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Configuration reconstruction and strategy of
multi-section chain tiltrotor aircraft

Wang Xuqiao Yang Shuai
(Civil Aviation University of China, Tianjin 300300, China)

Abstract: The multi-section chain tiltrotor aircraft possesses diverse body configurations, rich combination transformation sequences,
and non-unique configuration solution sets. To enable the aircraft to achieve optimal flight performance and mission accomplishment
schemes under varying mission conditions, thereby enhancing its variant execution efficiency and mission adaptability, this study
investigates the configuration reconstruction and strategy of multi-link tiltrotor aircraft. Initially, the attributes of the multi-section chain
tiltrotor aircraft were analyzed, identifying three key factors : passability, stability, and energy consumption, as evaluation indexes for the
reconstruction strategy. Subsequently, the weights of each index were determined using analytic hierarchy process (AHP) analysis, and
a reconstruction decision-making method was established based on the weighted average approach. Finally, the effectiveness and
scientific validity of the reconstruction strategy were verified through experiment. The results indicated that the reconstruction strategy
increased the comprehensive score by an average of 26. 87%, effectively enhancing the aircrafi’ s performance, particularly in terms of
passability and stability. These findings suggest that the proposed reconstruction strategy not only improves the adaptability of the aircraft
in complex environments but also provides a significant theoretical foundation and practical guidance for the advancement of drone
technology in various applications.

Keywords : variant aircraft; configuration refactoring strategy; evaluation indexes; weighted average; adaptability

ek H 39 . 2024-10-08 Received Date: 2024-10-08
w AT H KT AR FST £ e A JE 4 (21JCQNJC00870) | R R % 42 BE 1 it & 3k 4 (KJZ49420230012) | H J m A BT 3 A0l 55 3% &
%5 455 H (3122019059 ) %t Bl



- 126 - LSRR R e o

539 &

0 35l

il

ARPRTRAT AR — R LA R A S RE T BT LR AT
fir, AR RE A RATR R DA RN T SR T R 2
HARM B,

SERRR U R RATASREISAR Y CATAE S5 kAT
Pl RATERE B Rl A LA R A B AP
JEAR, DL B A B S PR RE AN AT RO, X R R TE BE
FIEAER RATEAEA R 9 A7 55 P ARRE SR A 1Y
REPIRZS, T B i AT AR B S PR RE . B AT AR Y
AT R AR AR T 07 AR B PR R AT A 2 I 4
FORATA ML ATS AL S AT A ML AR S AT
PIBHLI TR CIT 35" X B AR T 45
BT S B, AT REAS LRSS R Y S8 I
B LY R AR

RATHE T, AR AT SRS OB EE R LT S
AROBEE T AT, QS RT3 s/ T R
RS AE Y ORRRAT 1 R RE S AR TR AT
BIPLBPE RN RS, A BEAS 7R 2 2 22 78 i BRI P (R 5 o
R RATHERES o BLAh, AR RAT R B Iy A )
Fra BRI R AT R A F 22 A ), I Se R
(1 % S ARG AT B AL TORE B I KA TR R AR A1

ST S5 T, AR PR TRAT AR A L i S AR R Bk
A DATE A2 3 AU A % T B ] DA R U AR
Bz R AU, AR TAT AR T DU AT
2 ML F TS5 2 BT 55, L m BE A 1 3 R RE ) AL 5
1 CATHERE M O AR A P I B 4 FERA
U, AR PR RAT AR AT LU B RE L TR R kAT ET I
PEIFRRARAA il e A0 T 2 28 D L 9 3 A0 25 ik
ik,

PR A TRAT A AT PR SR AT: 55 A X T vk SR )
HAEATR ©AT IR ML 55 P RERS T2 3h sl sl btk A2 SME
a5k, I iR 2 BoA B U B0 RATPERE . IXFIAE ) (75
ARPRTRATARAE I B AT 55 7K T B Al oo 1) 38 o
FORFT I YA AE IR A T TR S O TF 5% IR R
W, X —SURC 2T T — R EEE

TERE PR b BRI SBT3 1)z i E, 56
e 45 [l R AT 45 BRI SCWT 5234, O LA R 2630 5
TCHL BT TR N A58 T AR X AT
EEAE AR B E BE AT AT A A LR LA S B B Y
SERAEIE | LA AR AT P A AR A R 7R T I A ] o3 38 A2 T
BU R 5 AT 8 A B s sl i, T
5827 > FY) A O LA PR SR AT R R D ik RS L R T
— BT R B AR TR T A R Y S AR DT AT AR 4
il AR KR AT AR TE 2 AL 55K AS T PR B A0 E Y

W

TEFEN R RATE AR FE 4 AL T 0 R R B B, B
Rl Jey BR T BRI 0 3t rhn A ATLASE 000 X, g 552 B O
T HE—ALB I R, I 5R FIRR A 4 S
GIHC 245 1A N BRI RT R, 7R [ Y28 R AT
TSI ERUR SR

TEHORZ 1, B AT E BT 56 T 3 )15
ARG TRAT BRI 3BT AN R 55 K R B IE ATl
T DI o SR 5 2D T i 3 5 sl FL R
7 DATCOM RHUHISE TAE S G Lsh 28, o <8l
SO T AT 1 pR RO R | W] 0 45 4 22 0 RE RS 4
W AT BRI R R

ZE ERTIR, FHATEE XA AT SRR A AT SR
WA AR G 27 i AU 3L /AT AR A T
T 52 BIR 2 [] ) 258 RATRE T, HAMAMIE L S 20 A
AR BN AR M I8 A AN I — | D3 D) BT
PR ShAS A SR, R AT A 75 I X AN AT 55 A5 71 2R
FHIC AR AT PERE 5 4E 55 1K T 58, T 488 i A8 MR AT
BRI 55 1E LA

ARSCLAZ A5 AU e AT a8 P FEXT R ok
ST R AL TRAT AR ) M BRI FA SRS 9 7 R
% AT el e AR E PR RERE DT A 20, S
TSR (PP P8 Fn I R A, W A HE AR AT I — (AR B
B REA T ARG IR 2 T I 3 05 SR i AT A A2
TSRS ; B AR R A 19 AT D ECPRIE b X 54 SR 14 A1
RO FRREAEIEAT 07 FLARAIE , LA 5 BN 22 1K K AT 214 TE
HH RIS BT

1 TEREITRERREERDNT

1.1 HEHEEHSH

A A S AT A BT B A e AR LA R 7Y
K3l AN [ () AT BREE FIAT 55 5 5K o 31X R s 13 R
PRI 25 4 | an e R Bt 25 4, 8 2L 45 s 1l {07 e
1 04t e AL G5 A8, DA K DU e 3 AT 4 38 0
H BT X fe i K AT R AR AR 55 )
R 3 e ¥ 7R A 6 S R 23 S VL G BE 77, 1R R R
BRiE NV AET .

Z 1A SR B RA T AR SRR 2 W] ) T LA 3
K TSR H 3 3 Bl =ML A9 e 55 5T, el LS A
X RAT R A7 BTS2 I s RAT S H B LA ERAE

ZULIE K B TR LR e R Y e
BECAT S0 A B BT, W 1 (a) (b)) Fis, A #B43
SRS AUVE A , B 85 1T 5 50 — MU AH R 3% an il 1
JiiR . A FI B AR AV B e RS T Wikl 2 iR, B



53 3

2 AU e 3R R AT et EE A S SR A 5T - 127 -

TR S — BT REAL, AR ST BRI

%{

(a) AL BRI A

(a) Modular link section "A"

K1 BRI A7

Fig. 1 Modular connection part “A”
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Fig.2 Modular rotary joint
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(b) Modular link section "B"
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Fig.3 The reconfigurable body is introduced

into the rotating joint of the arm
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Fig.4 Four typical configurations of the reconfigurable body
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(a) Drawings of "H" shape aircraft
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(b) Drawings of transition
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Fig.5 Drawings of four typical configurations
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Table 1 The size table of each

configuration of the aircraft
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(a) The attitude tracking error curves of " 1" shape aircraft
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(c) The attitude tracking error curves of transition configuration-2
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Fig. 6 The attitude tracking error curves of

four typical configurations
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The numerical table of the stability normalization

of each configuration of the aircraft
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Table 3 The numerical table of normalized energy

consumption for each configuration of the aircraft
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Table 4 The numerical table of normalized energy

consumption for each configuration of the aircraft
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Table 5 The flight performance of aircraft of different

configurations under narrow gaps
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TP FIAR E RO 1 22 ARG B A W
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Table 6 The flight performance of each configuration of

the aircraft under different initial conditions

LENIZ AR sk e fig
X HIE 0.15 1. 000 0.750 0.571
X % 0.20 0. 000 0.750 0.571
X t47% 0.25 1. 000 0.750 0.571
“ AT 0.15 1.000 1.000 1. 000
“CH T FERIE 0.20 0. 000 1. 000 1. 000
“ O T 0.25 1. 000 1. 000 1. 000
-2 M 0.15 0. 600 0. 750 0.286
-2 FIE 0.20 0.275 0.750 0.286
-2 I 0.25 0. 500 0.750 0.286
“—" TP 0.15 0. 000 0. 000 0. 000
“—" TR 0.20 1.000 0. 000 0. 000
“ " TG 0.25 0. 000 0. 000 0. 000
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Table 7 The measured data of reconstruction of

different configurations under narrow gaps

¥4 W fasE HEFE RGBS
)1 0.010 0. 980 1.000 0.574
T -1 0. 005 0. 740 0. 560 0.583
i ERIE-2 0.290 0.730 0.300 0.420
“—" I 0. 990 0.010 0. 005 0. 430
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Fig. 8 Multi-segment chain tilt-rotor aircraft
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Table 8 Measured data of physical aircraft

reconstruction strategies
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JE 0.010 0. 980 1. 000
R e M (WA ) 0. 005 0. 740 0. 560
fEFE/ (W -h) 0.290 0.730 0. 300

8 A0 3 CHE B AR S DU R
RIS FIAGEE, R4 bR ST (6T St BT £
SRR B R AN RT I P4 ) 2 1
M TR e 2 WA 25 AT 1 4 SR bR L 0
FURBE, R RTIRARAE T T Bt A T
(AT R 5 B0 T W ) e T 223
b5 R

T 43 9 B A TR i 52 T e
5 R S R

\ TR - TR
SRS = TR T

x 100%

(7)

R T PR R T 2 R P AR, TR R
USSR BRI ik 5 1 00 B ] S R FAR SR
AEAS SR S I AT AR AR SE PR T B PERER B, 3l
T2 WL, REREAT R AR AR AR DN ZXT 45 A R ), o £

AR BR A H— B

XA RT3 T, AT A A8 0 2 [ B A AT 55+ Y
PR B IR H 28,57 %, X REPRE 1EE e B
Hh, TRAT AR RE A S 3t 58 B o AT 5, 3 0 A K A
5t o[RS, R PRI PR AT R AR T 15% , R W /AT
e RATIE R R AR T R A AR P, XX T A TR
O (IR s Qi i - W Ly {0 =/ R EOEZ B A L
Hh, BEFEIL A T 20% , 75 HH A SRS £ 31 TR0 1 [
o, AT BB 1z AR o X0 TR ] TR AT R L
B R A B X,

£f LRk  FTE AL SRS A S T AT AR R RE T T Y
ARNE  AMUAERIE EAS S T RAIE , AR SEBR Y ]
HRAFRIRCR . X AR B TC AR K R P It e 5
FRHEA , IR 25> UG I R R T T R B RS

5 % it

TN 12 ) 5% A 32 29 R A% ] B RATAE 55, AR SOk S

T 2 kU RS AT A Y Sh A A SR, LS B
24 A IR ML A, E S, b TR A
SRS K, B SR U S VR S BETH oo R JRIT
FEHBCTH U S P RERR I, A SR A BT S ATk R
BT HEESE, HE Tl S E YR RERE 3 g
LI S DS D =RV R TRE TNV (R A GG EON S B/ R i B o
Solidworks A= hl = 4t #& B 3k a1k 45 bs, FH
MATLAB/Simulink #5 £ {jy £ J 58 JR R & MR i, IR 3T
AR T M REAEFE AR, N7 15 T IACT- 22 1
FIE B S . fedm , BEAT T ORI S S A A PRI
SERRWZE M RIS LE AT V85 T 26, 87% , i
T AT A S RIS E P T A PERE . X —WFSY
HARRAARATAR DI ST B0E 13l X BUA B,
ARRATHE— LR R AR bR 5 I AR AL
TivE  WOC 4 B B, LASR 4 SR AR P A AT SE4E
5%
[ 1] HURA, B, B0 BRI TR R A R ) ).

fiuzs HEHA , 2007(8) : 38-41.

CUI ER J, BAI P, YANG J M. Development path of
aircraft [ J ].

Manufacturing Technology, 2007(8) . 38-41.
[2] ZEM, X, 75 0K RAT a8 A e IR 5 1 T i

(1], RHLKGT, 2022, 42(5) ; 1-7,13.

LI X J, LIU F, QIAO Y. Development status and

intelligent ~ deformable Aeronautical

application prospect of variant aircraft [ J ]. Aircraft
Design, 2022, 42(5) . 1-7,13.

[ 3] SR, BRBksk, skfh. Z2 BT M it
FARLNES 1273 (0], sl isr 54 224k, 2018,



- 134 - G R - C I T 539 &
16(5) : 430-439. deformation decision of variant aircraft based on DDPG
GUO X Y, CHEN L L, ZHANG W. Aerodynamic calculation algorithm [ J ]. Journal of Beijing University of
and nonlinear dynamic analysis of Z-Fold wing[J]. Journal Aeronautics and Astronautics, 2022, 48(5) : 910-919.
of Dynamics and Control, 2018, 16(5) ; 430-439. [11] PEDRO C, MARCELO A. Shape memory alloy-based

[ 4] VB2IW, PME, XIE2%. B REM L RN 25 F) HE AR AR K AT mechanism for aeronautical application;  Theory,
RN HBR S R[] ], fias Fk, 2014, optimization and experiment[ J]. Aerospace Science and
35(1) :29-45. Technology, 2018, 76 155-163.

LENG J S, SUN J, LIU Y J. Application status and [12] ZHAO M, KAWASAKI K, OKADA K, et al
future prospect of smart materials and structures in Transformable multirotor with two-dimensional multilinks ;
morphing aircraft [ J]. Acta Aeronauticaet Astronautica Modeling, control, and motion planning for aerial
Sinica, 2014, 35(1) . 29-45. transformation[ J ]. Advanced Robotics, 2016, 30(13) :

(5] s, ERA, XEE, &5 R ATdr il HoR 825-845.

KIEBIRSRE[T]. MM, 2022, 43(10): [13] MAKI T, ZHAO M J, SHI F, et al. Model Reference
432-449. adaptive control of multirotor for missions with dynamic
RAN M P, WANG CH C, LIU H H, et al. Research change of payloads during flight[ J]. IEEE International
status and future development of morphing aircraft control Conference on Robotics and  Automation, 2020,
technology[ J]. Acta Aeronauticaet Astronautica Sinica, 7433-7439.

2022, 43(10) ; 432-449. [14] ANZAI T, ZHAO M J, MUROOKA M, et al. Design

[ 6] BTV, XN, BiTF. TR ITHREREIES T modeling and control of fully actuated 2D transformable
BRI AR RS T]. RS WK K 2FE R, aerial robot with 1 DoF thrust vectorable link module[ C ].
2022, 54(6) : 995-1006. 2019 IEEE/RS] International Conference on Intelligent
ZHEN Z Y, LIU P, LU Y P. Research progress on Robots and Systems (IROS). IEEE, 2019. 2820-2826.
intelligent deformation and flight control technology of [15] F£Fr, ke, BEW. 21N e iTe
morphing aircraft [ J ]. Journal of Nanjing University of BRI SETE[T]. LRSI R KA,
Aeronautics & Astronautics, 2022, 54(6) :995-1006. 2024, 50(5) . 1523-1531.

[ 7] B BRI S T EhRE T R St [ D]. WANG X Q, LAI F L, ZHAO CH L. Reconstruction
MR RIS AR, 2016. control and motion simulation of multi-section chain
YIN M. Research on the coordinated control problem of tiltrotor aircraft [ J ]. Journal of Beijing University of
deformation and flight of variant aircraft[ D]. Nanjing: Aeronautics and  Astronautics, 2024, 50 ( 5):
Nanjing University of Aeronautics and Astronautics, 2016. 1523-1531.

[ 8] [FEhalnk, 2555, #iuii, 2% JETHY9R Sy ) p02 ik Wty [16] BEm, ik, FLIr, % AIDSEHRIER LT
i FE N AR R AT R B )] PEAE T TSRtk A [ T]. Hlas A, 2021, 43(5) .
AR5, 2019, 37(4) : 656-663. 620-628.

YAN B B, LI Y, DAI P, et al. Research on adaptive ZHAO CH L, GUO D, WANG X Q, et al. Design and
variant variant strategy and flight control method of Motion characteristics analysis of rotary-wing aircraft with
variant aircraft based on reinforcement learning [ J]. dynamic reconstruction [ J ]. Robot, 2021, 43 (5);
Journal of Northwestern Polytechnical University, 2019, 620-628.

37(4) : 656-663. (177 %BaR, EME, EB, 2. AR H LA b kR 8 Al

(9] koo RUFEAK TSRO SREMI(D]. & SEEEAE BT (J]. AU R EOR, 2021, 51(6):
UL R, 2017. 105-109.

SHEN Y. Research on design and characteristics of GUO Q, WANG CH, XU ZH, et al. Reliability
flexible wing variant aircraft [ D]. Nanjing: Nanjing evaluation of integrated modular avionics reconstruction
University of Aeronautics and Astronautics, 2017. model[ J]. Aeronautical Computing Technology, 2021,

[10] Fj=, 54, B, 5. T DDPG HikmZE A« 51(6) : 105-109.

Tras A FAETBHRFLI]. JLRALE MR K% 240, [18] &K, FT8E, XIFE. ZHES T ANAE G IR i

2022, 48(5) : 910-919.
SANG CH, GUO J, TANG SH J, et al. Autonomous

PR EREE[)]. P SRR, 2019, 33(10) .
7-15.



43 4 2 AU e 3R R AT et EE A S SR A 5T - 135 -

[19]

(20]

HOU T H, XING HY, LIU Y. Current status and prospects
of multirotor drones in meteorological detection[]J]. Journal
of Electronic Measurement and Instrumentation, 2019,
33(10); 7-15.

Pr—, MRBEDYE, BEat, 45 T IRANLRIRT =<
Bt R U R GE (0], i1 IS AR 4R
2019, 33(10): 1-6.

CHEN Y ZH, LIN Q G, XIA J, et al. Mobile air quality
monitoring system based on drones in urban areas[]].
Journal of Electronic Measurement and Instrumentation,
2019, 33(10) . 1-6.

RARML, AR, 2225 RITE ML 45 R B% 15
HLZ R ST [ ] ], AR TR 244, 2016, 37(12):
2836-2843.

SONG F G, LIN H, LAN SH. Real measurement of
electric field strength above ultra-high voltage lines using
drones [ J]. Chinese Journal of Scientific Instrument,

2016, 37(12) . 2836-2843.

EEE N

FEFFCE{FEH) 2014 4FF P RAR
REFARAFRR 27, SR v ] R0 R 27 s 4
SEYI , E BT FETT 10 TE AL S HAR S
MBS
E-mail ; wang_xu_qiao@ 163. com

Wang Xugiao ( Corresponding author )
received his B. Sc. degree from Civil Aviation University of China
in 2014. Now he is a senior experimenter in Civil Aviation
University of China. His main research interests include UAV
control technology and application.

B, 2021 4 F 5 B R 4R 15 2 1oy
A, B o ] BT R A 0 50 A, 2B E
FEIT 0 R TTIEDTE o
E-mail ; 1807873009@ qq. com

Yang Shuai received his B. Sc. degree
from Jinan University in 2021. Now he is a
M. Sc. candidate in Civil Aviation University of China. His main

research interest includes decision-making methods.



