrem Pemmser (1 beapoimed Fononay
0 Moz Valici)

Trim Mover Functions are developed and
implemented for Robustness in Analysis

= Range

= Endurance ,
= Payload=Range Performance

= Payload-Endurance Performance

= Max. range with zero payload S
Y
Mission Profile (Example) > b Mission Profile
Himple mission CRILNSE
Zinple mission Loiter & f i
segment 2 #

Takeofl

Land | ffr T mm”\ / il -

Single mission
segment 1

i Mission Performance Analysis Results
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KU*== Flight Dynamic Analysis Model (HETLAS)

I Mission Performance (Fuel Dependent) Analysis Model: Mission Segments ]
1 Definition of Mission Segments using Way-point Data

N
{(Ir, hisVe isVpoo, ]]ll , " Data for height, ground speed, and rate of climb

O Trajectory Generation using spline interpolation of A V..V, .

O Time integration along the generated trajectory to get converged solutions of
coupled mission-performance equations using PS-integrator

dm . -
lt = SEOxE m(!]_m(,::}_il. [S-F'-Cxp}ﬂ'f
dh i
E = Vﬁ,af_' i) = h(fg} + jrn thd!
dR =| Vr' | R{f} = R(ru‘.' T J-rfl VI'_.' Hf
af : i

18

KU*:* Flight Dynamic Analysis Model (HETLAS)

l Mission Performance (Fuel Dependent) Analysis Model: Mission Segments

o Computer-Model Procedures of Mission Performance Analysis

b el M) A3 PRSI ARIR T T Epez, O Cpes

il drord Te-krecal Dot Fropocs sy

wComib-in

Call f=rofpnisne Tabde Loaleg . - . . y .
S e ———— 1. Aircraft Data Processing & Analysis Option Selection
Call S=adyiz Faoore oty

T ce——

Tl W gl

Z ol B, Secpreert Defiesron: (1 Sy oof brgmeet 1 P . .
ST 3 imie et | - Tumierof Sopres }- 2. Define Mission Profiles and Divide into Segments

e L Tamkes of Sopiee
B =1 Then Wozls mitacaas
Ebeander sl prevacs wtmeat sl sl

CaliCamnan Jusdaivy Wepoml Goaastn 1 2amer oo {3
O P pos toa Mineen Sy -1
il mrpoimr i doery Bagle o maial ead Fralesidl
(3 eargmes it e bisae Sepmmien {1}

Mission Segment Generation for Actual Analysis

s

— i il
T S P —— - — A‘ Lo $(r)e —Eunlf?
Call D Arilwes - Waypost (W21 it 0 Tres Desalng Pecend HE5 ! (r—r Jgha ()
Cxll Evguaen Misduin (I Friz Kesots, (0 58C) '-‘_'.._ b ' ;

D=7, Tt of Apoer 1SS
Zull "Wirgran herfearewe Calend o (1 Ters Lot GFC)
0 v efvmegy, ety o K Joh sarpo
End On
= 4. Performance Analysis for i-th Segment
b bkt o B ol WY

1

I

1

|

I

1

|

1 Call Pumpon Specirilmsegar (1 Doy of meaghe heaphi. range Secmey
i 0 Uzl
|

|

]

I

|

I

S| UOISSTIY AN 10 SISA[EY SOUEULIY D]

T

Tl ﬁ:‘:‘::ﬁ:‘-’:‘::?i_:.- o ctime o | x(r} = Eﬁd‘ (rixir,) =t w .
End Do * X, X, P Z i _ll;
- " -
. U0 S = elorcs Fhm Stop Corms Sacnt . Cd i L Fimie), = ?_I.ﬁlr\.fl'f,l_-hl f] = fix})
- a=[w, & k]
Auihnane .
1 [terative Pseudo-Spectral Integrator
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Ku®=:= Validation of Flight Dynamic Model (HETLAS)

P S ————

O Validation of HETLAS: Example Rotorcrafts

Reference Helicopter

VE&V: Comparison with Flight Test V&V: Using Ref. (Flight test/Analysis)
Criteria: 1) FAA AC-120-63 Criteria: FAA AC-120-63
2) GENHEL (Sikorsky it) Ref.: 1) AGARD GARTEUR Report
3) Boeing 2) Published Papers
7

Ku= Validation of Flight Dynamic Model (HETLAS)

I Comparison of Trim and Control Response for Reference Helicopter ]

C=l Kim, C=D. Yang, C. Kim, Model=Fidelity Validation of the Helicopter Flight Dynamic Analysis Program, HETLAS, 213 (2019) 210-213

4oves-OGE
3 < .
jyr———==s e = | i
g —— . . T T = v
REIET=——r= x z o Fight Test Dete 5
— Sat ot e TS A | :§
T =3 ¥ 4\4—--6 i S R — =
! - § e—au ! e g
" OSSR RTINS SRR AERY 5 g RO i, S -
. - h s
T RO IR TR I R LR T ] ] b9
3. donnt | 2%
:; ’_“_"‘\N‘ ig
52 & . v 3 | =
9 N T (T s o N Y o
I' P T . 5
s gL - v = Towa 3 . - O =
. —- e ‘?i DESSREINEEY S 1:...;—‘« gg
: g-‘ ----------------------- s--1 K
1 ‘s = 1 B b NSO SN (N S e = =
ha ~e e S R | 5; .ﬁc&:}\ ' _‘/-A_: 5| :;  j8 : B3 s il
| 1 - ¥ - 1 3 e e -
- L § " SESEEER. e 1] .L<¢__._'_’;_.. i Bt
e - TS R - =1 2"
s T Bg= e —e—a—awr T =%, 2
g; e i S { {5 r )
[:M B A7 SN W — = ' " m—eney : S D
4 RS N T et (RN ST

~r e
Trim Analysis Simulation Results
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KU== Validation of Flight Dynamic Model (HETLAS)

[ Comparison of Trim Results for Bo-105 ]

Coml Kim, K= Shin, © Yong Ll Cho, Ce03 and Yun, ¥ <1, Kim, Cal, Shin, K=C Yang, Ll Cha, Interface features of Night dynamic analysis
program. HETLAS, for the development of helicopter FBW system. in: Lt Asion Australian Rotoreraft Forum and Exhibition 2012, 2012: pp. 1215

—— ,
y T
=
\::l‘-‘ = t‘“'\l
7 = Yy ua
A | Pladhp i
.
o
-

I stability Ana

KU Validation of Flight Dynamic Model (HETLAS)

l Comparison of Mission-Performance Analysis Results for Bo-105 J

1 Am, Y =8, Chai, 1=K, Lee, M. Lim, und C.=], Kim, “Performance Analysis of a Conceptaal Urban Air Moehdlity Configaration Using High=Fidelity
Raotoreraft Flight Dynamic Madel,” International Journal of Aeronautical and Space Sciences, Jul 2023, doi: 10, 1007/54 2205023004 1 =7

"
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KU*== Validation of Flight Dynamic Model (HETLAS)

l Comparison of Mission-Performance Analysis Results for Bo-105

JoAm, Y5 Chot, Lal Lies, M Lime and el Kim, “Performance Arslysis of a Conceptaal Urban Al Mobdliy Configaration Using HigheFidelity
Ratorcraft Flight Dynamie Model,” Intemnatonal Jowrnal of Acronantical and Spece Seiences, Jul. 2023, dod: 10.1007/3424050230046 107,

Ku®=:= Validation of Flight Dynamic Model (HETLAS)

l Validation of Bo

-105 Model based on AC 120-63 - Helicopter Simulator

2,1k - Siaa Loval 1k - 4,805 3, iy, - 18, (R 3000k - Sea Level 2,3l - 5,104 L3y - 100000
i =, Azn o
o g 555, p= oty
d | ", 1 = | S B B
T . 5 £ =
e & ; d,_,e“”"" e 4B
210 ) _.E- S i | 8 8
L ~ . » 8 fr—=
o n:é ﬂ‘.'-: L ,ﬂﬂ qﬂ ﬁ‘t O ren
U Mamxe
a o] 5 Lo L
et -':‘: ¥ g o
= | T ool
o o B i o g
P A : 5o
Y ﬂb = &b 3 i s f
5 o
L} g o &
a B [ 5bn 50 I L5 ) 0 1 ,«- n I I‘E.‘ 0 0 e . |;' : ] 150 L
Velowiry{kao) Velaciiyiknos)

Table. AC 120 63 — Tolerance of trimmed flight control position and handling qualities.

Level flight Performance and
Trimmed Flight Control

Position

Longitudinal Handing
Qualities : Control Response

Lateral Handing Qualities :
Contral Response

Directional Handing
Qualities : Control Response

Torque : £3.0%
Pitch Attitude : £3.0°
Control Position : +5.0%

Pitch Rate : £5.0% or £2.0°/sec

Pitch Attitude Change : £10.0% or £1.5°

Roll Rate : +10.0% or +£3.0%/sec

Roll Attitude Change : £10.0% or £3.0°

Yaw Rate : £10.0% or £2.0%/sec
Yaw Attitude Change : £10.0% or 42

89
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KU*== Validation of Flight Dynamic Model (HETLAS)
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alidation of Ba-105 Model based on AC 120-63 - Helicopier Simulator Qualifica

[Bo=105 Data from :Padfield, Gareth D, Helicopter flight dynamics: the theory and application of flying qualities and
simulation modelling, John Wiley & Sons, 2008]
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Fig. Farward flight trim result of BO-105 dynamic model

g
Famward Vislozity (#mil)

[Bo=105 Data from :Padfield, Gareth D, Helicopter flight dynamics: the theory and application of flying qualities and
simulation modelling, John Wiley & Sons, 2008]
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[0 Figrttes - AC 120 Crteria|
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Fig. Boknot — collective input 3211 response
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Fig. 80knot — Lateral input 3211 response
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KU*=:= Validation of Flight Dynamic Model (HETLAS)

[Bo=105 Data from :Padfield, Gareth D, Helicopter flight dynamics: the theory and application of flying qualities and
simulation modalling, John Wiley & Sons, 2008]
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[ |Application to KP-1 UAM (Urban Air Mobility) Model |

I An, Y =5 Cha, 1=K Lez, B Lim, and O =f, Kim, “Perfarmance Analysis of o Canceptaal Urhan A Mobkility Configaration Using High=Fidelity
Rotoreraft Flight Dynamic Madel,” Internatsonal Journal of Acronautical and Space Sciences, Jul, 2003, doi: 10, 100754220502 3015 10=7

1A440kg : Quad-caplet (1990 ) 1 A49kg - Fined-Wing (910 mpea)

- 1.549kg : Quad-copter (1950 rpm) 10 1.54%kg F'i:cr:l:W:.‘lR (910 rpm

g
i
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w

KU Importance of MTE Analysis

l Definition and Verification Methods of Mission-Task-Elements ]
= MTEs provide a basis for an overall assessment of the rotorcraft’s ability to perform

certain critical tasks.
= One mission requires many of different flight tasks (MTEs)
= Mission success highly depends on the rotoreraft’s performance for each MTEs

= ADS-33E-PRF defines 23 MTEs for Rotorcraft Handling Qualities Requirements

ADS-33E-PRF : Table X1¥. Requirements/verification matrix

VERIFICATION
. . METHOIEYENT
P""“T:r'f“"" REQUIREMENT s |F JC |F |=
I (b ] (] F W
B 34 14 | £ R
1.3 Hover and Low Speed
13.1 Equilibrium Characteristics A A | A|F
332 Small-Amplitude Pitch (Roll) Attitude AlA | A A |F
3.11 Mission-Task-Elements S S F
Methods of Verification: Evenis:
A— Analysis SFR - System Functional Review
S - Piloted Simulation PDR - Preliminary Design Review
F - Flight Test CDR - Critical Design Review
T - Testing, miscellaneous FFR - First Flight Readiness Review

SVR - System Verification Review
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KU®== Importance of MTE Analysis

[ Example MTE: Piroutte in Test Guide for ADS-33E-PRF ]

Performance — Pirouette N
GVE DVE

DESIRED PERFORMANCE

+ Maintzin a selected reference point o the roorcraft within =X fiof | 10 ft 0Of
the circumference of the circle.

= Maintzin altitude witkin X ft: it 4f
« Maintzin heading so that the nose of the rotorcraft points at the 10deg 1) deg

center of the circle withm £X deg:
* Compl:te the circle and arrive back over the starting point within: 45sec 6 sec

¢ Achieve a stakilized hover (within desired hever reference point) Ssa¢ 1Dsec

within X seconds afler returning to the starting point.

= Maintzin the stabilized hover for X sec 5 sec i sec
2

Importance of MTE Analysis

l Maneuver Phases in MTEs and Rotorcraft Maneuverability/Agility ]

Maximum amplitude

angular rate

or acceleration | o ry Steady | Exit
phas‘- maneuver | phase
phase :
|
’ : 7 time
to ’emry rexil f
= Maneuver Aggressiveness is defined by entry/exit times and the maximum amplitude
Atuw:\' = trmr_v - ta ¢m).‘ 3 HM“ ’ 'r;,m;\
A’ml = tf _’m'l 3m‘

= Maneuverability is evaluated with Agility, which is defined with both
- Maneuver Aggressiveness and Maneuver Precision

= Maneuverability is directly affected by the quantitative Handling-Qualities requirements
which are defined in Para. 3.3~3.10 in ADS-33E PRF

Thus, MTE Analysis allows both direct evaluation of Rotorcraft maneuverability and
indirect evaluation of quantitative (objective) requirements of ADS-33E PRF
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KU Methodologies for MTE Analysis

[ Two General Approaches: Inverse Simulation / Nonlinear Optimal Control Analysis

[{l) Inverse Simulation Approach ]

= Requires Accurate Prescription of Trajectory for a Specific MTE

= Only Applicable to Aircraft Maneuvers in Normal Operating States (no Engine Failure)
= Most of Available Algorithms suffer from Numerical Stability Problems

® You can refer to following papers for Historical Overview and Theoretical Details

1

Thomson, LG, and Bradley, R, “Inverse simulation as a toal for flight dynamics research—FPrinciples
and applications.” Progress in Aerospace Sciences, Yol 42, 2004, pp. 174210,

12] LoL., Muorray-Smith, DL, and Themson, LG, “lssoes of numerical aceuracy and stability in inverse
simulation,” Simulation Modelling Fractice and Theary, ¥ol, 16, 2008, pp. 13501364,

Thomson, Douglas G.; Bradley, Roy, “Mathematical Definition of Helicopter Maneuvers,” Journal of
the American Helicopier Saciety, Volume 42, Sumber 4, 1 October 1997, pp, 307-304,

R. Celi, “Optimization=Bascd Inverse Simulation of a Helicopter Slalom Maneuver,” Jowrnal of
Guidance, Contral, and Dynamies, Yol 23, Mo, 2, 2000, pp. 28924%7

Giunlio Avanzini. Guido de Matteis, and Luciano M. de Socie. "TwoeTimescale=Integration Method for
Inverse Simulation”, Journal of Guidance, Control, and Dvnamics, Vol. 22, No. 3 (1999), pp. 395=<401.
J6] RoA. Hess, €. Gao, S H. Wang, “A generalized technigue for inverse simulation applied (o aircraft
manoeuvres,” ). Guidance, Control Dynamics 14 (1991) 920926,

Murray=5mith, IV.J., “The inverse simulation approach: s focused review of methods and wpplications,™
Mathematics and Computers in Simulation, Vol, 53, 2000, pp. 239247,

13

14

15

I7

Ku== Methodologies for MTE Analysis

( Two General Approaches:

[(1] Nonlinear Optimal Control Theory (NOCP: Nonlinear Optimal Control Problem) J

= Adopt Trajectary Tracking Control Law when Trajectory is prescribed

= Applicable to Rotorcraft Maneuvers under Failures such as Engine Malfunction

= Extremely High Computing Time is required

= Mo methods are available at Present time for applications using Rotorcraft Math Models
with Rotor and Inflow Dynamics due to Large KKT (Karush-Kuhn-Tucker) System in
Direct Methods and the extremely poor robustness with Indirect Methods

NOCP Solver
|
i 3

Indirect Method Direct Method
»  Euler-Largange Equations . Apply Transcription Method to get NLP
= TPBVP(Two-Peint Boundary Value Problem) = Monlinear Pregramming Problem (NLP)
= Single Shooting Method = Sequential Quadratic Programming
=  Multiple-Shooting Method Algorithm to solve NLP

a2

94



KU™== Contents

IBEM Flight Dynamic Model (HETLAS)

Recent Progress in HETLAS Applications

Importance and Methodologies of MTE Analysis

Kinematically Exact Inverse Simulation Techniques

| Direct Dynamic Simulation Approach to NOCP

m Summary of Part 1

Ku==| Kinematically Exact Inverse Simulation Technique

| Recent Research on Rotorcraft Inverse Simulation Techniques at KKU: PIST & KEIST |

2019. Chang-loo Kim, Do Hyeon Lee, and Sung Wook Hur, “Efficient and Robust Inverse
Simulation Techniques Using Pseudo-Spectral Integrator with Applications to
Rotorcraft Aggressive Maneuver Analyses” International Journal of Aercnautical
and Space Sciences, March 2019.

2020 Chang-Joo Kim, Seong Han Lee, and Sung Weok Hur, "Kinematically Exact Inverse
Simulation Techniques with Applications to Rotorcraft Aggressive-Maneuver
Analyses,” International Journal of Aeronautical and Space Sciences, March 2020.

Problem Definition of General Inverse Simulation Problem to Find Control |

Meotion equations Fu) ‘P (6 £ )
Vol mmexy velv] o=|g| e=|0| r=|y
3 -l
D=d" m-wx(Jo)| Lw L) L) \z)
Prescribed Trajectory: Typically by . PR PR
Position Vector and Heading Angle L -1, -l I ",
==l 4, . I= __.Ir} . om=|m,
F {rﬂ ’ wl" } '\_j” _Jr"}' j” 4 Wl s \.m-' A

Inverse Simulation Problem: Find Flight Control to track the Prescribed Path
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Ku== Kinematically Exact Inverse Simulation Technique

e —

[Kinemaﬁcally Exact Motion Equations for Inverse Simulation in Inertial Frame ]

Using angular kinematics and navigation equations, we can get new form of
motion equations

w=Tp - ip+Td F=Cf (m—(Ti )= (Cr) - Ci}
v=Cr v=Cr o+ CF

=T[5 (m={To)x{3T0); -Té |

Using the prescribed trajectory information (r”, 1", 7 ", 0" @")

We can get kinematically exact motion equations in DAE (Differential-Algebraic-
Equation) form

8 A
TR : Two Ordinary differential equations r{ﬁ \ "
LEWT] & -
0=f(x,&uli=i R’ : Nonlinear algebraic equations ~ where X = | P u= 5
T i T
0=m(x,xui)j—w R : Nonlinear algebraic equations : 5
- VETR S
Control Equations from 2™ and 3" equations represents a Index 1 DAE system
[ of ) [ of X iﬁ ; i__,. since the leading matrix is nonsingular
U P & in general rotorcraft flight dynamics
i o o O
—_— T K| — | ——
| & \ JX % &r J

KU Kinematically Exact Inverse Simulation Technique

{S’ulutinn using Pseudo-spectral (PS) time integrator and Quasi-Newion Method ]

X = (X, X, 0,0) € R : Ordinary differential equations (ODEs)

0=T(x&un—F R : Nonlinear algebraic equations (MAEs)

D=mix, x.ui)—w R : Nonlinear algebraic equations (NAEs)

Direct Application of PS time integrator to 2™ order ODEs with Piccard Method

= {ser4ld f-‘ _!L I‘L“"II {arer . T
N = g4, m . i=L2,-N)
ol k=0
t,—i, =N ,
pdrer+l) i ] = i ifer]
X, X, + 5 Z .IrJ".th
=0
Quasi-Newton Method for NAEs (a1 A
f
- T 4,
g, =f—-r =0 To find 1=‘ | u=|
- unknowns WU &y
g.’-"..l' H’I: _I.”f i I'J l'j

\ -

You can refer to Reference 2020 for a detailed implementation in computer medel.
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Ku== Kinematically Exact Inverse Simulation Technique

[Application to Bop-up MTE ]

v, =v, =0 knots

Stabilized hover

S h=h,=35ft
‘ t =4 sec, 1, =6 sec
ascending
phase descending v, =v, =0 knots
phase y d
. hy=h, =15 ft
e i P
Stabilized hover 1, =0 sec, 1, =10 sec
Case N Ny Ay CPL time (Inted i70lt,,;
. KEIST fosmiaton Coaventional formulstsen
1 1 20 0,1250 Fiiled at first sepment
2 i A0 0.062% M3INE 23107
3 1 60 00417 3177 17098
“ i 80 0.0312 1S e | I1ISW81
5 i 100 0.0250 155,45 20081
6 4 120 0.0208 136/57.2 2177
N = number of quadrature points
Nh = number of time horizon segments

[Application to Bop-up MTE ]
e — % | e T /\
o2 — 8D |4 25 ? :/ /\
é :/\_-~— y=120 g u\/—-/\ =l J/_\ / ]
1 az ) : | : \‘: ‘ : \/

i=§'=‘.f_«“':'.‘
(]/
/

&

1P

97



KU== Kinematically Exact Inverse Simulation Technique

e ——

| Application to Helical Tura MTE |
I, =63 sec
1, =6b sec -
h, = 400 ft
h =400 ft . )
' K = number of waypoint data
Case Ky Krhlr_\. K\lmdy Kenit Ky K = K
0 1 5 4 5 4 5 a3
fo =V sec 2 5 10 50 0 5 0
ki, =100 fi 3 5 kil 150 kI 5 220
v, = 60 knots 4 5 60 £"11] 60 5 430
0

Application to Helical Turn MTE )

ri
W
T
E s
H
ar
uek

m,
L]
i
.n
=
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KU®*:* Direct Dynamic Simulation Approach (DDSA) to NOCP

Publications on Nonlinear Optimal Control Approaches to Rotorcraft MTE Analysis ]

[1] CF Kim, J Lee, YH Byun, and YH Y, “Noalinear Optimal Contral Analysis of Helicopter Maneuver Problems Using
the Indirect Method.” Transactions of the Japan Society for Acronautical and Space Sciences, 2008,

2] Chang=laa Kim, Sang Kyung Sung, Soo Hyung Park, Sung-Nam Jung and Kwanjung Yee, “Selection of Rotoreralt
Models for Application to Optimal Control Problems,” Journal of Guidance Contral and Dynamics, Yol, 31, Na, 5,
September—{ctaber 2008

|13] Chang=Joa Kim, Chang=Deok Yang, Scung=Ho Kim, and Changjeon Hwang, “The Analysis of Helicopter Mancovering
Flight Using the Indirect Method = Part T1. Applicability of High Fidelity Helicopter Models,” Journal of the Korean
Bociety for Aeronautical & Space Sciences 3601), 2005

[4] Chang=Too Kim, Chang=Deok Yang, Seung=Fo Kim, and Changjeon Hwang, “Analysis of Helicopter Maneuvering
Flight Using the Indirect Method = Fart 1. Optimal Control Formulation and Numerical Methods,” Journal of the
Korean Society for Aeronautical & Space SciencesJanuary 2008,

5] Min=Jae Kim, Ji-Seang Hong, and Chang=Joo Kim, “Finding Optimal Controls for Helicopter Mancuvers Using the
Direct Multiple=3hooting Method,” International Journal of Aeronautical and Space Sciences, March 20140,

|6] Chang=loa Kim, Sangkyung Sung, So0 Hyung Park, et al., “Numerical Time=Scale Separation for Retorcrafi Monlinear
Optimal Control Analyses,” Journal of Guidance Control and Dynamics. 2004, Vol 37, No.2, p.65E.

|7] Kim Cal, Sung 5K, “A comparative study of transcription techniques for nonlinear optimal conirel problems using a
pseudo=spectral method,” International Journal of Aeronautical and Space Sciences, Vol.16, No.2, pp264-277, 2015

|8] Jun=voung An, Chang=loo Kim, Sungwook Hur, and Seong han Lee, “Category A Takeoflf and Landing Trajectory
Optimization for Transport Category Rotoreraft Certification,” Journal of Institwte of Control Robotics and Systems,
December 200%

|9] Yong Hyean Mam, Chang-loo Kim, Seomg Han Lee, and Yi Young Kwak, “Direct Dynamic-Simulation Approach to
Trajectory Optimization for Rotorcrall Category=A Mancover Procedores,” International Jowrnal of Aeronauotical and
Space Sciences, Vol.21, pp.648-662, November 2021
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KU=:= Direct Dynamic Simulation Approach (DDSA) to NOCP

[Nﬂnﬁnear Opiimal Conirol Problem (NOCP) ]

min (X0, 0) = (x84, X0 ) I Sy RO, E), )l
subject to x=1F(x,u,r)

hix)=0

g(x)so

: total cost function

“Two Typical Methods for NOCP Solution |

J
d : cost function for Initial and final conditions

,F:m‘_ : integral cost function NOCP Solver

: imitial time l I 1

I, :finaltime Indirect Method || Direct Method

h : equality constraint function

: inequality constraint function Traditional

x : system states
[Remark] Direct Method typically has much

: system control higher robustness than Indirect Method

: system forcing function

KU Direct Dynamic Simulation Approach (DDSA) to NOCP

‘Typical Procedures in Direct Method |

NOCP
min  J0n 0, 0= #x, 1%, 1) rr EAERTNI"

Transcription of NOCP

st sl =l el ] se 8, uweR” Parametrization of both Controls & States
Bi%,.0,, % .y 1=0, he R [Peeuda spectral Method Using LGL Points)

glrun=0 refnr ] ge k"

NLP
NLF Solving Algorithm for KKT min f(x)  xe R
lKarust_l-Ku]:n—']_uckcrll b}'st_em o1 B(x)=0 for je E={12,m)
Secquential Qua{r!sl:]t;c Pregramming g,(0)0 for j& F={1,2-p)

The transcription (Discretization) intends to convert NOCP into NLP (Nonlinear Programming
Problem) by applying time integrator over all computational time nodes like

=N Thus, the system dynamics are converted

M w f(x, 0,0 into equality constraints at NLP. Tn addition,

. b= the NLFP solver musi compuie unknowns

Iy—ly f[ f(x,,u,,t) design variables consisting of system states
n= LA and controls at all time nodes.

fxuf

t,—1,

HET [ A SN AT,

I|=In+
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KU=:= Direct Dynamic Simulation Approach (DDSA) to NOCP

Conventional direct methods suffer from seriouns curse of dimensionality when using a high-
fidelity rotorcraft math model due to

- Rotor dynamics { even for flap and lead-lag dynamics in rigid-blade models

- Inflow dynamics
Sinece the discretization of these dynamics typically require over 36 time nodes per one
rotor revolution to oblain accurate time integrations of dynamical cquations. Thus, the
size of KKT systems is dramatically increased as the time horizon of NOCP is increased

[T‘wn Baseline concepts in developing DDSA ]

1) The system states are uniquely determined by the control inputs. Thus, the states are
¥ quety ) P
possibly excluded from the design variables in NLP during the transcription process.
In addition, the system dynamics are simply satisfied using an accurate time integrator

(2) Computational efficiency can be enhanced through the control parametrization using
Hermit spline interpolation.

Thus, the KKT system can be derived only for svstem controls, which can dramatically
reduced the number of both design variables and constraint functions.

KU Direct Dynamic Simulation Approach (DDSA) to NOCP

 Comparison of Pseudo-Spectral transcription methods : Traditional method vs DDSA |

Traditional method over a single time segment

————H

fpty fy e ty—s Lty
. 0 i =" {-.l,l_1
Design Variables ;= {(x ujj
¥ N .. .. - - - - - L1 | - - L1 | -
Ixx x, X Koo 5, %, 01
juww ow, w, u, . u,_ou, |

DDSA over multiple fime segments

epe—e—e—se—e——d

to t Ly oo By ty—1 ty

3§ 5 i F
Design Variables =.,={u, |
= T T T “"'Tﬁ .nu’ut.,,.“’“““""‘n't...UH':-.M"Nu I
| Integrated State Variables -I
1 X, !: ........ x " xﬁ_: X ]
L——————————————————————:—————————————————LJ
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KU===| Direct Dynamic Simulation Approach (DDSA) to NOCP

| Control Interpolation using Hermit Spline Interpolation for DDSA |
Interpolation of control inputs over re[1,.1, ]
=t ' . ’ a (0)=6, a(h=0 . . =k
u(r)= A ) e (e + Ao * : . with &, =
g( ) {entem + preymil | piy=0, AIM=d, " {ﬂ (j# k)

—t
r=—=el0,l], M =1,,-1

LGL points

IR N R

tar 1 R o i

Designil P E ! E ! i E i E i

variables} {11 1w § Al e

(R WU N I I .
Interpnlatedr-' b -‘ 1 --' ' -' ' - 1 i ; - i ; --r-h-h-_--‘l
COMFDBI o U Myl W, Wy My, oo 1_"" v u, A |:| =
F.... Pt ...l....... [
Integrated | i
State Varlables W=t : =
----------------------------------------- ol

[Comparimn of Computational Efficiency for Simple Problem : Traditional method vs DDSA ]

MNOCP: Soft |lunar landing of a spacecraft | Exact solution |

. r N
min J:_[D udt . _{D tt [a" (Y J
= ;=2

3 6=t

s X =X,

Computational Nodes

Computational Nodes - 4
I q Ratio of KKT
Collocation Modes T6 26 System Sizes: 2.29

Size of the KKT system 536 234
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KU Direct Dynamic Simulation Approach (DDSA) to NOCP

| Comparison of Computational Efficiency for Simple Problem : Traditional method vs DDSA |

Pseudo Spectral Method

T T
LT e

[
] Y

T T I N TR TR T

Cost Function: 0.8246E+1
CPU Time : 601.0 [sec]

Termination Condition
01E-5
k-4

Direct Dynamic Simulation Approach

-
l‘“"‘--.__‘_ 1l'_.___.-""-“-‘
| DDSA is around 30 times
s faster than P5 method
Cost Function: 0.8246E+1
CPU Time : 22.0 [sec]

l Applications of DDSA using Point-Mass Model ]

o .
Fig. Rotorcraft point mass model.
- Motion eguation & RPM dynamics

mii = C ol B ) R) ain.?—_)if_f:u\;u’ W'

i = g (',-p{n.ﬁ"][!!n’ﬂ'msn‘r—éﬂf_mﬂui -
a 1 .

L e o= pl=R)OR) o,

) - !

= Kinematics -
A=y Ly = ==Fy

Power supply mods|
1

f=—y 3 (r = Pafat Delay)
= Contral equation
Contre 1 F_.} it = Pilor Delay)

|B_ =
o L
=~
o = '-'_ fd P " 3 »
| Pt =T, =il —Qw | WL

1 i
——  Motion equations | | Model parameter |~
P a1 parameter H=58A LI H=l}
] Tir puath pilare “
T ¥ ’f
o LmaKs M
: x- ‘r m=| ‘ ] Image

P i
i}
G LEngine model Single engine Twin engines
[ d

., iaqotveabern fat plaie areal
m {helicopter mass)
R {main rozar radivs}

o (solidity)
C g tebrag coell)
a (lift curve)

T (main rator MOT)

Hy, (main retor beight)
£1, (ref, rator RPM)
2 (gravity coel)

T‘“_r[n:f. [rwer)
Po:__-llj'.".liif power )
Tpllime const )

1.2077Tm* LTET m?
13608 kg T484.27 kg
SAT36m 51777 m
0.048 LR
000ET [IRH] )
573 573
S0 1 kgm® 572,07 kg.m®
2.0 m 513m
ERER LT 2571 RPM
9836 kpmis® G836 kp.m's?
354hp -
- 1656hp
1.3 1.5

[Ref : Harris, Michasl J., “analytical Deterrination of 2 Hellcapter Helght Valecity Diagram™ [2008). Theses ang Disartatians 1770.]
[Rif. : Ralsait TN, Chen, Yiyuan Zhas, “Optisal Trajectories for the Hellcaptir “!III--FI\chv-hInhPH!Iw Tarminakfres Operation,™ NASATHMES5=110400, 1995



KU®= Direct Dynamic Simulation Approach (DDSA) to NOCP

Applications of DDSA using Point-Mass Model ]

Autorotational Landing Problem : NOCP Problem to minimize Touchdown speed

- Dbjective function
g L e ¥ R T W . .

Bty b Ly b 2ty Engine Failure
where g, =40, (0, =80, 0, =80 Point (EFP) - T

1. Entry

2, Steady Descent

- Initial/final constraints 3. Flare Maneuver

Xp = Xy
h, =0 A. Fina| Landing
Om!ssu, =73152m/'s ——

! N -,

Om/s<w, <0914dm/ 5

—100deg <@, <3.65deg Fig. 7 Trajectory of autorotation procedure.

- Global inequality constraint _[ Aim of cach phase
ws 9 184m i 8
Omi = h
0= <015
—30deg < @ < 30deg

]
J

1. Entry : Recover 100% RPFM while Stabilizing the aireraft

I Steady Descent ; increase the translation kinetic energy as much as possible,

5. Flare maneuver : reduce the speed and sink rate by increasing the collective pitch
—25crdeg/ sec =, =250 deg sec and by tilting rotor dise backwerd

—l6deg sec < o < 16 deg/ sec 4. Final landing : safe lnnding while keeping the attitude suitable for landing

(Hef - Lebward M. Bachelder, Bimal LApersa “An faterctation Higst Directar far Helicopter Training,” the Amencas Helicopier Saciety S9th Annual Faram procesdings.
Phaent, Anizons, May 8 2001]
-}

KU Direct Dynamic Simulation Approach (DDSA) to NOCP

l Applications of DDSA using Point-Mass Model ]

Autorotational Landing Problem : OH-58A, at low altitude hover point

. 15.24mi 5ol hewerastonctaticn o ' ' .
s i T 1
L -.P_*.___.._———____ by T ”\\ o
i .; d T E——— -
5 = i/
i
Descent iy S
" i —
E 1 !:' T " M " ]

) / Flare maneuver b — i

4 Landing

5 0 5 ] =
x[m]
Comparison of numerical results with flight test data.
Mumerical result Flight test data
Crross weight 1360777 ke 1382.55 kg
Wind condition  knots <3 knots
Flight time 4.3107 sec 8.1 sec
Max. sink rate 68796 m's 6096 mis
Vertieal Speed st T.D 0 s 0 mis
Faotor RPM at T HIRPM 21T RPFM
Min. Collective pilch 37665 deg 5.05 deg
Collective pitch at 1.0 12.5375 deg 148 deg
Computation time 18,60 sec .
[Ref of Mighe ies dana: L. W Digoley and B 1. Veary, “Flight Test Evalugtion of ths High Ineta & -..‘ciu. m,* Techricel report, LS, Ay
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KU®== | Direct Dynamic Simulation Approach (DDSA) to NOCP

| |Applications of DDSA using Point-Mass Model ]

Rejected Take-Off (RTO) Procedure after One Engine Failure [Bo-105 Flight Manual]

THHEWF FvE /RN CONTTRLOLES :.'":-_'_J'
8 ACCELERATE T " acipe
WY (60 KIASI e SR,
W CLIME WITH __Eﬁ"
WVt e CHCDERE

TOF
A0 K145
20 F1

o THLREASE POwER
SHOOTHLY BY 10-133%

wHIGE AT 3 FT 5
5K10 HETEHT 8
i
n
Eb [FRAmE TR AT TR o PowER RATINE
F
i ¢ OE1 [*&I0A To mF
; s “
) S
" & INITIdL ATTITUCE
#ICIEASE PONER N, == WEEDUCE GROUAD SPEED o k-
MoDTRLY BT AT T T 120FT &g =SET PITH ATTITUDE =&*
#HIGE AT I FT ﬁ:ﬁ #FLARE
SKID HEIGHT __.,c_ﬁ" . .
oL

BEECTID TAKEDS
(70 ¥ CONPL

Fig. Trajectory of nermal take-off procedure (Up) and RTO procedure {Down).
-]

KU Direct Dynamic Simulation Approach (DDSA) to NOCP

l Applications of DDSA using Point-Mass Model
RTO (Rejected Take-Off) Performance : Clear Heliport, 1sec Pilot delay, V=40 knots

# Flight time

(. P
..F_lelQrIr+J:21 Q.x 4t

, i - =10ft : 7.125sec
x, = [V Ve 8wl 0, = Dig]2.2.2,2.10] : ] % 200ft < 7.1 78sec

x=|pgrpiul Q= Dig2,2,10,02,0.2,2]

= x? =301 : T.854sec
u=[F.d,. 8, 0] . - *a
Vs = A00t, ROC = 100 fpm - 4
- *

tims {enz|

el Bl ) s JSGE) bra janc)

=[ml T[]
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KU=:% | Direct Dynamic Simulation Approach (DDSA) to NOCP

l |Applications of DDSA using Point-Mass Model

RTO (Rejected Take-Off) Performance : Elevated Heliport, 1sec Pilot delay, height variation

[N &

JeoxQ [ Lo S > Flight time
E . 3 =356t : 8.947sec
- 1 - 9
=V Kb ad O, = Dig[2,2,2,16,1] ) _ =50ft : 9.462sec
x=[pgrpul 0, = Dig(2,2,10,0.2,0.2.2] - -80ft @ 11.99sec
u=|d,, 4 8 4, —a =100ft: 14.71sec
Ve = —Skmat, ROC = 300 fpm . g -120f1: 15.51sec
TRV pu—
§ ;} Il § r A\
'Elc 1 | II '=l_= -1 *.I 5(] - -
I o Ao s
12 -3
Ul B 1 § [ 5 12 15 = 1
Sma [sec) time {sac) A1 |
3 Tl (] 4
o 1 e F f: i 1
) q it E |I -P - | -
e I Kb N E" / Vi
A sl BN . =
o 5 10 5 W-; 5 10 15 1 -‘q
ma [sec) e (saa) b g
]

KU Direct Dynamic Simulation Approach (DDSA) to NOCP

l Applications of DDSA using Point-Mass Model J

Height-Velocity (H-V) Diagram (Dead-Man Curve)
NOCP formulation for H-V Diagram

min d=u,c080 +Uh—R)ENG, (et Finction

h A Initial condition (v, hy) constrained o
to be on the definsd line. subject to
Distznce d, minimized subject to ¥ =fixu,th Mation Equations
\ realistic flight and safe landing. — ]
™ Initial Constraints
e A L T

«

o WS W, —
h ' Final Constraints
o - Uy S,
kY l_,_/-"'-— P "\
b = ! \ w, <P <a,
— - 0, =06,
- Craw S0 Crany Operational Limits
.

&, Sall) S,
—i! el =0,

Ay =

—d,,, 2@l Ed,,

[Ref :Harris, M. J., Kunz, D. L, & Hess, J. A. (2018). Analytical Determination of a Helicopter Height=Velocity
Curve. 2018 Modeling and Simulation Technologies Conference.]
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Ku=:= Methodologies for MTE Analysis

Prediction H-V Diagram for OH-58A Model F ' T oot entr|
a, = @ - Oclimal Foanal farsl
a5 - —:—::‘-:mm-.l_m—:
NOCP formulation
(Minimize avoid zone) 20

minJ = 10.0d—£' (-0 )i

d=cos plu, —u,. ) +sin gy, —h, )

l Applications of DDSA using Point-Mass Model ]

4
Predicted

H-V diagram.

i, = Dimoiy |
R, =150 1% = i
—80° < o< BO® | —
3 " / 1 L
2 & 5 1 15 0 s an L
Constraints 4, 357 (e Farwand apand (Knota)

b =0 3 5 3
O s<w, <20fifs
Dfifssw s5fls gasScns
1P s, <365 7

st

i_ i \* 1,
- _\"I_ —
\

B L R R L

‘,\\F

el

Nl /=
" CEJK\;\,;

KU Direct Dynamic Simulation Approach (DDSA) to NOCP

5
DA% g L <0435
@

sin g(u, —u, )= cos pih, —.‘Jﬂ_,}

| Applications of DDSA using High-Fidelity F-16 Model |
Double Immelmann Turn (Ref: US Air Force Aircraft Demonstrations)
= Entry phase: 450knots Level flight
= 180 deg Heading change through Longitudinal loop maneuver
= 180 deqg bank change
= Repeat above procedure

= Use 100 % throttle after entry and use throttle greater than 77% after Apex.

=

- \ Reference sk
| Trajectory T s

o~ @180 .I T

[Fief 1] Birian L. Seevens, ©dirorafi Control snd Simulation 7 Editon 5, WILEY, November 2015

[Fief 2] Nguyen 1. T, Simularor Seudy of Sl Post-Srall Charssterinion of o Fighter Aigplane Wik Refoced Lomgitudinal Snaric Sk, NASA Technics] Faper 1535,

[Ref 3] Misawn Airhase U5, Air Force, (2021}, PACAF Fal6 Demonstration Tesm Munewvers Package 2021, U8 Air Farce, 23 Oictober 2004, ATR FORCE
ATRCHAFT IEMONSTRATIONS [Aall, Fal4, Falf, Fal2)
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KU Direct Dynamic Simulation Approach (DDSA) to NOCP

l |Applications of DDSA using High-Fidelity F-16 Model

High-Fidelity F-16 Model: opened at NASA Homepage

Waight
Wing5pan

7
B
Wing area
Airfoi|
RMTOW
XCG

MAC

- Elevator
Deflection

Aileron Deflection

Rudder Deflection

|Hef 1] Brian L. Stevens, "dircraft Controf sad Stmufanon 5 Sdiven s, WILEY, November 2015

F=16 Configuration Data

20,494 |b
32 ftBin
300 fi?
NACA 84A204
42,300 |b
35.0% MGC
1132 f
9496 Slug ft*
55814 Slug ft*
63100 Slug T2
982 Slug f*
=25 deg to 25 deg

-21.5 deg to 215
deg
=30 deg to 30 deg

|Hef 2] Nguyen L. T, Slsuslaror Soedy of Stall Past-Stall Charscterdities of a Fiphter Alplawe Bk Relaeed Lewglmadingl Sranc Nadily, NASA Techabesl Paper 1515,
[Hel 3] Moaws Abrbeee U5 Al Force, (2021 PACAF Felf Demenaration Tesm Mancavers Package 2021, UE Air Farce, I3 Ooeber 2004, AIR FORCE

AIRCHAFT DEMONSTRATIONS (Asll, Fal5. Fali, F=l1)

KU Direct Dynamic Simulation Approach (DDSA) to NOCP

l Applications of DDSA using High-Fidelity F-16 Model

NOCP Formulation of Double Immelmann Turn

min J %J.nr’[ X (1) Q1) % (1)l (1R{)u,, (1) :Ia'f
5.1

Dyanmic Constraints: x=fixul

Inequality Constraints: uzu,_ . uzu

Equality Constraints: x(0)=x,,. u(0j=u,,
where

{ is fixed
xdﬁr(:)=:{fj—xm,{.r). udf=u(r)—um,
x—{u,u,w,p,q,r,;ﬁ,ﬁ,i,tr,V_,.,a,ﬂ]"

.
u= {".-l. Y -~ :u.,.,-}
Q = diag(0,0,00w_,w, W, W, w,w,, W . 0,0
R = diag {w,,. . W, W, )

ale® Tl T e T
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KU Direct Dynamic Simulation Approach (DDSA) to NOCP

DDSA Results for Double Immelmann Turn

l Applications of DDSA using High-Fidelity F-16 Model ]

F gl 3 T B0 . r ]
2 & "él—a—qir—-f\<

a 10 n o 10 F
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WU m o = 1] 0 F
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w, el

203 e . +
?."“l-_ _'_'_'_,_.-—F-u-.___-_\_‘_'-_‘_ 1
T q 5 10 15 ] 25
; 20
£ ;L_J____ [
% am . .
] ] 0 L] 2
v
_— - . . - o e———
a 5 1 [ 0 E3 F] 5 an
= #[v . M
1 ] 1" an = ] [ ]
i =
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Recent Research Progresses in Rotorcraft Flight
Dynamics and Autonomous Flight Control at KKU

Part 1: Rotorcraft Flight Dynamics

Summary

KU:%| Summary of Research on Rotorcraft Flight Dynamics

HETAS Math Model

The rotor and wing models are generalized for HETLAS
applications to Advanced rotorcraft configuration like the tlt-
rotor aircraft and coaxial-prop rotorcraft.

As primary functions of HETLAS, the trim. linearization
and simulation routines are addressed.

The aim mover function has been introduced for robust
point and mission performance analyses.

The coupled mission-performance-equation has been
effectively solved using the pseudo-spectral integrator for
the mission segment approach.

The validation results for the fidelity of HETLAS has been
presented.

P e p——-

Ve s e o et momd e we 4 e
O Taacuny Gonmation using wire seceian of 6, 1,

3 Tt gt 3aq e gesaatnd Sageciaey 1 Qo awiergad whnmec of
L e e e 2]

[(orerm|

O Vabdution of WETLAS Gasrgle Rotarcrfts /
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KU % | Summary of Research on Rotorcraft Flight Dynamics

Kinematically Exact Inverse Simulation Techniques (KEIST)
®  The importance of maneuver analvses during the rotorcraft development has been
emphasized.
s Two different approaches were introduced
(1) Inverse simulation approach (2) Nonlinear optimal control approach
. Index 1 DAF (Differential-Algebraic Equation) systems have been derived by using
{1) Motion equations represented using the inertial states
{2) Exact trajectory information obtained using the 7-th order spline interpolation
8 KFEIST has effectively solved the DAE system by using
(1) Quasi-Newton method for algebraic equations

{2) the PS5 integrator coupled with the Piccard method

" A series of applications showed efficiency and robustness of KEIST

- Fi -
| S
d = numis- of gusdrsturs points \"
Al = cayrriy o Beme barpoe pge——"t;
Agplcabn 1 Helod Term MTE — =
i
T 1
i b i V il —
ami g0 D..\ = = = 2
- [
e ) = E = o
L . A =] e Pl
g _, , s T
I 3 - % —h e § s
i, # A |
e I 1..*-———-Vh 1.5 =le
e b . 4
] )
[p—— )
i | 1 ’ n
4 | r
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KU=:% | Summary of Research on Rotorcraft Flight Dynamics

Direct Dynamic Simulation Approach (DDSA) to Rotorcraft Aggressive Maneuver Analysis

Direct Dynamic Simulation Approach (DDSA) to Rotorcraft Aggressive Maneuver Analysis

The efficient DDSA has been developed using the following two basic concepts.

(1) The system states are uniquely determined by the control inputs.

(2) Computational efficiency can be enhanced using controls interpolated with Hermit spline.

The effectiveness of DDAS has been proved through a series of applicarions.

¥ Soft lunar landing problem of a spacecraft

Autorotational Landing Problem using a point-mass model

Estimation of Height-Velocity (H-V) Diagram (Dead-Man Curve)

v

+ Rejected Take-Off (RTO) Pracedure after One Engine Failure
v

v

Double Immelmann Turn analysis usin

g the high-fidelity F-16 model

Trad-tomsl werkos svar & aqps wms apwa

Do Wi - 1

[e—

b bk o v b wrer 1

Huight-Vaiccity (#-V) Dlagram [Desd-Men Cona Predcton H-V Disgram for OH. 584 odel |
. e
OC el For W D e ==
MOLP formulation i
185 2, [ et Bymciien [T —— H‘; -
...... it s [ i3-0, 0 L i
S— 1
1efiza bt leptem P o A e, "
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X bl oy | asi = | 3 Y 4
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End of Part 1
Thank You !!

Recent Research Progresses in Rotorcraft Flight
Dynamics and Autonomous Flight Control at KKU

- S

2024. 02
Prof. Chang-Joo Kim (Konkuk University, Seoul, Korea)
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Recent Research Progresses in Rotorcraft Flight
Dynamics and Autonomous Flight Control at KKU

Part 2: Rotorcraft Autonomous Flight

Control System

2024. 02

Prof. Chang-Joo Kim (Konkuk University, Seoul, Korea)

m

KU Contents

Initial Motivation for Autonomous FCS Research

Recent Progress in Autonomous FCS Research

First-Stage Activities in Autonomous FCS Research ‘

Development of IBS Trajectory-Tracking Control

Integration of Path-Planning, Flyable Trajectory
Generation, and Trajectory Tracking Control

Summary of Part 2 ‘
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KU |nitial Motivation for Autonomous FCS Research

l Questions to be Answered ]

What is the Autonomous FCS ?

What is the required Autonomous FCS Structure?

What is the Functional Requirements for the Autonomous FCS ?

What we have for the Design and Development of the Autonomous FCS ?

What is the Best KKU Approach to the Autonomous FCS ?

We spent around one year finding answers to these questions !!

Good References

[Ref 1] Farid Kendoul, *Survey of advances in guidance, navigation, and control of unmzaaned rotorerafl systems,” Journal of
Field Robotics, 2012, No. 29, Val. 2, pp 315-378.

[Ref 2] Takahashi, Marc D., et al. "Autonomous Rotoreraft Flight Control with Multilevel Pilot Interaction in Hover and
Forward Flight.” Journal of the American Helicopter Society 62.3 (2017): 1=13.

KU |nitial Motivation for Autonomous FCS Research

[ Kendoul’s Classifications of 11 Autonomy Levels (ALs) ]

= Autonomy
The cendition or quality of being sell governing
= Autonomy Level (AL)

A set of progressive indices, typically numbers and/or
names, identifying a UAS capability of performing
autonomously assigned mission.

= AL characteristics
4 ALs 1=4 Single Vehicle
Als 5=7: Multi Vehicles
Als 8=10: Highelevel/Fully Autonomous

Required Functions

* Guidance Function

Real=time Path Planning @ Rapidly Exploring Random
Trees(RRT) / PRM (Probability Road Map) (Al 4)

" Navigation Function

IMU/GPS  integrated  with  Digital map=based / Use
environmental information from outside sources{Al 3~4)

= Contro| Function

Real=time Trajectory=Tracking Control (AL 3~4)

[Ref 1] Farid Kendoul, “Survey of advances in guidance, navigation, and control of I rotorerafl sy

"
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KU |nitial Motivation for Autonomous FCS Research

l Kendoul's Proposition for UAS Autonomous FCS Structure ]

o = Rotorcraft Unmanned Aeria| Vehicle(RUAV)
A powered rotorcraft that does not require an onboard
“"“ — crew, can operate with some degree of autonomy, and can
P AT RS i be expendaole or reusable.
|
i H = Rotorcraft Unmanned Aerial or Aircraft System(RUAS)
i il : A_RUAS is a physical system that includes a_RUAV.
—r— T R Y
i £ communication architecture, and a ground contro| station
’ Z; with no human element aboard any component.
¥ = Navigation System(NS): Perception & State Estimation
E ; The process of monitoring and controlling the movement
§ of a craft or vehicle from one place to another.
3 = Guidance System(GS)
1 The ‘driver® of a RUAS that exercises Mission/Path
L D .. planning and decision-making functions to achieve
weralocs assigned missions or goals
— - = Autonomous Flight Contro| System(AFCS)
veukotin  ihumchy ol fus bpgy The process of manipulating the inputs to a dynamic
Heman-Robot lwars:ad AU : : ; .
[ e e system to cbtain a desired effect on its outputs without a

T . .
H human in the control loop.
Unseanaed -
R
(UAS UG otey

[Ref 1] Farid Kendoul, “Survey of advances in guidance, navigation, and control of unmanned rotorcraft systems,”

KU |Initial Motivation for Autonomous FCS Research

( Autonomous FCS Structure of RASCAL JUH-60A Black Hawk (US Army) ]

= Multi=Level Autonomy
v Fully Coupled Autonomous Mode
¥ Additive Contro| Mode
v Decoupled ACAH Mode
v Pilot Interaction with Mode
v Contro| System Design
with Mode Transitions
= Mission S/W
v Mission Manager/Operator Interface
¥ Obstacle Field Navigation (OFN)
v Safe Landing Area Determination (SLAD)
v Path Generation

In

sasene

¥ Vector Command

= Autonomous Flight Control S/W (AFCS)
¥ Waypoint Control
v Tracking Control

¥ |nner-Loop Contro|

[Ref 2] Takabashi, Murc D, et ul. "Autonomens Retoreraft Flight Control with Multilevel Pilot Interaction im Hover and Forward Flight."
»
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KU |nitial Motivation for Autonomous FCS Research

I Autonomous FCS Structure of RASCAL JUH-60A Black Hawk (US Army) ]

Tiick Bwiiches Shcklpss  amo-o--

N S ® O Jomizm_ | | |
. Wiypaints Fath [ 7 T o = |
T "{i"* Generation| ! Atfitude :5.- n e :

Mission : | ||Waypoint| ¥ |Tracking| | Fiight Path Cammard || JUH-80A)
i Wector || Control Contral | < || Command | 15, | e |

il 'J ] Inner Loop Control ] g i

E - | L ' |

z- OFN | | 1

1 | Signal | :

L 1 i

| sap |7 | ' Autonomous Flight Control Software (AFCS)  |Lrocessing] | |

g ] tm e m m—— ————  —— I

Software _ | Test HW

5 OFN: Obstacle Field Mavigation, Z=ZAT XET S5 X OE XHAGS ED)7 T HWHEE LADAR & 8484 & arcsH AIE
5 SLAD: Safe Landing Area Determination, 358 X HER2E 8% a3y EHE S8 H85F T

1 Waypaint Control: & &, heading ® glide slope M. HEW HE (HA, &, 7taE MTHE FH SEHY 44

= Tracking control outer loop: B HE E=FE Y autopilat (AFCS)

= Tracking contrel inner loop: SIWER SEE HH ZE LT (command response types) B4=ACAH, REDH, heave RCHH)

|Hel 2| Takabashs, Mare D e al. "Aumnonious Hetoreralt Flght Caatrol wiis Malidevel Pulor loteraction s Hover asd Forwand Flght”

KUu®== |nitial Motivation for Autonomous FCS Research

[ |Autonomous FCS Structure of RASCAL JUH-60A Black Hawk (US Army) ||

ACAH/RCDH
el } VCVH/HCHH

Mixer algorithm

_|. - CE .': bt . . .
] | e yaw' fturn coordinaticm
T _E = ;_:-—-{-—1- .
- = —=
e | - "?Il‘___._____ I
=R e hease

v U RO FO B ZESU SYE FHE S U TEMNE
= BPEHE MIEs (Mission Task Elements) 5 7EE 5= 2l CI2F 882 =9 AutopilotS
Tkt S 2o E Resiol YRS HIWH07] PH

= Cross tradg BT R RPElE HEiHsS URBREHA S48 2lneoy 52

[Reef 2] Takahashi, Marc [0 et al. "Aumnamous Retoreraft Flight Canerol with Mualidevel Filot Ingeraction im Hover and Forward Flight.”
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KU Initial Motivation for Autonomous FCS Research

l Autonomous FCS Structure of RASCAL JUH-60A Black Hawk (US Army)
OFN (Obstacle Field Navigation)

3D Terrain Model Route Planner A* Velecity Command Generator ]

=Spline Fit

- =Threats
Risk Map =Ma Fly Zones -
=Terrain Collision Trajectory Generator AFCS Inner Loop ]

Coarse Waypaint

-Min. Risk Waypelnts l-ﬁuidanﬁe Laws

Aircraft Parameters
manimum allewed speed (18 m/s)
N maximum climb rate (2.5 m/fs)
oo |- Sl I—u’: maximum descent rate (2.0 mfs)
. . " . maximum normal acceleration (2.0 my's?)

5 Cruise Terrain Flight Appraach/Landing maximum forward acceleration (075 m/s?)
maximum backward acceleration [0.75 m/s®)
maximum turn rate (0,262 risec)
width of spline corridor 4 {10 m)
horizental obstacle cearance limit (40 m)
wertical abstacle clearance limit (50

Mass Ralghl AN g

Path Plan Parameters

maximumy time hetween replans 130 sec)
O Crase OFF Terain figh OFK r T, . .z tima betwesn obstacle chacks (0.5 sec)
o ""‘Mbﬁ; time 1o update trajectories(constant, 5.0 sec)

o Rargs o L {im} o =0n time to update trajectories(linear, 05 sec)

Rl 2: Autonomows Botorcraft Flight Control with Multilevel Filod Interaction in Hover and Forward Flight
Ref 3. Autonomons Black ewk in Flight: Obstacle Field Novigation and Landing=site Selection va the BASCAL JULS0A

KU Initial Motivation for Autonomous FCS Research

I Autonomous FCS Structure of RASCAL JUH-60A Black Hawk (US Army) ]

Autonomous Flight Modes Autonomous FCS Structure
Cruise Mode ] Waypaint Trajectory  Velocity Vector Command
t oV, Accel Time sequence
110 kts ground speed ! of V vector

300 m AGL [

Using Waypaint Command Waypaoint Control

Autematic engagement Continuous trajectary | . r _ ’ v f
@ 1.5~5 km from landing zone position command n=(x y.h )
Terrain Flight Mode
9 ] Tracking Control
40 kts ground speed - Hover made - FWD flight made
60 m AGL
Using Velu.city Command Aircraft reference ;r _ (u v h . II-'J’ ¥ ,I'.:" 0

state command
Automatic engagemeant

@ 700 m from landing zone [ Inner Loop Control ]

| Approach Mode ] Generate Control & (8,088 )

25 kts ground speed Inputs for Aircraft

30 m AGL i
Using Velocity Command —{ Vehicle ]

Bl I: Awtsnsmeus Rotorerall Flight Contral with Yuliflevel Pilor Isteraction in Hover aml Forward Flighi

Bel 3, Autonomows Black Hawk in Flight: @bstack Field Navigation and Landing=sile Sclection on (he BASCAL JUH=604

Ref 4: Develspment and Flight Testing of & Flight Control Law for Anfonomous Operations Research on the RASCAL JUI-S0A
B
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KU |nitial Motivation for Autonomous FCS Research

l Mission Scenario Analysis for Functional Requirements : UCAV Mission ]

4
--ﬁ,'? e e e e
- i

h '“éi'-., o
C? =@ N
i Ground | | (ol
& =gy
..-:.:iT-:: === Mission Task Area gﬁw
~ £ 1
%
Unknown § !
Obstacle }
£y
‘It’.i"
[ Digital Terrain / Path Planning (Waypoint Guidance Mode) ]
Trajectary Generator Maneuver-Trajectory Generator
= Shortest/Safe Path (Waypoint-based) = Air-to-Ground mission
= Terrains / Threats /MFZ = Air-to=Air missicn
[Waypoint Guidance (Path Tracking Laws) J [ Maneuver-Trajectory Tracking Guidance J
n

KU |nitial Motivation for Autonomous FCS Research

l Mission Scenario Analysis for Functional Requirements : |Air<to-Ground ]
Target Identification
& Approach Phase Target
*————— —t— — o
Aiming & Weapon | 1 oot Varificati Egress gate
release Phase &FExit Phase
Ingress

T Ingress gate Egress gate

I Trajectory for next
target=intercept

Shortest Trajectory for
next target=intercept
using Dubins Path

Shortest Path

7
. | |:_:J Task area
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KU== Initial Motivation for Autonomous FCS Research

[ Mission Scenario Analysis for Functional Requirements : Air-to-Air

Offensive (Pursuit) Maneuvers ___..\;'\-m-' 7"" -t

£ .
* Zbown) Pos -} -
N"t
Atacker Pos, =[xy .= Target State Estimation
|
[ Barrel Roll :
‘ : ‘/’\
0 ?
\ = 4
Intercept Tactics
= »
K = /
P —

Lead Pursuit Pure Pursuit Lag Pursuit
-]

KU |nitial Motivation for Autonomous FCS Research

[ Mission Scenario Analysis for Functional Requirements : |Air-to-Air ]

[Defensive (Evasive) Maneuvers

hammerhead
T b=/ 4 . e )
X
Bt ——h T
—— = Deterder g
jr— -
_ - Split s d
High yo-yo half Cuban eight
e S S—— S
2 ' = - .
= ' . g swiies ' \
3 " e Immelmann 4
-+ E 4 D 4 1)
M
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KU Initial Motivation for Autonomous FCS Research

l Mission Scenario Analysis for Functional Requirements

Mission Fhases Threats [ Ohstacles ::3::3 Trajectory if:utrainta :Il:;:l:ﬂ

(1) Take aff / Acceleration Buse TO pracedure | RW=32FW

i2) Climb Waypoint V. Rol” Fw

(3} Approach ta target zone Radar / SAM / Terrain / NFE Waypoint V. RoC W

i4) Enter inio threati asra Radar ! SAM / Terrain / NFZ ‘ Waypoint V, nz, ReC W

(5) target priority selection Radar / SAM { Terrain / NFZL ‘ Waypaoint W, nz, RoC Fw

() Ingress to largel zone Radar / SAM ! Terrain / NFZ * Waypeint V. nx RoeC Fw

- . ) . Corridor far

(7) Mancuvers for target IMCECEPt | goyor s SAM [ Terrain | NFZ $ Aggressive | o intercept | FW
imulti=targel intercept) MTEs V. nz, RoC

(8) Egress Trom targel zone Radar ! SAM [ Terrain | NFZ. » Waypaini V. nz, RolC W

(%) Escape from threal acra Radar / SAM { Terrain | NFZ i Waypoint V. ne, RoC FW

(10} Kepeat (39} as required Radar !/ SAM [ Terrain /| NFZ Waypoint ¥, nz, Rol FWw

Retarn to base Waypoint W, Rol” Fw

Deceleration / Landing appreach Waypaint :hn::..-ed e FWRW

Landing Huse LIy procedure | RW

RW = Rotary Wing Mode
FW = Fixed Wing Mode

KU®== |Initial Motivation for Autonomous FCS Research

igh-Level Structure and Function Requirements of Autonomous FCS

* Mission planning

-
? Initial information on
* Resource allocation Mission Control G—L
Mission performance

Threats and Targets

Strategic Layer S

.

Strategic ohjectives

« Define mission Area (map,
threat & No-Fly zone)

= Allocate missions for an
individual UCCR

Map, Threat, Targel info.

Plan for Inter=UCCR Coordination ]

Mission states and vehicle status

* Path planning
* Flight mode switching Tactical Layer

= Mancuver planning

-
« Set Maneuver parameters Maneuver Layer Sub-mancuver Library ]

L Measured threat and target Info.
* Trajectory tracking

-

o T B Flight Control Layer | Measured information on
Farget trac kl:r.!g , gh -* UCCR states, Threat, Target

* Target acquisition/Engage s

i

Additional dynamic information
on Threats and Targets

.

Flight mode {(MTE) and Path

Info, for replan (resources, destroyed targeis, eic)

* Maneuver mode switching

Sul=maneuver Lrajectory Flight contral and navigation status

Actuator commands, Tracking/acquisition errors

UCCR Dynamics
Sensors fMission Equipment Package|

121



KU |nitial Motivation for Autonomous FCS Research

' Research Environments for Autonomous AFCS : What KKU Has

Integrated Development Environment for Advanced Flight Contral System

MODELING & SIMULATION — HETLAS

CONTROL LAW DESIGN & AMNALYSES -MATLAB/SIMULINK, CONDUIT

Tri -inzar TO:T-I Cr ADEIIE ' Werfiation r:euui' fenl
Bare-Airframe |, | 'B'tm hel el - —_ -
Analysis Linzar ~ D;:. : :..- >
L3 = Trien Files T 1
Dynanic Trim Time Linear -9 Full Time
eling  [*]  Linear Domain Control Law Monlinear [+ Domain
Modeling Algarithm Simulation Architecture Control Lawy| | Simulation| |
¥ x
Madeling I
Campanents
.Mmmr I FC
Rokoe
. ::::L.g. “lx" ilight Comrrel)
el | [ Syt 1
e Maodel ;
Wﬂl"ﬂrlﬂ! Vsansar, Aawanar}
1
: F|igh1: Test
Madal Fligh
_| Flight Test | - -
FidolY 1< “pata L
Improvemant

KU |nitial Motivation for Autonomous FCS Research

l Research Environments for Autonomous AFCS : What KKU Has ]

Integrated Optimal Design of Model-Following Flight Control Laws

CONDUIT L

CONDUIT &
graphical interiace & User Maraa|

HETLAS
Real-time
simulation

MATLAE ® sIMuLINe EETEEE

The Linguage of Technics| Camputing

MATLAB

Simulink™
closed kaop
fime damakn &
freguancy domain
nnalysis

s 45 14

L3 1
e Dwesign Alrlrame Controller
b Criteria Wade| Stnactune
M
. Mods| Bxes Conirn| Law
, Beign
{Gain Optimimtion)

wf Simulation |
[Dptimiratian
Turing])

[
3
=
=
E
B
=

Real=time simulation

Freguency Domain Ay
Time Doman Smalstion
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KU ™= Initial Motivation for Autonomous FCS Research

| Research Environments for Autonomous AFCS : What KKU Has ]
Integrated Simulink Template for Design and Evaluation of Flight Control Law

Command Filsr Parsmete s l Cosmmand Filer Dynasics l

o a_mm ppp——

e e = u[—— . - b
A — R — =l G

— — T 4

Mt

——— i o] e vy | - =
) s et gy w4 |
T - - - i [ e B
- iad] S Tl P4 [y
Omam_p -— e —_—
Tra_ph ]

Commars-fiter integrators |

r{:_:_-:--rn-— = jﬁ{;\:ﬂwv o 'IE ]
] ) a_rs
- . Flight Conirolier Model Folosing Comralier + Errww-q-lu|
o (X e =
= <z=m) s
L el
i .
[ e & sl - =
[ Rl oo sl [y
Jin gl Spu-.J: -
TRl el

=

e
F = R

[
ol | = e N
<
= | =
.

KU = Initial Motivation for Autonomous FCS Research

l KKU Selection of Major Research Areas for Autonomous FCS ]

Vehicle Autonaomy

F
UAS ,#, | Task Allocation ]
#
[ Mechanics and Electronics ] e : ,
o | Obstacle Detection ]
[ Regulation and Permits ] - I
- ',{ Path Planning l
| Vehicle Autonomy | j % I ;
b td = & .
[ Mission Planning ] '\‘ .»""’ [ Callision .:\rnldance rll.
LY . 1
N - :
[ Ground Station ] ,.-”‘\\ [ Trajectory Generation ] 1“
e N L ] !
[ Communication and Telemetry ]J,-" "\, I Vehicle Control ]
b
-
el Path Planning !
G [ Cell Decomposition ] [ Road Map ] [ Heuristic Search J
. = Visibility Gr = Tl
Selected Major [ Potential Field | = Vorono! Diagram = Dijkstra Algarithm
n Probabilistic = A* Algerithm
Areas for KKU . . Roadmap(PRM) = D* Lite
[ Optimization ] = Rapicly Exploring Random
Research tree (RRT}
1]
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KU |nitial Motivation for Autonomous FCS Research

' Initial Flight-Control-System Structure for Autonomous FCS

Missicn Planner
}—-{ Path/Route Planner
{ Task Planner ] (- [ Carrot=Chasing Guidance ] —"‘

}

[ Waypoint Generatar ] [ Desired Tracking Trajectory ]
Mission Databaze . Autapilots/ lnner-laap Contral
[_ _nT—iEil—M—%—_J [ Trajectory Generator '——t ( :%FCA,:*H _-?:E::
| No-Fly-Zone | \_ W,
L__Feﬁiaa_s_t;tzs_ -I l
|__Ta_r§e_tﬁn_. o o]
s oo, ] Maneuver Flanner Aircraft Dynamics'{,‘f’f
[ Maneuver Library ] |
LManeuwr selection _J I

-

Maneuver Database

Made Transition ] Agile Maneuver Contro| )

[Maneuver Modes] ——
Y — Carret-Chasing Guidance

———————— —
[ Mdal Inputs ]

Maneuver Profile ] III

Generator ff— |
[ Madal Trajectory Tracking
| Desired Tracking Trajectary

Maneuver EI |
Sequence Map ;
i Target Assignment [ Autopllats/Innerdeop Cantral ]
Target Prediction . _‘J

[ 1 : Waypoint Guidance Mode | [ 2 : Agile Tactical Maneuver Mode |
n

KU Contents

Initial Motivation for Autonomous FCS Research

m Recent Progress in Autonomous FCS Research

|
m First-Stage Activities in Autonomous FCS Research |
|
|

| Development of IBS Trajectory-Tracking Control

Integration of Path-Planning, Flyable Trajectory
Generation, and Trajectory Tracking Control

m Summary of Part 2 |
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KU Activities at Initial Stage of Autonomous FCS Research

l Overall History of KKU Research Activities for Autonomous FCS ]
(Trajectory Tracking) (Guidance Law) (Nonlinear Control) (Adaptive Control)

Carrot (Incremental)
rmﬁﬂ. |  Chasing | Sliding "‘“::';"’" 1-1
£ "]  Guidance f Mode 3 Adaptive
Control Invariant
Law Control
Adaptive
(Increment-al) <5 Tuning Incremental
Backstepping > % g
Control Function Backstepping
Sliding Mode
s Direct Various
Nonlinear 5 : o
5 " Dynamic H Recursive
Optimal > % - i
Control Simulation Least Square
Approach Design
Path Planning > > .l?l"ﬂ_','.,]."' '

KU Activities at Initial Stage of Autonomous FCS Research

l Digital Terrain Model using Radial Basis Functions

Generation of Digital Terrain with Randomly Distributed RBF

Radial Basis Function p=g(r)er=|r-r|, rer" rer
= Global RBS
= Compactly Supported RBF

Curve Fitting Using RBF fir)= S:W.O’(ﬂr—r,l)

Curve Fitting Examples
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KU Activities at Initial Stage of Autonomous FCS Research

l Digital Terrain Model using Radial Basis Functions ]

3-D Digital Terrain Model with No-Fly-Zone

Generated Terrain No-Fly=Zone Insertion on 3D Terrain map

Fe

_‘-.' - T
'.Aﬂ“x -ca o
3 b 0 . 00 20
2D-Plain map at given height No-Fly=Zone |nsertion on 2D-Plain at h=0.65*Hmax

Ku== Activities at Initial Stage of Autonomous FCS Research

l Development of Path Planning Algorithm ]

Definition of Path Planning: Find the path between the initial and final ponits without collision with
terrain and obstacles with due consideration for path cost.

Factors Affecting to Path Planning Algorithm: Environment and Planning Range

o Static Environment  : Time invariant. Used mainly for pre-flight path planning problems
@ Dynamic Environment : Used mainly for real-time path planning with time-varying moving obstacles
@ Global Planning : Path planning with the complete knowledge about entire environments
Used mainly for pre-flight optimal path planning problems
¢ Local Planning : Path planning without the complete knowledge about entire environments

Used mainly for obstacle detection and real-time path replanning

[ Path-Planning Factors |
|

.....  — PO

,{ Environment | Range !

[ P —— N - - -
( R i =Y pmmdo o X
i Static ;1 Dynamic | I Global 11 lLocal !
| TOTETEN N —— 4 Vdacencccn ’ S - - - B

Ref: A. Koubaa et al, “Introduction to mobile robot path planning,” Stud. Comput. Intell,, vol. 772, na. April. pp. 312, 2018,
L]
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Ku=:= Activities at Initial Stage of Autonomous FCS Research

l Development of Path Planning Algorithm ]

Available 3-D Path Planning Algorithms

[ 3-D Path Planning Algorithms ]

.
Sampling Based || Math Model Based || Node Based Bio-Inspired Multi-Fusion Based
Algorithms Algorithms Algorithms Algorithms Algorithms

e

Algorithms Time complexity Applicable environment Real time applicability

Sampling based algorithms O(nlogn} = T < 0(n*) Static and Dynamic(Part) Ondine
Node based algorithms O(nlogn) < T < O(n*) Static and Dynamic(Part) On<ine
Mlth«t::: r::‘:l-bued Depending ::‘ .::npolymnill Static and Dynamic Oftline
Bioinspired algorithms omn*H) =T Static and Dynamic(Part) Offline
Multifusion based algorithms O(nlogn) =T Depending on the algorithms Ondine

Sampling based algorithms best suit for real-time applications with less limitations

Ref: L, Yang, ). Qi D, Soag, J, Xiso, J. Han, and Y. Xia, “Survey of Robot 3D Path Planning Algorithms,” Journal of Control Sclence and Engineering.
Ly

KU Activities at Initial Stage of Autonomous FCS Research

[ Development of Path Planning Algorithm ]

3-D Path Planning using RRT (Rapidly-exploring Random Tree) Algorithms

= Seoul (37°25'202" N, 127°01°21.9" E.)
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Activities at Initial Stage of Autonomous FCS Research

[ Development of Path Planning Algorithm ]
3-D Path Planning using RRT (Rapidly-exploring Random Tree) Algorithms
500 nodes sampli « initi !
RRT vs RRT* 3D Digial Temin sng Rl dsia 3 o e 1536, 171300
Dpar = 700m —— Trcc  wemm Path

A RRT A RRT*

+ New Node connected with the Nearest Node * New Node connected with the Best Node
+ Path is not changed after the initial path generated ~ * Tree connection changed as Node added.
)

Activities at Initial Stage of Autonomous FCS Research

[ Development of Path Planning Algorithm )
3-D Path Planning using RRT (Rapidly-exploring Random Tree) Algorithms

RRT RRT* : { /\ [ 22/\ /%@/\

- b

ol / %—«/\ \,\G/\/ ‘}ck/

Ximit
o (e vt v ooy

FRT 30 Pah & Tiee & Opt P FAT s 30 Pt & Towe & Ot Pt
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Activities at Initial Stage of Autonomous FCS Research

[ Development of LOS (Line-Of-Sight) Path Optimization Algorithm ]
Process for LOS Path Optimization

' ‘/-\./'\—:’"
a(Nﬂ y 7"/\";

wn

1. Path Planning with RRT*

2. Way-point Insertion for Smooth Interpolation

3. Detect the best LOS node without collision

4. Define new path

| 5~6. Repeat up to the goal point to get the optimized path

10

[ Development of LOS (Line-Of-Sight) Path Optimization Algorithm
RRT* algorithm RRT*-based algorithm
Path Optimized when new node added

P Large Data Storage Memory Required

P Slow convergence speed

L 500 1000 9500 20t0 2603 030

No. Nogesies) ‘ g e i R ‘ '. 29 . ? :
& Path Cost 85 & fimetion of Node Nusber RRT -bm:; RRT* + {smart method) RRT*+LOSPO . RRT* ¢ (Linewol=eaght)
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KU=== ' Activities at Initial Stage of Autonomous FCS Research

I Flyable Trajectory Generation using Spline Curves ]
Conditions for Flyable Trajectory and Its Generator
m A flyable trajectory must pass all prescribed way points
= A flyable trajectory muost meet the continuity conditions for position, velocity, acceleration,
and even jerk vectors at each waypoint,
= A flyable trajectory generator must provide the useful information to check the aircrafl

fly-ability along the generated trajectory.

Spline Trajectory Generator

: : [ P— T I
© Waypoint data {oomy = (%0 0 ) wd ]}M

e . _ N 2 3, 4 s, I E ~ 2
o Spline trajectory [P (f)=ay, +a, 70,7 ta, 0 ta,r ta,r ca,r tay,r =Y AT
J=0

T EL,- [,1)

A, u2
LS [ p P:
Aty =1, —At, waypoint ¥ 1 & p. _",'.‘4
Py __
d drd a #1

KU Activities at Initial Stage of Autonomous FCS Research

l Flyable Trajectory Generation using Spline Curves ]

Spline Trajectory Generator

@ Time Integration Formula

' f £ oay, Qi) = p, i)}
qif)=q, +| p,{ri}dr=q, + A1 | p,(r)dr —q, +An Y ——r"
Iu k1 ¥ ¥ ‘L i k-lzl‘:;-j‘l qi1,) - q,
© Time Derivative Formula
o dnwy 1, L] . (i
Pe == =Ep‘(r}= AL, ;J“‘.&T = E{au +ayT AT _] =I'\'-:"_.-'|

Information for Fly-ability Check

© speed vir) = )| = i + 37+ i
10
@ Load factor Al =—| —|
AN 4
. fw s}
© Turn radius AL
[gp=i3
@ Rate of climb v =h
© Flight path angle Yo =tan” |{':’ FE g
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Ku== Activities at Initial Stage of Autonomous FCS Research

l Flyable Trajectory Generation using Dubins Path ]

Conceptual Use of Dubins Path

Interception of Clustered Targets

Start Alming Weapon release  Tg rgEt

Target Identification
& Approach Phase
., Trajectory
e for next
target-
ﬁ intercept

l Flyable Trajectory Generation using Dubins Path ]
Kinematical Relations of Dubins Path for Applications in 3-D Space

E d=|r,—r
N _rn-r
d
LSL-case dsintl = B, - R,
{cosHl  sind
u=|
Co—sing cosd
Shortest Path o, =kxu,
. r,=r+An,
r, =r,+dcosfu,

Trajectory for next
target-intercept

i

_"cosi} —siné
| sin & cUsEJ

n, =—kxu,

Path Elongation

r+ fn,
r, =r, +dcosiia,
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KUu== Activities at Initial Stage of Autonomous FCS Research
[ Flyable Trajectory Generation using Dubins Path ]
Applications to Optimal Trajectory Generation for Multi-Target-Intercept Mission
: The point at which the target is identified, and

[ S——,
Pyerify
the aim is stared
Dyerypy Distance between Target and P/,
: The point at which siming process is completed

P, atming
and launching the missile
. Distance between Target and P00

Datming
Yiarget am : N=th target heading angle

3. Optimized Target Intercept
Sequence & Heading Angles

2. Optimized Heading Angles

1. Dubins Path with Prescribed Intercept=
Heading Angles & Target Sequence
Exit
. - 2 X
3 v P 4 “/ -
2\: X ’ \9 N 4 | & 4
: \ H p
! \ ! \
f i \
# » \J J \ \
A P 11 N/ o (\U
> > 3 X i
(1-2-3-4) Snay, (1-2-3-4) — (1-3-2-4)

107

[ Flyable Trajectory Generation using Dubins Path ]
Applications to Optimal Trajectory Generation for Multi-Target-Intercept Mission

[ £ ‘
A
= Y
"
[ ]
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KU=:= Activities at Initial Stage of Autonomous FCS Research

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Ahead-Time based Carrot-Chasing Algorithm
Virtual Target Point

Two different trajectory are used.
i -t+ar 1. Reference Trajectory

Pl
Pl

uided traje:‘tory

-

. i 2. Guided Trajecto
4 pelt)over(i.i " ﬁ[‘; jectory
""" @ : VTP on Reference Trajectory at time t
palld ) : VTP on Reference Trajectory at time t + At
Reference Trajectory
Schematics of Guidance Law /
plobele)  plodely o
L plnhpit) -
e -~ . Q‘ pie ). 20n) ;’ =l 4l ’P.-.Ehr.]
. G"’dy @—-_E &.E_ Guided t, =t +A
Uiy, --'""tra].‘zn':ti::r?~
_’. \ ﬂ" E|I'J,,|P" W .
o+
SO v ,,f.?? oS
[EREA £ Palfe)
. L =1+ A
" Pltr-'l.'.
Reference Trajectory f =1, + At
108

KU Activities at Initial Stage of Autonomous FCS Research

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Generation of Guided Trajectory using Hermit Spline Curve

direction of P Available Aircraft States Available VTP States
direction of p, (1) pif) : Aircraft Position Pelt,} ; Desired Position
pir) A pii) : Velocity (2.0 2 Velocity
pir) = £ o=+ Af Pels ) 2 Acceleration
B c )
- “* Guided TraJectury "--1-@ p. = paii) Ple )i derk
i i po=ple)
Using the 1=, 2n¢ derivatives for initial (aireraft) and final (carrot) states, |[r.o. 7.7 10 700

m=5
Ea_r" Oy = @7 + @ + @T + 3T +ar
m=i

. . 3 - . . N 1
Fl)=a fy vor far b, VALY @6 4 8 f At J, 1 AL

[1—10e 150" —ar®) 5, « (1027 = 150" 4 607 £,

s i ; " i 3 b i | = by £ A3
I{r—{\r' i ST'—Rr’)_Gar Fi=dr + Tr' =307 ) far s 31_:" St e drt=rT A E1_r'—.:r' Fr LA
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KU== Activities at Initial Stage of Autonomous FCS Research

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Comparison of Acceleration Command for MFC (Model-Following-Control)

Ahead-Time based CCGL Traditional (Ahead-distance based) CCGL
{PID + Feedforward Control)

@, =k Aw+h,d
any =k, — )kl —h)

Boaelti= b,y vk, B, =Bl k [ip,—p i + £, B,

Various Options for Ahead-Time based CCGL: 8 different Guidance Laws

Aircraft states Target states Aircraft states Target states
Gl1 pir) Palt.) GL5  PiLBi Pali.)
GL2 pirt Palr )i (r) GLE  PULpI) Pelr L par)
GL3 i) Pell ) Batt BB LD GL7  PELBEY  Palf)Bain hBaln)
GL4 Pl Palt )Pt Py s L F ) GLE  POLBIY  Pal b Pats b PR W B (L)

For Detailed Comparative Study on 8 Guidance Laws, you can refer to [Ref 1]

| Ref 1] Seang Han Lee, Susg Weak Hur, Y1 Young Kwak, Yong Hyesn Nam, and Chang=loo kim, “Abcad=time Appresch fo Carrat=chasing
Gudance Law for as Accarale Trajectoryracking Comsteel, * Inlernational Jeurnsl of Centrol, Awlemstion and Syatema 198} {2021) 26342651

KU== Activities at Initial Stage of Autonomous FCS Research

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Model-Following-Control Structure for CCGL Implementation

Outer Loop : Carrot=Chasing Guidance Law (GL1, GL3)
Inner Loop : Model Following Controller (MFC)
TanersLasp Contrilli

b KL Fomesk
Adroral's Banes d : i
T" Enler Angle Po.¥,
) Comversion |
Drsrabls Trajactary | "||¢.‘
—_—— T a
[N N Iy =
TJ | o —
i ok,
Eorrar Dynamiss
Command Filter Inversion Model
Aoy fc,.‘.ﬂ'-u'n.javd.' Av=v_,—¥ e =BA =2 s A X
— hn A - '
0, ==, A —x,, [ Audt where ; Mome =% Error Dynamics
e A W= W g = .
rw—x'-‘q.lp‘ KSR rc‘_.J-'-Vﬂ'I M:h__,—.ﬂl (_""a.a--' '..-M' _'h] Adidr
B = s K800+ N, [ Al kAL Adwk Av+k, [ Avdt
. : We . . whare 2= ¥
B+ I v, g, TR b = LPLTE r'»_ﬁ:'-S"K,.-'iw—-’f.uJi'-m’" Al =il —

o - N .
G 4 20 m v mgE, B, T = LA =3, A+ Njhprd:
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Ku=:= Activities at Initial Stage of Autonomous FCS Research

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Optimization of Controller Gains and Parameters

CONDUIT & MATLAB @ SIMULINK I P =
graphical interface & User Maawal K, [ [ T T T
""" , l— 5 Se3Ea1 £0IE0L 6296601 L 01 & LESE QL
X Fiar Jmma 1M [3TMo0s  ramea  |ramman  [mascese
o Filwr (e 3 1801 S50 01 L€ 109641 S 1%EOT
K, Taur - sz naa:  bhaoxe  Jizsmo Juoesme
s Fle e T O T
K, [ razmar  fimcear fuume Jasmae  |ises
. Faer For LIS & § TR 04 5 U4 # 04 520608 Om
X T aer et somess  |imarar  Jessese  Jemmam  fiises
s Ftwe (P e s 1 s 23 PR | i
o, Fawr pe| ssmewn  |assaeeon  [rimewto  [simesn  [esismen
o Flter (Pre 4 485600 2 a0 & 2000 e S SNE-00
7, Ftor LESXE 1704000 [10We00  |% 1 1 0
T, i - Leaeon  |1eeeor  [iomeeto  [rmsem  [sise
Co Faar 7ot a0ax3:  [smeeor  fsaoece [smeeor  [soccear
So Faer Fo SomEds  [soocer  fesmeess  [swess  Jeosesc
Specification | Description Sourcs Charne| c.:n;:ht R, [ — 2soeor  (ametar o [aomar  [rosme
[ Fercboo est 3esear  |3seeor  Jswsean sasan  [aanees
FaghaGl ’f.'f.‘;:' ”’-"f:;"'“ A e K, [—— ewoz  |amaa  (aowas inmE  |oreess
- £, Ferctucs ot 3520605 13604 & NEEQS 4 L3004 LIMESS
B Tt Siep Resperse Gromin XY 2w Set Ko Fergbocs "m0 N0 |223600 1 0060 W =
£y [rmescrresi  amwo:  Jaona:  jemma  [rama Jsowa
om0 k.. e O O ol =
& Tmcbecs Pesi  (Limeos 1099608 [swowos [sseseds  [1iseeos
R oy 75608 |eSAs 52500 LM |RiaEes
Ky Percbact e Leeseo:  |soevrar e T T
K, oy e L1060 (1000608 [10dEd4 |1 |1
‘1 Pudhes wawl (AW B0 e L08R P ot
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KU Activities at Initial Stage of Autonomous FCS Research

[ Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Applications of CCGL to Acceleration and Deceleration Maneuvers

Acceleration Maneuver Deceleration Maneuver

(RERC T GL1 = GLS
: Blu GL3 = GL6

1
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KU===' Activities at Initial Stage of Autonomous FCS Research

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Applications of CCGL to Piroutte, Transient Turn, and Helical Turn Maneuvers

ol Tu

1y =308

i =Pasce
Level Might [cxit/ ™ L
E physe ™,

ph;;_ _J.»’/["— 60knots

i ——Fm e k=200
A = 18D deg

Complete the circle within 60sec Lesser 120 knots velocity
Tracking error within 150t

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL)
Applications of CCGL to Piroutte Mar!euver (MFC structurg, GL1/GL3)

—— IraGE —— ST
ST i
T B . e Ot

: _HJ \ “ : ‘. [

N

foell=w ), e | s
f= wlﬁgd _,: exit _,'/. | 1 /‘\.ﬁ.ﬁ-—o
o i phase; **‘
e v s
h secTTA . entry ; f
\ phase | -

'|EL<Id} mancuver [/

;- phase g
T =n, 1 | \\____....__ ____.--'"/ ,..,.-l.1 | W"‘"‘%{'L“‘""‘ {ﬁﬂk’-\w
E=106 A=l -1,

# =100 fi Ay = 1500 deg

Position and Headmg angle(Leﬂ GL1, Rught GL3)
18

136



KUu=:= Activities at Initial Stage of Autonomous FCS Research

[ Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]
Applications of CCGL to Transient Turn Maneuver (MFC structure. GL1/GL3)

123 2o s

1, =60sec

1, =d0sec
Level flight ¢xit
phase
! Turning ” L
Level flight fight -
‘cm'r) ;
phase 7V =60xmots
Y ) —im Jy =200 fi
1, = Dsec 1, =10sec Ay =180 deg

Position and Heading angle(Left:GL1, Right:GL3)
"7

Ku== Activities at Initial Stage of Autonomous FCS Research

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Applications of CCGL to Piroutte, Transient Turn, and Helical Turn Maneuvers

Pirouette Transient Turn

GL1 = GL5
GL3 = GL6

Helical Turn
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KU=:= Activities at Initial Stage of Autonomous FCS Research

‘ Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Applications of CCGL to Composite Maneuver (MFC structure, GL1/GL3)

Mo, Maneuvers Duration State changes during maneuver
1 Hover 15sec Hover station-keeping at 1511
. Lewvel acceleration from 0 knots ta
2 Acceleration J0sec S0knots
5 Pou |Dsec Climb from 15 ft up to 215t and recover the level f
Fip light conditian
il i el =
4 Helical Tum Gsec After 720 deg heading and ﬁﬂ?lft altitude
changes, return to level flight
Descent from 415 ft to 2150t and recover
5 \ -
Pop-down 10see the level flight condition
G Deceleration 30sec Level deceleration from 60 knots to hover

KU Activities at Initial Stage of Autonomous FCS Research

l Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]

Applications of CCGL to Composite Maneuver (MFC structure, GL1/GL3)

— ) wE0
=== a1=p0
- & L

him)

Effect of ahead time on trajectory-tracking accuracy (Upper:GL1, Lower:GL3)
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KU*== Activities at Initial Stage of Autonomous FCS Research

I Development of Ahead-Time Based Carrot Chasing Guidance Law (CCGL) ]
Applications of CCGL to Composite Maneuver (MFC structure, GL1/GL3)

—
=t

(3 = L] I 142 wa
e

Comparison of trajectory tracking accuracy Time history of control inputs with Ar =9.0(sec)

[ Development of Ahead-Time Based Carrot Chasing Guidance Law {CCGL) ]
Applications of CCGL to Composite Maneuver (MFC structure, GL1/GL3)

Aircraft states computed with A7 =9.0(sec)
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KU®:= Recent Progress in Autonomous FCS Research

Liaan Bt ]

Development of Lyapunov-based Nonlinear Trajectory-Tracking Controller
(Back-Stepping / Sliding-Maode Control Design)

B Chang-Joo Kim, et al, *Adaptive Trajectory Tracking Control for Rotorcraft Using Incremental
Backstepping Sliding Mode Control Strategy,” Inmlernational Journal of Aerospace Engineering 2021:1-15,
July 2021,

= Chang-Joo Kim, et al., “Efficient Gain Parameter Selection Approach for Sliding Mode Control with

Application to Rotorcraft Trajectory Tracking Contral Design,” The Proceedings of the 2021 Asia-Pacific

International Symposium on Aerospace Technology (APISAT 2021), Volume 2, September 2022

Chang-Joo Kim, et al, “Robust Trajectory-Tracking Contrel of a Rotoreraft Using Immersion-and-

Invariance-Based Adaptive Backstepping Control, * International Journal of Aerospace Engineering

2022(3):1-16, July 2022,

Development of Nonlinear Trajectory-Tracking Controller using Incremental
Dynamics (Incremental Back-Stepping / Sliding-Mode Control Design)

= Chang-Joo Kim, et al., “Guidance and control for autonomous emergency landing of the rolorcraft using
the incremental backstepping controller in 3-dimensional terrain environments, “Aerospace Science and
Technology 132: 108051, 2022,

® Chang-Joo Kim, ef al., “Robust Prediction of Angular Acceleration for Practical Realization of
Incremental Nonlinear Trajectorv-tracking Centrol for Aircrafis, * International Jowrnal of Control
Automation and Systems 20(4):1250-1265, April 2022,

= Chang-loo Kim, et al, “A Trajectory-Tracking Controller Design of Rotorcraft Using an Adaptive
Incremental-Backstepping Approach, * Aerospace 8(9):248, September 2021.
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KU*==| Recent Progress in Autonomous FCS Research

| Barent Pulibatinne

Integration of Path-Planning, Flyable Trajectory Generation, and
Trajectory-Tracking Control for Mission Autonomy

® Chang-loo Kim, et al, *“A Study on Path Planning Using Bi-Directional PO-RRT* Algorithm and
Trajeciory Tracking Technique Using Incremental Backstepping Control, “The Proceedings of the 2021
Asin-Pacific Infernational Symposium on Aerospace Technology (APISAT 2021} Volume 2, September
2022

= Chang-Joo Kim, ct al., “ A Study on Integration of Guidance System Using Real-Time POQ-RRT* Algorithm
and a Trajectory Tracking Controller, * Journal of Institute of Contral Robotics and Systems 28(1):75-85,
January 2022,

1 Chang-loo Kim, et al., * An Approach to Air-to-Surface Mission Flanner on 3D Environments for an
Unmanned Combat Aerial Vehicle,” Drones 6(1):20, January 2022

1 Chang-Joo Kim, et al, *Integration of path planning, trajectory generation and trajectory tracking control
for gircrafl mission autenomy,”™ Acerospace Scicnee and Technology 118(1): 107014, Auguost 2021

The Presentation will mainly focus on Incremental Back-Stepping
Control (IBSC) design for brevity.

KU Development of IBS Trajectory-Tracking Control

l [Some of Claims based on Experiences ]

= Mission Autonomy can be effectively achieved using Trajectory-Tracking Control.

Trajectory-following control : control in 3-1} space (time independent)

-4
Trajectorv-tracking control : control in 4-1} space (exact timing is critical)

= Flight Dynamic Model represented in the Inertial Frame is more convenient then

the traditional form of Euler Equations, since desirable trajectories for Mission

Autonomy are typically prescribed by the position and heading angle.

Euler Equations | — §/ —@XV 30 ) .fp\. 'fgﬁ' g £
w=d" m-—ax(Jo)j| Y=V [ @59 = gl r=|y
W) W L4 V2
Motion Equations using inertial states
E il Fop st femah ] } . . —
r=0" -.lf-m—I\TfFl,'xl‘CrJl—'ur} Using o=Tp m="Tp+TH
o =T[4 im=(Ta)x(iTa) -To | v=CFk v =i+ CF
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KU== Development of IBS Trajectory-Tracking Control

I |Some of Claims based on Experiences ]

= |[ncremental Flight Dynamics are much more effective for real applications than Full

Nonlinear Dynamics.
It allows controller scheduling only with the control effectiveness matrix

- The mismatched uncertainty can be removed

- Adaptive control elements can be straightforwardly adopted

Monlinear Dynamics Nonlinear Dynamics at to

i-fiex+Gixxm+dixxn) ij =1ix, % b4 Gix, X, +d (x,, % ,u)

Monlinear Dynamics at to+ At Incremental Dynamics at to+At
- . od
i=(f,+G,u,+d, )+ G Au+—An r; ad
oo 3 e} »ﬂ—}au
I r?f.l {-ﬂ-r . F.-r]___.--ﬁﬁ'__-. 0 T LY [ |
| | AKX+ = Axd=—Ax —an '|'
X — UK X o s Mensured or Estimated linear and

I ad A angular acceleration data are used
" Yi
- " ou ean refer to [Ref 1
=xc+|fv‘+— Au ( |ReT 1]}
, tu )
Hef 1] Chan o Kim, ef al, “Robust Prediction of Angular Acceleration for Practical Kealizstion of Ineremental Nonlinear Trajecta) kimg Comtral
nE ry=tracking
Far Adrcrafis, ¥ Infernaibenal Jonrmal of Condrml Awlsmsation asd Syatems 2004012501265, Apeil 2002,

Ku:=* Development of IBS Trajectory-Tracking Control

l [Some of Claims based on Experiences ]

= Lyapunov-Based Control Design coupled with Incremental Dynamics is easily

Certifiable by using Deterministic control effective matrices. R 'f.,, ad
X=X, ¢ G, — |Au
Lt eI

= Slack Variables Approach to System Dynamics is extremely effective to get the non-
singular square control effective matrices required for the model inversion.

. . ! {8, N
-Il=fr_:‘._I._ulll)+G(_I._x}u+E-'ld|I]i\1url|;|r|n' * 6‘" (00
G=(G G) el | ‘ y -

= . = M, u,A =
5 - = ! 8. ]
Slack variable X= - G_. =
0 O 00
i 01
f “=|uﬂ] 1o
: wu, )

Thus, the fully actuated system dynamics are easily obtained using slack variables.

= SAS-type functions are working well for the trajectory-tracking IBSC

&= b =g =0 Thus, the prescription of trajectories for pitch and bank

g =0 6 =d =0 angles are not mandatory.
d T M i e

(G
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KU== Development of IBS Trajectory-Tracking Control

' Design of IBS Trajectory-Tracking Controller ]

Incremental Dynamics Lyapunov Stability Conditions
X =% +GAu+Ag V=gl Qi +2ia, + AETATAE

Tracking Error Dynamics =2, Q (a—3, )t el {3 2 + ¥ + GAu—a)
Z,=X—X,

FAET(AT'AE +2.) =0

Control Laws and Update Laws

£, = :‘_—IU. :‘l'irlllul Control
- [
Z,-Z. +a—X,
2 f

L

Kz, =Qa—x,)—+ e—-QKz ix,
Z, ¥ +GAu+AL—a K.z, - Q7'z,+%, +GAu—a

:Q"z: P GAD QK 7 =X

Control Lyapunov Function CLF)

- %zfQ"z._ . %?‘-le Au=—G™{(K, +QK )z, + (0™ +K,OK )z, + §, - |

u=u, +Au

1
F—AETATAE

“ .-‘_\.E-.,——AE.I? (K__dla_ﬁ(ku}::_? =)
(Q=diag(q,)| >0 a=—QKpz +%, | K,=diag(k, )" >0
L‘& = diag(4,,)/. =0 Gain Matrices [BSC

Weight Matrices for CLF

l Design of IBS Trajectory-Tracking Controller ]

Error Dynamics with |IBS Trajectory-Tracking Contral

7, =X, +GAu+AZ-X, = ~(K, +QK, )z, - (Q7 + K,QK, )z, + A%

Z o+ lk tak Nz, +[ +—]z.,, =A¢, (j=1,2,,6)

Desirable Error Dynamics and Gain Selections by specifying desirable Damping

Ratio and Matural Frequency for each axis

e [+ . 5
1 1 ! it
k: fq.'kh' N f{_ = ar; '-I— q.l
/ ﬁz = ;'_..rul, F q__1 h— : 'k].' = ;:_l'w.'
1 1 /
— =4, _ 23 S a0 q,= :
o] 7 (1=¢])e; £ e]] Ca=he!

As a result, rigorous design works for Gain Optimization can be removed.
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KU®==| Development of IBS Trajectory-Tracking Control

' Design of IBS Trajectory-Tracking Controller ]

Schematics of Back-Stepping Controller with Command Filter

x. x. T |
r==== —
Traincto I Backstepping Adreraft .
G:::cm:{ I Controller _i—@ Dynamics

l Design of IBS Trajectory-Tracking Controller ]

Simulation Environment for Flight-Control-Law Validation

Control update rate : 0.0%sec

=[x % o= ol
Yar¥au¥s u

Talectors | el | e ey k]
Based B | Rotorcrott Dynami
Generater Dairabla Trajuctory Ratorcraft Dynamics

Conlraller {HETLAS)

z X

Online Angular

é

“ Madel @ Accelaration
Identification

W

Prediction

< Aircraft States x, x

*“Waypaints and frajectories are assumed to be given

Simulation update rate : D.00Isac
with &' order Runge-Kutta integratar
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KU=:= Development of IBS Trajectory-Tracking Control

Bo-105 Helicopter

_"_.‘.i._—- /

f-+

‘\
- N/
e % ‘m_
/:<
= Maodel Reference

: Padfield, Gareth I, Helicopier flight dyramics; the theory and application
af flving qualifics and '=|'n||||1r<||| madelling. Jobn WI':} & Sons, &

L Mass Properties ]
Efelicopter Mass | 2200kg
FIXX L1433 0kg m™2 FIXY 00 kg m™2
FIYY 4975 Okgm2 FIYZ 0 kg w2
FIZZ 4099 T kg ™2 FLEX GallOky =2

L

Main Rotor Paramefers

Mumber of Blades | 4 Twist <5 Xdeg
[ 424 RPWA Lock number 5.0ET

Cherd 327Tm Tilt anghe 3.0deg
Radiug A% m Flag hinge aifset 0745 m

lit curve slope G113 drog confBaient 0,044

138 Flap momcs . el Flapmomem | .
sf inertin ARTERM A inertin 11 Tkgmrd

[ rail Rotor Parameters

]

Wumber of Rlsdes | 2 ot height 1.72m
PR 2¥iradisec sahon $5%0m
Chard 1% m Fadius (L
lift curve slope A% m g coefficient 6.113

Ind Flap mament . . st Flap moment

oFintcn Loakgma | R 164 kg

Trajectory-Tracking Control for Piroutte-Maneuver Course

Tracking

-

result

——— |
= = e
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KU== Development of IBS Trajectory-Tracking Control

Trajectory-Tracking Control for Slalom-Maneuver Course

Tracking result Tracking error Control input

B X

Ew i)

l Validation of IBS Trajectory-
Trajectory-Tracking Control for Transient-Turn-Maneuver Course

Tracking result Tracking error Control input
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Generation, and Trajectory Tracking Control

Summary of Part 2

KU % Integration of Path-Plan, Trajectory Generation, and Tracking Control

l Combined Maneuver Case ]
Sequence of Maneuvers Adaptive |BSC with Least-
Mansuvers Length isech Welocity range {kis) Motes . .
Iritial Conditian 0 Horver Tritial Height: 100 ft Squares parameter estimation
Acvelesabon 0-20 0t 6D K & & - &
Cirdon " &0 with direction forgetting
Trarsient Tum 45=7. &0 180 deg turn
Flelical Turn 75 -135% il 720 deg turn Simulation time step @ 0,04 ]sec
Deceleration 135~ 180 6 = 30 K
Fog up 150- 16D 3 1002t ascent Control update rate : 0.01sec
Decelerabion 160~ 175 -0 N
Pircuetie 175~ 220 o Fradius: 100 f

g.f rd zo — 200 4
o E
-
790 - © Ly 400 -
Em ' / |+o: \\ -%:
o H.“'-h—_._.____w—-'/f S0 m i 60O ]
L :-C-.h.x. - m' 4 1400 =20 100 BOD 600 400 200 J

x[m]
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KU =% Integration of Path-Plan, Trajectory Generation, and Tracking Control

l Combined Maneuver Case: Control inputs and Trajectory States ]
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KU =% [ntegration of Path-Plan, Trajectory Generation, and Tracking Control

l Autonomous Landing after One Engine Inoperative (OEI) Condition ]

—G5L A Frgne Faum @ Larcig st

Path Planning
- Entry/Exit Phase: using NOCP solution
- Steady Decent Phase: Bi-directional RRT
(from Entry final point to Flare initiation point

Trajectory Generation using Spline Interpolation

Trajectory-Tracking using IBSC

1

KU % | Integration of Path-Plan, Trajectory Generation, and Tracking Control

[ Autonomous Landing after One Engine Inoperative (OEl) Condition

Path Planning Conditions Conditions
Engine failare location x=6200m, y=2000m, ==1500 /4
Flare initial point x=9500m, y =4000m, = =100/
Entry trajectory b, =1300f1, ¥, —40knot, 2, .=2m's
Flare trajectory b, =100, ¥, = 40knat

Steady=Descent trajectory Node Generation(n) = 11

Path Planning for Steady Descent Phase : Bi-directional RRT with steady descent rate

Treet Treel ==Trajoctory A Envyfral ® Fare nity
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KU ®=:*  Integration of Path-Plan, Trajectory Generation, and Tracking Control

Generated Trajectory using total waypoint data
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KU Integration of Path-Plan, Trajectory Generation, and Tracking Control

[ Autonomous Landing after One Engine Inoperative (OEl) Condition

Trajectory-Tracking Control

P

Wl

vl Mdey) e ojoey) e 2ee)

I
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deg)
P
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oy
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|Position and Attitude| 145 | Tracking Error|

Toamcnry

KU =%  Integration of Path-Plan, Trajectory Generation, and Tracking Control

[ Autonomous Landing after One Engine Inoperative (OEl) Condition ]

Trajectory-Tracking Control 7" VV"WW./”\J ,.“,",- J
- - - - - - i %

~—=IBSC & Engne Fatre © Landng point 3 ; Y
L WOV N VY W P, v
) e ~ - - . - ! It -
100 i v:'/\\-/,\\';/\\f\\_./f—\'/\/\/‘\ '.’—\
n ! .v - x - o o™ i » -3

b - ¢ /
: | \/J l'
| Tracking result with Geometric information| <2 V ' .M \ f,\ﬂv

e jaec

148 |Control, RPM, and Power|
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KU =% Integration of Path-Plan, Trajectory Generation, and Tracking Control

[ Autonomous Terrain-Following Flight Control )
Path Planning Strategy h-’i“‘.“_ -------------------------------
- RRT algorithm under Height clearance I 4
limits e
- Real-time planning with unknown " Height
terrain m.formatlon . . St N
- Re-planning when detailed terrain level
information becomes available :
. h . = Maximum clearance
- Threat (Radar popup) cost considered S
h . = Minimum clearance

min

—_
—_ e

¥ (m)

M0 = wmm wm W om  uoe

Minimum Clearance distance = 100.0m

Maximum Clearance distance = 200.0m 20 @ KO WO W 1%
Xm)

%7

KU %  Integration of Path-Plan, Trajectory Generation, and Tracking Control

[ Autonomous Terrain-Following Flight Control

Primary Path-Planning using Low/High Resolution Terrain Information

Termin-Follewing Path Planning (Unkaown Temain) - High Resolution: Model for Re-Planning
(Terrain Sensor information)

| Tasget Point & Incomplte Tarriaz Informaton

RRT Eased Path Plannes
(Gobal Plamner)

Path Smoothing & CLOSPO

Real time Tewrain Detecting . Low Resolution : used for Initial Planning
(Sensor mfornation) B

Path Reolanning
(Lecal Flanner)

|

| Real time Terrain-Following Path
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KU =% Integration of Path-Plan, Trajectory Generation, and Tracking Control

l Autonomous Terrain-Following Flight Control ]

Effect of Map Resolution on Ground Clearance

[ \ 4
Low Resolution 4\ ks |'| VI I,".\ '(
Terrain Map - _’... }u A \ ‘l “
-\ 'l I HII
High Resolution }\r
Terrain Ma; S—
: ; ™ |r1"‘ A\ lf T| c“l,ll
0 B WAAWY
ll { vy
Real-Time Re-Planning with — =
Measured Terrain Information o, _ '| 1 ’
g = A
i \"l Lr.'lr‘ || | ") ||
N \ | |\ |
1] 1Al

\
'
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KU 2%  Integration of Path-Plan, Trajectory Generation, and Tracking Control

[ Autonomous Terrain-Following Flight Control ]

Simulation with Obstacle-free Terrain

te ey .
a9 100 250 m 40y
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? wE
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KU % Integration of Path-Plan, Trajectory Generation, and Tracking Control

[ Autonomous Terrain-Following Flight Control

Simulation with Popup Radar
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[ Autonomous Terrain-Following Flight Control ]

Simulation with Real-time Path-Planning Strategy
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Integration of Path-Plan, Trajectory Generation, and Tracking Control

KU 22:%

l On-Going: Autonomous Multiple-RUAS Operations

Complex and Uncertainty in Mission Environment and Scenarios for Multi-Vehicle Operation

E: Air=to=Air |

Integration of Path-Plan, Trajectory Generation, and Tracking Control

KU =2

-Going: Autonomous Multiple-RUAS Operations

Framework for Autonomous Multi-Vehicle Operation
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KU 2% Integration of Path-Plan, Trajectory Generation, and Tracking Control

[ On-Going: Autonomous Multiple-RUAS Operations ]

Major Mission Planner Functions
I Path-Cost Estimation | I Task Allocation |

St ] Py S il |
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KU =23

[ On-Going: Autonomous Multiple-RUAS Operations
Simulation Evaluation with Trajectory-Tracking Control E
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KU%:%| Summary of Part 2 : Rotorcraft Autonomous FCS

KKU Researches have been initially motivated by
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B L

= Kendou’s definition of Autonomy Level
and Functional Requirements
= NASA's researches on RASCAL JUH-
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60A Black Hawk program e s 4 s i Mt
= KKU’s Mission Scenario Analysis e x dont
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l Autcnomous FCS Structure of RASCAL JUH-S0A Slack Hawk (US Army

1) At @ borpe Bader WIM Durvae NE e ~

e e L T B Wewem Ve "~

(B g— - Fader SIN Terves VAT - Wmpt Voo ~

. ——— ey r— Bader S48 Berrwn VAT - Wt Vo0 W "~
vt e

R —

LT P gt P
e ae morerpn ® ws o

e Bk MM Bevas NI M W Vaoke W

W ¥ g b st - Bader WO Terrea AT B Wopw  Vinle ™~

L L T —— e ——— e

Now e Wt ¥, W "~
¥,

B sna ey o W [

[ e L0 gt

W+ By Wiy Mode
PO Bt Sy e

168

At the initial stage of Studies, KKU mainly focused on

= Path planning based on RRT combined with Line-Of-Sight
Path Optimization (LOSPO)

= Flyable trajectory generation avoiding ground collision

= Autonomous flight control laws based on the Model
Following Control (MEC) framework

= Ahead-time based Carrot-Chasing Guidance Laws(CCGL) ! =] ~ S

Developrment of Ahead-Time Based Carret Chasing Guidance Law (CCGLI

Ahead-Time based Carrot-Chasing Algorithm

Virtzal Targes Poine

Two different trajectory are used,
d traectoryed, oy, ' Reference Trajectory

pomics L. Guided Trajectory

FOMED @ 1 VTP on Reference Trajectory at time t e = e Ty G S e g e e

@ : VTP on Reference Trajwctory at time t + 42 P

7
Retererxe Trajecsory <>

Schematics of Guidance Law
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KU:%2 | Summary of Part 2 : Rotorcraft Autonomous FCS

Effectiveness of Ahead-Time based CCGL (Carrot-Chasing Guidance Law) has been
validated through its application to Autonomous guidance along the composite
maneuver course.

of CCGEL e G M (WFC srecture, GLY/GLI)
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The trajectory-tracking control design, based on IBSC (Incremental Back-Stepping
Control) theory, has been developed under the following Know-Hows.

= Flight Dynamic Model represented in the Inertial Frame is more convenient.
» Incremental Dynamics are much more effective for real applications.

s Slack-Variable Approach to System Dynamics is extremely effective.

»  SAS-type functions are working well for the trajectory-tracking IBSC.

= Rigorous design works for Gain Optimization can be removed.

Schematcs of Back-Steppng Contraler with Commana Fiter Simstation Enviroiment for Flght-Control-Law Vakcation
. LI ) ', Cowwst aocu rats - Ll bwc
| — ein v Re -
X ! 1 e 3. T " e
ed : 1 { e l ey | o | " e | D | sunersn syeeee |
SRS g SR Zedke s i
prrrer] s \
T e - 5 r X \ ",‘
' x ' & Y A
'O~ KoK H ' RN | &a *d -\\ ’/l:llﬁ_ 0 4 N
(R H x ! A - :“. | — L ] ‘- Uy \«./.f 4 ,"I
kS ge—— VA | o) —
RS o S gy M S S, E L S O e | e e\ )-—-rﬁ 3,,
. - = \O\ b . / /
" - 184 ‘ h el :
b —— ‘ ; 4 — 8y
e J ' jJr—r— Sre st e wn 1T
P e o v 2 et = - rbnl A AoTs vy s
S— s $+Ta

159



KU®:= Summary of Part 2 : Rotorcraft Autonomous FCS

Path-Planning, Flyable Trajectory Generation, and Trajectory-Tracking Control Law has
been successfully integrated and validated through a series of Applications.
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End of Part 2
Thank You !!
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