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Finite-time switching control for flight mode transition of tiltrotors

SUN Zhen, WANG Ruit, ZHOU Wen-ya
(School of Aeronautics and Astronautics, Dalian University of Technology, Dalian 116024, China)

Abstract: This paper studies the control problem of the tiltrotor transition mode, which requires the regulation of nacelle
inclination from O to 90 degree based on a finite-time switching control technique. Because of the dynamic characteristic
of tiltrotor conversion, a single system model can not meet the requirements for control precision. Therefore, a switched
system is used to characterize the multimodes of the system. Then, based on the average dwell time method, a sufficient
condition for finite-time stabilization of the longitudinal motion flight control system is developed. Finally, simulation
results show that smooth transition of tiltrotor transition modes can be implemented effectively by using the proposed
switching control strategy.

Keywords: tiltrotor; switched system; average dwell time method; finite-time stabilization

0 51 5
{2 Mt AL — Aol [ 7 3R OHLA B T LR

PR T BT I, [ N Ah AR T 2 R AR R
SCHR [6] 75 1 T 151 Jie FAL A A5 i~ R AN ke R 1) 7

RO — A R R RAT A% TR e PR X R
B I EORAR 1T RE 0 9 BRN B KSR 5, 51
TR AMEF 2 RS B, U e AL i
85 P g T[] 52 UM BT LSE N 2 %, — 7
T, Fh T Jie B ML AT e 3R [3] 5 38 95 A T 7 B A,
7 00 e 3R AR L B AR 5 3 P 4 3, LA A A
SO MR R R L) BT AN ] 52 3R, 5 — 5 i,
WG e AL R, e il CAT B o e B AN e
THT AT, A0 Jie AL AN — Al X 1) 2 — Pl s i
I, Je 3P A 1) R VeI 2 R AR BOR A2 4K, AT 5
Wi kg 385 1] 52 AT 70, S BURAT ER 030 R AR
oy B % AR R T T R g RS
FEH Rk

B Jie AL I R 7, e ) R i B

ks BHEA: 2016-10-24; 1&[EHHA: 2017-06-27.

LT RIRL 3P T A3 170 725 gt RN SCHR [7) 34T
T e SR URE N [ SR A P i D8 — R ) 2 B
SCHR 8] BT 15U Tie SUNLIK) O ) 28 A A AT B I A%
RGBT B BT A AL AT AR BIRRE
I BOR B BOA T 2 B F X Jie FATLAS B )
RFE SRR A% ) TV

AL A e ARSI AT AR & 7 AL, 7E
TR IR R A ST TR I AR A 2 1 2 AR AR A, T
Fere BAEL PERS h Hah T E RN S Bl E
RGBT A B AN W AR AL T AR Ak, AEAN ] RAT AR B A
(] R 2l 7 22 R AE, B — FR R 2 BR80T ik 1 1 i iR IR
A, i HLI RO R 7 B AT PRI TR Y e . 4R
il 7 ik R HE LA B AR 1 MR e, D) RGUA TR
fiof [ R0 1 42 ) 5 VR SR 17 M kX — ) R PR P AT

HEWME: EXREARAEESTHE (61374072); 1 S @R HEARRIY %% 2% % ik £ 01 H (DUT17GF204).
EZ BN 8 (1977-), L, #3%, 1L, NEDIH RS SEEH]. TR ESEHIEM R, MR 1991-), B, Wit

A, N TRAT SR R A
VA IAA/EL . E-mail: ruiwang@dlut.edu.cn



382 # % 5

77 % R EUIGURS e JLHL AT B KR Bl o Be 4 o
1 A JEL 300, 4 H 3l g 2 R A ) e 22 5, AR
3 T 20 0 19 % 3 24 0 ek . 5% SR [11] 4% b
D533 IR0 I e, A SCHE TV 480 B B B R D U214 i
MU T SRATL I 9 67 o P A R e D7) 842 o)
ST AU e JEATL M T AR 3 0 ) s AR T
Tt te. 50 o 8 7 20 S IR RE T A PR (i) R 1
7 VR A
1 AT

{5 e SR AL 05 5 A 2 O ) 3R X R
G2 BT LRSS 10 R S LR A e 3R R 45 oh Tt
e SR 400 8 T AR B 4 A1) AR S i e 3
WEIE B, T KT TN K AT S h 30 7 SR
RN R 0% e AL A 2 1 P T P, /s 4
HMAE R G LLSSHL BB RIIE 00 ~ 90° Ve FE A i1
i AENURALRR R T, AT BB A R

d
md—?:X—mgsinG—mwoq,
d
md—qf = 7 + mgcos — mugq,
Lde a0
vae o ar

FerprwMlw 73 53 9 FEAEN LR A FR A 2R B 7K-F 23
AR EL 7>, 0 IR, g IR A0 g L

e e AL Bkt

X =Xu+ Xpw+ Xyq + Xs5,0: + X5, 0e,

Z =Zyu+ Zyw+ Zgq+ Zs 00 + Zs 6.
LR

M = Myu+ Myw + Myq + Ms_ 0. + Ms_6..

R R HE B RHESEL W s T R
FENEAL). T AT A B R B R R E B K
17, B N 5 S 80 9 % R TR 2 il 3R, w = 0,90
/NS 7 R AT Ak

A

mdd—t“ = X,Au+ X, Aw + X,Aq + X5, Ad+

X5, A0, — mgAl — mwyAg,
dAw

meg = ZuAu + (Zg + mug)Aq + Z, Aw+
Z(;CA(SC + deA(Se,

Iy% = M,Au+ M,Aw + M,Aq+
M(;CA(SC + M56A6e,

dAg

— = Agq. 1

T q ey

ARG ) F A A N AR A R R IE
i = Az + Bu. )

xR %33%
o
r=[uwq 0], u=1[6 6",
X, X, _ _ -
X Xo Xy X X
m m m m. o m
Zy Zy Z,
Do Zu Za Zi Z
A= M m m , B= m m
M, M, M, Ms. Ms,
i 0 1 0 0 0

0
FERL P AT IR, AR M 1, 1% — e R AR
(0% ~ 90°90° ~ 0°4%4k). Bl 1, e, 1,
Wb 2 A, AT LRI A R BAE RN, =
Lo — K1, Horb: 1o NRIERIIESRE, K = 11.24.
2 PIaEH Tk

FE L R AT B IR (2)
& = Ayx(t) + Bou(t). 3)

He:o(t) : [0,4+00)=M = {1,2,--- ,m} NTHAF
5, A~ By 53l e e AL AT 1, fEAN R A R
IS AR 285 JHE o AR 42 i o N HEL R

EXIM 2558 3N M ey co T (cq < e2),1
ANEEHFE RANANYHE 5 0(8), in R

xy Rro < cy=a” (t)Ra(t) < ca, vtel0, Ty],

MY 258 (3) KT (e, e2, Ty, R, 6) A FRIS AN E.
1 SO T ROR LRSI U e BALI
JEIST [A].
EX2W X TFYHESoMt > 7 > 0,
N (7, t) FonAERALBE (1, 1) EYIH . n BA74E
No > 0,7, > 0,f75
T—t
No (T, t)<No +
BT, W) TE4 7, FR O ~F 35 5 BE I ]. 830 N = 0.
1 HBERUBRSG Q) R AFAE L E M
P, MIES ;s A, it P, = R-2 PR~ = 13
AP+ P,AY —2a;B;B — \P; <0, )

C)

p< Ze, ©)
1
DUPT A R A2 2 P R B R I 8] A DDA 5 6 (¢):
. Tylnp
Ta > Ta = @)

©In(eaer) —Inp — ATy
HA: u=a/b,a = inf Apax(P;), b = sup Apin(P;). R
€M ieM
G3) KT (1,02, Ty, R, ) A MR A8, I A4 il
W NK; = —aBI P
UEBH  EHE T A 43 Bt Lyapunov BG4
V(t) = Vi(z) = 2B 'z
M AT REGIER, 455 30 (5) 7T 13 Vi (o) W



F2H I IR F AR R AT R AT X A9 A FREF ] B 4% ) 383
FHN. [T 22 Gent i ) ¢ 1 S 20N Horp
Vi(z) < \a"P, 'z = AV @) o(t): [0,+o0)—M = {1,2,3},

XVt > 0,/%0 =tg <ty <t = tNU(t,O) RINTERS
BB (0,t) LRI 5, B (8) T 1%
V(t) < V(tp)eMtt) <

M[v(tk_l)e)\(tk—tk—l)}ek(t—tk) <o <

pNe G0 (0). ©)
FRAE 2 2,4 Nj(t,0) < Ty /70, B4
V(t) < uTr/meMV(0). (10)
WA a Rl b (52 XA

V(H)=2"P 23 (P 2" Rz =2  Ra/a, (11)

V(0) =23 Py 20 < Amax(Fy )ad Ro < g Rao /b,

12)
H12X (10) ~ (12) I #7
2TRx < aV(t) < ap™ ™MV (0) <
%u%e’\tngxo = ,LL%He)‘txOTR:EO. (13)

I (6) TT Al (ca/c1) — Inp — puTy > 0. HI(T) 15

T 1 —Ilnp— AT
7f+1<n(02/01) np )\f+1:
Ta In p
AT
log, (6—2) _ A (14)
1 In p

S WU AWNE K IE =

C2 _ Co
zTRx < —eMe ’\Tf:L“OTRxO < —a?OTR:L“O < cg. (15)
C1 C1

1 F U0 4 R S8 IR A U AE Ty Kb E S 19, 2 (15)
SR HIt € [0, Ty #R 2. i 1A Hn, P4 R 45
G)H Rz, L
F2 A X = P MR (S) 1 (6) rT 15
A X+ X;AT — 20, BB} — \X; <0, (16)
c1’TR ey < Xy < R7L 17

WEBE xR (17) 2245 W R N 3R DA Rz Ji5 AT LA
%ﬁ@]cle/\TfI/cz < Pz < I,?'\j

p=a/bya= inf A\pax(P;), b = sup Amin(Pi),
ieM i€eM

J U\T’Etﬂ /\1>cle’\Tf /CQ *H o<1, ﬁ%%ﬁf U\%@U n <
coe M1 /ey ]
3 fHEST
TEA T AL I IS FE AR SR 3 AT R 4G, A
X I [ JE AR AT I, 3 3 oA 50, 45°, 85°. AR 5 STk [6]
X XV-15 BEAT XGRS 56 Bl 3145 19 2 300, 400 T ALY
SRR AT B AR Y R AR
x(t) = Aax(t) + Bouo (t) (18)

[—0.326 0.043 30.228 —9.81]
4y - 0.276 —1.011 69.174 0 ’
0.037 —0.087 —1.539 0
0 0 1 0
[—0.364 0.050 8.86 —9.81]
4= 0.231 —1.093 97.96 0 7
0.069 —0.107 —1.915 0
0 0 1 0
[—0.37 0.054 7.728 —9.81
hy = 0.228 —1.093 105.174 0 |
0.076 —0.134 —2.533 0
0 0 1 0
[ 9539  1.292 5.401 1.292
B, _ 6.188  1.483 B = 6.198 1.483
—15.263 —1.324 —2.675 —0.232
|0 0 0 0
[4.361 1.292
B, — 6.198 1.487
~1.279 —0.111
o 0
RS &

= [ug wo qo Oo]" =[47 —20 1 —1]T,
2—2 = 1000, A = 0.001, a; = 0.059, T = 15,
1

R = diag{4.5,0.12,48,183}.

I 7 B 1 SR iR LMIs(16) 1 (17), 325 17 75 214 i) 45 14
KN

o _ | L7516 00741 314814 17.9593
" 02013 00192 109622 3.0241 |
o _ | 72:3752 00951 174377 17.3662
* |-0.6338 0.011 13525 32198
K. _ | 18564 00112 74778 4.4078
 |-0.5533 —0.0005 0.648 0.816 |

WRIER D) W E 7, > 75 = 4.004, BOF-H5E B 8] 7,
= 5, BRI T Y55
1, t €10,4);
o(t) =142, tec[411);
3, t € [11,15).

N TR A ST A BRI T8 D) g ) 5 ik S



384 # % 5

PID 7 fill A LA, XU e AL K it B AR 4T
D5 . B T [ 4 73 53l D ik 1 3K 9 A 2 1) 5 92545 31 14
AV B 3 AFAT A AR A3 2 PR R v
82 it 2. b P 1~ P 4 FR 0 AT BUR B, PID #2 i) 5 48
FESE — I ZI IR B8 DR e e, (BAE B P 7R
FEH P LT T BRI R, RGBS
RE 2 2 1 BOK B R 1 A AR SC 2 A BRI 1]
BUE VA U5 s, RE G A8 A% e AL i
PO RE A AR Tk B 1 B ROR, 78 20 BRI T V)
e 1) 77 R BT PID P 7 I A T e R
PLEZ .

120 —
3 100 F T
g 80 7 — A PR [ ) 4
I eof/ PID )4
40 - -
0 5 10 15
t/s
E1 SEERERTGRE RS R
=z 30f — A7 PR A 1) 3
& 10} /7 e PID DR
= _10;/ e —
-30 - -
0 5 10 15
t/s
2 EEEEE TRE w KSR
0.4—
B (]
£ 0.4} — A PR [A)BE E 1) 46
S -08f S 00 PID Y #:
-1.2b : -
0 5 10 15
t/s
3 EE MR 0 RS R
L4p
= 1.0}% — A PR (AR e P4
?j 0.6h, PID )4t
S 02 e
~0.2L— : -
0 5 10 15
t/s
4 TEIRMFNHEIRE KSR
4 4 ®

AR SR e AL P B AR R HoR AT T IR
WIF T, 45 £ e e SEALAS B IR 7 B R A A A A2 1k
(RS, ST 1 I Bl g S, e 3 LRI S
I ABLA IR A e AL B A L P R, 2 TP H B B
TR FR) 7 3045 2 D) 450 SRS, P45 U R e BRALAS B X T
LI AR, PAER IR RE A g i 7 &
Gi A PRI 8] 4R0E (78 73 2% A I 05 A5 RIRE T
Ao Y B AT BRI T] R0 D7) 4 2 ) 05 325 £ L ff PR AT A5 2%
P, X i3 — 20 T J AU e AL BRI 7E B AT 1R 4 f B
BZENMH.

xR %33%
&2 3k (References)

(1] bt PVIRAE. XS4 Jie 3 AT 2 I B AR kAT 4%
il [J]. MFEEA, 2005, 25(1): 63-66.

(Han B, Sun Z N. Optimal flying control of the rotating
wings aircraft with two propellers[J]. Measurement and
Control Technology, 2005, 25(1): 63-66.)

[2] Maisel M D, Giulianetti D J, Dugan D C. The history
of the xv-15 tilt rotor research aircraft from concept
to flightftM]. Croate Space Independent Publishing
Platform, 2000: 194.

(3] JASCHE, 25529, ik, s e 3200 2 2 R AR 7 VA
F 1. AT JI%, 2008, 26(3): 5-9.

(Zhou W Y, Li L D, Yang D. Study on tiltrotor aircraft
modeling method[J]. Flight Dynamics, 2008, 26(3): 5-9.)

[4] Park S, Bae J, Kim Y, et al. Fault tolerant flight control
system for the tilt-rotor UAV[J]. J of the Franklin Institute,
2013, 350(9): 2535- 2559.

[5] Rysdyk R T, Calise A J. Adaptive model inversion flight
control for tilt-rotor aircraft[J]. J of Guidance, Control,
and Dynamics, 1999, 22(3): 402-407.

[6] Harendra P B, Joglekar M J, Gaftey T M, et al. A
mathematical model for real time flight simulation of
the Bell model 301 tilt rotor research aircraft[R]. Bell
Helicopter Company Report, 1973: 1-268.

(71 FUK®E, B2, Ao e AL B I R AT I 0] R 4t
Wit [J]. ®AT J1%, 2007, 25(1): 47-49.

(Fan Y H, Yang J. Design of an optimal flight control
system for tiltrotor conversion[J]. Flight Dynamics, 2007,
25(1): 47-49.)

[8] Rysdyk R, Calise A, Chen R, et al. Nonlinear adaptive
control of tiltrotor aircraft using neural networks[C].
World Aviation Congress. Anaheim, 1997: 1-10.

[9] Liberzon D. Switching in systems and control[M].
Boston: Birkhéuser, 2003.

[10] Du H, Lin X, Li S. Finite-time boundedness and
stabilization of switched linear systems[J]. Kybernetika
Praha, 2010, 5(5): 1365-1372.

[11] Lin X, Du H, Li S. Set finite-time stability of a class of
switched systems[C]. Intelligent Control and Automation.
Ji’nan: IEEE, 2010: 7073-7078.

[12] Cao M, Morse A S. Dwell-time switching[J]. Systems
and Control Letters, 2010, 59(1): 57-65.

[13] 8, BEENT, BE. —REHEAHE VI R 503k

it 55 4 1) 25 BT 5V (3], 5 YK, 2006, 21(7):
735-738.
(Wang R, Feng J X, Zhao J. The design methods of
non-fragile controllers for a class of uncertain switched
linear systems [J]. Control and Decision, 2006, 21(7):
735-738.)

[14] Sun X M, Zhao J, Hill D J. Stability and 2-gain analysis
for switched delay systems: A delay-dependent method
[J]. Automatica , 2006, 42(10): 1769-1774.

[15] Galor B. Fundamentals and similarity transformations of
vectored aircraft[J]. J of Aircraft, 1994, 31(1): 181-187.

(FriEsmst: FRIEEH)



