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Development of an Experiment System for UAV Formation Flight
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Abstract: To narrow the gap between the theory and practice in UAV (unmanned aerial vehicle) formation control, a
formation flight experiment system is developed, which includes an X-Plane based hardware-in-the-loop (HIL) simulation
subsystem and a flight experiment subsystem. In the two subsystems, the same autopilot and ground control station are used.
By the HIL simulation, defects and bugs emerging in the simulation can be found and modified before field experiment.
Therefore, the time and cost required by flight experiments are reduced, and the time from theory to application can be short-
ened. Besides, communications between the vehicles and between the vehicle and the ground station are well tackled. The
vehicles can share information via inter-vehicle communication without intervention of ground stations. Moreover, multiple
UAVs can be monitored and managed by one ground control station. By network-based software and hardware designs, the
experiment subsystem can be used to validate formation control algorithms based on various communication topologies. A
leader-follower formation approach is designed to demonstrate the effectiveness of the entire experiment system. The results
show that the autopilot validated by the HIL simulation can be applied to the flight experiment subsystem directly. The only
work required by the actual formation flight is to perform a little fine adjustment on some control parameters.

Keywords: unmanned aerial vehicle; formation flight; hardware-in-the-loop simulation; X-Plane; flight experiment

1 35| (Introduction)

TNNUEAEZ DA NPT — LB HERL
G R HIAESS U1 2 8 8 2T 53850 IA K AT
AR AATHORGBAA IR 21 2 I AHLI & 1 BE % B
ENARHT SE N R A AR 55 R FE R
Jot ) 2 57 2 BLAE 2005 S AR e < TE AL H B Y
PR A 7 SR AR T AN AT 3 7. A de A
HUARLE, & BA AT AT RAYE > ML BRIV 45 £E

BEEE: £, xunwang@nudt.edu.cn

R FREMOMEE B RA RS, B,
2 JE NG AFESR BTN B, AR K L X gl
2O H ARERER U8, Pl R il % B P AN 2 45U
BT TZRIE. B RA TR B 14
s PR A e AR b s UB A AR, DS
Z T NG BAATAE S5 AT RE. 22 T0 AHLIKI 2 BA
PR OISR OB FE R R, AR R TE AL AT
FE55 1 B

KT TABG BN AT BT T C 4 $ AR 2 Fh i

Wk /s /B8] 2016-08-18/2016-12-22/2017-01-10



23955 2

ER, S BB GO R G 61

BT, R TIE RN 4 KK KHL— 87
e EWEE R N T8GR T 17 A 7 ik
IC[9] VRN T IX 4 KT7ER BB AL ER R A
ST LENBEFHURZ R TEAML, 85w 2T AL
BARSHI SN J=. RN 3 ANLE SN E B
BRI, e L ANLEERS B, KRN T 2588
LTI 5] 2 BN F2 ) (R o 22 . T L/ 78 e 385 A WL 9
PASRIGIRE HE =W RE, Rk, HargE ANLEmBA
AR IR B 7 2 A e BT AHLUO. ¥ £
TERTEAMGR A FIBAE B 7T 114, i —Le g A
(10477 ELRIE 7 15100 Bl i AT IR B F A 0720 (H
SRR, B TE MG BA AT 1 ) IR A S AT A7 A 2R
V5 S 2 T Y 1 ) A

B 3ok T8 AL BA 2 1) B 5 5 S ek 2 1) B 1 11 1)
B, AR BT AN A AT PR K R
4. R ARSI BT X-Plane {5 {47 71 %
(HIL) i RS, EHELLL 580 &8I AL
REE AT R G, WERRIIE - MEAEAHE,
HaZm . M <s. @i HIL {5 5 n] DA R
PLIHE IELE HIL 5 B B 82 1 I 8, AT 98b AT
TRIG FT 7 B R R A, 46 K67 1R R 218 FH 1)
WA BeAh, RATIRIE RGP R T AN A R
TE ML i T 3 2 () (R385 ), (A5 TE A HLZ TH]
A DLEEGEARS, NS s k. Bt ke
ARG, BN HTH b AT DLW A EE L 5 A KL,
KRKIEFRZ AN ARGNE IR, HFHBIKT
KATRI TR NS, NIAE F iR R G 2%
P, ARSI R BT KA — PR G A 32 1) 5 6 R 56
RGHHATIRAE. SRR, FIHSCR BRI
36 & Ge ] LA ROOT e TE A ML BA 1) HIL {5 E A1 4137
AT, B HIL f5 B R B 2BCT DL E
R AT R G, R TR — s hi S 500
PRI SILIE AL P 6T
2 I RZKIEIT (Design of the experiment

system)

N T BRARGR BN AT IRIR AT, I Er i B
Wi SRR, BT ARG A AT PR e
A%, BIEHILE RGN UTRB T 2%. &
THH 2 AN T RAMEER. WAERTTER.
2.1 HIL ffERS®IT

HIL 1/j B &2 4 £ 445 4 5847 X-Plane ¥ATH#
A AR, M T A R — 3 A H L.
2.1.1 X-Plane i B

HIL {)j B & 4t 3 T 5 AT B0 804 X-Plane
10.0 57t X-Plane ] iF T4 FE 000 [ 5 32 51 iE

FKHLA AT, DR AR R 20 1 AT R
F T ®AT YISk, 4 R 00 - 0B AL 28 1) 2
ol ) TR T FH R AR AT 4 i Vs

Bl 1 45 H X-Plane ¥ATHIRLR AR B 2 227k
ML ST, 7E HIL {fi 59, X-Plane $24t K HL1IE
B 2E RN B 7 2R, AR 4 1] 2 11 42 i) & 2R R AH
NEFERE. ALE. A LR R A R

e

K1 X-Plane 10.0 ®ATRESUF A o Fhi
Fig.1 A view of the flight simulator X-Plane 10.0

212 BE

T RTANAE R AT IR 7T, R T
B2, il 2 Fos. BaEBACRER T 2
ARM Corte-M4 4bEE 28, FMH 168 MHz. HH—
SRR 1 T AR BT AN RAT IR HIMESS. S —
TR AL BREE T AL BESE N B A (AE 55, Wik, g
PAFZ . mBAEERE, 4B E R 5.

K2 BT PR 3h 2 B
Fig.2 The network based autopilot

B TR IR 2 AN EERE, TR E Z AR
BFEIMTREATE: 4 MR 2HURKME, 34
SPI #1. 24 CAN &£k, FEMHEDORIT S
FAAME BB, WSk TR RS —
AR DRSNS, UKW HE Y (E
W, CAN RZEnT LLH T RENLIR IS 5 1AL fin 5.
7 HIL i T &40, Lidgz0 RHB— LUK
1 [i) B 5 e T 42 1) 336 A1 X-Plane K AT RS RAF 3R AT
UDP J#15.



162 I SN

2017 %3 H

2 BT AR R EE T DL C RS AE
H 2B g FESL . T I RE A [B] B 1 5 R G
R OSSR AT IR R G0 e A — B
PR, BR324 e g s A 7 (] 2% £ S 56 E
ZJa, AT LA RL A B 92 BRI AT SEER IR R g
HEAT AT RGN .
2.1.3 HhEEHIuE

by TRD 42 ) 35 A2 T8 AL R G 1) — A b B R
gr. B34 HIL 15 B R G TR R G 3t
FA (b TR a0 3. 224 1) b AN AT DA AL 58 — A0 A
B ATIRE B, AR ANLEMEE, DL H
GPS % I TE AHL ®ATELIE, 17 B SR Pl /AT IR
EMIELRE, TEPTamE. hE, T
(TSR AN > BT 5. i S ) — a3l S 4 5
T UDP W& 112 JC A ML B, 3l o4 28 4k 1) $th i
P 0k 5 S RF I 265 0845 1 1 22 AN 25 4 e 08 T s AL
I J& 2 T0 AW LGw BAAH G B2 4 58 UE A 7.

B3 b ) il B S s S i

Fig.3 A view of the ground control station

214 BHEERRAERS

7 HIL i B+, &4 X-Plane 7] LLE/RZ 2T
AW, AR BB — 22 TE AL B 2 AN s 7
X-Plane FJ 1+ AR 2 AW 45 4k H 2408 —
3 T T 47 ) L P, BRI AR RS AR R TR
HIL i ELR . RGN &0 40 /MG B M
wpE 4 fE 5 pios.

1E HIL (i B R G, SAHERGE 5580 AT
WIS RS B BEARXS B DG RN 1 fros. HIL
i E RG4S 5hr KAT R RS THFEREZ
ASCRT M TR #2561 346, B X-Plane A8 % 7 S2br AT IR
RETFHTLANE G SRR FfE LR, FAc#H
HUARE T 92br ¥ ATRIE R G A @S 5. !
I, HEEE XA R % R AR UE G, LA
FENG LS B B AR A B bR 6 AT IR R 4
AT AT AR, P& 6 & Hh S B4 22 1 A 2 7 [ i
iERS, FEAHE 6 NAB 7 8IHEIA 1

AL, HA 6 S1FFENHIZ1T 1 4 X-Plane
10.0, %A~ X-Plane 10.0 AR 1 2L AN, 1 &
THRALIZ AT Hh T 2 St PR, $5 R PO B 7 [ 9% 4
HAY 2 UL RE 6 22 AL DA RS

UAV1 UAV2 UAVN
UDP¢ Uﬁ UDP
> bl — |
UDP¢ UDP¢ t
®
&

H25{%2 H25{Xn

Ul stalb
K4 HIL fi KA GURER
Fig.4 Diagram of the HIL simulation system

UAVi UAVj
-"'
UAVj1RZ T b

UAVPIRZS
ERAT]

UAVIIRE
i

UAVIRZS

b THT 7 ]
5 HIL i K RGUBER R

Fig.5 Communication of the HIL simulation system

R 1 HIL i KRGS L P R G A E X
Tab.1 Comparison between the HIL simulation system and the

actual system

HIL i IR RS TR RS

T AL
X-Plane 10.0 HNERFREE
=5
AL iR G
k=21 H 21X
b T 25 1) 2k b TR 4 o)l




23955 2

R, % B GTHORIRG RS 163

H2{Xx6| HM [ X-Planel0
| E
\

6 HIL i A%
Fig.6 The HIL simulation system

22 TR ERERSET

BT T Rah S HIL i R Z24
A T) PR [ 25 AT AL AR e T 2 i A . ALk, FH S
PRGN G AL R0 X-Plane ¥, HL
G ARB B, BIAT DR e B 1) AT IR R
4.
221 ZAHEE

W “RITH” BANAERRR G, WE 7
. % PG &M/ B E R T AN, KA
JEtE B E L. CRITE” BANMEERER
SR 2 Fios.

L v it i

K7 “RITE” EAHLTE
Fig.7 “Skywalker” UAV platform

®2 RITET BANSH
Tab.2 “Skywalker” UAV parameters

ZH 4 B
LIRS 1180 mm
W 1160 mm
E AT 35.5dm?
RO W R 1800 g
AT 15 m/s~20 m/s

222 EERNIEREERIRR

AT EEH RS ik IFLY-G2 S ifstk, iFLY-
G2 2 iFLY TG ANLEIPAFF & 158 2 /N 6 H
EHA SRS, $24t GPS/INS. AHRS/DR 7 Ff
HAE SR, FLY-G2 8 = 5hPE g, = 4hhniE

FETH. AT, GPS #iby, SR i
THRR T, AL LS. DUookn 3 48
MR, 3YENLE. 3 4EME. 3 4ENEE. Uit
M. BB, B E, RIEZHEA UTC B A 4%
7 8. iFLY-G2 7o A ML e e F4 i 42 ks i A
SMMNEREE. £ GPS {5 EA XN, Hshblikz
GPS/INS & S, R4t &, dE, K65
58 7EGPS (& B LA, H3hJ#: 3 AHRS/DR
B CRE MR LSS R50).

K8 SRt At iFLY-G2
Fig.8 The integrated navigation module iFLY-G2

223 HEBELRE

% ] Microhard nVIP 2400 5 75 AL -5 Hi i ik
Z N LR e N ML 8] £ 4 3845 8 f5. - Microhard
nVIP 2400 545N 2.4 GHz, 4137 HIEE
AL TTIEAE, 7 9% A 54 Mbit/s. b [ sl fl 4R 48
T AN B 25— Microhard nVIP 2400 B & 4% —
ANTCLEE N4, (1A B8 AL [RRTTE AL
5 b T 3t 2 1) R e AH HLIE A

K9  Microhard nVIP2400 &% H &
Fig.9 The radio station Microhard nVIP2400

224 TGRS

8T H HIL 4/ 5L R G (1 B B4 EaR 4R i fe
REEHL, @ERE, DUV B
LA, BIPTDAM T AN CATIE M R %, ATHE
il 22 Gt ) 2H BSUAE B e ] 10 s

FIF 2 88 “RATH” TAIES, BTN
A IR AT R G0, 45O T 42 i) 3 R 328 42
5, W — B mIN TR R, W
11 fw.



164 L& A 2017 £ 3 A
‘ v [4.60.V )
nVIP2400 > 5 4 TN ] >

mei%ﬂﬁﬁ&ﬁ o e 20 Ly e ]
fTEAMLIEAE wly {Wl mé S
. Oy | A4%
}"ﬁ?fﬁﬂfa% e || e |
CANZE | 4 « Vs - Je TP |
LA 4 || g [T
iIFLY-G2 e L S |
S-bus § EFslE 5 R 98 AU
: Bl12 AN AT AR
(E:n, Fig.12 Control diagram of an individual UAV
BRI

K10 RATHEHI RGHER
Fig.10 Diagram of the flight control system

K11 gwBA YT RS RS

Fig.11 Formation flight experiment system

3 R R G MK (Test of the experiment
system)

N T R R B R G AT IR
RGN, AT A KA — ML BT
A R G AT, AN AT R A A
itz (ADRC) 454 et —F15r — s> (PID)
P 177 1.

3.1 4RBATRATIE
311 T¥ATIERIGE

BT oC 23] R AP RIE, wt
TNHLEHL AT S B, Wl 12 ok, H
PP Il B A S5 o o] R ASE T () AN o P, AR
TPt DA B AR 1y Al 42 1 55 1) R EL A AR 1 4 T A
RS0 [23] T T BE RIS G AR TR
fili b, SRA PID #=Hil 1H o AWML RS, 80
MHURT CLEREF B RN IA A o HEE RATENIE M 1
TIPS Vy. TEgmBAIHI, AN R T
PRI g A FRV R 2 OB AL I A BB TRAT
I A7 RIS R T

3.1.2 “RBAIEHIEE

TR —FEHL B, KA PID =% 1
PAEE 2. B 13 A R gm BN ERE R, B L, f,
F R 53 N EEHUAR AL B 00 ) R 25 1 ) 2
MEEEERBOEE. Kb f 5 KYLKFEE T
WFAT, I fEKFIINY f EE, DRGNS
1E. h EEFRFA T, KA PID $2], AR A FE 5
W L, WBTMPEERE f, MIEEIE B RZE he, HIW]
WA RN gm B 85, 7EX KL — PR H L4 P
Firp, KALERESHIE TS AR, LIRS 2 )
(RN 1 ER S B e = B S I

Xd

KM V4 KM
ey (BIREHIE }
; KAk

YARA Xd

i & gph | 74 1L

loifor e | RIS | R 2 ]
f PHLIRZS

13 KHL- (L4 A ] 5 VA P

Fig.13 Diagram of leader-follower formation control

3.2 HIL AE4

FIFH BTG HIL 45 B R G03047 HIL 5 &, %
PT60 &% KA. HIL {f 5 h A KHLEREE— AT
SEMPLIATER LR, B 14 45 3 288 AN DA KAT
07 Bk s B 15 45 W HIL {5 5 3 228 AW
AR Hb T 3l R ARAS. A I R LA, 3
ZETE AR ARS8 Mg B €AT, I FLHbTH 336 AT DL T
I WS AR HE 3 42 A ML



23955 2

ER, S BB GO R G 165

Bl 14 HIL {7 3t R 3 288 AFLE L KAT ) X-Plane F i
Fig.14 A view of 3-UAV formation flight within X-Plane

simulator in HIL simulation

T (3) 299,14
Ny

K15 HIL {7 S0t 2 At i ol 28
Fig.15 Screenshot of ground control station in HIL simulation

i HIL 453, w1 UMETT AN R AT 8 2 1
PRI SE AT 78 70 AR, R G 56 SVA AL
H AP RSB, ORI AT PLRATZIE, M
M A3 CAT BRI B A&, POl SR B AR
AT RIS HIE.
33 HATREER

23 HIL A7 UG E 1Y 25 SOMER F8 42 i) 5 92
A EARER S TR R g, #t—2, R
THHY AT RIS R GBI AT T R A4 BN AT Ik EG. |
A7 a6, m 3 T [ N AR B 2 2 “RATHE I
AL B 16 45t 2 ZRTE A B BA AT 56 A AL A
. B 17 AN E KL A, K
18 & M It R . IR ZEON [ =0,
fe=50m, h,=10m. FJLLHEH, CITIREFEL
FIR AP AE BRI W 2. EEFHEE: ©rlle
I TEAE R B BRI A 2 R, BN AT

| &

16 KATIRE A 2 S8 AL BA 3t i AL A
Fig.16 2-UAV formation flight from the view of ground

PR, i\ AT HLENIRES, SO AL iE 1 [a]
ek, EdE R 18 R B I W AL R HEAT AT
1PN BUR) EREREH TN PUR N

!

17 BN E KL EIG
Fig.17 Image of the leader UAV from the view of the follower

KL
—— R

B 18 g BN QAT R e et v b i s s B

Fig.18 A view of the ground control station in the formation

flight experiment

— o ERTT
b

----------------------------

100 150 200 250 300 350
east /m
K119 4B AT iRE0 I 742 o JE AL 8 23 s
Fig.19 Part of the UAV trajectories in the formation flight

0 50

experiment
20
0 e e el A i e a1
£ .
HY =20 - T
O
—40 A ) Fﬂﬁ%%
----- i
e i i LR
760 i
0 5 10 15

t/s
B 20 G A 6AT IR0 R A AR R ) R ER B iR 2

Fig.20 The corresponding tracking error of the follower in the
formation flight experiment



166 I SN

2017 %3 H

Kl 19 25 H X AN i F2 H I — R AL 9w DAL IE,
AT LLE H, FEALEE S BR B K ML, IR aZ 8T m) A
Bk, K20 g 3 AN U7 R ERER R 2,
A CLEH, @ A B ER R R ZE 4R REE RN K
o e USSR B TR, XA e A S
HI A e ML e JI AR, AT DAHET, WiiR A 2R
G NI ZR IL 05K, Refs ot — 4R m M HLLE 4 BA o
PIPRERAE L. B TR KERERE, FECUTRE
HAEEIREN R FIEEHE: (1) &ML RS RIRE,
W GPS AR Z; (2) Hhb\ AT IR ES A A AR Rl AR
MENNE &, MRINIEAR, A% TG AN
E 2R A g A 2R R ORI s R 2. R
gk, RIS FE R, Zad HIL 5 3 78 43 DAY
H 20T DAE N AR g A © AT iR Ee h, ESte
E 1) 9 DA 6 AT 7R BN 40 45 ) 2 B0 AT 7R 4R R
B PR SER— e E LIUE T HIL (A ERSR
AT IS R S A R
4 %51 (Conclusion)

X5 T NA LG DA 42 1 2R 5 v 5 S Bm B FH 2 [
TAAEZEEI ) . AR SR T —B T AWLGR B AT
PR R gt Pde RAEFERE T X-Plane 1]
HIL i ERGEMET “RATE” TAIF R AT
W RS, HIL i ERSEM T RFETEH T
MEF B2 Fik, @ik 78 ) HIL {5 B rT P
IR ILFHEIETE HIL (7 B P 2 g2 1. pah, K
F W 28 AL R AR e 4, (145008 RG e H T 56
UE B S $h B dm BA AR I S, AR ST —
WL — PR LG A% 1) 5 10 08 R AT I UE. 45 2R
I HIL {5 B3GR B 22T LE B S |
TR RS, W TR — e i S5 R AT P s
PTE ML PN AT, AT ek RAT 158 Fir 75 B4 B 1)
FECAS, 4% 17 7 E NS BN IR, F—28
23 T2 AR5 R Gt 78 0 A X E U TE AN LS BA
i Bk

2EHk (References)

[1] Wang X, Zhu HY, Zhang D B, et al. Vision-based detection and
tracking of a mobile ground target using a fixed-wing UAV[J].
International Journal of Advanced Robotic Systems, 2014, 11:
No.156.

2] E#h, kAR, TRAREL. — BT R TC ANLER 4R
BREHIT 3] HLES A, 2016, 38(3): 329-336.

Wang X, Zhang D B, Shen L C. A virtual force based path fol-
lowing approach for unmanned aerial vehicles[J]. Robot, 2016,
38(3): 329-336.

[31] HanJL,XuY]J,DiL, Chen Y. Low-cost multi-UAV technolo-
gies for contour mapping of nuclear radiation field[J]. Journal
of Intelligent and Robotic Systems. 2013, 70(1-4): 401-410.

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Cabanas L M. Cooperative perception techniques for multiple
unmanned aerial vehicles: Applications to the cooperative de-
tection, localization and monitoring of forest fires[D]. Sevilla,
Spain: Universidad de Sevilla, 2007.

Ryan A, Zennaro M, Howell A, et al. An overview of emerging
results in cooperative UAV control[C]//43rd IEEE Conference
on Decision and Control. Piscataway, USA: IEEE, 2004: 602-
607.

How J P, Fraser C, Kulling K C, et al. Increasing autonomy of
UAVs decentralized CSAT mission management algorithm[J].
IEEE Robotics and Automation Magazine, 2009, 16(2): 43-51.
Wise R A, Rysdyk R T. UAV coordination for autonomous tar-
get tracking[C]//ATAA Guidance, Navigation, and Control Con-
ference. Reston, USA: AIAA, 2006: 3210-3231.

Oliveira T, Encarnacao P. Ground target tracking control sys-
tem for unmanned aerial vehicles[J]. Journal of Intelligent and
Robotic Systems, 2013, 69(1-4): 373-387.

FEFFRL R, AEMR. ZE AR R G A A G R
WA LR (7). #) 5 R5%, 2013, 28(11): 1601-1613.
Wang X K, Xun L, Zheng Z Q. Survey of developments on
multi-agent formation control related problems[J]. Control and
Decision, 2013, 28(11): 1601-1613.

Valenti M, Bethke B, Dale D, et al. The MIT indoor multi-
vehicle flight testbed[C]//IEEE International Conference on
Robotics and Automation. Piscataway, USA: IEEE, 2007:
2758-2759.

Zhen Z Y, Gao C, Zheng F Y, et al. Cooperative path replan-
ning method for multiple unmanned aerial vehicles with obsta-
cle collision avoidance under timing constraints[J]. Proceedings
of the Institution of Mechanical Engineers, Part G: Journal of
Aerospace Engineering, 2015, 229(10): 1813-1823.

Zhen Z Y, Hao Q S, Gao C, et al. Information fusion distribut-
ed navigation for UAVs formation flight[C]//2014 IEEE Chinese
Guidance, Navigation and Control Conference. Piscataway, US-
A: IEEE, 2015: 1520-1525.

Xu Y J, Xin M, Wang J N. Unmanned aerial vehicle formation
flight via a hierarchical cooperative control approach[C]//ATAA
Guidance, Navigation, and Control Conference. Reston, USA:
AIAA, 2011.

Duan H B, Li P. Multiple UAV formation control[M]//Bio-
inspired Computation in Unmanned Aerial Vehicles. Berlin,
Germany: Springer, 2014: 143-181.

Rasmussen S J, Orr M W, Carlos D, et al. Simulating multiple
micro-aerial vehicles and a small unmanned aerial vehicle in
urban terrain using multi UAV2[C]//AIAA Modeling and Sim-
ulation Technologies Conference and Exhibit. Reston, USA: A-
TAA, 2005: 877-889.

Garcia R, Barnes L. Multi-UAV simulator utilizing X-Plane[J].
Journal of Intelligent and Robotic Systems, 2010, 57(1-4): 393-
406.

Gu Y, Seanor B, Campa G, et al. Design and flight testing e-
valuation of formation control laws[J]. IEEE Transactions on
Control Systems Technology, 2006, 14(6): 1105-1112.
Watanabe Y, Amiez A, Chavent P. Fully-autonomous coordi-
nated flight of multiple UAVs using decentralized virtual leader
approach[C]//IEEE/RSJ International Conference on Intelligen-
t Robots and Systems. Piscataway, USA: IEEE, 2013: 5736-
5741. CF¥:58 175 TO



23955 2

SRESE, S5 — PSRRI AL & B2 522 20 B

175

(9]

[10]

(11]

[12]

[13]

[14]

[15]

Li C, Wu Y Q, WuJ C, et al. Cartesian stiffness evaluation of
a novel 2-DoF parallel wrist under redundant and antagonistic
actuation[C]//IEEE/RSJ International Conference on Intelligent
Robots and Systems. Piscataway, USA: IEEE, 2013: 959-964.
Fan C X, Liu H Z, Zhang Y B. Type synthesis of 2T2R, 1T2R
and 2R parallel mechanisms[J]. Mechanism and Machine The-
ory, 2013, 61(1): 184-190.

B, XGEYS, FHOC RN BB FHT 150 1
B EEA AN M]. Jbat: BREdifit, 2011: 62-67.
Huang Z, Liu J F, Li Y W. On the degree of freedom of mecha-
nism: 150-year unified mobility formula issue[M]. Beijing: Sci-
ence Press, 2011: 62-67.

Blanding D L. Exact constraint: Machine design using kinemat-
ic principles[M]. New York, USA: ASME, 1999.

T4, /M, SO, HULMCEE M B 8IHTBet M),
Jent: Bheathiprat, 2014,

YuJ J, Pei X, Zong G H. Graphical approach to creative design
of mechanical devices[M]. Beijing: Science Press, 2014.
VRTM, k47, s, & RN GAEREE ST R —
FEIFIENLIG (3], BUBCLAZ 24, 2016, 52(3): 9-17.
Chen Z M, Zhang Y, Huang K, et al. Symmetrical 2R1T parallel
mechanism without parasitic motion[J]. Journal of Mechanical
Engineering, 2016, 52(3): 9-17.

FUORT, WEOEE, TKRZE. 3-UPS/S IEKEE & ERECHE LA
WEIE (7], WURHIERA, 2013, 11(3): 19-23,38.

Wei M H, Han X G, Zhang J. Optimization research of spherical

[16]

[17]

[18]

[19]

joints in 3-UPS/S parallel rotational table[J]. Aerospace Manu-
facturing Technology, 2013, 11(3): 19-23,38.

FH L. JURE IS NI A R A D] RES:
MellioRA, 2005.

Li Y W. On singularity of several kinds of spacial parallel ma-
nipulators[D]. Qinghuangdao: Yanshan University, 2005.
Rastegar J, Fardanesh B. Manipulator workspace analysis using
the Monte Carlo method[J]. Mechanism and Machine Theory,
1990, 25(2): 233-239.

Yang G, Causon D M, Ingram D M. Calculation of compress-
ible flows about complex moving geometries using a three-
dimensional Cartesian cut cell method[J]. International Journal
for Numerical Methods in Fluids, 2000, 33(8): 1121-1151.
EOKWI, TkEL, Hizl. 6-RSS BB K TAEAS
T EZHARA (7] FUBCREZE4R, 2008, 44(1): 19-24.
Cao Y G, Zhang Y R, Ma Y Z. Workspace analysis and pa-
rameter optimization of 6-RSS parallel mechanism[J]. Journal
of Mechanical Engineering, 2008, 44(1): 19-24.

{EZEIT:
KER (1980-), %, WA, YW, BFsisk: HlLgsA

PR "7 S L A

BEFE (1992 ), B, witA. wFieshis:. AWILahs;

K.
(1992 ), B, WitA. WERAiE: FT ROS Y
Hlas NEElHE A,

(B85 166 TO

[19]

(20]

[21]

[22]

Watanabe Y. Coordinated control of multiple UAVs: Theory and
flight experiment[C]//AIAA Guidance, Navigation, and Control
Conference. Reston, USA: AIAA, 2013: 19-22.

Wang X, Zhang J Y, Zhang D B, et al. UAV formation: From nu-
merical simulation to actual flight[C]//IEEE International Con-
ference on Information and Automation. Piscataway, USA:
IEEE, 2015: 475-480.

i, BUEZE, HEA. BTN — BT AN
BATT Vb RAT SRR B AL (7], HLAs A, 2010, 32(4): 505-
509.

Hong Y, Miao C X, Lei X S. Formation method and flight test
of multiple UAVs based on leader-follower pattern[J]. Robot,
2010, 32(4): 505-509.

Jigk, SR, MEBEEE, . BRTIUIMM TN A E
AR AT R S8, E: CN104503467A[P]. 2015-04-08.

[23]

Fang Q, Xi Y X, Xiang X J, et al. Dual-core architecture based
flight control system for taking-off and landing of UAVs, China:
CN104503467A[P]. 2015-04-08.

Wang X, Kong W W, Zhang D B, et al. Active disturbance rejec-
tion controller for small fixed-wing UAVs with model uncertain-
ty[C]//IEEE International Conference on Information and Au-
tomation. Piscataway, USA: IEEE, 2015: 2299-2304.

EE=EEMIE

x

B o(1988—), 5, L. WFRAE. TAN RS H
R, HLEEAHAR.

e (1979-), 5, W4, BIHEER, WL FH5E

G EAHLRGEEAR, HLEALAR.

KRE (19772, B, 4+, BIFFRE, WHESIW o

T : EAWRGEAR, HLEEAER.



