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Inner—-Loop Control Law Development of High

Performance Fighter Aircraft

Kim, Chongsup'" Sung, Jaemin® Yang, Inseok®
Kang, Myungsoo* Cho, Inje® Hwang, Byungmoon®

Abstract

The aim of designing the inner-loop flight control law is to satisfy the
stability of the RSS(Relaxed Static Stability), and to achieve adequate the
handling quality requirement in overall flight envelopment. Traditionally,
aircrafts have adopted classical control method of which performances
have been verified. However, for modern aircraft, the DMI(Dynamic Model
Inversion) is considered as the primary flight control system to improve
the design techniques from the previous one; for example, the linearized
DMI for longitudinal control of the supersonic advanced trainer, and the
nonlinear DMI for lateral-directional control of the F-35. In this paper,
flight control laws for various fighter aircrafts are analyzed first, and then
the inner—loop flight control law for highly performance aircraft 1is
proposed. Moreover, the DMI 1is designed as the lateral-directional
controller of the advanced trainer; finally, the performance test results
based on the requirements established by military specification are
provided.

<Keywords> Inner—-Loop Flight Control Law, Dynamic Model Inversion(DMI),

Control Allocation
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A4 ALE T Jde &7 A (Stability) 2 8] 34 (Flying Qualities) S B4
b7l fete] nxE Edd oAd Aoyl o 7] u] A o Al F (Digital
Fly-By-Wire Flight Control System)& A €18} v}, wpaba] 714 H] Ao Al F 2] H]
FA oA 2] AA= dul e o (Flight Envelope)ell A -8 &0 B3E + A=EH
o &E 7)ol At A B g S FHste AYolth 337 v Ao A2
st Aojyas #g8ste] AAYE 7bsdttk. LQR(Linear Quadratic Regulator)
/LQG(Linear Quadratic Gaussian: LQG) 52 3 4 Ao} (Optimal Control), 417 (Neural
Network) 59 A& Aol (Intelligent Control), =-%% wjx] = (Pole-Zero Placement
Method) 2} 22 thFst Alo] AA7|Ho= FF7]e AL D vsg grrt 7hssh,
gt FAEETIe P Ad Aol 1] #E -4 v (Proportional - Integral -
Derivatives: PID) #lo] W4 & A&35to] nagAS rsta i, 19 1S Al o
71 AF7)e Ao HE AAVNE S HERAT iR AFE7E LA Ao B
< At dov, e HAl dET)9 ABede a2 HQl 11101 2
W 3} 4] o] (Dynamic Model Inversion: DMI)E %] &3} =
ofF 2 AAZEANAE ALt o R AR, 255 LsEA7]o] Aoy 3

}-J
be

F-16 F-18 LAVI JAS-39 F-22 T-50 F-35A
Aircraft F
Nation UsA USA Israel Sweden UsA KOREA USA
Manu- Lockheed McDonnell Lockheed Lockheed
facturer Martin Douglas 1Al SAAR Martin KAl Martin
First Flight 1974 1978 1986 1988 1997 2002 2006
Horizontal Tails | Horizontal Tails | Horizontal Tails | Horizontal Tails | Horizontal Tails |Horizontal Tails| Horizontal Tails
Flaperons Ailerons/TEF Flaperons Flaperons Flaperons Flaperons Flaperons
Control Single Rudder | Twin Rudders | Single Rudder | Single Rudder | Twin Rudders | Single Rudder | Twin Rudders
Effectors LEF LEF/LEX Spoilers LEF LEF LEF LEF LEF
Canard Canard ™G
Classical Classical Classical Phase Classical Classical Nonlinear
Control Control Control Compen- control Control Dynamic
Control Method Method with sation with Eigen- with Inversion
Method Optimal Technique structure Dynamic
Control Assignment | Inversion
Methods

<™ 1> AR Fevlel Aol Ak

1) Gary J. Balas and John Hodgkinson, “Control Design Methods for Good Flying Qualities”, AIAA
Atmospheric Flight Mechanics Conference, 10-13 Aug., 2009, Chicago, IL., USA.
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2

FHo2yE &37]e Ay rd(Linear Model)S 7]RFo 2 3 R dl 9w dlAo]2) 3]-ubeks
orENnHA-mndLEE(3— ) A% Ao At YUk, 53, ol v
AlE Fo ¢lx F-35 JSF(Joint Strike Fighter)®= H]A & malod sl 7 o] (Nonlinear
Dynamic Inversion Control)¢} A2 &w(Control Allocation)s &34 o2 A A slo] 1
PAL 13 vl 9.

2 AFd A= Hal AT A N TS At 1v]E AF7]e rAHA
2 vy SrE % WHEFZ v Aoy 7H‘?zf Webs AAlstaLAd gk o] & 93t
o 5% 1eTH7Y HdPRAE 7INte R o] s RAqus Ao HAS A
AstRor, Ags|A/m Ay /\]gﬂﬂ ol HrF & W= s]A (Sensitivity Analysis) S %
af AAE Aoy AU FHE FAsHA

DA Ao Ao D W HEANE UERATS). A9 ﬂ‘ﬂ* i
4 Q1 ‘%’373[ AA AE Hetsk Hoe R AT ] Ao FEAE Oﬂ A 2

NS v 9lom ATTAS(Advanced Technologies Testing Aircraft System: ATTAS)
-117, YF-22, F-35 JSF(Jomt Strike Fighter: JSF), SU-27, X-38 & t}
ﬂi’ Jdtt 5o A4, dFFFAFAME (German Aerospace Center
DLR)o A= Ald&371< ATTASS] REAL(RObust and Efficient Autoland control Law
Design: REAL) v 3§ Ao} ¥ 2 Y HE-FZ (Inner-Loop) S A3 Aojdugl &S 283
of Bl YA S FP 3k vf Yoo, g3 v o A= 1] =39 (National Aeronautics

2) AFA 9, "T-50 AzF njgAlolyz dAlo g A5, A=A 2183 =84, A11d, Alll
3, 2005, 963-969%:.
3) AFA 9, T'T-50 7F=-4a= vdAolyza AA 2 Ado|59 Wsld we IF7] 54 #Ag

ATy, AAREA 23] =27, #1294, ATE, 2006, 621-630%.

4) Steven Baeri, “F-35A High Angle-of-Attack Testing,” AIAA Atmospheric Flight Mechanics
Conference, 16-20 June, 2014, Atlanta, GA., USA.

5) Roger Wacker, Steve Munday and Scott Merkle, “X-38 Application of Dynamic Inversion Flight
Control,” 24th Annual Guidance and Control Conference, 31 Jan.-4 Febh., 2001, Breckenridge, CO.,
USA.

6) A. A. Lambregts, “Vertical Flight Path and Speed Control Autopilot Design Using Total Energy
principles,” Guidance and Control Conference, Guidance, Navigation, and Control and Co-located
Conferences, 1983, AIAA-83-2239.
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and Space Administration: NASA) NF-15B IFCS(Intelligent Flight Control System:
IFCS)ell 2 v Ao A| 25l 7]““’i g AAT Y RAFEAAD ofLH, v HY
Aol M= F/A-18 Alg a3 719 §21¥4 7] (Unmaned Combat Aircraft Vehicle: UCAV)
AAQl 28% F4~ ] X-36 F 013“17]-4 A vl oA AAR RddHg Ao
7ol AAY duElFS AHE3te] A3 (Failure), £4(Damage) % Z 9ol E 324
(Uncertainties)oll gt A& HZFk v) Q). B3], v Honeywell T AE A A=
thi 4= 7Fl Ao (Robust Multi-Variable Control)9 R 9w 3k Hofo] whyo] e F3
S P, @A MY BF3Z(Quter-Loop), TFH S ZFelAo]of v A3 rd W3
Mde] YEFxE A3 253 J A2ZE o] MACHMulti-Application Control by
Honeywel)E 7§23t MACH= 1995l A 19973 53] =vlglALS] F-35 JSFo] %7]
Ao} 7] A Aol &3k vl 9lom, X-38 V1320l A &3te] AJFA<l HPA S g5,

Program/Vehicle Years Current Maturity
F-18 High Angle-of-attack Research Vehicle (HARV) 1991-1995 | HW-in-the-loop sim.
Joint Defense Attack Munitions (JDAM) 1992 Engineering sim
DC-X, high-AOA atmospheric maneuvering 1993 Engineering sim.
F-117 USAF Multivariable Control Design Guidelines 1993-1996 | Engineering sim.
YF-22, USAF Multivariable Control Design Guidelines 1993-1996 | Engineering sim.
MCT/F-16, USAF Multivariable Control Design 1993-1996 | Engineering sim.
Guidelines
Lockheed-Margin Joint Strike Fighter (JSF), Marine 1995-1999 | Piloted sim.
STOVL
X-38 V132 FF3 1996-1999 | Flight test
X-38 V131R 1999-2001 | Flight test
X-38 V201 1998-2002 | Engineering sim.
T-50 Advanced Supersonic Trainer(Longitudinal Control) | 1999-2006 | Flight test (MATRIXX)
(1%t order dynamic inversion with PI Classical Control)
Lockheed-Margin Joint Strike Fighter (JSF) 2000-2015 | Flight test (MATLAB)

<y 2> ndogdst Ao 9ol Hg Alg

7) Richard R. Larson, John J. Burken and Bradley S. Butler, “Implementation of an Adaptive
Controller System from Concept to Flight Test,” AIAA Infotech@ Aerospace Conference and
Exhibit, 6-9 Apr., 2009, Seattle, WA., USA, AIAA 2009-2055.

8) Christopher J. Miller, “Nonlinear Dynamic Inversion Baseline Control Law: Flight-Test Results for
the Full-scale Advanced Systems Testbed F/A-18 Airplane,” AIAA Guidance, Navigation, and
Control Conférence, 8-11 Aug., 2011, Portland, OR., USA, AIAA 2011-6468.

9) Honeywell Technology Center and Houston Engineering Center, Application of MACH to X-38
Drop Test Vehicle, HTC Contract Number 7028327, for NASA Johnson Space Center, Jun. 1997.
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o] %, Z3l=wtelAtel A= MATLAB 7]vke] vl iAol = d 7 =(In-House)S 7§&ste
F-359 xq*o“ﬂil UTH wpA o 2 o Al 7)o "3%@ 2o TH7Y AS, FF
A o] H 21 S H] & -4 & (Proportional-Integral: PI) A Zlvto 2 3k 7hekslyl Rdlo s
7IMS A&ttt wetA ddie] &3 7] Aol ‘”01 RAquE oo Age AT
To HolA atEErlel] HustEo AL&Ea e FA

2.2 MO g &€ R

g Yehg =, Hpal o 3o Eoldhe
S st vpeh A o};q Fo Bty BAS
%E"‘ég ZHA] sk Ao 7] AAH 5 shutol

£

—17-, =
o2 e Aol tigk 71240 7S A (D] gx)7F dRgko] Zhs sl of sk, s
7I(Actuator) & *E3tsto] tdaa 7o et w3t s sn gl gar)e] e
£ e 54 Jhsallor Stk Y] MRS WS uf) Aoy AA A v=Y Sk
2 AAAZE dots st 548 A5 5 Ak Z'L’Wr o3 7HEe dAHom &
7hsst7] wWe] RS Ao = REE ] B o R Qg nigbA et &2 &
TS AT F S ARE AT o]l e webd FHer ndye
g0 WF FAES Folstr] s nAA LA B AGY duds s 22 A
3 BAVIE AATT

drtdor qg7] FqH dHdAdAS 4 (D3 #Zeol 58 =+ Uy

x = f(z)+g(x)u 1)

o474 f(x)= ZH &3 F(State Dynamic Functlon)ol.r_ g(x)E AT
(Control Distribution Function) ]t} ¥HeF g(x) 7} B+ xgkel disliA W gte] 71538tk
L 7R gvd A (2)9F 2ol 28 E 5 vk

w=g ()| r)] 2)

EAHESES o, Bal dh, o] & AgE] S 2EEE L A
o

Uema — gil(x) [xc‘les —f((E)] where x(]es [pds’s 4 ges Tdes ] (3)

2 (3o Zlgg Aov1E 4 (Dol Asdstd, 4 4o d3E A "I
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1
Flying Qualities Dependent 1 Airframe Dependent

(How it should Fly) (Aero, Mass)

Desired Dynamics Dynamic Inversion

Control ~
+ Allocation +

Command Regulator

» [y

g(x)

OBM
Estimated |« z
f(x) Acceleration

»

Sensor 4—'

<29 3> 29 Ao TZI10

r=fl)+g@)u,,, (4)
_ —1 ’

@) +g@)g @) |zg, — f(@)]

xdes
2 (WERFEH REgHstS Foto], e r]e 5984 54 AAAIE 896t &5 5
o AAHISS AT & vk ZAgse a4 dete #98S At o4
of ek FAAHS FHr| Y3 FEZE P (Desired Dynamics)¥ 9<% %2 (Inverse
Dynamic Model) 2 &8 = glom, Aoy & 7|HE HEFozH &F7|7F BA3)

I CES
A Agdn 9t 2aY

Frrde A7 b= w48ES AAdsta, v Aol A (Sensor), 27 2R
Sato] tiA skl Aol H o] A guForn, FErle Y B8] 9
g 7lsolth FxEdo AAl= Ao, HlH-A iAo, #gAd (Flying Qualities) &

10) Gregory P. Walker and David A. Allen, “X-35B STOVL Flight Control Law Design and Flying
Qualities,” Biennial International Powered Lifi Conference and Exhibit, 5-7 Nov., 2002, Williamsburg,
Virginia.
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Bu=Buv 12)

subject to u; <u<wu .

A7 w9 u S wfl HAgt Hagks vebdth 4 (12)4l4 38 BER" "=
37l e] AElge Aoy Aol BAE RolFE FEAZ AV utg o2 HEH o ¢
Ak ugs A "ok

AL 7] Alole g w2 A 0 7 428k Rofo A I E A (Inverse Problem)® &
HA gkom Aoyl %Lfi} 92 olgFyst 5o thokdl Foko] ALy ). Alo]F s
A Aol A A AEE 35 A EHS g7 FErd E&4oR st W

of 2 &3ta 9lom, oA} 3 E (Pseudo-Inverse), Daisy-Chain, 23} 7|9 5 t}<3l 7)
Hol] AA =] gk},
O 4= 828 B o 39 A, n3t 49 A, mol ©E Pseudo-Inverse 7S o] &3
ANRE B Fr, A7A n FEWTY JlFely, me e 719 vt A S, 1’ 5
o] Case [ W2 ¢] 771 m A 49 7H¢l‘i5} 2o AR, 8 B sz EA5H
Bt o] Ag- HA9 sl= 4 (13)7 Zo], #5438 e 3§ Fol Aoy ar|g i
3= WH (Minimum Norm Solution) 2. & "J’E SHA H

min v/ W (13)

subject to Bu=Bw

o] 7]/ WER™ ™= 7}% X (Weighting) S YERHE ajdolth 2 (13)02RE 98 u
21 (14} 2ol xdd = St

rr

( Control Allocation ]

h 4

Case | Case Il Case Il
Over-Determined Exactly Determined Under-Determined
Solution Solution Solution
(n< m) (n= m) (n > m)
Infinitive solution Unique solution No solution
P = (WT)1BT(B(WT)1BT)? P=B1 P = (BTW'B)1B™W'

<ag 4> oAl A g ol 88 Aole P

19



171 MR YEFZ Moy J|L

u=w 'BIB,W Bl 'Buy (14)

WA Case I+ WA A o] MGro v 249 7f47F 22 492, dnt
| et o] A% HALY &= A (15)F 2ol o)Al do uig L5 HAasteteE W
¥ (Least Square Error) o & At&3sHA o}

N

min (B,u—Bp) "W (Bu—By) (15)

A7) WER" "= 7153 (Weighting) & thehul= o]t 4 (152%H 48 ui o
&} o] mHH)

=(B'W'B) 'B'W 'Bu (16)
Aold g 7|ge 2EW o] tAste] F37] A4 Rt FaeA HeE
T Ak dE 59, 837 2FHE o] FASE A9 Aoy g yHS HAAHoR
T8t 2T Aoy H S AEuete] nFgo g At fHad d¥r] des BAS
Al Frt, oy gk WAl YHEFE Ao o] AA Al Aojol5 W Ao F2E AL A
of o] thHste= v WA 7| vk, tdstAA R A A Al 2F Y] QFA A o
FEFE A FowA nFUHIE s FHol

3.1 2} SH&

=]

1& Fxrd Yo Aojo]5& AAsta Hristr] 9 J-4eF5o dA5x 9 3
71 E S UetdY, AAEEE 57 A A 2% (Low Order Equivalent System: LOES) 7]
HE G8eto] EEE AT, UAE e T35 2 5 AAsd o, ~dold QHy
A (Spiral Stability)®} 57} A 7+A A (Time Delay)e] 9 o1 S H7ledv). Fr7h8 o=
MIL-STD-1797A12e A} AA 8L Q)= o 4 % (Bandwidth) 2 #1<= 7] (Gibson Criteria)
I} MIL-F-949013)0]| A Aoj Al ~El o] ZFAA H 7} A% b A o] F(Stability Margin) &

11) K. Bordignon, and J. Bessolo, "Control Allocation for the X-35B,” 2002 Biennial International
Powered Lift Conféerence and Exhibit, 5-7 Nov., 2002, Williamsburg, VA., USA, AIAA-2002-6020,
2002.

12) MIL-HDBK-1797, Flying Qualities of Piloted Aircrafi, 19 Dec., 1997.

13) MIL-F-9490D(USAF), Flight Control Systems-Design, Installation and Test of Piloted Aircraf,
General Specification for, 6 Jun., 1975.
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37kl
AW ol AAE = 7+ A7 &3 (Coupling Effect) 2 AZE9 o] B ¢3l= 231
2 T 4 J-AFg=HES FYste dAG o, &3] RdE AP oR 7] AF5HE
2% 1e¥dr] mdS 7ivto® du g o (Flight Envelope)ol A AAERZE W5
T AEE 517709 A A (Design Point)oll Al 1%, vhabg W wbg-7F Z3to] mpef Fxn
Wol Aofol5e HH3 s
<HE 1> A Hx 9 37 E
Requirement Channel Source Comment
Dutch—Roll Mode Frequency & Damping R Y MIL-STD-1797 | Design Goal
Roll Mode Time Constant R MIL-STD-1797 | Design Goal
Spiral Stability RY MIL-STD-1797 Check
Equivalent Time Delay PRY MIL-STD-1797 Check
Stability Margin PRY MIL-DTL-9490 Check
Bandwidth PRY MIL-STD-1797 Check
Gibson Criteria PRY MIL-STD-1797 Check

AsEA7Y] F5 AWM AANI S AP 7Rke] Rd et Aoz, s 7]
e AR S S HBAS ASE vF Aok wEA # =l e & 2004 AlAS
e HEA v el AjRo] AR ek gk Ao Ao st
of F7ts AT TllE FHUAMA = 71240 7] HlAdS sk 99
¢l 300knots@20Kft, & o] & &< MO.8@5KI{t, & o] ¥ 493 M0.4@20Kft, &
& 49l M0.95@30Kft, o< 49l M1.2@30Kft, 1131 % 21 M0.9@40Kft = 13k
w7t Al w57t 25°@30Kftell A 33 7Fsk o

b
O

vl ke E 194 AAE 9,1% ]$°ﬂ ek vb o RS grhehy] 9 Faka
Ao o

af AAE AoHAe LS H7ts ‘ﬂr “ZFB- 3
(Side Force: SF), &% E= 4 E(Rolling Moment: RM) % 2 AEHE (Yawing Moment:
YM)E Ao, AdA= Aojo]59o] AtZFol] dFdFS v A= o7] g 24X (Airdata
Sensor)9] 2AE AASAY. 7| ABAME dF7|9 1%, S5 9 ©37ts A
HFHoZ 6-AFE AlEHolAH 74 TLISTA(Trim, Linearization, and Simulation
Tool for Aircraft: TLISTA)OIA A&8sd ZFTA g dist Al & o] A (Open-Loop
Response Simulation) & F3sle] 37|l otgAd % W FAS H7ted).
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Flight Condition Variables for Sensitivity Analysis(%6)
Config| Side Rolling Yawing .
Cases  States \h;[(?ihs/ Alt. AoA Force Moment Moment Al(ro%;’)lta
(knots) (Kft) | (deg) ‘ (SF) (RM) (YM)
(%) (%) (%)
1 |High AoA - 30 25 -30 -30 -30 -30
2 Low g 04 20 - -20 -20 -20 -20
3 | Nominal | 300 | 20 -10 -10 -10 -10
4] 07 | 10 -~ | 0 0 0 0
— ] Higha |— o - +10 +10 +10 +10
6 |High Alt. | 09 | 40 20 20 20 20
gl - +30 +30 +30 +30
7 | Transonic | 0.95 30
8 |Supersonic| 1.2 30

4.1 == 5 Hd&ollS

AP e maAA Y H el Aojol Sl AA FUSEA AEHL Jor], thad
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Nomenclatures
« . Angle of attack Opg . Symmetric elevator deflection
0 © Sideslip Opa : Asymmetric elevator deflection
P © Stability—axis roll rate Oa4 : Asymmetric ailerons deflection
q . Stability—axis pitch rate op . Rudder deflection
r . Stability-axis yaw rate v : Virtual input
Subscripts
cmd ¢ Command signal meas - Measured signal
des : Desired signal
Abbreviations
ATTAS : Advanced Technologies Testing Aircraft System
CDR . Critical Design Review
DMI . Dynamic Model Inversion
HQS : Handling Quality Simulator
IFCS . Intelligent Flight Control System
JSF . Joint Strike Fighter
LOES . Low Order Equivalent System
LQG . Linear Quadratic Gaussian
LQR . Linear Quadratic Regulator
MACH : Multi—Application Control by Honeywell
OBM . On-Board Model
PDR : Preliminary Design Review
PID . Proportional-Integral-Derivatives
PIO . Pilot Induced Oscillation
REAL . Robust and Efficient Autoland control Law Design
RM . Rolling Moment
RSS . Relaxed Static Stability
SF . Side Force
TLISTA : Trim, Linearization, and Simulation Tool for Aircraft
UCAV . Unmaned Combat Aircraft Vehicle
WLSS : Wing-Level Side-Slip
YM : Yawing Moment
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