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Research Progress on Intelligent Deformation and Flight Control Technology
of Morphing Aircraft

ZHEN Ziyang, LIU Pan, LU Yuping
(College of Aerospace Engineering, Nanjing University of Aeronautics & Astronautics, Nanjing 211106, China)

Abstract: Morphing aircraft have extremely important application prospects in aviation, aerospace, weapons
and other fields. The smart morphing and flight control technology is a comprehensive technology that
includes multiple disciplines and applications. In this paper, the specific classification and characteristics of the
morphing aircraft are summarized. The development status of the morphing aircraft’ s deformable structure
and intelligent materials is analyzed. The dynamics modeling and flight control technology of the morphing
aircraft are studied. The application status of the deformation technology in the fields of micro air vehicles,
unmanned aerial vehicles, hypersonic aircraft and missiles is summarized. Finally, the key technologies that
need to be broken through urgently, such as global highly bionic and high-speed cross localization, structure
and control coupling influence mechanism, intelligent materials and variant structure and drive integration,
are identified.

Key words: morphing aircraft; {light control; structural materials; dynamics modeling; morphing control
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Table 1 Research plans and experiments of U. S. morphing aircraft in the second phase
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Fig.4 Characteristic description of morphing aircraft
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Table 2 Relationship between aerodynamic characteristics and main parameters of the wing
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LT e IS B, B 5 e B e L T R e e
513 o A Y 5 9 B AT AT — e R b
BH 107

7 2004 4E I 75 JE W HE T K 2 () Bae S5 8 A
W 98 17 — Fh o] A5 3R AT 90 0 R 3l SR R
PEIZHAME A 772, H R K T AR i R
50%1°%, 2005 4F- Bae % ¢ 37 T #HL3E S 8 M5 H 11
PRI JF DL 7R 5 O S ah 3 T R A AR
K S p N T B S IR T R,
B A B IF i A E AT T 3k A AF Y, b rE L
Tl K24 AE 3 1 T 41 A8 JE 31 5 3 1 48 (&
18) , fEWIt T 5 H IR Ry AR EY
WA B e BE Y AN L P AL Tl K2
VT AR S5 oF ] i 30 46 B 00 ANE S8 AT TR
b, 3% WA 45 3 0] A R0 S P S sk BE
A0 5T 23 W0 TR R 2 1 B AR M S 6 AR T R AT R P
[) 45 i 5 oK, B T AR JE B [ R IR AR

e

K18 A 7R 0 S i s

Fig.18 Concept of the combined deformed wing cruise mis-

sile

5 Zit5RE

Sl LR A R AR R TRAT SR RIS Tk
R SR AR R AT AR R SME AR AR AL, i A A
Bt b AR ST I 3 AT AR HA s i 2R R
AR TRATARAR G R 254G BERE AT I I A G R
SRA T R BT 25 1]

(1) Jag e B2 77 A A R i 3 285 3l S 4 2 R ok
AR TR B I 1 o R AR AR AR AT
e B TEaity B RS L I me i ERE T .
T T T R A O e AR R AR i e A G e R R
RATER IR S IR s e R R B R L AT IR AL
AETT o ARKAY AL PR AT A% m] AR 3 25 4 5 38 ¥ 3 30
Mo AR AR B A Ry, DA I B R AT AR 55 . ELIE
52 BT AR A Bl BA B R bR, AN RE AT K R AT
i BE T Y 2% ¢ SRR I ROT R MR N R SR
I, 255 75 JE AL L 5K bR O vk o B A
TS5 K B AR Bl B AN W 5% 1 B — itk DL A
gy % FOE KA A2 & 6 A1 3l 4 45 o AU A9 8 B g



% 6

W, 55 R R TRAT AR RS 5 TRAT R BOR W 5

1003

YR Sh &%, 5 R AR A R A AT 4 R R S AR A A
RAH R REM R, R AT A R G it
AT T

(2) &5 K9 55 17 ) B 5 22 i L o B9F 5 X 1 4 4%
Pl iV 220G B J oA Ol figp DR A TR AT A )
B SCHE BT A . T R SMIE N RAT 2 20 T, i
S [F) I S BUAR I D[] QAT 45 46, 24975 2 — Bl B
80 78 I 19 73 A AL RS | T It 2 N I 4 RE A R
A 1 38, OF B VA R 1 K g, ARk T
B A S5 K 5 o3 A AR AR A A 55 T T 52
I R 2 5 AT S R R RE A R A A B A S B
AR TRAT e A B AR e IR SRR R IR R
fFsE AT

(3) % BE A4 L 1AL 1A 45 4 UK 2 — 1R b BT 2
— AR T SR BB R O 1) o RO AR AR TR AT
o 19 9% 31y i 32 EL AT RS o e L RS PR 3 )
VAR -9 S DA IR R e e R R
FAT 25 1& MR | 48 1 R0 A% et Al BEOK, DUAE RE 98 7K
32 RAT TRk, WE R AT fF XM R AR AR RN R R
2R

ARPR AT AR A O — R R TRAT R Y BER R
Tz — W T ARG R TR A S IR 8 RE
FERE B T R AT R A 2 A B R I AL
PR . ARICEZ NGRS L R R O
Xt/ B AT AR TG HIL L el AT LA R
oL 25 AT ) NP IR HEAT T A OF RGeS AS
SER PR A AR R AT S B SR S R
B, AR TRAT B R R BT A T 1) AN 2 2 B
ARG G RIS %

SE Wk

(1] frR2%, B4, Mg, 55 . B AZEER AT &R

PERELCT/ /5 U b L =S 2 2 T AR BB 3R 18 X
V9% PEATE S, 2020 446745,
FU Junxing, HONG Houquan, LIN Haibin, et al.
Research progress of domestic morphing aircraft[ C]//
Proceedings of the 9th China Aeronautical Society
Youth Science and Technology Forum. Xi’ an, Chi-
na: China Aeronautical Society, 2020: 446-45.

(2] ©Ims, BRER, R, 45 B ARETTAZTE AT 4% QB 4L
AR SBR[ T]. 25 A sh Ji o 24k, 2019, 37
(3): 426-443.
BAI Peng, CHEN Qian, XU Guowu, et al. Develop-
ment status and prospects of key technologies for intel-
ligent deformable aircraft[J]. Acta Aerodynamics,
2019, 37(3): 426-443.

[3] LI W, JIN D. Flutter suppression and stability analy-

sis for a variable-span wing via morphing technology

[4]

[5]

[7]

[9]

[10]

[11]

[12]

[J]. Journal of Sound and Vibration, 2018, 412:
410-423.

Bl 57, ) 2L AR R AT SRR R aiak [T, fias &
%, 2009, 30(10): 1906-1911.

LU Yuping, HE Zhen. Overview of morphing aircraft

/]

control system[J]. Acta Aeronautica Sinica, 2009, 30
(10): 1906-1911.

B AR R AT SR AR TR 5 AT (Y B R 4 ) 5T
[D]. FxC: Bt Al K oK%, 2016.

YIN Ming. Research on the coordinated control of de-
formation and flight of morphing aircraft[ D ]. Nanjing:
Nanjing University of Aeronautics and Astronautics,
2016.

i B R AT AR A P A T SE (D] B AT
HLAS LR KA, 2009.

HE Zhen. Research on basic control problems of mor-
phing aircraft{ D]. Nanjing: Nanjing University of
Aeronautics and Astronautics, 2009.

JEFUE , BESF, B BT CFD iy —Fi AR JE 38 75
WA RO A AT (1], RAT 4, 2013, 31(2):
110-112,117.

ZHUANG Zhilong, LU Yuping, YIN Ming. Simula-
tion analysis of subsonic aerodynamic characteristics of
a deformable wing based on CFD[J]. Flight Mechan-
ics, 2013, 31(2): 110-112, 117.

XE . Pr &3l AT 2R S R H (D
A MR AR K2, 2014,

LIU Wei. Multi-body dynamics modeling and control

] H

of folding-wing aircraft[ D ]. Nanjing: Nanjing Univer-
sity of Aeronautics and Astronautics, 2014.

B I o, o8, BB . R 1 A B TR AT R AL L R R
G PR AT S AT ). TR0 TR, 2014, 22
(10): 159-162.

TAO Xiaorong, LU Yuping, YIN Ming. Robust
flight control and analysis of spanwise deforming air-
craft wing twisting[J]. Electronic Design Engineer-
ing, 2014, 22(10): 159-162.

SR AT AR R AT f A TRAT B R 4 R ) R 5T
(D] Mt Matfizs iR, 2012

GUO Shujuan. Research on the flight coordinated con-
trol of variable body vehicles|D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2012.
TR . AR AARAT 2 U T A AT ST (D . R
5 MR AR R, 2013,

TENG Teng. Research on the deformation control of
variable body vehicle[ D ]. Nanjing: Nanjing Universi-
ty of Aeronautics and Astronautics, 2013.

ST, VL, BT, A BT M5 A A ) R
TR B P L RAT AR AR AR A I [T ], 0 R iR AR
2 4R, 2016, 37(7): 963-968.

WU Yushan, JIANG Ju, ZHEN Ziyang, et al. Intelli-

>t



1004 Moaoit = M X K % 54 %
gent nonlinear control of variable-wing hypersonic ve- American Institute of Aeronautics and Astronautics
hicle based on feedback recursion[J]. Journal of Har- Inc, 2004.
bin Engineering University, 2016, 37(7): 963-968. [20] CRG. Sliding airfoil ribs| EB/OLJ. [2021-04-07].

[13] # B, B3, FMRae, 5 . a8 ) a) A8 38 RAT 4R s http: //www.crgrp.net/morphingsystems.htm.

AU A & N B SE (7] K AT J1 %%, 2018, 36 [21] DRYDEN R. Transition rig EB/OL]. [2021-05-02].
(3): 37-41. http: //www.transitionrig.com/.

YANG Zheng, ZHEN Ziyang, JIANG Shuoying, et [22] SEIGLER T M. Dynamics and control of morphing
al. Research on modal switching adaptive control of aircraft [D]. Blacksburg, USA: Virginia Polytechnic
near space variable wing aircraft[J]. Flight Mechan- Institute and State University, 2005.

ics, 2018, 36(3): 37-41. [23] GANDHIN, JHA A, MONACO J, et al. Intelligent

[14] B, Lo, B9, 45 . o3 (a) n] A5 38 K AT 88 /N34 control of a morphing aircraft[ C ]//Proceedings of the
(CECREEr R g ot NN S N g 48th AIAA/ASME/ASCE/AHS/ASC  Structures,
2017, 38(9): 1420-1425. Structural Dynamics, and Materials Conference. Ho-
YANG Mingchao, JIANG Ju, ZHEN Ziyang, et al. nolulu, USA: The American Institute of Aeronautics
Adaptive sliding mode control for winglet expansion and Astronautics Inc, 2007.
and contraction of space-variable wing aircraft[J]. [24] GUILER R W. Control of a swept wing tailless air-
Journal of Harbin Engineering University, 2017, 38 craft through wing morphing[ D ]. Morgantown, USA :
(9): 1420-1425. West Virginia University, 2007.

[15] YU Chaojun, JIANG Ju, ZHEN Ziyang, et al. Adap- [25] QIAO Y Q. Effect of wing flexibility on aircraft flight
tive backstepping control for air-breathing hypersonic dynamics[D]. Shrivenham, USA: Cranfield Universi-
vehicle subject to mismatched uncertainties [J]. Aero- ty, 2012.
space Science and Technology, 2020, 107: 106244. [26] ANDREWS S P. Modelling and simulation of flexible

[16] #h3cH, VLo, BF, 55 . ok 2 Bom itk ik iy aircraft handling qualities with active load control[D].
IT 28 (] ] AR 3R AT AR /NG AR AL BFgE [T ], s IR I Shrivenham , USA : Cranfield University, 2011.

TR KA, 2020, 41(7): 1043-1051. [27] FAN W, LIU H, KWONG R. Gain-Scheduling con-
XU Wenying, JIANG Ju, ZHEN Ziyang, et al. trol of flexible aircraft with actuator saturation and
Stretch-out and drawback optimization of the winglets stuck faults[ J]. Journal of Guidance, Control, and Dy-
of near-space morphing hypersonic aircraft based on namics, 2017, 40(3): 510-520.

the improved multiband Gauss pseudospectrum[J]. [28] BOSKOVIC J, JACKSON J A, WISE R, et al.
Journal of Harbin Engineering University, 2020, 41 Adaptive output feedback control of elastically shaped
(7): 1043-1051. aircraft[ C]//Proceedings of the 2018 AIAA Guid-

[17]) BR—F¥E, R, T050, & . BT Om s il my i 25 ) ance, Navigation, and Control Conference. Kissim-
o R RAT A g R (T AR L 2018, 39 mee, USA: The American Institute of Aeronautics
(4): 355-367. and Astronautics Inc, 2018.

ZHEN Ziyang, ZHU Ping, JIANG Ju, et al. Re- [29] HASHEMI K E, NGUYEN N T, DREW M C.
search progress of near-space hypersonic vehicle based Time-Varying weights in multi-objective optimal con-
on adaptive control[ J]. Journal of Astronautics, 2018, trol for flexible wing aircraft[ C]//Proceedings of the
39(4): 355-367. ATAA Scitech 2019 Forum. San Diego, USA: The

[18] VOLK J A, SILER D J, REYNOLDS O R. Flight American Institute of Aeronautics and Astronautics
demonstration  of the twist adaptive wing Inc, 2019.
system-program update[ C]//Proceedings of the 39th [30] ZHENG Q, ANNASWAMY A M. Adaptive
ATAA/ASME/ASCE/AHS/ASC Structures, Struc- output-feedback control with closed-loop reference
tural Dynamics, and Materials Conference and Exhib- models for very flexible aircraft[J]. Journal of Guid-
it. Long Beach, USA: The American Institute of ance, Control, and Dynamics, 2016, 39(4): 873-888.
Aeronautics and Astronautics Inc, 1998. [31] ABDULRAHIM M. Maneuvering control and configu-

[19] RUSNELL M T, GANO S E, PEREZ V M, et al. ration adaptation of a biologically inspired morphing
Morphing UAV pareto curve shift for enhanced perfor- aircraft[ D ]. Gainesville, USA: University of Florida,
mance [ C]//Proceedings of the 45th AIAA/ASME/ 2007.

ASCE/AHS/ASC Structures, Structural Dynamics, [32] MENON A, CHAKRAVARTHY A, NGUYEN N.

and Materials Conference. Palm Springs, USA: The

Adaptive control for hybrid PDE models inspired from



% 6

W, 55 R R TRAT AR RS 5 TRAT R BOR W 5

1005

[34]

[35]

[36]

[38]

[39]

[40]

morphing aircraft[ C]//Proceedings of the 2018 ATAA
Guidance, Navigation, and Control Conference. Kis-
simmee, USA: The American Institute of Aeronau-
tics and Astronautics Inc, 2018.

BBl . AL A TR A Bl g 2 Ry R A A i
[D]. B aT: B ZS AR R, 2013.

YAN Kai. Dynamic modeling simulation and control
law design of morphing aircraft[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2013.

MA W, PENG W, TANG G. Adaptive control for
hypersonic vehicle based on error characteristic model
[ C1//Proceedings of the 36th Chinese Control Confer-
ence. Dalian, China: China Academic Journal Elec-
tronic Publishing House, 2017: 194-201.

WEI C, JU X, HE F, et al. Research on nonstation-
ary control of advanced hypersonic morphing vehicles
[C]//Proceedings of the 21st AIAA International
Space Planes and Hypersonics Technologies Confer-
ence. Xiamen, China: The American Institute of
Aeronautics and Astronautics Inc, 2017.

PEREIRA M, KOLMANOVSKY I, CESNIK C E,
et al. Model predictive control architectures for maneu-
ver load alleviation in very flexible aircraft[ C]//Pro-
ceedings of the ATAA Scitech 2019 Forum. San Di-
ego, USA: The American Institute of Aeronautics
and Astronautics Inc, 2019.

VALASEK J, DOEBBLER J, TANDALE M D, et
al. Improved adaptivereinforcement learning control
for morphing unmanned air vehicles[J]. IEEE Trans-
actions on Systems Man &. Cybernetics Part B, 2005,
38(4): 1014-1020.

IR, XA, L4, & WERAE I EART
fras A EAMEAL R R I LT]. T4, 2017, 38
(11): 1153-1159.

WEN Nuan, LIU Zhenghua, ZHU Lingpu, et al. Ap-
plication of deep reinforcement learning in autonomous
shape optimization of morphing aircraft[J]. Chinese
Journal of Astronautics, 2017, 38(11): 1153-1159.
Ean, 5, O, A R TIE R S) jAR R TRAT
i O3 IR AR R AT R R r s PR LT ). AL
bR 2E2E 4R, 2019, 37(4) : 656-663.

YAN Binbin, LI Yong, DAI Pei, et al. Research on
adaptive morphing strategy and flight control method
of morphing aircraft based on reinforcement learning
[J]. Journal of Northwestern Polytechnical Universi-
ty, 2019, 37(4): 656-663.

R, A, MR, %X T DDPCHIEMAEK €
1o A FARIE RO LT ], AERTAT A ML R R 2 4l
2022,48(5):910-919.

SANG Chen, GUO Jie, TANG Shengjing, et al. Re-

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

search on autonomous deformation decision-making of
morphing aircraft based on DDPG algorithm[J]. Jour-
nal of Beijing University of Aeronautics and Astronau-
tic,2022,48(5) :910-919.

LA, XA BT SRE RE B B S ERIT].
BACKI LA, 2020, 48(6): 5-11.

WANG Qing, LIU Huahua. Intelligent autonomous
decision-making and control of morphing aircraft[J].
Modern Defense Technology, 2020, 48(6): 5-11.
HALL J, MOHSENI K, LAWRENCE D. Investiga-
tion of variable wing-sweep for applications in micro air
vehicle: ATAA—2005-7171[R]. USA:ATAA,2005.
GRANT D T, ABDULRAHIM M, LIND R. Flight
dynamics of a morphing aircraft utilizing independent
multiple-joint wing sweep[ C]//Proceedings of the
ATAA Atmospheric Flight Mechanics Conference and
Exhibit. Keystone, USA: The American Institute of
Aeronautics and Astronautics Inc, 2006.

GRANT D T. A linear input-varying framework for
modeling and control of morphing aircraft[ D ]. Gaines-
ville, USA: University of Florida, 2011.

MARMIER P, WERELEY N M. Control of sweep us-
ing pneumatic actuators to morph wings of small scale
UAVs [C]//Proceedings of the 44th ATAA/ASME/
ASCE/AHS Structures, Structural Dynamics, and
Materials Conference. Norfolk, USA: The American
Institute of Aeronautics and Astronautics Inc, 2003.
NEAL D, FARMER J, INMAN D. Development of
a morphing aircraft model for wind tunnel experimenta-
tion[ C]//Proceedings of the 47th ATIAA/ASME/
ASCE/AHS/ASC Structures, Structural Dynamics,
and Materials Conference. Newport, USA: The
American Institute of Aeronautics and Astronautics
Inc, 2006.

RICHARD M W. The contributions of vincent justus
burnelli: ATAA—2003-0292[ R]. USA: AIAA,2003.
NEAL D, GOOD M, JOHNSTON C, et al. Design
and wind-tunnel analysis of a fully adaptive aircraft con-
figuration[ C]//Proceedings of the 45th AIAA/
ASME/ASCE/AHS/ASC Structures, Structural Dy-
namics & Materials Conference. Palm Springs, USA :
The American Institute of Aeronautics and Astronau-
tics Inc, 2004.

JULIE B S, DARRYLL P. Design and testing of a
pneumatic telescopic wing for unmanned aerial vehicles
[J]. Jornal of Aircraft, 2007, 44(4): 1088-1099.
ROBERT D V, CURT S K, BENJAMIN K W, et
al. Development and testing of a span-extending mor-
phing wing[J]. Journal of Intelligent Material Systems
and Structures, 2011, 22(9): 879-889.



1006 Mow o o= M

EE N

5% 54 %

[51]

[52]

[53]

[55]

[57]

MESTRINHO J, GAMBOA P, SANTOS P, et al.
Design optimization of a variable span morphing wing
for a small UAV[C]//Proceedings of the 52nd
AIAA/ASME/ASCE/AHS/ASC Structures, Struc-
tural Dynamics and Materials Conference. Denver,
USA: The American Institute of Aeronautics and As-
tronautics Inc, 2011.

AJAJ R M, FRISWELL M I, FLORES E, et al.
Span morphing a conceptual design study[C]//Pro-
ceedings of the 53rd AIAA/ASME/ASCE/AHS/
ASC Structures, Structural Dynamics and Materials
Conference. Honolulu, USA: The American Institute
of Aeronautics and Astronautics Inc, 2012.
AJAJRM, FLORES E, FRISWELL M I, etal. The
Zigzag wingbox for a span morphing wing[J]. Aero-
space Science &. Technology, 2013, 28(1): 364-375.
AJAJR M, FRISWELL M I, FLORESE, etal. An
integrated conceptual design study using span morph-
ing technology[J]. Journal of Intelligent Material Sys-
tems and Structures, 2014, 25(8): 989-1008.
RODRIGUEZ A. Morphing aircraft technology survey
[C]//Proceedings of the 45th ATAA Aerospace Scienc-
es Meeting and Exhibit. Reno, USA: The American

Institute of Aeronautics and Astronautics Inc, 2007.

oIS . g A R Y AT AR BT S iE L[ D .
Kb MR AR KR, 2016,

HUANG Minghan. Design and ballistic optimization
of hypersonic deformation vehicle[ D ]. Changsha: Na-
tional University of Defense Technology, 2016.

MELISSA A M, BRETT L W. Oblique wing aerody-
namics[ C]//Proceedings of the 22nd Applied Aerody-

namics Conference and Exhibit. Providence, USA:

[60]

[61]

The American Institute of Aeronautics and Astronau-
tics Inc, 2004.

BAEJS, SEIGLER T M, INMAN D, et al. Aerody-
namic and aeroelastic considerations of a variable-span
morphing wing [C]//Proceedings of the 45th ATAA/
ASME/ASCE/AHS/ASC Structures, Structural Dy-
namics & Materials Conference. Palm Springs, USA:
The American Institute of Aeronautics and Astronau-
tics Inc, 2004.

BAEJS, SEIGLER T M, INMAN D. Aero-dynamic
and static aeroelastic characteristics of a variable-span
morphing wing[J]. Journal of Aircraft, 2005, 42(2) :
528-534.

DASIE . R AT AR SN B T B RSN E B R B ST
[DJ. 9% PEE Tk K2, 2007.

CONG Yan. Research on the overall design of the
aerodynamic shape of the intelligent variable-shape
missile[D]. Xi” an: Northwestern Polytechnical Uni-
versity, 2007.

FLAE, A RYT, SRR (40 3K A T <S4
LT LT]. AT J1%%, 2009, 27(6) : 37-40.
WANG Jianghua, GU Liangxian, GONG Chunlin.
Research on aerodynamic shape optimization of tele-
scopic wing cruise missile[J]. Flight Mechanics,
2009, 27(6): 37-40.

BURWE, BRI, 25, 46 . L S s pl
PR O 3R 5 LB [(T]. MR S 3R R, 2016
(2): 10-15.

WEI Donghui, CHEN Wanchun, LI Naying, et al.
Research on deformation mechanism and coordinated
control mechanism of intelligent deformable missile

[J]. Tactical Missile Technology, 2016(2): 10-15.

(% 4.5k 4%)



