445 B4 5 [T T AR |/ A NI NI = ¢ Vol. 45 No. 5
2013 4£ 10 H Journal of Nanjing University of Aeronautics & Astronautics Oct. 2013

BUNBI e X ITEE S E RAEEL MRS
EMmAEREY

Al FXE HEF B &
RIS ALK K B 3 1L 22 AL 10 50 210016)

BE:FRAAGATEETARZBIDBAAATRERAELTERFHELZRE, ALK TAT ARM
W BHIH AL CATER P& B —4 KA MEMS #I1%H 24 #% . GPS LA BSE R ERREITY 3
BEREFMAE AT SBRERBEH R — WP AR THALH TN EHoBOR T kLS k.
A B RERARFTENDZ ALY 0l 515 L KBRS GFELESEE FRLT Sigma EFREZEKE
(Sigma-point Kalman filter, SPKID# B A . AT —HH BV wk E ITERESRLEFMAL. FREAN,
GAREHIPHESRAARET T RATENLES REFEERATEAT R EZN, ESRIEWHREL CITE
BERATOMERTER, BLSHESE R,

KBIR WAL TR SREEROMAFMAL; £ % Sigma EFREIE/KE

FESES:V249. 32 EKFRERD A X EHS:1005-2615(2013)05-0575-08

Multi-information Nonlinear Fusion Technology of Micro
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Aeronautics & Astronautics, Nanjing, 210016, China)

Abstract: The integrity and usability of the navigation system are important safeguards to small un-
manned aerial vehicles’ autonomous flight. A quadrotor aircraft with ARM microprocessor is designed.
A multi-information fusion navigation scheme is proposed, which consists of micro-electro mechanical
system (MEMS) inertial components, magnetometers, GPS, optic-flow imaging sensor and barometer.
And an asynchronous centralized filter method is designed for separating the time update period and the
measurement update period. According to the nonlinear characteristics of the navigation scheme, a non-
linear Kalman filter based on Sigma-point Kalman filter(SPKF) is proposed. In all, a micro multi-infor-
mation navigation system of the quadrotor aircraft is built. Experiments are carried out and the results
show that the designed navigation system can supply good attitude, velocity and position reference both
in a static-state test and in a dynamic flight test. The navigation system can meet the accuracy and relia-
bility requirements of the quadrotor aircraft under different flight tasks.

Key words: quadrotor aircraft; micro multi-information fusion navigation system; multi-sensor; Sigma-

point Kalman filter (SPKF)

EEWE:HHEBARR¥RA(91016019,61174197D FWHIH H .
Y5 B H#:2013-08-30; f&1T H#1:2013-09-18
BEESE X B . #% . E 44 R, E-mail: LJYAC@nuaa. edu. cn,



576 (I O GRS N S S ¢

5545 %

TN B DU i 3 TE N AT g B A R FR (Sh A ]
BT AR A5 R I RS A A A R ) A T b T
PRBE A= P I XA AR SR  rh g AT e A 0T ¢ 55
55 BA T e B 2555 A0 BT 5 .

HR A DU 3L AT & 1Y RATAE 55, Hod W B K
AHLBh PR AT R BE IR L B 52 A ) 45 B 45 TR 3R Y
M 4 R A 0 R G R B S T SR R
BRI DY R AT g AR B AR I BR L
T PR SCAS | /N B A i AIORS B2 L 28 o A% Ik
- NN S 0 R GE R 7 S8 L B 5 15 B 5 T 14
TR EOR . R RIS A AT S
ity B, DY e AT A A I AL IR 2 EOR N T
3 m, IR BT A E AT E B 22/ T 5 m,
CATEREME TG BN T 3%, A, S ORAIE © AT %2
B RIS REE VR e — AT EOR w2

B M/ GPS WA ZH & S i U7 58 AR B L
1R B2 B e o A2 2 2 A T RS B A s OB i
FF /N CAT 8 . R 2 4% R A
G A BAR R B A CHE S A EE R TR
B UM RAT A B AU RE Y R 4T
. SCERLS 09T T8 PE/ GPS/ s i+ 4 & AL &
GEAE/NBITC AHL A s T4 i 1
AT BE s SCRRL6 JWF Y 1 L/ GPS /30 B R
A/ PRI A% A 21 5 5 L AR SR 7E DU 3 AT s Y
WA R T UG AL S g 0 S 25 ik A7 1 U, GPS/ 38
JCHR BRSO A7 B AT BN . AR SCTE g BE Al b 4
T —Fh 2 AL AR B Bl S T B TR S
filt b o SR T B S ®E R X AT A AT
W1 GPS T ROt it B8 A% 2% 2 B8 X %
A7 AL R R AT S SR AR e TR RO
P/ GPS ML A T 3R G0 0 B A5 1R B B nl ¢
PR A [ e 1] LA [ A i85 A2 1 e 3 R A o M 8
flivt S B Rl i 20K .

) i 22 S A% s E AT BRI Bl S L R S
fR AR LR PR o L L 1 EKF 38 ok 5 vk X 15 o 190 114
WSl NBERIR T o AR SRR 2 AL I3 B e
AlA B R P, BF 5 T Sigma R R 208 WA
(Sigma-point Kalman filter, SPKF) fj i [ , fi#é ot
T ARG m R AR R P ), L S AR Lt Uy #
1% I B A SR AN — BT By o I 2 Y
[) L

T T 25 00 R R 2 S LIRS o O A [ P
TFRE T HUN B RAT 4% 500 2R G A R BORBE 5T S 5

BB T 2 T0UB AR R R 5848 B 00T, (I
i LSBT BT SPKEF 5095 19 /N L Y i
ATt 2SRRI S M ALE. ¢
FT3286 3R B 1% R G0 A] LA I35 L 3 B R R AT
ARG BT B RS R AN AT SR T T e
FLORATARLED RATES A A 3 OR R EK

1 HREXTHESEEMASME
= H R A

L1 ZEEMAMESMARIRIT

PO e 3 22 {5 B RS RO S A AR G Y i A
WA 1 Fros o AEAS [R) 26 2 1) S5 AU A% T AR R 22 A
B Y R A L R B iR g AR T SPKE 921
AP UAR LU P L U R GRS HOR 5 e
NS T Ty 2 G HE D7 R PR 1A 1 () I 25 4
BOTFRROR & L AR 2 AR R B S AN — B
F14 [ L, SR P17 ) BB i R 300 BT 0 5 114 5 2
P75 I LA DA P R AR A A SR 26 Y T I AR
1 o 50 BT o O 28 2SR I 5 0 B B AL AR
8 2 A I SR I L SR P T R R A
E TRAT AR PG 28 A5 R R A A 400 ] 28 2 A A
FL T F AR K B, RGPS AU T RG]
G A IR X 07 B M S AT N LR A Y
ARG T At 20 ) B 2 25 4 ) [ e

SPKFHE4i 1
e
TR T =y [
I
O
..... Ao
I 5] 7 2 :
=i
Sufema | o deEpuem [ || WAL

B1 UMDY 3R 2 A5 B S0 A 50 R A 1A

1.2 HEEXTHRAEEIHSRENTR

AT 25 BRS MU MRS AT A
P67 S KBS RGN BT T
Al ERAT IS A PID R g S
P A 4 07 B M PT 424 AR 3 A AT i A
PRAL B 5 R S B o7 B 22 1] A9 1R 22 L B34 0 R



%5

KUEEAD L 45 - /N R DU TS RAT e 205 B AR R E A A ik R SR B 577

A s 25 B LA PID i B S8 % PD
et b B R BB A 2 1. HOT R
WIFE 2 % ok T 6 des 42 BT EL(EL. T AR mav

PN PUMRAE . T A BT A AR D
S A S AT B 1) A R T DR LRI
le] 4 > L AL o

TEDRE| o . U
? PIES B
Zpay . BINE D e

Yaes u,

y] [som] ue]
Ko 0 LR s
PLEHl | & T PID#% ] D)

0.,

B EEaaE |
? PD#E il

(O O ] BE RIS

B2 B ERATR A T R A R A BT

2 HRMEEZEERESEMER
2.1 MEMS B4R RENIRERE
s SERASC L T o J3E TR 5 AT o A i P
RE FIRCIE DR 22 R 22 2R A m R 1R 22
MHEIESC IR 2255 . Horf B SR 2 fi ot 1L %2 AR
U T AT IR B AR . AR T A R 52 L
PRAS 0 A K2 S0 0 P 358 1) 52 W £ SR [
TEPU RS b BT 2 W BRI o EAT 260 EAR E .
B S ARG B2 11 MIEMLS A58 & 11 114 BB ATL 1 75 2y
AR 1 B W AL Sl R R D BE AL I E R
PO LR B I L M Y R L LB R A R

ff=r—v. o

wl, =wl, — Ve, — @,
_ @D
Vu = wl)a
Vg — w/)g

A fT R wh, g R 25 I E R R R AN
wl, AN G 1 L R A R
2.2 ZEERMAAERENEELE

RICH 25 B A T W RGOR S K
YRS AN 37 R S5 R

(1) R G5 F i b e

TP Hb B R O 6 7R B AR AR AR R L BRI R T
TAR R . B 16 4k R GOR A8 54 B 3 8 L o
FIE % 75 0 T % o MBS L 4 2

X=[p" v\ ¢ V. V] (2)

Xep=Lx y =" BRI 7R 1 K i A X
150/ S AL E sv= v, v, v.]" AL AR
LI s q=0q0 1 ¢ ¢ 1" BT ITEG
Ve=[V. V. V.1 HImEREEIWEE: V.=
[ Ve, V., V. ' JBEIBEEHLIEE
) 3 R GRS Bl 43 O
p=v
v=C; + (f'— V.—0)+[0 0 1]'g

: fl b _

q— 2 q®(W;b Vg (Og) (3)
‘Vu:w,,“

.Vg :(Dbg

AGE N o, 0. 0, 0, 0. 0,].

(2) Y25 BN 5 P ) A

) FH I B AR 0 AR R X A AT
B =gl <ous IWh | <<ops IWh | <o, 3
H 6,40, Flo, HITTIRIE.

o BE I Y 5 AR

[l V.=C g tor €Y

Argn =00 0 g]" oty B F 5 g fn 2 B2 2K o
o O oE I R iR, el =
T T T TG+ vl =gl s

B SR A S Y m” R 32 AL S BE Y5 L 5
bR S Y 5 2 0 A A2 0 ) 5 a0 o
YA BT R ARIENLF) RAT I LA T
HER M S R T R




PNEPNIE S

5545 %

578 MOE OB E W
m'=C, « m" + o, (5)

SR m Y b B R A HRE R E 1Y HRE
AN Ovec s WEAT SR O s WKL 3 BT 78, W m" =
COS8Gine COSOgee

cO80:neSINOuec | »@,, A 1G5 T 2 0 W 7

- sinO;nc
*)
B el
=7\,
O, o ! o
e : E(y)
O !
P Im
myy .=~
(z)

3 ML PHAR W ) s B

(3) 07 B Ll 32 A5 00 5 7 1) ) 2

GPS X 8 R S BE AT I i, 25 pE R
GPS $ O K3 1) 1o 38 o 8 N7 A 2 3 47 I [
[l 25 . RS LG wl X p I A7 6 L An 18] 4 s
BN K — s Z 2 PPS 55 31 55 A9 38 W E
B 4 () 2R HEDIRZS po » DA b — 0 I 55 i Y
RE poow MR B 4 (b) FoR ¢ — N B Z058 1Y
GPS %dla ik 2. X e i AR S po v AT 00
BB 4O FRLL e — N BB S RS p oy o 2
filh 338 AR B Y BRSO A A po s

RS SHPRE  EUME SR
pGPS

Piu P Pin P
(a) BIHTRZE

LRE —
(c) BNz HE

Kl 4 ZAERARRA AR GERY GPS I [a] [F 25

FESL ¢ — NI 2 A4 7 3 e 0 O AR

GPS

Pers = PN T @),
Vers =V y T 00"
A 0™ .S A GPS mill MR,

KT PR IET HL T CAT R GPSfE S5 2 &
FHIE B0 AT #8007 B AL TR B T SR R

(6)

T ICU EG AL B 5 R T EOE 4 6 KT
e B T AT o R R AL R 1
PR R s R Bk S8 = R AR
FOLEAS A5 B AT LATH SR R A X b T 1 55 B A #%
E R W04 o O TR T A - MR =0 = S W
AT () P AR X R A T RS B .
R DU 7 R AR
DPopic = P T @opic
hprcssurc =h-+ Wpressure

2 popac T ICT AL B i 2 L 5% Bh iR 2 AMEJR
(14 7K AL B B 5 @ope R I T AL IR A A ) MR
Wpressare AT HE DU M7
3 EFTSPKFSEEMEGI LN

e E

SPKF #5353 T U 25 4 I 2 v 2 2 o 5
T LG A 3 — 21 Sigma KA SURH R RGN
il 25, 84 Sigma g Zad 2R 1 bR AR e L
JALZR 11 5 )5 (4 Sigma 8 R &R 580 5 5 4
i o AR Sigma SRAE &3 B A W] 43k To R IR
2 & P (UKF) f1 o 22 4 K /R 2 3 3 (CD-
KF) ™!,

5 EKF JE £ P U8 i 595 48 [ . SPKF 55 32 ikt
B T R GRS Ty R R 5 AR e AL R AR
PR B R BCE AR A . BT
TN RAE AT UT 284, 1 K T B kit &,
SCHk[14 % SPKF 8k 5 EKF 883k 158 47
THE . FHEANGERN 2~3 5. RMIARGE X
P B PEBE R IF A 8 ARM Ab 188 E 4T S A 44
A 3843 2 SPKF S0k i) S PR 20K

ZAG A B G R G H A 20 R R
P T B B (1) 5E 0 0 0 B s S B
W P RIAS [ 5k 0 M 5 f) Sigma a5, A5 30 158 14 A 55
AL A 1 S 6] ) G i R . B F UKF
FILEAETHE Sigma s B 75 2 R B A2 5 3 B 0 RS R
U M BT DAAS SCR T OF 7 B AU CDKF 5
BT R R E AT,

H:F SPKFE 1y U i 38 2 {5 B8 S i R 424k
RNEUE P A LS W 5 TR .

HAE PR T

(D35 Sigma 5UHTHY 946 1k

% =E[x, 1.8, =VE[(x,—x) (x,—x)"] (&

(7




%5

KUEEAD L 45 - /N R DU TS RAT e 205 B AR R E A A ik R SR B 579

MU fhow + ?+ Bias
TEEN| || EREsTRm
Sigma £
X
fC)
x;/kl
[k
X;
[ 462 '
+5 5% 1+ X
it %
EHEH t
Kl 5 J:TF SPKF 215 BB 340 R 4o dE M0k ok

A4t

K ex, REBUE S, FORE By 2200 H .
()35 Sigma g TARE — 20

) o S, 0

xiey =[xy v ]S, = 9
0 S,

X =[x, X, HhSi, X, —hSie ] (10)

Bk B o MR v 1% 48 &
Xy 2 Sie YN IT A Ly, AR A
Gt Sigma £,

) HEATAR S — 25
oo =L 20 ))

21
o S m x
Xe = 2 Wik e
i—0
- x x
e 1 -
A =/wi (11:1‘1 k1 XLIH (2L k/k1 )

B=we (11 s X0 o, e — 2Ho)
S., =QR{[A BIJ}

(1D
ey, Mg, 5350 Sigma g4 BIFT = 51 FIHET
v §,x Fllo AR AR 5 IR G S 44 AL B
43 5h Sigma AR AL — B . B 2253

(DT Sigma g5 F TR &0 58
B S, o0
xpo =[(x)" nT]T,szvn{ ' }
0 S,
Ky =Lxi, Xio, +hSy X, —hSi ] A2
(5) A7 1 0 B B

21
Yi/r—1 — h<x271 9XZ,] ) 937; - 2 winyz.lz//cfl
i=0

C ZM()’LLZ,k/k—l - .YLZ—l,ZLZ.k/kﬂ)

D =/wi (¥i.p, 1 T Yicren, et — 2¥5ai1)

S, =QR{[C DI}

P, ., =V S, [y, et — Yonon,an1 ]

K, =P, /SI)/S,

X =%, +Ko(ye —y)

U=K.S,, .S., =cholupdate{S, U —1} (13)
by, My, 230k Sigma R RYHT © 81 AR
n G Kl Sy JEER 25 AR 5 0 MR S (g 4E % CL D
539 R Sigma i B B IAL— By L B 2247

4 ITEBROH

1A F B R SRR b ST
TR AT SR 5 ML K 65 em. iRy
1.8 kg (U4 B C i R4 45 F AL it LA Ko
WA . PUHER KATa R 6 i, N T
60 TIE W e 3R AT B A7 i A 1 Y P A S
MEBL AR T AR G0 AN B 45 SR 3R W ol LA
AR GUESR s X e CAT R AT T 2 UOE KU
T KM S H AT SR 2 RO A
W RGEERER B T PUE 20K .

MEMSH# {8

GPSEUHL ey

CAPRE R B

6 PUiE 3 AT i AR G4

T B UEAR B A BLF - F M AR L ZE AR T
JAFREE T DU e AT T 2 IR B RAT 3L, i
TR v — Y B RY ) RAT LI HEAT 43 BT o LR A5 e [
99 min, SEE IS WA 7 FrR . S B AR
M & an il 8,9 Fros, /K7 5 22 4 5 1] 4 ]
10 Fr7R o 3BT Al 0, Ak 457 i b o7 B 9% 22 46 %
H0.26 m(1le), 25 ] B IR 2Z 4 XH{E A 0. 11 m
(o) s e RIK PR AT 1 mos & 8 15 25 4 X
fH} 0. 05 m(lo), HiR 2B FEE N —0. 4~



Sat
=
H¥
=

580 3]

PNEPNIE S

5545 %

(I ) A

1
______
1 ]

LA E /m
Lo
y

0 50 100 150 200 250 300 350 400 450 500 550

t/s
g 2 T T T ; T T T
| AN
L N R A e
e | T s e e e R
H{, -2 L ) H ) H H h ) ) H
0 50 100 150 200 250 300 350 400 450 500 550
t/s
13 T T 1
E 1 1 1
12 TN\ AT T Y g w—
E !
11

0 50 100 150 200 250 300 350 400 450 500 550

t/s

K8 B s B Al ih £k

t/s

RIEEE /(m *s™") RIGEE /(m -« s™) LHEEE / (m+s7)

t/s

1.0

0.5F----¢----+----- k—----- X S

0.0~ N K) i

Do NP VA

-1.0 H H H

0 50 100 150 200 250 300 350 400 450 500 550

t/s

P9 A S 6l 2 A A h £k

0.9 m33 ANJ5 [] i 2k B AR FFAE 0.5 m/s LU
W f RIGER AL 1 m/s,

Ao/ %

Bt /%

A ERZE /m
(b) I

B 10 Bl SigkK A BiR MR

RAE SR R W] AR SR ) AL AR AR R R
B E ARSI AN O T RS o8 A HOC IR I HER |
Rt S A7 LR T A S A R ] 1 A A G B IR
e MR IE AE 5 R A T4

9T B e PO e 3 RAT AR S S RAT I AL R Y
SHUPERE . BT T B R RAT IR . RS . DU
B AT #e MR T A MU BEAT AT Ll K S AAS
AR5 B A X B B T SO S R S AT
ROERUNRTE N RAT 4% % A K AT I SR G
(PP T 31 AT LA e ol A B A S A
] ) AR DR 22 AL RE L T X LR S8 AT S5 1Y 58
JAE ST AT

A 3 AT TR L R R A R LA B
Bro & T BT EE AR 3 me Bk B B
A3 B YDA 3 B AL B L IR IR I E T —
LB R RAT—RRIII E)D 65 s, RAT IR S T
UL B¢ 1) RSP B 0F FE A 11 s

FEPE L1 v, T AL B o AT AT D B E 1Y B
SE LI AT B g DY e 3 0 AR G AR B A AL
AT LA BT 0 DU e 3R AT 4 BE S 1 IR T
QAT HAT R 2 R R AR A

[e] If i DL H S BB % 5 AT B0l 2 A A7 A
— B 22+ 1] 12 g FLUR 2 2 ] L 35 7 i 2
0. 87 m kbR 1 AL L Sp i B Y 3L [R]
FEAI . B BN AE 30 s A5 AT KA B R 1Y
TR ZEBCR Yo X2 il T e 4 AT T 1 I A AL



%5 Xl 5 UM DY T 3 AT 8 215 B AR RS S Ty 1 R I B 581
20 TR ! ! : .
oL —%;g%% RN S %k -
P ——— -_- 't ______ E _______ Er____ [1] Kendoul F. Survey of advances in guidance, naviga-
tion, and control of unmanned rotorcraft systems[J].
e I W B Journal of Field Robotics. 2012,29(2) ;315-378.
Z 60 A S R S i A (2] SRWS & AT % . R4 . 5. ML 3h i o 32 4l B 00 028 &R
PSS O T S AN S W A Gib R R B[], RS TR S T4 AR 2000,
o A h ______ i::=“ AN 31(3):625-628,637.
| ; o= 5 ; Guo Pengfei, Ren Zhang, Qiu Haitao. et al. Maneu-
B vy BT ET— vering acceleration assisted extended Kalman filter
%I /m for attitude and heading reference system[J]. Sys-
11 QAT 86 15 B B 5 e tems Engineering and Electronics, 2009,31(3):625-
628.,637.
‘ [3] Bristeau P J, Callou F, Vissiére D, et al. The navi-
ir 15 gation and control technology inside the AR. drone
B t micro UAV [ C]//Proceedings of the 18th IFAC
?ﬁ ! “ World Congress. Milano. Ttaly:[s. n. ], 2011,1477-
s I 4] Wendel J, Meister O, Schlaile C, et al. An integrat-
0 10200 30 40506070 ed GPS/MEMS-IMU navigation system for an auton-
e omous helicopter[1]. Acrospace Science and Tech-
M1z AEUIREREEAHE nology. 2006,10(6) :527-533.
(5] WUEUR . b 2, it 5 KA 2 15 AR 41 5 S
gk B S 18 28 R S 51 S IR BT 52 0 ¢ BT — B G AE /N L R AT B W5 D).
SE A 1 1] i 2 25 %2 4%,2009,30(10) :1923-1929,
SRR A AT A 7 i 25 A UM Cao Juanjuan, Fang Jiancheng, Sheng Wei, et al.
BB o AT LAl B S 3 T A DU B AT S I AT Study and application of low-cost multi-sensor inte-
5 R YL B AT S2 5 I 1 gE— A ik grated navigation for small UAV autonomous flight
i, [J]. Acta Aeronautica et Astronautica Sinica, 2009,
30(10):1923-1929.
5 HRIE [6] Weiss S. Achtelik M W, Chli M. et al. Versatile
distributed pose estimation and sensor self-calibration
N7 Y ﬁ}/f B RITBSMARNE S 2T for an autonomous MAV [ C]//Proceedings of the
T S RIEAT 215 B A RE 2R AT S8 1 . [ i BE A8 A 2012 TEEE International Conference on Robotics and
M T A R T B R L A SR IR ST T — Automation (ICRA). [S. 1. J,IEEE, 2012,31-38.
FhELF SPKE JE4R Mg Ik 19 2 & SRR gl & & [7] Martin P, Salaiin E. Generalized multiplicative ex-
Wi 2 25 J7 28 A S0 1 T AL R B Y G M T R tended Kalman filter for aided attitude and heading
25 L e T GPS Bl A1 25 2 0 0 T reference system [ CJ//Proceedings of the AIAA
05 3638 i A R T B A Guidance, Navigation, and Control Conference. To-
(R T HLEh A I 955 45 A B e e Tt MAS 0
(8] MBI XIF . 95 5 . B iy UKF 7215 7 6 iR 28

FE R AT R B R E RAT IR CAREE. RATE
B W AR SCHR HE RN P A 2205 6 S A R e 4 A A
8 P S5 RERUIE /N B DU e 3 0 N R AT # sl A
DU B UURS BE A AT L ST 2RI 55
2.

BIPRR R LT 42 10 5 e 3, 2009, 24 (1) £ 129-
132.

Liu Ming, Liu Yu, Su Baoku. Application of im-
proved UKF in error model identification of inertial

navigation platform[ J]. Control and Decision, 2009,



582

MR %

i 5545 %

a2,
¥

[9]

[10]

(11]

24(1):129-132.

ZEoR UK XA BB A A BN R TRAT AR AL A
AW E 5 S AR LT A 2= 4, 2008, 29
(S):178-183.

Li Rongbing, Liu Jianye, Lai Jizhou, et al. Research on
inertial integrated attitude determination and waypoint
navigation for micro air vehicles J|. Acta Aeronautica et
Astronautica Sinica, 2008,29(S):178-183.

Lai Jizhou, Lu Pin, Liu Jianye, et al. Noncommuta-
tivity error analysis of strapdown inertial navigation
system under the vibration in UAVs[J]. Internation-
al Journal of Advanced Robotic Systems, 2012, 136
(9):1-8.

XY BT LA, AR5 0K, % MEMS U 2 S R4
AR B 5 o7 1 A6 A 8 T B AR LT ] B i 2 A R R
2442 .2012,44(5) :669-676.

Liu Jianye, Hang Yijun, Li Rongbing, et al. Opti-

mization design technology of environmental worthi-

[12]

[13]

[14]

[1

]

ness for MEMS inertial attitude reference system[]].
Journal of Nanjing University of Aeronautics & As-
tronautics, 2012,44(5):669-676.

Meier L, Tanskanen P, Fraundorfer F, et al. Pix-
hawk: A system for autonomous flight using onboard
computer vision [ C]//Proceedings of the Robotics
and Automation (ICRA) 2011 IEEE International
Conference on. Shanghai:IEEE, 2011:2992-2997.
Harada T, Mori T, Sato T. Development of a tiny o-
rientation estimation device to operate under motion
and magnetic disturbance[ J]. The International Jour-
nal of Robotics Research, 2007,26(6) :547-559.
NP RZELIEG B E SN R [D].
P ¢ s B AU S AR KA, 2008,

Hoffmann G M, Huang H. Waslander S L. et al.
Precision flight control for a multi-vehicle quadrotor
helicopter testbed[J]. Control Engineering Practice,

2011,19(9):1023-1036.



KUEEAD L 45 - /N R DU TS RAT e 205 B AR R E A A ik R SR B

583




