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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 » Nonlinear Optimal Control Analysis
= Simulation » Design/Evaluation of Flight Control Laws

Evolution of Rotorcraft Development

1% Generation | 2 Gen.('60~'75) | 3¢ Gen. ('75~'90) | 3+Gsn. (30~ 13) | 4t Gen.(15~20) | 5t Gen.('30~
(‘45~'60) CH-47A,UH-1, UH-60A AH-64E CH-47-i1. RAH-66 FVL, MUX

R-5 / H-21 CH-53 AH-64A A/UH-1Y/Z CH-53K FUAS

)

+ <100 knots » <130 knots + >150 knots + >150 knots * >170 knots +>200 knots

* Reciprocating EG * Turboshaft EG * Power Increased * High Efficiency » Extreme Efficiency || Long End./Range

* Mechanical FCS * Mechanical AFCS * Mechanical AFCS * FBW FCS * Digital FBW FCS +Ind. Blade Control

» Wooden Blade « Metal Blade « Composite Blade « Composite Blade » Composite Blade/ *Compounding

* Low Survivability | < Passive * Active « Sensor Fusion Structure Adaptive FCS
Survivability * Crashworthiness * Low RF/Noise » Active Crashworthy || *Autonomous FCS
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Wing/Control surf.

Fuselage

\ 4

Power plant

\ 4

Flight control
system

\ 4

External forces and moments

Force Summation

X:XRotor+XWing+XFus+"'
Y :YRotor +YWing +YFus to
L=Zeyor + Liing T L+

Rotor Wing Fus

T 1)

Gravity forces

Atmospheric conditions
Turbulence model
Wind shear model

Etc.

— /

Moment Summation

L= LRotor + I-Wing + I-Fus te
M=M,, +M
N=N

+Me 4+

Rotor Wing Fus

+ Niing + Npgs £+

Rotor Fus

\ 4

Flight dynamic equations

Linear motion equations
U+(wg-vr)+gsind=X/m
V+(ur—wp)+gsingcosd =Y /m
W+ (vp—uq)+gcosgcosd=2Z/m

A

(Attitude kinematics \

= Euler attitude angles
= Quaternion i
= Finite rotation angles

Position kinematics

a

A 4

Angular motion equations
Ixxp_(lw_lzz)qr_lxz(r+ pq): L
Iyyq+(IXX_IZZ)pr+IXZ(p2_r2)= M
Ir—,—=1,)pg—1,(p+qgr)=N




| Generalized Rotor Model

—

Unified Rotor Models

)

Dynamics

Aerodynamics

J

Blade element method
or Propeller Dynamic inflow
\
N

-

hub

\_

Rotor-components modeling requirements

» Any configurations of the rotor/propeller can be handled.

» Flapping and lagging motions are independently adopted
(Ex. No dynamics: ABC rotor blade)

* Interference among rotors using empirical data.

+ Both Pitch controls and RPM control are selectable.

* Number of blades and airfoils is not limited.

* Input data of each blade are received from external files

* Various inflow models

+ High-fidelity rotor modeling techniques

* General rotor orientations

* General directions of rotor rotation (CW, CCW)

Pre-cone Pre-sweep Flap Lead-Lag Feathering

~

Blade section

Anhedral
Tip sweep

S N I,
Rotating g[ il

101 101

—€ —€z —€&
Direction vectors for hinges

D S N

Airfoil #1

Airfoil #2 Airfoil #3
<

\ 4

A

"

N
Diversity in Rotor Configurations is reflected
in selecting Requirements for Rotor Model

_
Rotor Type |Dynamics| Control | Location | Orientation
collective | Front (Pull)
Propel ler No dynamics or or Rear 90 deg FWD tilt
RPM (Pusher)
Conventional | Flap/Lag/ C20 I(!e((‘;}il::/e Too/center Vertical (reference)
main rotor RPM cy P Small FWD tilt
pitches
Conventional Flap / RPM +90 deg sideward
- (MR collective Rear tilt with small cant
tail rotor
dependent) angle
. Collective .
Gimbal/Teeter Flap 5 evelic Too/center Vertical (reference)
- |ing main rotor| Gimbal <y P Small FWD tilt
o pitches
o
. 190 deg sideward
i .G'mb gI/Teeter I_:Iap Collective Rear tilt with small cant
ing tail rotor Gimbal
angle
ABC Collective Vertical
(Advanced No dynamics| 2 cyclic Top/center .
Blade Concept) pitches Sl PO
Collective . .
Ducted No dynamics| (thrust Design DEEE Egpemett
. dependent
vectoring)




Unified Wing Models
Wing + Control Surface

Strip Theory

Airfoil aerodynamic

Diversity in Wing Configurations is
reflected in selecting Requirements for
Wing Model

—

A\

data Table Lookup

\L

4 Wing-components modelling requirements Y\ |Wing Type | Control surfaces| Location Orientation
- Orientation of each wing can be defined with respect to the | |Conventional | .. flap Fuselage Horizontal with dihedral,
reference starboard main wing ?s]?a{pbvc\)/g;g) (2 control surfaces) |center Z\;\éenep’t r?:(: tz\:gSt distribution
* Many control surfaces can be allocated to the wing, some of . 9 P
which have the right or reversed deflection angles Conventional ﬁpgs;ggﬁ coupled) | Fuselage Symmetric in x-z plane with
» Airfoil can have the convectional orientation or the reversed one main wing Flap y coup centerg respect to starboard side main
— (port) (rightly coupled) wing
C::i;m Conventional | Elevator Same as the starboard main
B0, pa horizontal (1 control surfaces ]Ic?ealr \(/jving but airfoil may Ee upside
- . o ) ' |fuselage own orientation wit
/ . stabilizer independent) specified attachment angle
T/ . : 190 deg upward tilt from the
Al Conventional |Rudder N )
./ / / | | g stabilizer independent) specified attachment angle
10 7 0 E 0 20 s..-i
! $ay ) AN L lin . .
/ / ; 278 i Wing with - - .
/ /ﬂ--‘ = . l H I, 1 ,I H | end plate As specified As specified | As specified
/ ' Wi
\ ! == ) Others As specified As specified | As specified




KU % | Flight Dynamic Model (HETLAS)

Composition of Future Flight Dynamic Model (including Elastic Beam Model) ]

Rotor Inflow Dynamics Blade Aerodynamic Forces
X, =F, (Xo, Xy, Xy Xg, Xg, X, s XUy 1) and Moments (Blade Element
Method) u
Rotor RPM Dynamics / B
’ X =Fo(Xe Xy Xy Xgy Xy X5 X, U, 1) v Xy =( j
- Gimbal Dynamics m‘ w ¢
R Q. 2.7 . u
Blade Beam Dynamics Blade Hinge Dyna P x —| B
XB:fB(XCI).(H)XHI).(B)XBIX|1XQ)u)t . XH :fH(XC’XH’XH’XB’XB'XI’XQ’u’t) XC: q B GB
r Vv,
ANVt
0
Xy =Q
7%
Empennage Aerodynamic Forces _
and Moments (Strip Theory) U 0
A . 1 Vi = VllC
Wing Aerodynamic Forces and Ug =| U, v
: i _ Moments (Strip Theory) i1S
Aircraft Rigid-Body Dynamics U,
XC=fC(XC’XH’XH’XB’XB’XI’XQ’u’t) 0 Ao
1
Fuselage Aerodynamic Forces and Moments | X =f (X, u,t) 0 =g | L= e
(Tabulated Aerodynamic Coefficients) T T T T T T 1 B 2 Aois
X =(Xcr Xy Xy s Xy Xy X; 1 Xg) 6, p
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KU 2| Flight Dynamic Analysis Model (HETLAS)

Trim Analysis Model

[ Trim Flight Category ( for Trim Kinematical Equations ) ]

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

Auto-rotational Descent

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

[ Trim Equation (NAEs) Solvers ]

Pull-up (instantaneous)

) = Standard Newton Methods
= Push-over (instantaneous)

] = Quasi-Newton Methods

[ Trim Methodology

v" Broyden’s good method
. v" Broyden’s bad method
* Harmonic Balance Method v Greinsradt’s 1st and 24 method
o . . . v" Thomas optimal method
= Periodic-Trimming Algorithm (PTA) v Martinez’s column-updating method
v Etc.
= Partial Periodic Trim Algorithm (PPTA) df (x,)
k

Xk+1:Xk_B;lr(Xk)' B, z‘J(Xk): dx




KU 2| Flight Dynamic Analysis Model (HETLAS)

[ Linearization Analysis Model

[ Numerical Jacobean approximation using the Finite Difference Formula ]

Motion equations X=f(x,u,t) Trim solution |Frin = frin(Xs, U7 ) =0

Derivation of Linear Model @ Trim Conditions X=Ax+Bu

(X, X+ AX e, X, U) = F (X, X — AXG o, XL U
V., f(x,u) = (%, ! ! 2)A (% ‘ ! ), x,feR", ueR"
] X.

]

V,f(x,u)= (Vxlf(x, u),---, v, f(x, u)): AeR™
v u) = (V, F(x,u), .V, f(x,u))=BeR™

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

Truncation method by ignoring the inter-axis coupling
gl b s o S N W P
X, Ay Ay X B, By AU, X, 0 A, X, 0 By \u,
Residualization (time-scale separation) method
o) Rl e
0 A21 A22 X2 BZ
— Xl - {An - A12 (Azz )_1A21}X1 + {Bl - A12 (Azz )_182 }u

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

Xr

Xy
X, (XF’ X Xy, XQ)T
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KU 2| Flight Dynamic Analysis Model (HETLAS)

Simu'ation Analysis Model

[ Standard Explicit Time Integrator ]

« RTAM-3 : 3rd order Real-Time Adams-Moulton 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-Nicolson Algorithm : 2" Order

« Backward Difference Method : 3rd/ 4th Order Algorithm

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

Motion equations |x =f(X,t), x(0) =X,

Nonlinear Algebraic Equations (NAEs)

= _ k=N
O:XO+E§ L fo—%, (i=12-,N)«x, :XO+§|<Z-:§ L, £

Applications of Piccard Fixed Point Iterative Method

| h k=N . | |
(iter+1) (iter) (iter) (iter)

k=0

11



KU 2| Flight Dynamic Analysis Model (HETLAS)

Point Performance (Fuel Independent) Analysis Model

® Hovering & Vertical Flight Performance
» OGE Hovering Limits @MCP, TOP | , , ,
» IGE Hovering Limits @MCP, TOP v (knot)
» Max. Vertical Climb Rate @MCP, TOP [ | | '

SFC (ka/hp hr)

S. Range (km/kg)

140

® Forward Flight Performance

V (knot)

> Max. Climb Rate @MCP g .
> OEI Service Ceiling @MCP u J/
> Max. CrUise SpeEd @ MCP g 0 2I[] 4I[JVBJEnd;I[] BI[] 1[I][] 12I[] 140
> Never Exceed Speed Limits Vne ;;00 v (ke
> Flight Envelope PA : | | |
> Max. Load Factor 2a0p |- SRR BONE - : e
> Service Ceiling (max. RoC<100 ft/min) ol P Mﬂ%‘m _________________ - " |
R : ‘ : /
» Absolute Ceiling (max. RoC= 0 ft/min) R required power
% 1500 - B A TS — rrrrrrrrr .
Engine Power MCP: Maximum Continuous Power | = "™Se.. _ o= |
TOP: Take-Off Power | | . |
Engine Failure AEO: All Engine Inoperative 500 1 S - SN % T I |
OEl : One Engine Inoperative P
Ground Effect IGE : In-Ground Effect 0 e
OGE: Out-of-Ground Effect Forwald Speed <k~Ihr)

7

12 Best endurance * Best range max



KU 2| Flight Dynamic Analysis Model (HETLAS)

[ Point Performance (Fuel Independent) Analysis Model

-1 Computer-Model Procedures for Point Performance Analysis

Subroutine Point Performance Analysis Routine I: Input, O: Output
Call Aircraft Technical Data Preprocessing =
Contain
| Call Aerodynamic Table Reading 1. Aircraft Data Processing & Analysis Option Selection

| Call Aircraft Configuration Data

| Call Analysis Parameter Setting

| Call Engine Data Preprocessing =
End Contain

Call Standard Day Performance Analysis (I: Analysis Option, O: Trim Results) . .
Contain | 2. Standard Day Performance Analysis for Initial Guess

| Call Atmospheric condition calculation (I: Analysis Option, OQ: Sea Level Condition) .. . .
| Call Trim Analysis (I: Sea Level Condition, O- Trim Results) (Generate Initial Values and Save it for “Trim Mover’)
End Contain =

Call Performance Routine Main (I: Analysis Option) Tl‘i m M over F un CtiO ns

Contain

Do [ =1, Number of Temperatures

Do J=1, Number of Weight

Do K=1, Number of Altitudes
Call Atmospheric condition calculation ® o ——O—0— ®

Sea level, ISA condition
A trim result

\\
A

Do L=1, Number of Velocities
| Call Trim Mover (I: Swept Flight condition’
| (O: Near Trim Node) Performance
| Call Trim Analysis (I: Near Trim Node) trim node

| (O: Trim Results)
|
|

Call Engine Module (I: Trim Results, O: SFC) &
Call Performance Analysis (I SEC)

! Do (07 Performance for L-th veloci) 3. Performance Analysis with WAT Sweep

(WAT: Weight, Altitude, Temperature)

Call Lagrange Interpolation (I: Performance data {1: L})
(O: Interpolated Function)

Call Find Maximum Parameter (I: Interpolated Function)
(0: Maximum Values)

End Do Trim Mover Functions are developed and
nd Do | implemented for Robustness in Analysis

End Contain

End Subroutine




KU Flight Dynamic Analysis Model (HETLAS)

B, =2000# B =20007
V., =100ks V,, =100kts
RoC, =0 fpm o= RoC, =0 fpm
" Range N e/
= Endurance hooon CRUISE g
= Payload-Range Performance e RoC. = 200fm
» Payload-Endurance Performance
. hy  =10007 CLimB DESCENT -
= Max. range with zero payload o0k b oot
RoC, =200 fpm RoC, ==200 Hm
™ e
— ; Mission Profile
Mission Profile (Example) > ly I
Single mission CRUISE

xxxxx

Loiter

Cruise
Descend

Single mission
segment 2

Height (ft)

DESCENT

Climb Land |

Takeoff

Single mission
segment 1

i Mission Performance Analysis Results



KU % | Flight Dynamic Analysis Model (HETLAS)

Mission Performance (Fuel Dependent) Analysis Model: Mission Segments

O Definition of Mission Segments using Way-point Data
J=Nwp

{(tj : hj ,VG,J. 1VROC,j )}jzo Data for height, ground speed, and rate of climb

0 Trajectory Generation using spline interpolation of h,V.,V...

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

dm
= SFCxP m(t) :m(to)—j:f(SFc < P)dt
dh t
p =Voc »h(t) =h(t)+ LO Viocdt
ty
%_F: -V, | R() = R(t) + | Ve it

15



0 Computer-Model Procedures of Mission Performance Analysis

Subroutine Mission Performance Analysis Routine I: Input, O: Output
Call Aircraft Technical Data Preprocessing

Contain

| Call Aerodynamic Table Reading

| Call Aircraft Configuration Data

| Call Analysis Parameter Sefting

| Call Engine Data Preprocessing

End Contain

Call Mission Segment Definition
Do I=1, Number of Segment

If I=1 Then Weight imtialization
Else initialize with previous segment’s final node

Call Gaussian Quadrature Waypoint Generator
(O: Waypoints for Mission Segment {I}

(I: Velocity, Height of initial and final node)

(O: Waypoint information for Mission Segment {I})

Call linear mterpolation

Do J=1, Number of Max Iteration
Call Tnm Analysis (I: Waypoint (WP) information, O: Trim Results)
Call Engine Module (I: Trim Results, O: SFC)

Do K=2, Number of Waypoint in Segment

| Call Waypoint Performance Calculation (I: Trim Results, SFC)

| (O: Derivatives of weight, height, range for J-th waypoint)
End Do

Call Pseudo Spectral integrator (I Derivatives of weight, height, range |Segment]
(O: Updated weight, height, range for all WP)

Do K=2, Number of Waypoint in Segment
| Error = Error + 2 norm of weight, rate of climb, velocity different)
End Do

S3|1J04d UOISSIA 3411UT 10} SISAJeuy 3dueWI0)1ad

If Error < Tolerance Then Stop Current Segment Analysis, Go to Next Segma:l]

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| End Do
|

|

End Subroutine

(I: Number of Segment)
(O: Mission Segment {1: Number of Segment})

(I: Mission Segments {I}) -

16

1. Aircraft Data Processing & Analysis Option Selection

2. Define Mission Profiles and Divide into Segments

3. Mission Segment Generation for Actual Analysis

Single mission se;
ment 2
Takeoff

. ¢j (r) = 9ie ()

Land (T_Tj)g,LGL(Tj)

Cruise
. Descend
Climb

4. Performance Analysis for i-th Segment

X(z) = Z¢k (@X(z,) i+1
k=0 Xj =X+

f(X(t),t)sz;@(r)f(xk,tk) f o)
x=[W. h RJ
Iterative Pseudo-Spectral Integrator




KU | Validation of Flight Dynamic Model (HETLAS)

[ Validation Examples ]

O Validation of HETLAS: Example Rotorcrafts

Reference Helicopter Bo-105

V&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 iit) Ref.: 1) AGARD GARTEUR Report

3) Boeing 2) Published Papers

17



KUtt| Validation of Flight Dynamic Model (HETLAS)

[ Comparison of Trim and Control Response for Reference Helicopter

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

[ Comparison of Trim Results for Bo-105 ]

C.-J. Kim, K.-C. Shin, C. Yang, I.-J. Cho, C.-D. and Yun, Y.-H., Kim, C.-J., Shin, K.-C., Yang, I.-J. Cho, Interface features of flight dynamic analysis
program, HETLAS, for the development of helicopter FBW system, in: 1st Asian Australian Rotorcraft Forum and Exhibition 2012, 2012: pp. 12-15.

3 1
. bl j HETLAS — HETLAS — HETLAS
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24 ! mg""’e%' \\\
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:,%_ g 08 \%P o B, 4 h\
" NN ) B\ .
g RN g B %
© s \%‘ /? o ., [PeeSSe gy S 2 -
o o o
Y / A 4 \%&u Mpee@@w / - 4 3
as \ \ /
\ / 14 / -+ \ .
1.8 - 5
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0 50 100 150 200 250 o 50 100 150 200 250 [} 50 100 150 200 250 4
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—S—HETLAS —€— HETLAS Bo105 )R,, 7 —6— HETLAS d
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P . I
0.08° \ 0511 0.01 | oo .
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Validation of Flight Dynamic Model (HETLAS)

Comparison of Mission-Performance Analysis Results for Bo-105

J. An, Y.-S. Choi, I.-R. Lee, M. Lim, and C.-J. Kim, “Performance Analysis of a Conceptual Urban Air Mobility Configuration Using High-Fidelity
Rotorcraft Flight Dynamic Model,” International Journal of Aeronautical and Space Sciences, Jul. 2023, doi: 10.1007/s42405-023-00610-7.

3000 —— . — 150
— : E 3 : é -
E2000F 7 2 100f—
O] z
‘5 1000 3 50
= G
0 - 0
3. Cruise wjpy 200 - I e . 300
150 NM 100 knot level flight at 2,000 £t N\ E q ﬂ E S00k
- 4= 7. Cruise 4. Descend § Of = o :
2. Climb (Deceleration) &) : él) 100k
8. Descend 6. Climb s} : S :
(Acceleration) @ A 200F - [ - A 0
1. Takeoff
5. Loiter 500 180 —
o Lo (30 min 50 knot at 1,000 ft) :
. Lan —~ = -
5 = 140
Mission Profile for Analysis g 300 2 10t ©
n Fo:
200 100—
) 2200 —
< 400f = -
(] an N
£ 2000 f
o = -t
S 200F 5 F
= 5 1800F
z =
8 0 L L e v L il 1600. - 1 1 oo ol L L
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
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KU %] Validation of Flight Dynamic Model (HETLAS)

Comparison of Mission-Performance Analysis Results for Bo-105

J. An, Y.-S. Choi, I.-R. Lee, M. Lim, and C.-J. Kim, “Performance Analysis of a Conceptual Urban Air Mobility Configuration Using High-Fidelity
Rotorcraft Flight Dynamic Model,” International Journal of Aeronautical and Space Sciences, Jul. 2023, doi: 10.1007/s42405-023-00610-7.
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KU %] Validation of Flight Dynamic Model (HETLAS)

Validation of Bo-105 Model based on AC 120-63 - Helicopter Simulator Qualification

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 :
Control Response

Directional Handing
Qualities : Control Response

Torque : £3.0% -
Pitch Attitude : £3.0° FOL"::"aerld(cF’ lg) t,
Control Position : +5.0%

Pitch Rate : £5.0% or +2.0°/sec f:;'eﬁﬂ‘é?ni‘l
Pitch Attitude Change : £10.0% or +1.5° ) Lev(g (B, C, D)
Roll Rate : +10.0% or +3.0°/sec
Roll Attitude Change : £10.0% or +3.0° evel (. C. D)
Yaw Rate : £10.0% or £2.0°/sec Level (B, C, D)

Yaw Attitude Change : £10.0% or +2.0°
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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 modelling, John Wiley & Sons, 2008]
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Fig. Forward flight trim result of BO-105 dynamic model
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5,(deg)

w (m/s)

p(deg/sec)

g(deg/sec)

0 (deg)

[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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[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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Validation of Flight Dynamic Model (HETLAS)

[‘ Application to KP-1 UAM (Urban Air Mobility) Model

J. An, Y.-S. Choi, I.-R. Lee, M. Lim, and C.-J. Kim, “Performance Analysis of a Conceptual Urban Air Mobility Configuration Using High-Fidelity
Rotorcraft Flight Dynamic Model,” International Journal of Aeronautical and Space Sciences, Jul. 2023, doi: 10.1007/s42405-023-00610-7.
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. MTEs prowde a ba5|s for an overaII assessment of the rotorcraft S ablllty to perform

certain critical tasks.

= One mission requires many of different flight tasks (MTEs)

» Mission success highly depends on the rotorcraft’s performance for each MTEs

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

[ADS-33E-PRF - Table X1V. Requirements/verification matrix ]

VERIFICATION
METHOD/EVENT

PAR%%RAPH REQUIREMENT P C F S

) F D D F \%

R R R R R |

3.3 Hover and Low Speed
3.3.1 Equilibrium Characteristics A|A |A |F
3.3.2 Small-Amplitude Pitch (Roll) Attitude A|A|A |A |F
3.11 Mission-Task-Elements S S F

Methods of Verification:

A — Analysis

S - Piloted Simulation

F - Flight Test

T - Testing, miscellaneous

28

Events:
SFR - System Functional Review
PDR - Preliminary Design Review
CDR - Critical Design Review
FFR - First Flight Readiness Review
SVR - System Verification Review



Cones denotingd
Flat markers denotingQ desired performancel
adequate performanced m boundary

N

100 ft radius circle markedQ

Performance — Pirouette

GVE DVE
DESIRED PERFORMANCE
» Maintain a selected reference point on the rotorcraft within £X ft of | 10 ft 10 ft
the circumference of the circle.
» Maintain altitude within X ft: 3ft 4 ft
* Maintain heading so that the nose of the rotorcraft points at the 10deg 10 deg
center of the circle within £X deg:
» Complete the circle and arrive back over the starting point within: 45 sec 60 sec
* Achieve a stabilized hover (within desired hover reference point) S sec 10 sec
within X seconds after returning to the starting point.
» Maintain the stabilized hover for X sec 5 sec S sec
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KUE% | Importance of MTE Analysis

[ Maneuver Phases in MTEs and Rotorcraft Maneuverability/Agility

Maximum amplitude

angular rate ¢
or acceleration Entry Steady Exit
phase maneuver phase
phase
> time
to 1:entry 1:exit t f
= Maneuver Aggressiveness is defined by entry/exit times and the maximum amplitude

Atentry = tentry o to ¢max ) gmax ! l/)max
Aty =T =t Armax

= 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 .G‘e.ner.all‘ A\p\p\r\oac\hes: Inverse Simulation / Nonlin

[(1) 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, D.G., and Bradley, R., “Inverse simulation as a tool for flight dynamics research—Principles
and applications,” Progress in Aerospace Sciences, Vol. 42, 2006, pp. 174-210.

[2] Lu,L., Murray-Smith, D.J., and Thomson, D.G., “Issues of numerical accuracy and stability in inverse
simulation,” Simulation Modelling Practice and Theory, Vol. 16, 2008, pp. 1350-1364.

[3] Thomson, Douglas G.; Bradley, Roy, “Mathematical Definition of Helicopter Maneuvers,” Journal of
the American Helicopter Society, Volume 42, Number 4, 1 October 1997, pp. 307-309.

[4] R. Celi, “Optimization-Based Inverse Simulation of a Helicopter Slalom Maneuver,” Journal of
Guidance, Control, and Dynamics, Vol. 23, No. 2, 2000, pp. 289-297

[5] Giulio Avanzini, Guido de Matteis, and Luciano M. de Socio. "Two-Timescale-Integration Method for
Inverse Simulation', Journal of Guidance, Control, and Dynamics, Vol. 22, No. 3 (1999), pp. 395-401.

[6] R.A. Hess, C. Gao, S.H. Wang, “A generalized technique for inverse simulation applied to aircraft
manoeuvres,” J. Guidance, Control Dynamics 14 (1991) 920-926.

[7] Murray-Smith, D.J., “The inverse simulation approach: a focused review of methods and applications,”
Mathematics and Computers in Simulation, Vol. 53, 2000, pp. 239-247.
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KU % | Methodologies for MTE Analysis

Two General Approaches: Inverse Simulation / Nonlinear Optimal Control Analysis

[(2) Nonlinear Optimal Control Theory (NOCP: Nonlinear Optimal Control Problem) ]

= Adopt Trajectory Tracking Control Law when Trajectory is prescribed

» Applicable to Rotorcraft Maneuvers under Failures such as Engine Malfunction

= Extremely High Computing Time is required

* No 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
v I v
Indirect Method Direct Method
» Euler-Largange Equations = Apply Transcription Method to get NLP
= TPBVP(Two-Point Boundary Value Problem) = Nonlinear Programming Problem (NLP)
» Single Shooting Method » Sequential Quadratic Programming
» Multiple-Shooting Method Algorithm to solve NLP
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=2 Kinematically Exact Inverse Simulation Technique

e ee——

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

2019. Chang-Joo 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 Aeronautical
and Space Sciences, March 2019.

2020 Chang-Joo Kim, Seong Han Lee, and Sung Wook 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 ]
Motion equations u D & X
v=f/m-oxv v=|v | e=lq|, o=|6] r=|y
(5)=J_1{m—(0X(J(1))} w r % Z
Prescribed Trajectory: Typically by
Position Vector and Heading Angle b =Ly Lk f m,
=1, I, -I,, f=/f | m=|m
p:(rp,l//p) _sz _Izy Izz fz m,

Inverse Simulation Problem: Find Flight Control to track the Prescribed Path
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e ee——

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

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

0=Té o=To+Ti F=C*{f/m-(T¢)x(Cr)-Cr}
v=CF V=GP +Cr $=T I {m—(To)x(IT9)}~ T ]

Using the prescribed trajectory information (r°,r" " w’ " ")

We can get kinematically exact motion equations in DAE (Differential-Algebraic-
Equation) form s
0

% = M (X, X, U, 1) € R? : Two Ordinary differential equations

¢ )
0="f(x,x,u,t)-i” eR? : Nonlinear algebraic equations  where X = (9 u= 51C
1C

0=m(x,x,u,t)-y" eR : Nonlinear algebraic equations S
TR
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