2020 4F 2 A
EIRIESS B

[ DA N e 3

Journal of Northwestern Polytechnical University

Feb. 2020
Vol.38 No.1

https://doi.org/10.1051/ jnwpu/20203810068

EANEERKT_BEHERBEEITISHE

j%é«]/]\, iJE.-T"’ )g-]d]], ifé’\

(PEAL TR fiizs B, BRPE 7H+4% 710072)

i EAEAANNSHEERERE T RANE BHEAS— AT —F3h-F ek S, Bk a2 R
%k RO R IR R PTERN S N FREA S AT BRIZFA, B RANLERK RZLR > ABRSE
B T Fe RAREZ Sy B P RSN EXAF PR BERRAKE TR E
HRBFBN P RN, FHES AN TEEL T EANLZ G, REETFR-RREFHREST LA
MAEEK A%+ = 8w EARR LKA ONERA 22 3 RANW AT il g S22 T B ik
FHEADNER BFHAAG AL FRHIEAILT AL, T = A hEEAfe RIEHIEHER— 5,
BEET EAAR AL, T A WEAAMEL TS ARESAREE R S, P EER T A AN
ATEEDK R P B E A0 R IR ANUE [ 509 A T AR AR

x #
RESES V249 MERFR SRS A

H AR 1z o T 2 A oK [Tl ik
R, ENAMTR TR Z 6 T REER s, H
SCHER[ 1] X RET R 0 S BRR PR AT TS, SCHR [ 2]
X BT S G A B R AT T RS, SCHR[ 3-4 ] 43 ]
PE 2 BIEEST AT R A% < B IR 3 g 2 AR 1Y T
SCHR[ 5-6 43 3R FH A0 1 — Bi hr 5 i Fn L Ly i
S T T ANLARERE RS R BE Sl 2B

SR AT R S0 <o [T Wi Bl 7 5 A Ay i o8
X FIC ML RE F R g 7, H MLy A7
AR DS R 7 <R AV I JE AL B )
FT IR TC LA R TSR 5 )5 i 3K, HE 50
RAFEAN A BRI, FEXMEL T, TR
K0 b | A BETE <G 5 TC AALZ 8] (4 A B0, HE ST
SRR B B T AL R L B ) 2 i A R S FE
XFLAR AT T 058 O i F o AL R 95 <38
If M Qo] R B B ARV T R A
Te NHLZ B WA B 29 5, 57 575 A R R e AL
AR [l g 2R AT T B R R A 1 5 | A o 9 <
AT AMLZ A B2, (A3 5E . @7 B AL
)< R DS A v, B A ML 30 AT R X TG

s H #9:2019-03-19

W RANA K, + = § i EAREA M -Fdi 5 #2 ;ONERA #4230 /) F 24
X EHS.1000-2758(2020)01-0068-07

AL B TS 22 40 7= A 45 KR i, PR okt dn ] 4 57 6
ML E /NI A 3k 38 R o ) AR S R st J AR AL E
FRWFFE . A T AR L3 (] B, LA TG AL < 5 T i
RGENWFFEN G 03T A7 i R A0S A ik &
(TR AR B AT A B g, i i ONERA J5 27
HENT IO AMLKAD A B Al 2 H S sh SRR B
LT AR - BT 7 R ST 3% T AL [ [ i+ —
B R,

1 GREEYIEEh =R

1.1 ERSEE T

ZTE LA [ 2R 50 3 R e AL 95 <
FR A =30, b il 5 IEAMLZ ], i 5
RV 2 35 ek . TANLS iy B el
B, 3% 4 5 Il (3 500 A, 4 I EUE AL
Bt b, BT < 5 i i 45 A VLRI il d R
R ABTR AR ST A AR R R F, A R M AR AR
2, HRmE 1 R,

B4R iz Pl 4 (20162A53002) 5Pepi4y @ 5 B & 55 H (2018ZDCXL-GY-03-04) % Bl

EZE B : R (1996—) , PUIL Tolk KA A5 E | FRNF AT SR B A8 ) 2 i S R0

BIEEE IRV (1964—) , PUAE AP R m 2052, ERNF AT BB T S4BT .

e-mail ; ad502@ nwpu.edu.cn



#

134 S5 T NHLA R ISy AR ST 5 0 69

K1 Rl R Gk br R R K

1.2 | X ArHRIEEN

ARSI SRR S R b L A PR AR Horp R
AN HE LA B W EE (A R L
ML N HHE, FEFEENERWN = HHER
FHIEE S ACETABFR R F) BRARREL), {H2H4
KT , s A 5 V5 D38 mT LU LAY
— PR T AL B RIS 25 T AT R = A BRI
HFh+Z AmERR, RG) AL R T

g=10r" ¢ q¢ r q¢'1' (1)

o ! SRR RETE A T E g TR R
RFETE AR REZS  q° TR IR M R ik n &
TCAHLR A q" R AR TS, T2
SRRIE A, T REE AL ES , w02 A A
BEN] DU B S R A — B0, BUR SCH RY €L (H
Il AR AR 2R 1) FEAE AR AR R IR RE) Lp.,q. . (1D
5 AR RN TR E AR AR AR Y A R A ) KR AT LA
1 oL R T S S AR RN AR 2

2 GREEEN A FHER

21 [REFESIHHFRR

XA th S AP B E B R R AT B )
SR T R v < L D TR RR B DR /N DR —
YR TR v < 1 58 i R ) o =808, RV %
PR FE T | B A T T MR v AR
RSy BAR AN 2 B,

Gy MRS
L, W
LR = 33‘?6’%%%‘
< Sy ﬁ%ﬁz\l‘%
\,L i ri_'

3

K2 FEEe e s A

B2 1 X — sk e i e Ul
AT
F1 BEERSIRYS

WEvE S Ut A Wik 7 <pe B i A
Bth T E Sca S Scar = 0043,
FEF Y Sear < Sea < Sey

T TRt Sea = Sea,

TP So, ARSI Sy A, B
FE AN K2 A= A8 A 5 Sy A RIS TR 58 AR o3
2RI 2 v BT I B S Ay B < 78 58 I
A RH AT A

i FH i A BELA 7 T R 22 A o [ 7 < AN R B B
IRz DAL DAY hei R b= e E ] i ]
TET L 7 A T ) A AR 0GR U

Sea =

S
— 0=st=<1)
Ly

=t
Scar + [Sca = Sear] P (t, <t <t)

s 1
Sea =A,C; (1, <1)

(2)

s o, ARIER SR AE SR R] 5 O T38RI
FEBRIN ] 50 Ry RTE e U ) 5 A, SR W< 44 ST
B € RSl g 2R

B aa(2) RN BT BE AR S, A
A(3) FE(4) R NGE P EFIRGE TR
B Bty 3l 3 R AL 4 530 R



70 Piodt Tk KO R o538 %
Fo=C 1 2 Sea Uy A, ST AN B I,
e — Uy SPVy
2 CT ,/uj + 1/5 Fbx - _ %pvi SCD
1 SCA Vyq
F,= F,=C —sz— (3) 1
L) dch@§;;§ F, = FM=——5pﬁSCwﬁ (7)
1
Fl = 5PV R == oV SC,
=gy Loy At V, BTN A 55 T A BLHLI I
M, == Cy—pV,—sin(B,)L, g o e ”
2 Cy B A ff 5 Cy L, Cy L C oy BN REL
M, = 1, S (4) R 45 MRS ONERA J7 F2 B & 57 1Y I AL
My = CugpVe g ool Bal L, S ) R BT L AR5 5L ONERA J7
M, =0 TR T 1 2B BRI R
c, =C, +C
_ Uy _ N ¥ L= b L
B, = actan(ud] a, = actan[ ‘wz iJ (5) CL=S, Xa+S,xa+S,xa+C,
d
Cy =0.511 5a - 0.265 2a, (6) Cpo 41y X Cpyy 474 X Cyy =— (8)
Xb:L, WSHEKE, fIFERE C, kHisE D, K IAC,

Rva <44 LHAR ; Cy HRETE SR W ) R o, FRE
TEARID A 3 B, FBETE A 5w, 0, ,w, FRETE
DA
22 T AUBIAERER

ONERA 752 H iy 3£ 2 FH T3 sl , AR 40 ik
(9] 47, ONERA J7 B2 [RIFE W] LU F G0 £ 1
OUT AR E BB AR, PRI TE AHILAE = [l i
R R AR B ) E B AT K HE ONERA 7 2
FIrAR 203 8l 7 22 BBE 0 A 19 A8 Ak 6 R Sk AT

0
AC, =46.322 84 x (a — 0.139 6)

6.322 84 x (a = 0.1396) - 0.4228 4 x (a - 0.314 2)

AAC
LKA (9) ki

it (9) A Al IS 2 ™

AC,
afa A9 A(8) 2 F T 175 R L 4 F A9

o'
IES /&
Cp R PAES S G AW
Cy =Cy, +Cy,

Cp, + 1y X Cpp =-
AC, =- 0.042 X & - 0.147 3 x &* - 4.923 x o

(10)

K. €., C,, HBHIREBH TR 5T AC, MM

WA BH ) R A AR M A B ) R BN 2548 5,

rp X ACy =y X a

r, XAC, —ry X X a
Ja

L a WEANMA;C,,,C,, FTH T RERI A
TN AC, NENERR T SARLRAERR Y 22186, C,,
ELRAET T RGBS,y o, T
TR BGHATAE ; T ONERA J7 R At 43
JEXT Theodorsen S8l JIML AL ) HU 45, B L AT A4S )
SH s,y 15,5, WTH,

[FFEAT LAFS 2] ONERA R4tk 0 5 AR gtk
RO 2EME AC, A

0<a<0.139 6 rad
0.139 6 rtad < a < 0.314 2 rad (9)
0.314 2 rad < «

roo Ty [FVREFRT ERVREREARE . T I A LAESp e 72
S, KA AR 1] T3 R AL Cp AR,
S 1) 3 B BOR FIERE # T5 WA A TR

KT T AN Z FJ FEAL ] 32 I A AL/ £
L, Her /Ny i 52 5 8 TR L AHLIE 3R AT
WA A BRI B30 1] 13, Rl
IR 28 ) Jy 2 W R A TSR A, RINKE TE
AL Z WK 2R 58, TEABLRC JI  PIAR 73
R, — R A WA 5O T ST R T o A B
ORI, 5 — R R A WA A Bz 3 e AR AR
SEH R KPS A TS ANLBO 2R 4T B Al 4
FITCAMIGB ARSI B9 R FEl B4
TP FIFEREI N M,



51

S5 T NHLA R ISy AR ST 5 0 71

2.3 miwHLNKEE

SN MRS R A R R AR 2
L A3 I Te AAILRNRE T it i (s b S T AL
FRETE A2 75 A i RS, /0 Bl Hiz
A 7S A sl 2 E AR RT ) ARSI 5y 28
AR e R ACR MAT L S . HoP R S R IE A
BT A P E AN

u, u; +q,L,
Ce(. v,.|= Ced Vg ~ p(lLs ( 11 )
w, w,

X €, ,C,, 7B ol AL AR R TN VE AL R 2R
[ FEVE AR AR 28 ARG 5 1, A o v < o 1) 113
AR RIS su, v, w, N AT TESE I A R E 7
T yu,,v,,w, 53 ) Ay 6 e < B o Kb 1 R R ) 3Pas
q. o35 KR A T R B O

[R]BH AT 45 4l 5 JC ML JE 2 0 B A B 5%
X

u, + chr u, — (];,LA
Cec v~ pL'Lr = Ce[, vy, ~ prA ( 12)
w, + L, wy,

K, €, HTCAALAE DR F ] & UE AL AR R 10 56 45 0
R L, RICAHLETC B o IR B L, N i
WK p,,q WS A WARE i, WETEE
RTE AT (1) F(12) o, YREIE RIS, M
(EFE A A) (AR RS IR 5 B VR < — B
W AT AR FH B3 % <P 10 R B2 R 28 2R A AR bR 4
FeC, AR E T p, ,q,5u, v, 0, NTCAPLLLHY
RS 5p, ,q, NIC BB A o7 6
FE(11) Fn(12) KBTS AR B AR R 3R L,
IR 20 R B AR Ak SR AT B AT 45 21 i
R B, RS B MR L, SRS A
iy,
i h Al A= (13) Fi(14) 7535
F,=E(L - Ly) (13)
F,=[0 0 F]" (14)
K, £y oy sk Rk, 15 SO - 7 Sk R
W, B T AR 5t BT 77 A 58 T B KN Ly Rl W)
G BE  F, N BRI F, L R R K

3 O+ -BhEEREST

31 REEESANEHERRET
B 7 BT 2 v < b, nT AR AN A
H EERAE A an T
(m, +N,) (Vd tw, xV,))=C,F, +
C,mg +C,(C,Fy) (15)
(Jy +1)o, =M, + L, xC,(C,Fy)
s € SRR A U AL B 2R 1) B i < o0 A B
FROIVFAFE I sm ,  J, 53 50 R W T A B R B 1t
ARG N, T, 3 50 DA 8 i <pm BR 5 e 4R A0 % 5
BRI, V,, 0, J RV B0 3 5 f 2 AE
B3 F M, o0 50 R s A sl DR e, 2
E R R s A B e s B | BRI B i LR
T e 15 1A R S U Bkt B 8 U ] T & A= 22 Ak
i, BRI 225 30k 13 ] SEA73K A
32 TANAEHBHEHEEZES
FTENNN B 8 R~
mb<Vb +w, xV,)=C,F, +
C,mg-C,(CFy) (16)
Jyo,=M, - L, xC,(C,Fy)
K. €, ATEADLI AR F 1 TC ABLAL AR R 1Y
YeHFEIE smy, T, 5390 9 I N HILI o1 i F% 2 15T
FEEV, 0, 30 T NALISTC 3 E 5 3 3
F, .M, 53 3R R AMUBLSS A, 2t
H(13) 2 (15) 2RI(16) AL AL T T AL
R — 1 phy BERE RS T B HR ) MATLAB 4 T
PO By e s P ok A T BT L

4 (TEZR

R T B UEAR SO TR A B SR AR SC T B
FI2AARRIX SCHR [ 6] H BTG A BILAR [ [Tl R e it A 7
B 5 SRk [ 6] P S B 2R AT ) HE
SCHRL 6] 32BN J0 A MLA B BN dE A7 T 52 46,
TSI S T AL BT <, L B < 1 JR
s BETE I O 5 TE MR B, AN €T
BRI 56 m BT KB 11 m/s, ETFEE 1 m/s, 5256
VAR B 1 300 m, HAARD FL AR v e AL R Tl
RGEMSEBE N 2 iR,



38 %

72 odt Tk K
®2 RANEEEKRSGHESHIEE

=2 LY/EL =94 Kl
m,/kg TEAMLBT 10
S/m’ Te NHLALIE T AR 2.5
m,/kg e 5 - o A 0.65
(€A) /m’ Rk e B A 2513
L/m i 1.8
L,/m TNALBLLB M R EER 0.5
Lg/m Rtk B0 B i E R e 0.7

AT MATLAB #6778 11 @i S5 A, +
H H A BA AN

=[0 0 -59]"(m)
g'=[0 0 0]"(rad)
g°=1[0 0 0]'(rad)
=10 0 -56]"(m)
q¢"=1[0 0 0]"(rad)
vi=T[11 0 -1]"(m/s)

=[0 0 0]"(rad/s)
=[0 0 0] (rad/s)
=111 0 -1]1"(m/s)

=[0 0 0]"(rad/s)
7~ B H EE AL AR AR
=[0 O

-56]"(m)

50

30r

KATHE /m

B / (ms )

10k T R - B
— T HHERR - J5 AL
- RIEHE - T AL

0 75 B R - 36)\*)]4
- L -15

k

2 BRI - 4 100
— b R - AL ; S
TR - T AL

N H B - 6 AAL

1= B BB - B
— T A R - AL
—— LEHAE - AL
A H B - T AL

g =[0 0 0] (rad)
=[11 0 =-1]1"(m/s)
' =[0 0 0] (rad/s)
o BRI R . OB B e 5L T A AR bR R
(), PAS SO B SR O et R AR R, 0 T 57
Broc AR+ — [ AR 575 A i EERE ALY IX
A, B 2 5 | A TJE A WL R S 3 R
RYCTC DL R RIS A BE LAY BT o AL
AP R G0 0 ST Bl ) 2E AR AR, @ T
T AR R S R TC AL R T T L
P30, XA T P ] X L, PRI AE ] 3 A
5, A BRI R v < B A L4 R 3 3
PA=1 AT IR o A SO0 B R 22 BV A Ml 4
P EIF G 7B I < A e ML — e R
i HARXT LR ZE R 3 2 5 PR .

H R - P
ﬁ[ﬂiﬁﬂiﬂ FeNHL
Bl - e

Hﬂ)ﬁﬁﬂ %A*)L

s j;%
™ - B
~NH

Kl

TR / (ms™)

0 4 8 12
R /s

B3 O AL R T P AR th 22

T A - e
ZH B - AL

3 12 3 g 2 3 8 12
i 7] /s A IE] /s B IE] /s
El 4 TAVEREEDRITEEAIL Es5 TAVSBEERT CEEZ g Ee6 JoANLSREEAI A8 fh i £k

XT3 E S Tl LUE . DR 3 Hp B
%Jr ﬁ F R 5 LA S 5 SO0 25 R ) — Bk 8%
U ARAFFE D SIS 0, 12605 3 7 A ) 32 B2 LA
J ARSCBIAT WA by i b 1 R A A A

SRR, P2 AR AR B, RT DL 9 R
S AR B RN, SR AR e S Y W SGE R 5 @i -
T H MR SN A A DL S BE B X
A RLUA A T R R R AR A A A S



51

S5 T NHLA R ISy AR ST 5 0 73

— B, X HAE T ARSCE g ER Y R H T A
B LE T/ bl RE PR B e T S I e, kS
S BARX U4 R Nk 3 s

R3 W HEARMER

TADFRE 14sBT TAHLATE
A TREHE, AWMU BN
(m-s™") FEE/m FEPTEEETE/ s
Sk 5.05 0.00 5.85
+ = B H AR 5.00 1.02 4.95
75 A AR A 4.95 2.13 4.50

XTI 6 f BT LA K BR . [ 9 < R S 4
BRI AN — R T B o, B9 <0 A
1 90° & A5 0°, To AHLIM A1 Fr 0° & Wi 48 90°,
FEARTFA LB IE B, R 2 A 38 F A8 Ak il 4% TR B T LA

AR AR BN N A58,

1) A SCEE 5 4 st R ORI i i Y ofe
S 2] T AR, T LA EE ST T JE AL [0 i
T H AR, IR A R S S R A
RAF Sk T A SCEERL & B, A AW
BRUAH H T 7S B A LR 38 T RS B B
RERE 51 ARETE A TC ANLZ (R AH B, AR SRR
RIRE S A JC LAY <Rt [ SO P L B RRS B 19 48 52

2) ZARSCRFH ONERA J7 #5717 6 A ML HT
o U B 5 SRR T BB B A R BN
JIBEAY 38 i G B LA R S B ) % L AT
DRI W& 08, X [ AR UER] T ONERA J7
0] HF e T AL G L T AR w sl h
) A [ R

3) EFXHEZEAESY, EE AL AT OX L

BRI A2 8 g 2 R AR 22 BEA T AL ; @ %)

I A Vaiy
BLWRPIE Z B A2 AL Vi A 8 0 B .30 ) 2 A 152 3 AL
‘ eI R 30 ) SRR 3 ) TP i
5 & i

B IS 015 7 5, S JE AL R A [ o 2 3t
H&%D

T T AR TSR SE Y 3l )~ A 5 4

SEH

(1]

(4]

(5]

(6]

[7]

(8]

(9]

FIELDS T D, YAKIMENKO O A. Development of a Steerable Single-Actuator Cruciform Parachute[ J]. Journal of Aircraft,
2018, 55(3) . 1041-1048

LEONARD J, ACCORSI M. Structural Modeling of Parachute Dynamics[ J]. ATAA Journal, 2000, 38(1): 139-145

sE, A, S, A KR EDL RS S @S 5 B L] TR, 2017, 38(5) « 443-449

ZHANG Qingbin, FENG Zhiwei, MA Yang, et al. Modeling and Simulation of Mars EDL Process[ J]. Journal of Astronautics,
2017, 38(5) : 443-449 (in Chinese)

WANG Haitao. Dynamic Modeling and Simulation of Whipping Phenomenon for Large Parachute[ J]. ATAA Journal, 2018, 56
(10) ; 4049-4058

e, KL, FEHIR. TN IS S [ ], AUl IR R A2, 2012, 44(1) : 14-19

GUO Liang, ZHANG Hongying, TONG Mingbo. Dynamics Analysis on Parachute Recovery of Unmanned Aerial Vehicle[ J].
Journal of Nanjing University of Aeronautics & Astronautics, 2012, 44(1) : 14-19 (in Chinese)

SR, EIE, AWM, 45 SETEUEIr R ICANRES) S S g B[] AR A AR R 24z, 2019, 45(6) -
1256-1265

WU Han, WANG Zhengping, ZHOU Zhou, et al. Dynamics Modeling and Simulation of UAV Parachute Recovery Based on
Kane Equation[ J]. Journal of Beijing University of Aeronautics and Astronautics, 2019, 45(6) ; 1256-1265 (in Chinese)
DUNN P E, DUGUNDJI J. Nonlinear Large Amplitude Aeroelastic Behavior of Composite Rotor Blades[ J]. ATAA Journal,
1992, 30(1) . 153-162

e, e, ORISR S M RE I BT BRI [T ] ARKIR M 53808, 2017, 38(4) : 1-4

RONG Wei, BAO Jinjin. The Primary Studies on the Effect of Martian Atmosphere on Parachute Inflation Performances[]J].
Spacecraft Recovery & Remote Sensing, 2017, 38(4) : 1-4 (in Chinese)

WO, XEEEG , FRE, A5, REUKFRA L R PERR ST R il [T ] BB SRS, 2018, 34(2) : 199-204



74 odb Tk ko o R o538 %

CHANG Lin, LIU Yanrui, XU Wei, et al. Research and Control of Blabe Aeroelastic Stability of Large Horizontal Axis Wind
Turbine[ J]. Machine Design and Research, 2018, 34(2) : 199-204 (in Chinese)

[10] ARegify, AEFAE. JET ONERA “gh e i WU ALy BRI AT [ ] IR BHE R 7274k, 2009, 28(3) : 56-60
LIN Xuehai, REN Yongsheng. Analysis of Flutter Time-Domain for Blades of Wind Turbine Based on the ONERA Aerodynamic
Model[ J]. Journal of Shandong University of Science and Technology, 2009, 28(3) : 56-60 (in Chinese)

[11] R, EIEV, M, 55 ZHEREEER NS 228 )], v T R 72:4ik, 2019, 5(37) : 928-930
WU Han, WANG Zhengping, ZHOU Zhou, et al. Modeling and Simulation for Multi-Rotor Fixed-Wing UAV Based on Multibody
Dynamics[ J ]. Journal of Northwestern Polytechnical University, 2019, 5(37) : 928-930 (in Chinese)

[12] HOGAN F R, FORBES J R. Modeling of Spherical Robots Rolling on Generic Surfaces[ J]. Multibody System Dynamics, 2015,
35(1): 91-109

[13] WM. KRR DI BT D] Kb EBRHERY, 2012 72-80
GUO Peng. Research on the Opening Process of Large Parachute System[ D]. Changsha; National University of Defense Technol-
ogy, 2012 72-80 (in Chinese)

Establishment and Simulation of Twelve-Degree-of-Freedom Model
for UAV Parachute Recovery System

WU Han, WANG Zhengping, ZHOU Zhou, WANG Rui

(School of Aeronautics, Northwestern Polytechnical University, Xi'an 710072, China)

Abstract ; In the UAV parachute recovery process, the UAV and the parachute have always been in the state of dy-
namic balance, so it is difficult to deal with the constraint between them. In order to solve this problem, the UAV
parachute recovery system was divided into three parts: the parachute, riser and UAV. The extension length of riser
was obtained by the velocity relationships of the riser connection points. The riser tension was obtained by the prod-
uct of the elastic coefficient and the extension length of the riser. And it was applied to the parachute and UAV sys-
tems respectively. Finally, based on the Newton-Euler equation, the 12-DOF model of UAV parachute recovery sys-
tem was established, in which the unsteady aerodynamic model of the UAV from the forward flight to the steady de-
scents was established based on the ONERA equation. The simulation and test results shows; the 12-DOF model is
consistent with the results of the experimental data, which verifies the accuracy of the 12-DOF model. The 12-DOF
model is more accurate than the past 6-DOF model. This model established in this paper can provide reference for

the selection of parachute in the UAV parachute recovery system and the determination of the landing point of

the UAV.

Keywords: UAV parachute recovery; 12-DOF model; Newton-Euler equation; ONERA equation; dynamics mod-

eling; simulation and test
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