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Identification of unmanned coaxial helicopter model based on UKF

ZHANG Xing-wen, CHEN Ming, MA Yi-min, WANG Bao-bing

(School of Aeronautic Science and Engineering,

Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: Nonlinear model of the unmanned coaxial helicopter system was built, and on
account of considering its strong nonlinear character, as well as the aerodynamic parameters
were variable under different flight modes, the unscented Kalman filter (UKF) was intro-
duced to solve the nonlinear model identification problem of coaxial helicopter. It did not on-
ly avoid the limitations that linear model was only appropriate to hover modes of helicopter
model, but also provided the basis for the online adaptive control of helicopter system, in
which autonomous unmanned coaxial helicopter’s full envelope flight could be possible. Iden-
tification of the FH-1 unmanned coaxial helicopter developed by Beijing University of Aero-
nautics and Astronautics was simulated by the approach and the predictive error method
(PEM). Simulation experiment results show that the online identification of coaxial helicop-
ter nonlinear system based on UKF does not depend on the selection of initial parameters,
parameters can converge within the validity period of 10s, and the accuracy of identification

reached 80%, which is higher than the classical PEM, so it has a certain practicality.

Key words: unscented Kalman filter; nonlinear system; unmanned helicopter;

coaxial helicopter; online identification

TN RITHAGERA ENEE RENR. THOLR T /N HUBRES A S K 28, NE R T B2
SR AR R A 32 R TE M ST 2 —. ETHHLA L A AT FE T H B AT SRR XS B | i T 4 47 25
TIE E AT g B AT BB TR R 8RB R S AR N R PR TE AL R G A 5 1) 2 — % 3
D3 AE TN AT S OUR EAT TE AT AR I 0, e B ODUBE S TR AL B S R R — BB A AR
A TN BT U T8 A R a e S . OC T bR CTE N BT PILEE ) Bk B By vk B

Wi B HE:2014-11-03
FEE B A1 I 2430(1985—) 2, I PH B N W2, E BB 7 [ O Je A AL .



2524 o= 3 1o %30 &
FAAEEE L. — JE S5 HIHE.

M TN BTV RGN — 22 H 0
A A AR LM AR R ST TR B AT VAT SRR [ /AT
AT 3 Iy 2 e b 22 S BOR, RAT R R P e 3R
R B AR 3 BT T SO0 I 8 RS O T RS A
Bl 2R R HE BE . BE X T HL R G R ME Y [
L, N b AT T R B IE ST AR AR B
THEAERN —MiTZ AWM BB IT LW 2
SRR

T HER 5 vk 32 B TR L BRI B A R
PR, BT LR G BRI 2l
BRI, T i SR U O R 22 A0 TS )
B k) R Comprehensive Identifi-
cation from Frequency Response (CIFFER) %1}
AT H B /N e AT B HE AT A B 4 A A
) BT AR SR A 00t ik R ) K 8K
Z A T HE R S B0 E 0 e B, SR 22 HE L A
N E TS 2 Bry A2 4k, TS B2 BR TR AT
S R R AR A

ASCHE ST T i B T LR e PR A, B X
HARL M A RATRIS T Rsh 8028 57 55 1)
L4 T KR 2 g B (UKE) M 5] A3 = T8 A
BHIHHLR GEAR MR B A 52 BT S Al =X
TNBETHLRGEAEL P, b T A H I
FEZR 3 AR B A T B A 2% 1 [ B ok e T
=T BT HLZ MR A GE ] T B RS Y )
R A R X TE N HTHHL A 2L AT
9 Al BE.

PLAE BT 2 A R K 2% FH-1 38l =0 08 A B T
BLCILEE 1) 2%k G 147 FL R 52 36 295 R R B B T3
Tk N BT R AR &M RS HHRA
R T 2 5000 1 1) 8 3B BETE AT S50 18] A Wi 85, BE
BURTBE S SiGH B2 5 e Ik Bl il R 5K B

BT dEsas (R R 2 A E0FR FH-1 350
TN EIHL
Fig.1 FH-1 unmanned coaxial helicopter developed
by Beijing University of Aeronautics

and Astronautics

1 HEXTANEFANELERE

E @ A I BN B IN:UE 2 e it
455 T 3R B THOLRIA Sz 3 32 ) 93 B S e 3 2
RSN I1 BT AR AR B ATR AR BE X e fh
AETHILAR L RS R P47 3 25 19 f] 1k LA 2> H iR
ERE AT A R RSB T AR S AR H
. For BT HLELIASE 3 B AN

u p u
o= F/m— | q|X v} @D
w T w,
b p P
{q} =TI M— [q}x I[q} (2)
r r. T
sin ¢sin0  cos ¢sin 0
Si’ cos 0 cos @ p
gl= 10 cos ¢ —siné [q 3
cos 0 cos 0

X ETHZE T F MM M 45 i
PR LA 43 g

F = Tup + Tlow + G+ qus (4)
M = Qup + Qlow + Mreac!,up + Mrea(‘t.low +
Mﬂap + rcup >< Tup + FCow >< Tluw (5)

X TAR up A low 205 A0 EHE R AR i3 s T
LR AL bR 2R T e S g 1] B 5 G O ALK AL AR AR
N E 1 W M ALR LT A Qs Qo AN
Moo 7390 2 BT T 3 HLURR VBT ) 0 1) 5 Mg,
Je WESL B J1 5 5 re>X T 24 I3 80U g B H v e
FARSR AT LT BRI M AN R R N

1 D)* (D)*

T, = ?crr,,-p{ﬂg] T ?J 6)
1 D)* (D)*

Q = ?L‘Q,;p Q?] us ?J (D

Hh o W EE QR HER L3 T i R L
BEF up BN HEHR lows or AHER N RE @ N
JER M REG D AR EHRA.

o T fRAAR Y R EL T PLE S 5] A . B
Te 2 | 2 #CR A L AT AR T, AR
L ) e N O § G I 31 B W TN = 152 1 0 R
bR R BN BER P R o I RE @ 5 EIE
f1 0, RREWME 2. 3 Fis.

MR EE oo SRR 0 BB OE R,
W B AT I 2 22 S A U T L R R



55 10 4

K26 3CAF H T UKE (3L =0 T8 A B FHHLE L BER 2525

0.07 -

s up
0.06 - ¢, =K,0,+K 6,+K, / 4
0.0 A

0.04 -

o / 1
0.03 #

0.02

0,/)

K2 FH-1 34T A B IHHUR IR ) R ECS BEE A
K&
Fig. 2 Relationship between rotor thrust coefficient
and collective pitch of FH-1 unmanned

coaxial helicopter

T ! :
e cu up
8F . - C{_J_ low
e K04, 04K,
TF e KOO 0K,
6
= 5
o
4
3 4 I.
2 /
1
2 ; 5 8 10

6,/°)
B3 FH-1 4= N BT RS B E M
KH
Fig. 3 Relationship between rotor torque coefficient

and collective pitch of FH-1 unmanned

coaxial helicopter

P77 Z BORHL R 22 AT LA B 4805 A
CT,up - K"I‘Z,up(Bc + 8,—)2 +

K. (8c + 0) 4 K.y (8
Tiow = Krzpow (0. — 6r)2 +
K tow (0 — 6:) + Koolow D)
o = Ko (8 +8)° + Kooy (8 + 807 +
KQl.uI)(8c+5r) + Kg.uwp (10)

Qiow = Kagow (8 — 8% 4 Keputow (8 — 87 +
Kot iow (6. — 6,0 + Kao.tow 11
Xh Ky Ko & 8 H ZH RS E 6. N
[ 9 ol 4. 25 BB R IR /INER X L e B A S e, R e
BT AT LR IR 1 BBy .

. 1
wp - [u up
o Tup ( p G P)
: 1
B = — (= LB — @ (12)
up
. 1
Qow — <_ llow esp,max 8u - alow>
Tlow
AB.IOW = Tl (_ llow gsp.mux 81; — Blow ) (13)
low

T O F BB IR KA A1 5 6,0 6, 9 AR 1] #2
s o b B R a0 B 20 0 A i B G 4
. HUACBE 7 L@ SAB M 0 A L % B g R 2 Rk X
wr

0

qus — O (14)

1
> cppAy wf

Mo = JQ2 (15)
K.
KB
0
o Ay WL B KA AT 5 o AL B ) R %L
J R B I K O ERLIE SR ) R AL
2 UKF & ¥R 7%
RIREPRPCR G RSB RE =
ot KR 2RI T S50, B AT g
T S RES BRI T EZ
— ) HRAE G R R 2 B U (EKE) 7 ik
TCIE R PR Lk R Ge 5| e 1 Ze M Ak 152 22 . 7
AR S A Al TR R O B4 R
I, 20 4 90 AR, A4 HER 22 10 Julier 2542 11 T
UKF FE % 0 kil ot sigma SRR J7 2300 )
A 2 1 o BROABE 232 53 B O A1 Ok Mt AR 2k R G2 A i
it B o) R, B T SR0KG B2 e, 2 F e L, S
PR 5 S5 R L AR SCK UKFE 51 A S5l X 5 T+ LAY
ALt RGBS BAE L PR AR T el X
FEAILIN 5 e 75 A0 AR e Pk 3l A S B0 A e A T )
R, ST A 2 LR S AR LR
KATAR RGE AR - RS H
AR Ty R T % 207 8, WL 5 02 S R 1), il
K EFAVRG W B S TERES = . B, 7T

Mﬂap - (16)




2526 =R R R 5 30 %
B FTEAVNREE I ER. H EARCT KRB IEE, C~ "R TRIAE.
(0 = fLx(0, U] +W(D an P(k+1]k) =

y(k) = Cx(k) + V(k)
MDD ~Xa2)Xmrm, EAPREE
w ¢ 0 p q v ay Pu
Qe Bow o EHIERE UMD=[5 & & &1LHBHR
GRS EEAER IR E &, W REFF RS 5
BALUE RS TR, 0=0. 8T KA M x, =
(x @ W V] REI

X, = f.[x (0. U=
flx(0), U . O]+ W)
i

RN A C A T E ¥

x,(k+1) = x,(b) + Atf, [ x.(k),UCR)]

k) =Cx,(b)=[C 0 0 I]x,(k)

a9y

P Ar S SR AR 8] B B TR BE XY R 48 (19) T

UKF FHRE L, B L BRIE .
D XA R A

x.(0) = E[x,(0) ]= [«

x(D=[u v

(18

e o o]
20
P, = E{[x.(0) — x,(0) ][ x.(0) — x,(0O]"} =
Py 0 0 0
0 Pey O O
0O 0 Q 0
0 0 0 R
2) RS REEEVER 20, +1 4> sigma &,
n, AHE TR B A B e O T RS ) Y R
x, fEN L sigma g, H Ay sigma S £ yV/P.,
A5 S x, AR Hd oy = Va2 =
7 (ng+ ©) — ns 2 WHME TER 5, 0 T sig-
ma s R S TR B, e 2 B 00 B R AL T
SEXF R sigma &Y A SR AT 7 25 BUMA

2D

We = X(n, + 0 22)
W5=W3]+(1—1f+€) (23)
S m 1 — eee
WS = W 2(7l;.+)\)’ 1 1,2,3,+,2n,
24)

K22 ~KCHPBAE W _EFs ¢ F1 m 4351 F R
FESHME, TER 0 R i XM 2n,+1 4> sigma /.
3) ARAS
X, (k+1|k)= x,(k| k) +

Atf. [ % (k| B, Uk ] (25)

2
n,

(k1= D Wrei(k+ 1k

i=0

(26)

2n,
'a

SUW[xi(k+1]k)— % (k+1]k) ]

(X (k1 b)—x(k+1]") +0Q 2D
K x =[x 0" BRHFRZREFZMEKAS

4) 0 B Hr
y(k+1lk) = Cx(k+1]k
2”;\

yk+1lk = D [Wry(k+ 1107 (29
i=0

(28

2
Zn,

Pkt 110> (W[y(kt1]k) —
i=0

yk+1lB]« [y (k+ 1]k —
yi(k+1|R]" +R
P,(k+1|k =

300

2
n,

SUWIL ik + 110 — £k + 107 -

i=0

[yiCk+11k) —y(k+11R]T) 3D
K(k+1) =P (k+1|DP, (k+1[k"
(32)
x,(k+1lk+1) = % (k+ 1|k +
Kb+ D[ytk+1) — y(k+1107] (33
P(k+1lk+1) =Pk+1|R) —
K(k+DP, (k+1|DKGE+DT  (34)

5) R ELEE 2) AT — B % sigma A5
3 BAXWHERESH

DAL 52 i KoK 2 FH-1 3 =008 A Bt
BLWF TR G AT B SG , B E S B 1 fr
NS TEBEIL L H N 1000 r/min 78 A7 28R T RE |
Fr 8 i 4 B o).

®1 FH1HEXTABEANTESH
Table 1 Main parameters of FH-1 unmanned

coaxial helicopter

28 HfH
KB KT/ kg 90
ZZ ML & / kg 55
EH B /m 2.5
ML i K9 /m 0.7

AT 33/ (ke /B) 60~170
MR & B /m 1.3

B KRR/ km 120




10 M

K26 3CAF H T UKE (3L =0 T8 A B FHHLE L BER

2527

B4 FH-1 =00 A BB R S50 8080 R 4R
Fig. 4 Data acquisition of identification experiment of

FH-1 unmanned coaxial helicopter

A Ay W] UKF & PEM 4 Fp 3% R vk
X R A 1 S 5 B0 AT T OBE U RE M N 5k 2
FoR. ot UKF g% 48 scd a7 iy el =08 A i
THOL R Ge AR MR R AT T #E 9. UKF Bl
FHIXTFR sigma RAE KB, S50 p=0.99,e=2,
k=0. R FEMEFE B U7 25 Q S 0.000 1 i i B2 46
B4 MR R PR T 25 R A 0,002 5 475 Y BA 0 40 4
QWML S I RS 2 A BOH [ L R 19 By 50
HH RS SBR[ i A RS A T R A A
RS HRIME I 0~0. 5 [F]AF B AE G 43 IR 24 2t 40 4t
00 VR e f B F R B B LIRS SRy B L R
wE AN A B LR (E B, BEHR 0. 5 AN /NED.

H T PEM X B2 7 2 500) (8 B SR 58 76 G
PR AR MR A A BRI (E 1 B0 T, AT T4z 1%
22 PRI 25 S TE T WS, T8 2 AT A 3 Bl
KTNETHHL R G AR LAY, Sy T8 5% L, f
FH T T LR A5 B /NP Bl 2 1 A A5 80 %6 19 b 7y 3
(PR 25 R HEAT T X L IE.

i 1 1) R UL R R AU

b= (1 D = Yoo |

' 1Y et — Yinean |
Y e S B DR S A S BRI AR E 5 Y i N FE
PUREHDIR 25 B A T 5 Y e S RS 2 I 2 24 .
PR 5 vk BERALL A X e 45 2R WL 2.

WE 5 KB 6 B fER ] 20 s BB I
PR R 5 v R IR S5 SR AR AR 6 X FH-1 Sl =X
TN B FHHLI G TR AR B . UKE (498
7 S BE WG 5 T PEM B4R #ER vk, (HR
60 s B PEiR L b ClniE 6 ek 2 X TR .
PEM HEFRE B2 KRR B2 T B, T UKF B RS B2 22
NS WS I NN SR8 A [ RV W s e R
B AT b R A Ao R T P R N MR A s e, L
MRS H07E AT o A v AS W 0E A7 08 L DR AT A
FERA ) AT I AR A S R RATIR A B K
FH L T4% 58 PEM M LAAUL& KR AT B8 10 5F 5
EEL TR

RAER 2 M58 1 80 K5 3 51 5086 ) Lo, it
A ST A =8 N B LR SR AR MR Y
UKF 60 s %4 BF UK B2 W] 00 T A B /iR
SRR UKF HFI, 1A b 1% 35 48 o 455 Al g
R A S W WNIE B I NDEEE L

& 7 i UKF dELPERLARL 60 s Bds HE iR &2
B> S B 26 AR A il 2. T B T A L A S B0l B
AN T ) 16 B, USSR TR) 7E 10's 24 s HLAR
0 Z BT WK A BRIk 3l 52 2% 18 3 ¢
2SS uR LS E W SN - A IR SR T
0 15 A ) EE AR S PR TRAT o B R A AR R T
PoxE L 58 200 R F1 e Al PR IA R %S B
B A B AT G 55 bR ) A A

X 100%

2 AHESHANESEMNLER
Table 2 Comparison results of identification fitting degree of output signal
ful %
28 UKF PEM UKF UKF PEM
(ZEPERETY 60'5) (AR 60s) CIEZ PR 605) (R 20) (ZRAPERERL 205)
é 80. 79 54.97 97. 80 85. 83 80. 77
0 78.18 46. 44 97. 84 83.99 78.71
p 77.49 2.528 91.19 90. 61 62. 37
q 75.97 18.73 91. 07 89. 21 34. 40
u 30. 96 12. 80 83. 69 49. 20 17. 65
v 35.40 20.51 85.92 45. 33 21.95
w 45. 47 19.91 80. 03 43.96 15. 71
r 79.52 26. 96 94. 15 82. 89 82.02




2528 o= s % %30 %
jillEie oy -~ PEMERPERER (4
--------- LJKFﬂkg}émﬁﬁ{ﬁiﬁéﬁm -===-=--- UKFZHMAR A5 H
- 40
> | | i Wil |
s v‘b '\M‘*‘"«wﬁ“‘ww S 0 M)WJ‘N\L‘“.E th[ '{PMM’*‘WM"‘“““
] -20} i 1
{ . 40 L .
40 60 0 20 40 60
A /s i [ /s
(a) (b)
=
0 20 40 60
At fil/s
(c) (d)
E] =
0 20 20 60
ikl /s fist i) /s
(e) (f)
10| N ' ]
= z 5t ' g sk i
g E ! {L( ‘.'l ﬁ.l g .
_2 N N B ‘_5 [ 5 . -1 . N ¥ -q
0 20 40 60 0 20 40 60
fif /s RIS
(g) (h)
K 5 Fhii=JE A E L UKFE Fl PEM #R 25 B 4T 1L (60 s)
Fig. 5 Identification results comparison of unmanned coaxial helicopter between UKF and PEM (60s)
R s UKFHFR PEMBFHRM T 1
40 T — f*
o 2 ‘L Aiand o 20t \
£ ol A A VIRV § MW v iany
Bk v LJ‘ ® ol VY HJ AT VTV J”ﬂ‘f
—40k V : ’u‘ A ; ;
0 5 10 15 20 0 5 10 15 20
At fi]/s Fif ] /s
(a) (b)
= |0 fi s .
c o JMJ\W (VYA &
S sl ~l, W E) _ ;
0 5 |0 15 20 0 5 10 15 20
fist i) /s B
(c) (d)




5510

TRECAE HE T UKF A3 aUTE A B TR AL R

2529

~ 02¢
2 0.1
E ok
=01} ’ '
-0.2 " L
0 5 10
WtEl/fs
(f)
AT )
. 20[ l"“ t r\‘ 2 E
= It/ M LPA | /
= 1
“E .'..r'r hi |
—20L \“f J\j i
0 5 20
Hfﬂlﬂfs
(h)

= JE AN B FHL UKF #1 PEM #ER 45 B3 1 (20 9)

Identification results comparison of unmanned coaxial helicopter between UKF and PEM (20s)

K]‘lup
11
ooo
o e e ]
g —
T T T

Q)
=
—~ 02}
£ Of
T-02} \- .
Z_04f .
0 15 20
Hfﬂiﬂls
(2)
& 6
Fig. 6
L 010 —
0,06 ]
0.02 L L L 1
0 20 40 60
At fil/s
(a)
_0.02¢ ' ' -
= 001 .
e 0
=0.01 L L -
0 20 40 60
At fil/s
(c)
S 9 ' ' —
S ]
5 -4 ;
9

0 20 40 60
1 [ /s
(b)
T 15 T T
L I5c .
= 5 1
s ]
¥ 1 1
0 20 40 60
1 [ /s
(d)
S ‘ ' ]
= 0 -
Z-If ]
b‘:‘_f -2 1 1
0 20 40 60
a]/s
(f)
T T
E 05}
F 0
< 05t . . ]
0 20 40 60
1 [ /s
(h)
T T
z 0.02 .
L2 001 b
0 , : :
0 20 40 60
1 [ /s
i)
2 =001 ' ]
5 —0.02 N
003 F J . .
0 20 40 60
HtEl/s
0y
Loo4r ' T ]
= Oi_/’\r-/ ]
5 -4 ) ) ]
b 0 20 40 60
i [a)/s
(n)

K 7 UKF FEZtEH IR T S50 (60s)

0 20 40 60
A ) /s
& :2 E 1 1 E|
< 20 40 60
A i) /s
(2)
. 0.02 ' ' ]
F o0 !
< 004} / . i
0 20 40 60
A ) /s
()
. 001 F ' ]
20 .
< 0.01 ' :
20 40 60
fif il /s
(k)
S I5F .
% : _‘ﬂfw—d—l—
& -5k . . E
0 20 40 60
A [l /s
(m)
Fig. 7

Identification nonlinear model parameters by UKF (60s)



2530 Wi o2 @

Eitd %30 &

4 4

D gy Fh I8 N AL R G AR LR,
¥ UKF 5] izt X8 N B THHL R e L PR
RUHE, DU 7 36 % b 5 0 28 il R K 2% FH-1 3t
WX TN ETHLHAT T RGE R L, LR 45 R
FUHE T 2O ke T N A HLEE L AR Lk
FRGEHEEORG B T A T N A T HLNR B 2
PR FE P, 127 A 4 M AE TR BB A% A A 4R IR A il =
B THHLIE sl i ) B R A

2) £ % UKF } PEM 4§ b #8080 vk 3547 [k
BAOrHT. PEM VR B BEHR J7 i X 2 8000 b6 (8
TE IR 4, BE TR RCR AR FLE LG K AT 4
i, UKF 7E 298 iR 78 0 % 18 3 Xt A & 7t
HLRAT 2 7 v 0 0 S M 5 R R R 7S L R AT R S
BT S R, BRAE IE A [ RAT AR T AR
RN E K.

3) UKF Ze PRI TR L R S EORN R T )
{1438 30, FiB 7E A 280 T) P eS8, L B TEORG B 1] fnd
T PEM g2 By ik, i X Je N B L
UKF 7L AR LB i B — @ i 5 APk 2
— AT S A TR L 1k

SEHK:

C1] ES&BRER, FORES, 55 e 3 LA 2 B0 4l U5 3 42 45
YRR WAL ], 028 3 3% %, 2014, 29(6) : 1434-1443.
WANG Qiang,CHEN Ming, WANG Baobing, et al. Effect
of geometric parameters of rotor on hovering performance
of coaxial rotor[]]. Journal of Aerospace Power, 2014, 29
(6):1434-1443. (in Chinese)

JEV RIS, A Ak A, W SO A5 Sl 2 E T PLOBUNE 3 2R A 1
SERLAIBETE LT ). A 30 12 42, 2003, 18(3) : 343-347.
ZHOU Guoyi, HU Jizhong,CAO Yihua, et al. Mathematic
model for twin rotor loads of coaxial helicopter[]]. Journal
of Aerospace Power,2003,18(3):343-347. (in Chinese)

[ 3] Koehl A, Rafaralahy H, Boutayeb M, et al. Aerodynamic
modelling and experimental identification of a coaxial-rotor
UAV [ J]. Journal of Intelligent and Robotic Systems.
2012,68(1) :53-68.

Kumar R,Ganguli R,Omkar S N, et al. Rotorcraft parame-
ter identification from real time flight data[]J ]. Journal of
Aircraft,2008,45(1) :333-341.

[5] WANG Xiaodong, ZHAO Xiaoguang, TAN Min. Model-
ing,identification and robust control of yaw dynamics of
small-scale unmanned helicopters[ C7J // 5th International

Conference on Natural Computation. Piscataway, NJ,

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

USA:IEEE,2009.273-276.

REE IV, HER AT CAT 3 1 2 R PR A Ak
(). P A2 i K R 2241, 2011, 43(3) : 387-392.

SONG Yanguo, SUN Tao. System identification modeling
of rotorcraft flight mechanics[J]. Journal of Nanjing Uni-
versity of Aeronautics and Astronautics,2011,43(3);:387-
392. (in Chinese)

XA, A i, BN A BT GA B9/NELTE N BT BILA 1)
BERIPEAHERLT ], HLAs A . 2010,32(3) :439-442.

ZHAO Zhigang, GOU Xiangfeng, LU Tiansheng. GA-
based model evolutionary identification for yaw channel of
small-scale unmanned helicopter[ ] ]. Robot, 2010,32(3)
439-442. (in Chinese)

Cheng R, Tischler M, Schulein, G. RMAX helicopter state-
space model identification for hover and forward-flight[ ] ].
Journal of the American Helicopter Society,2006,51(2):
202-210.

Raptis 1, Valavanis K. Linear and nonlinear control of
small-scale unmanned helicopters| M]. Dordrecht, Nether-
lands: Springer, 2011.

Pamadi B N. Performance, stability, dynamics, and control
of airplanes[ M]. 2nd ed. Hampton, Virginia; ATAA,2003.
WA B g A5 — 2R AR R M DR UL &% . UKF 2838 [ 1.
BH 5 H,2005,20(5) :481-489.

PAN Quan, YANG Feng, YE Liang, et al. Survey of a kind
of nonlinear filters: UKF[]J]. Control and Decision, 2005,
20(5):481-489. (in Chinese).

Schafroth D M. Aerodynamics, modeling and control of an
autonomous micro helicopter [ D]. Ziirich, Switzerland:
Swiss Federal Institute of Technology,2010.

Schafroth D, Bermes C, Bouabdallah S, et al. Modeling,
system identification and robust control of a coaxial micro
helicopter[ ] ]. Control Engineering Practice,2010,18(7):
700-711.

Jategaonkar R V,Plaetschke E. Algorithms for aircraft pa-
rameter estimation accounting for process and measure-
ment noise[ ] ]. Journal of Aircraft,1989,26(4):360-372.
Garcfa-Velo J, Walker B K. Aerodynamic parameter esti-
mation for high performance aircraft using extended Kal-
man filtering [ ] ]. Journal of Guidance, Control, and Dy-
namics, 1997,20(6) :1257-1259.

BB, AT ARG H P [MOL JE st [ By Tolk At
2005.

Julier S J, Uhlmann ] K. Unscented filtering and nonlinear
estimation[ J ]. Proceedings of the IEEE Aerospace and E-
lectronic Systems,2004,92(3):401-422.

Chowdhary G,Jategaonkar R. Aerodynamic parameter es-
timation from flight data applying extended and unscented
Kalman filter [ J ]. Aerospace Science and Technology.

2010,14(2):106-117.

(R#. TR A



