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ABSTRACT

The purpose of this paper is to investigate the current technical status and future prospects
regarding helicopter simulators. In the introduction section, we briefly summarize the concept
of the simulator and the development history of helicopter simulators. In the main section, the
development status of helicopter simulation technology is first presented and the FAA/EASA
certification is then introduced as a verification method for the reliability evaluation of the
developed simulator technology. In addition, several issues that need to be resolved along with
future development directions are discussed to improve the reliability of helicopter flight
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Fig. 1. Helicopter Simulator Model
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Table 1. FAA & EASA Certification Levels for Table 2. FAA Level Classification [6]
Simulator [6]
Contents Remark
FAA EASA Basi . Helicopter
4 asic level without simulator
Aviation PC ATD aerodynamic model only
Training Basic ATD
Device BITD* 5 Basic level with For
(ATD) Advanced ATD aerodynamic model Airplane
" FTD Specific aerodynamic
FTD 1 FNPT" 1 6 model and physical ALL
FTD 2 ENPT 2 cockpit required
. o Helicopter
Flight FTD 3 FNPT 3 7 | Flight model specific, "o oo
Training MCC vibration system required only
Devi FTD 4 FTD 1 .
(?:\fll%?s A At least 3-DoF motion Airplane
FTD 5 £1D 2 system required only
FTD 6 3-DoF motion system; Helicopter
FTD 7 FTD 3 B | fidelity aerodynamic model | simulator
required only
Eull Flioht A A FFS 6-DoF motion system;
ufl-Flg B B C | horizontal view of at least All
Simulators c C 75 degrees
(FFS) | :
D D 6-DoF motion system;
D horizontal view of at least All
* BITD: Basic Instrument Training Device 150 degrees; Specf:flal
* FNPT: Flight & Navigation Procedures Trainer motion and visual effects

* MCC: Multi-Crew Coordination training
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Table 3. Current Status of Simulator Certification
Technology in Korea [6-8]

CFR Domestic
Criteria Part Remark
rule
60
General @) X No
domestic
FTD | Quantitative O X rule on
rotary
Quallitative @) x simulator
General @) @) Little
details
. ifi
FFS | Quantitative O O spef((;lrled
domestic
Qualitative @) @) rule

TENEHAA AT vy AE)H UAFV]|E
HA%L2 Table 37 &2t I H7F 9 AAB7|E2 Hl
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874, 343 Hrled o2 FEFH oy, o=
FAAS] 7|&H= A F4E 712Y 28y ATD
o A9 U HIF Z]Ee] AAEHY JA FowH
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TH12-14]. Z&F 2ol X8 Thales 3] A= NASA2
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T A= o] &8 Fo|th Thales 3]A= W59
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SolA MdE Fo AEYelHY 7z mds} ufx
d3 9 JE £ AY Fold.
2.22 42| EE AlEdolg ZE2 2N OH
19633 Toler®} Mcintyre= HIFEH E#ol= Z
84 W (Modified Blade Element Approach) =
719 WAgAs e dEFHY A
< AYstHAT20]. o] YA ARHE, B
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Table 4. Examples of Helicopter Simulators

Country FAA Location
Name Image (Company) Model Control certification | (Year)
 ha Attitude Hold,
i Based on GENHEL| Altitude Hold,
KA-32T | Korea I sing FLIGHTLAB | Hover Hold, | Lev&C | KAR
(KARI) . . (unofficial) (2007)
modeling tool) Integrated Flight
System(IFS)
Based on Nonsan,
KUH-1 Korea
: (incluﬁiENHGEI:Jen’s Roll/Pitch/Yaw (2012)
4\ Korea flow gmo del SAS, Level 7
(KAI) . ’ Roll/Pitch/Yaw Level D Pohang
flapping effect, | i e Hold ’
MUH-1 ground effect, Korea
= vibration effect) (2019)
Based on
GENHEL, (including Kobe
Europe flapping effect, Level 6 ’
EC135 Yaw/Roll SAS Japan
(Entrol) ground effect, Level C
. (2014)
dynamic inflow
model)
Based on Brisbane
\ Europe ARMCOP, SAS, Level 7 Airport
AW-139 P (including flapping | Attitude Hold in port,
(Thales) . Level D Australia
effect, ground pitch/roll
offect (2016)
B Sesto
AW109 = Based on Calende,
N i USA ~ ARMCOP, SAS, Level 6 | ltaly(2001)
| g (CAE) (including flapping | Attitude Hold in Level D ,
s %) [ effect, ground pitch/roll Morristow
AW-139 4 sffoat) n, USA
-~ s (2008)
— Level 7 China
AS3%0 B2 Based on Level D (2014)
ARMCORP, SAS,
USA (including flapping Attitude Hold, Air Evac
: (FRASCA) effect, ground Altitude Hold, Lifeteam,
Bell-206L = effect, Heading Hold | “®Y®'7 | \issour.
— vibration effect) - USA
I (2015)

LRC(Langley Research Center)= ©] #3588 24&
o
=

©] 83 RTS(Real Time Simulation) System 7|'&
A== JA HFE AdbsEe AR i F
7} AATH21]. SFAIRF SABPIF(Second-order Adams
Bashforth Predictor Integration Formula)E ©]-8-3l
1z 323 Alte]l ZhFssizla o W& Sikorsky
S-61 AFH ANt FeAFE Tt 2 &3t
AT o]Ao] LRCoA vhE %719 dejFH AlEd
°|E EiLolth

=dg 7

ARMCOP< LRCOIA gh& AlEolA
+O9 2 ARC(Ames Research Center)ollA 703 =
718 &@7] AE#HolEolth o] AlE#HIHE 6719
ZA &F, 38 2H EdolE &%, WIIEE 3
A5 2E 10709 AFER AL AN oF 2
A AHRT ZHol 4§ s
Bolzkel vis) wAWTO R HRse] 7
Jes meo] AgEE wezts Qv

z

[e=]
3T
Zhe] W9l A5-1570] 8] 1 o) e] Zh3} A
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Aol defrs dubEl FAstE s SEFoh
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g mdg Fi AA JAEE, FHEE, FYHE
d¥eoz yAsta, AddE dgel dieH

=]

|
T TEEES 7Y, #5549 Look-up tables &
3l A Ak

AZE AEECIHE FEske 7MY ZEeFdd WHos
Aol = o] AT = WY T shuolt
FLIGHTLAB2 ART(Advanced Rotorcraft Technology,
Inc)oll A 1990 GENHEL =] 71x3] 443 &
E2 w0 dEFE A 2dd R Y
Eolth o] 2ZEfolE 2001 oHF F7193%, 73
84 7298 9 vy 7 mdo] F7bE AT 23].
FLYRT+ McDonnell Helicopter Systemoll A 7i
AH-64A %] RTS Edo|t}. FLYRTE GENHELZ}
g W2 29 A Look-up table(54 4¥
g =9 #Fe Ao)H 22 PHS A"t
o] A W2 1970 dell AARE Ak Sl N
At ol ATt24]. ol F HiFH | Yo F
HEA 2 a4 el AAY o]l JbesiAlal
FLYRTE 21 84 WS A8 Rdds Agsq]
o} o3t =y o)A BEMAP(Blade Element
Model for Apache)gt= o2& EY3tA =], o=
GENHEL®| #1228 = 7|2t 21 84 BE
= AHgEtHA A2 Edxd B dadeled &
SN AEF Aolr. =3 HA| B YH oHE
mdgo] wrga] AHAES WE FEAHT
20009 = HojEuA Hel dige s SA41 A
7] 2d" Aol o] FojF k. University of Liverpool
o] F-B412+ Bell-412 YFHE P HI Zlo|tH25].
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MATLAB
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Table out
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Fig. 3. Calculation of main parameters with
respect to a command using look-up

tables [22]
of Rdx Z1 824 W st wJA=zE ZF
NzAY BHZASL ALsln Fr1z Byolzo
flapping ¥ lagging &35 ¥ Edolt} HAYP
o2 Wil W54 s, vkl dis) 2l a4
E F UEeE ol A7 37198y st ALt

P\

sttt A EEHol= Panel method ¥ Look-up

tables ARE-3te] WHEZhdh FAw|mmzbel] oig FA)
A+E devh myg2He Fr)ds wde Bailey

o] ZERPAL A F7IHY(inflow) =P
PeterHe®] FSDI(Finite State Dynamic Inflow) =2
= AH&SR T

University of Toronto®] UTIASE GENHEL®S] =
o] 7]x3td Matlab Simulink 7 0llA  7d=
UH-609] Edolt26]. WIRIZH = 2 94 R A}
£3tARr TV 2L PittPeters® Dynamic
Inflow =& AHEStIL It AP ZE = Bailey
2EHEES n=2r FA9 medfdd e 34 =
W E+E Look-up tables o] &3l 273ttt University
of Pennsylvania®] Advanced GENHEL-> GENHEL
°] e 7]y E FLIGHTLABS RHd &g o
3] YhE UH-609] AAF 2do|ti27]. ART
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Table 5. Evolution of Helicopter Dynamic Modeling for Simulators [28]
Model Blade . Fuselage Tail Empennage .
(Modeling | element Sfdlz look-up Bailey look-up L{E;{g;vm Year Developer
tool) method table model table
ARMCOP O O O 1980s NASA
GENHEL O O 0 O 0 O 1980s NASA
FLIGHT
LAB O O O O 0 1990s ART
FLYRT 0 e} 0O o o 1990s McDonnell
Douglas
BEMAP O 0 0 O 0 O 1990s NASA
F-B412 o o o o o 2000 | University of
Liverpool
University of
UTIAS o O o O o 2010s Toronto
Advanced University of
GENHEL © © © © © 2010s Pennsylvania

(Advanced Rotorcraft Technology, Inc.) 3]ALell A A
&% FLIGHTLAB 29d E< °]83s9 MATLAB
oA el ANAHR] EESR Aor|E il F
4g o Atk Table 5= x7]9 @7] A&7}
ddfoll ol277tA AHA =2 AAZE AlEHIH
E T HsiA AddE 2 g 2dEY e
W3l g S BHojFET

2.2.3 2| EH AlEdolH Hol7] &A™ H

A FE AAA2® d3po] #F 20179 =F[29]
o W=2d, 27 FYFHe 7AAH d2& T3 A
AEAAN HAE 7ol MEHY 33 Ve A
4 2 AHAS oM A" AEEFEe] T2
Fly-By-Wire(FBW)7} 2-& 5 21t}t. o] 7]<&-2 JUH-60A,
AH-64D, CH-47B, RAH-66, Bell-205, NH-90, UH-60A
s WEEe dFH AEdolEdd AH&H 9l
A #Ae]FE FCS(Flight Control System)w YW
° = PID 7|¥ke] vj=uls ARgsEAY 7]E] JiEE
oA E MmEE ZdS ARESt] A floH,
FHAl Aol 7IHeEE HA  A|of(Optimal control),
INDI(Incremental Nonlinear Dynamic Inversion), ¥
Z7](Observer) =M} 22 A o|7|HE] NLH
ok ©] 9% LQR/LQG Al°l, &g A|oJ(Adaptive
control), LPV(Linear Parameter Varying) Ao}, &2}
old RE A|o(Sliding Mode Control), Backstepping
Control, MPC(Model Predictive Control) 5°| &&=
Al ATH29].

PID 7|Rke] Jje=w Aoj7|& A8 = FYF
ol Fostd +sAAes HAHAeR 1HEA
¥ AFH=E 4 SHS s PID Ao o=
(gain) #ro= AT Ao o5 Y2 F= FFA

5 |

1 Hydraulie
Boost
actuator

o

Mechanical Bl
El
mixer

8,808
(880 5] 165 8.,)

Input
prefilters

[P el

actuator

Main rotor Bare
Tail rotor airframe ’—’

+

X PID controller

[p.q.7]

[ Rate ayro |
Fig. 4. PID Control Architecture for ARH-70 [30]

o7 A& HPolEE o] &3 Look-up table 22
2 A%FHo Abgdn

Figure 4+ ARH-70 Z|FE| Wik PID ¥
Ao} E5 folojadloltt. dHME =FALS
goll disl, AFH Ad<EE S (Rate gyro =9)
vedsis deFE e AAE Ast=sE A HS
TH30]. Mechanical mixer £&2 I X2} &9 T3
4 (coupling) ARE AANFH, Al gH(limiting)
52 757 d¥o] ¥4 IAE xHste= AS W
A=t o HBAPE T ARH-709] PID
Aol o]5 ghol HAZEHAAIRE, 112 <] PIDE| o
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Fig. 5. Model-following Control Architecture for
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INDI Control Architecture for AH-64 [41]
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Table 6. Advantages and Disadvantages of Popular Helicopter Controllers
Advantages Disadvantages
. . No effecti meter changes
No need of helicopter models; being o effectiveness fo paramet 9
PID control and

applied to various kinds of helicopters

helicopter coupling effect

Model-following

control .
such as wind or turbulence

Shaping the dynamic characteristics to a
prescribed model; robust to disturbances

Difficulty in identifying good models for

time-varying flight conditions due to the

main rotor; possibly imperfect dynamic
inversion

Gain-scheduling

Using a set of easily implementable linear
controllers (e.g. PID with different gains)

Difficulty in proving stability for actual
nonlinear system, especially during the

control for a nonlinear system having time-varying switching or transition between linear
parameters controllers
H_, optimal Robust linear control with respect to Conservative control design which may
control disturbances or parameter changes degrade the helicopter's maneuverability
. Estimation of state variables with possibly | Performance of observers such as Kalman
Control with . . . . )
few sensor measurements which enables filter highly depending on assumed noise
observer
state feedback control model
Dynamic inversion control with its
incremental change based on sensor
INDI control measurements; improving NDI's Requiring reliable sensor measurements
performance being degraded due to model
uncertainties
Inéf)lrlllﬁslnt Making use of rules having physical Being used only for simulation purposes
meaning to the control designer; no need | so far (many implementation issues which
(Fuzzy, ANN, .
otc)) of accurate dynamical model need to be sorted out)

A5 Al°](Intelligent Control) o] Atk A5 Ao
o EE tFEHOCE WA A|oJ(Fuzzy Control)2}
AF4AW AXJ(ANN; Artificial Neural Networks
Control) 7]®Ho] Utk HzA| Ao QUzte] Abar4
< EHSE Ao Z Aoy AA A g &
TE9 wrgo] &olstH, H3 nPAst wdS
8734 et ol#d Aojr] AA s Wi
of A Aole 1990 FE] FEFE Ao AlEH
ol Aol AREE A gkt 19963 ]1ang 5o [42]901 A
AH-64 HAgFHY AAHH Z°ll, Mulgund<}t
Zacharias= [43]14] UH-1H @a%’—aﬂ A v
o olg WAE H% HA Ao|r]E AtstAH. 2010
dojell Soletx= #A Aojet H, AAE A Fst
UH-60A #2]FE7} ADS-33D Level 19] HlA-E 1t
=T F IEE & AFEAE B EJATH44,45].

A Aoje AR AEE Hs) AA g 2
| 7hed w2 74" B4 838 A A~
Z-83k= Alo7elth. o] Alorlye 2xEdl
(off-line)o| Al F&o] | BIPF Aol dafjr= =22l
(on-line)oll Al AJo]7] A8 A QFH = Adkgo] Ao

J
0

1

-
A
o

i
ru[o oo

AAZE Aol ol AREEI Utk 1997 Kim3%
Calise= Lyapunov HMAS 7|Wo g st= 41743
2Ed dagFs ML ATH46]. ©1F Leitnere
A FE BH FFT 58S FHAI 98 A

1

g 7 HeAol YumeFe NP or7],

2004 Sahani 9 Horn= A A ZH-E 7|jdlo g 3
2 FE (UH-60A)2] BlPFIgRs LdagFe /ML

TH48]. 3FARE o]l8d AT AoJr|HEL o7 g
FEH AlEHOlH FFdA HE&HT o A 9
g FEHA ALEH7] HElAE 7E A TAE= o
FAEC: THHA Le vlPF oA A o)l
A= ojoF gt} Table 6-& AollA A7) g AojuHy
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Table 7. Domestic Helicopter Market [49] 0.06 -
(Unit : Million USD) 0.04 4 _Elaik
---TSR 4
2015 2016 2017 2018 i _¥§§ 86
S 1
KR and | sg3 | 752 | 57 643 2 T
variants = 0 1 {7 Stagnation Point
LAH/LCH ¢ TSR4
and - 59 89 130 002 ' el i
variants 2 ) TSR16
mogy 0 e
3k e mdde vl ofdt webA A& el -0.06 T T .
g 2dS AAs] siAs sig ZIA gk = -0.05 0 0.05 0.1

Aol s ojop h. G = muloAM=
20123 5 KUH(G]-:.}@] 1:].&7(4 A FE; —?E]i)e
=2 At £8&Folm, X3t Table 7914 H= 2
7 el AdEdA 9‘r FeI A Aol *Ec’i
FHse =527 A S 9% &Y “ﬂé—ﬂ?l(
Light Armed Helicopter) ¥ 43 ®F7|(LC
Light Civil Helicopter) AlY9 2% 5“31—:"—151 *34
TEZE S7FFACl AHh fﬂrﬁw KUHE 7]Wte =
Hoh Asd 9= dEEH AEdHel" AT ' O
ASAA A& AR =82 AFsford Zein. o]
A3 =9 sfjelolE=rt Mg =L delFE HY
4534 E(CAMRAD-II[50], Dymore[51], RCAS
[52], CHARM][53], FLIGHTLAB[54])¢] At&o2 <l
3 awlshe ol vgS Aisted A 71D
Ao g H]IT
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Fig. 8. Effect of Tip Speed Ratio on Shape of
Ice Accretion at the Blade Tip [56]
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