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Static Anti-windup Compensation Control of Yaw Movement for a
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Abstract: A coaxial eight-rotor unmanned aerial vehicle (UAV) with higher drive capability, greater payload capacity and
damage tolerance than a quad-rotor UAV is developed. Firstly, the UAV dynamic model is set up. The actuator saturation
tends to occur in the yaw movement of the coaxial eight-rotor UAV, for the reason that the yaw movement is much weaker than
the pitch movement and roll movement in the coaxial eight-rotor UAV. For this problem, a static anti-windup compensator
based on linear active disturbance rejection controller (LADRC) is proposed from the view point of practical engineering.
LADRC is easy to be adjusted in engineering and able to estimate and compensate external disturbances in real time. The
static anti-windup compensator can prevent actuator saturation in the yaw movement without increasing the system order.
Then, the stability of the yaw control system with static anti-windup compensator based on LADRC is proved based on
Lyapunov stability theory. Finally, the validity and robustness of the algorithm are verified via numerical simulations and
coaxial eight-rotor prototype experiments. Experimental results indicate that the yaw control system with static anti-windup
compensator based on LADRC spends 4 s to exit saturation for the longest time with yaw angle error limited to £0.085 rad
indoors in the case of constant disturbances, and it spends 9 s to exit saturation for the longest time with yaw angle error
limited to 0.127 rad outdoors in the case of varied disturbances. The static anti-windup compensator based on LADRC can
effectively prevent actuator saturation with accurate yaw control and strong robustness for the coaxial eight-rotor UAV in the
presence of external disturbances.

Keywords: coaxial eight-rotor UAV (unmanned aerial vehicle); yaw movement; actuator saturation; linear active distur-
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1 5|5 (Introduction) ORI (1 S yE U2 SR, DO e 38 N AT 2R A2
S5y LAURA 4 NS, e RIPLBIEE 2 2

AR, MR TN WAT 8t T BA AR ROKHIZ). JF H IR AT 817 5 EE A Al
iR CRAT R, AR EE SRR, /R N, SEOLHEEEE, AT, 4k, HA

HEEUH: EBRALRRIFES (11372309, 61304017); FHME R R EITER] (20150204074GX); AP & ERHS TIHE 4 (2014SYHZ0004) .
WEES: FRAS, qey008@163.com WA/ /&M 2017-05-02/2017-10-10/2017-10-12



5540 B5 2 ) WL, S5 U\ BRI TC N RAT SR A AT R S DU A R ) 241

HAWNPUTURRES, PIEEMEAR. Bk, DUk
BTN AT AR AE S Bp TR th AR AR AN BES Wi 2 K8
iy KEESE M TAER R, 0L, BHFA GI7E DY e
BN AT A HBEAE_ BRI TT 1 SN 1 sk e AR
2 e 8GN\ KAT 3. Pounds 55 A BV #9F T —3K
JFE N 4 kg WK DY e 38 e AL, SR AT EE] — B2
Iy — oy (PID) FEHIERIGIE 1 H R A2 1k Be.
Samano & N 2 17— Uie AN, 8 4N
BALF AP b, SEE BRI AL — MK, %k
AHUEA e 3 5 1 A1 — € IIJCARBE ). Hugo 45
PANLLE i W S TECEEY A EODAN 3 S S 1 1
EAS AT 4% 107 33 2 R s 3l 1 5 56 4 i 7
PRI RAT By R, B b PERE 9.

PRI, S VYR AT SR AR L, b 5 ) 2 e
FEN WATS MBI, A, A
TifE, RIEMERRFEC. Kb, ASCiRH T —Fhdt
/e RN CAT S, IER B IR Ui 3 kAT 48
50U e 3 AT S BT A R SR a5 2 ik b, 4
T 4 ANPATHIT, e BCA AR A e 3RS R LR,
Sl )\ e T+ 7120 9 e 3T+ 718 2 15, T
2 AT SR S AU ], O A e R R
/N PSR 2 £, T I S EEIE R
RIEIN, AEARIKENRE /TGRS, B
VeGSR, S4h, IRl S5 T AT AL
BETUARBEST, M5 T AT RS AT SETE.

X IR TN AT 88, SRS LI 93k
AT TCAED B b BAT A IREG I, T AT AR AE 3 4
LA EAAAEPAT SR . I HL, W
Wiz 2 i AL IR AR, AR e 18 ) #T 2 H
TR T 105 4. 5T s, A AR
W, DI EURATIZ 3 B8 T LU, IR BhRE
D155, Mo, WRAE ATHRLTIZEHEE, WAL
BIBEN AR, RFELFISHESNFTINE I T E
B DB BAT S, R, wes T O
VU Jie 3 QAT & th BT R A P ) b AT SR AT A
.

ARFTJE L, AT A VAN 22 Ak 2R Gt 4 1
E, W WK RGHEE, SRR E, 3
Ak, HRRRE b, SATSRBRAE SR
THIVE D N B AR B T IR A ST AR 28 BT T
% b, PURAAME SR BT NE R T B,
EAEBCH PAT B AER, R B A R 4T
PUBAIAME, AT S5 AR RGN, 4 3R
Gtk RERIR ). Ofodile 558 AUV 32t — R XA 73 41
WANKMERS, AR B DY e R R AT S B, R

WERG A REENE, 7 HEA RIGRHPUmA s ge
EHIPERE. BEEEANE £ B A M AW AT
& B TPONI EE BT A R A S A, Wit —
T TP ZR P E g es, Irsiig
SIS A AR T HIE BRI ATYE. Borisov & AP iR
T B SRS, B T — P s RME S B
A TP e B RAT AR E A, RGN TR
YIRS S AE 7 S IR IR T SRNE A .
3 [10] 2T He. 1B EE R FEAR B T — PR FR4z 6l
a5, B AT AR NN e P, 3R A
AT RGBT IR, B HRIIE T
HEVERA B 36 2UR.

DRI, R eE SR dh e 38N AT 28 M Im AR &
B Ty ik BN PAT SR AN 1), AT T — AT
L AP PUBARMESS. AP EE
SRR, G TS, BT TR, Jf B4
PR VLI 2§ BE A% S Al v 5 AME T 0, e mr i
I B AmfAT KRB EEE. RAh, FERSPURAIRME
WMBEAEHE R, AEMAREH XA, EHT
SEBR AT TR, S E, Rk )\ e B RS Al
17 FL R S 5 S AL AT SEEG 3 Ak B 1 2k
T2 B PUR E S U AR AT R Se i v 4 ST 30
AR MRS R dumitse, B
LR TAER A

2 HBMN\RELTAITRIINDEFEER
(Dynamics modeling of the coaxial eight-
rotor UAV)

) Uie BIC N KAT SRS K 1 pros, 4
MNERHIRAT YEIEFT S8 AT A R T+
FIEII A, 8 A HMLFIE F 73 B 4 2075 70l 6 B %2 5
1E 4 NEFRmAE. K, @ (=1,2,---,8)
TR DAL R, A BTN 2 AR A e
JiTaAR I, [P R AH AR 2 AN e 3 0 e s 7 1)
M. WAMIZah2 mIgim Gy 10 2 R E K
M, [FERECN (B 5. 6 BEE R A A
M, SR 2 HRE R EORE RIS (R
I /Ny 30T A ik 38 S ) [ I N (D
JIBTE T e 38 1 2 B ] 7= AR A s 2.

WEHL AT AAAR B E = {Ogxoyeze b SHUVAEAARE R
B={0wx,y,z,}. EX & =x,y,z|" JIhh )\ hEe#E 1T
UL s R AL E, KA E n = [9,0,y]"
Fon AT A, i) \UieE B A T S AT RE
NEA A 6 A H MR FRNIE, A, T4
i — BRHL N AT B G B O R s BB 11 T RE N



242 I SN

2018 % 3 H

dH ©OH
gzg“erH:M @))]
Hrh, @ =[p,qg,r]" N AT BN T WAL R B

IR, e H KRN

H=J-® )
Hodt, J = diag( L. L), I 1, B L 405009 = B
R, RRENIIHEERRN
M
M=|m,
M.

=

(o

2~

PACTR* (23405 — Q7 —Q3F)

= PACTR*(Q7+Q5—Q3—QF)

| PACHR® (QF + Q7 +Q5+05 — Q5 — Q5 Q7 — 27
3)

Hrb, p RARTAEKE, A=1R NiEEmMM, e

FEIEH R RR, Cr NI REL G WITHEREL

| FoR e 5 AT A O B BE .

B Sehl) Uie BN (AT SRS i
Fig.1 Structure of the coaxial eight-rotor UAV

WAL AL ) AR EZ B IR RN
n=T-o “4)

Horp, T ROREEFRAEME. HEH UTSHE £
NAREIEES, BGE T v Arref. #ith ) e 5t
[ R B I J12 0T RN

¢ My — qr(I. — ;)] /1
0| = |IM,—pr(L.—L)]/1, ®)
ff/ Mz_pqay_]x)/lz

BT HUAPR R B 1) x,y JTAIXAR, #CA I =1,.
BEAh, BT ORI EAR, BRI RS
5 L Z A R R AT

r=5"(ss")"'mM (6)
Hop, X RN HNLIEE T ) &
s=lot @ @ @ @ e e a0
S RiEHIE TR, iRk

ky lky 0 0 —lky =l O 0
S=10 0 Ik Ik O 0 —lky —lk| (B
ky —ky —ky ko kn —ky —kn Kk

3 f/\RRBRMMIGFIESIZF (Anti-
windup controller of yaw movement for
the coaxial eight-rotor)

31 ETE&MEMNRITIESIEE
L E UL A ] B ARYE T PID 55

%, PID SLEgmiefai ., S8 T, HAT I

RN, A7 PID HEESEIEH N &R S,

LNE B PULAAAE AP RR I B b, e dsh 2

HPER] 44, JF HIABA LB s v B s Y,

BeAt, L B A Sl T 5 R A B ) RE

71, EFErERR, o E T RN A.

o, i)\ R AT SRR GORES AR

RN

Xy =M, /[, +w 9)

Horr, x FoRIRNTA, x RoRWTARE, w R

Gt AN E L.

xl = X2,

Ve op L M, S e
- - (N
I
_ Vs v
Vs 14
— LE <t
Vi S0

K2 (WAl RGELNE B TR e &
Fig.2 The yaw system LADRC control scheme
S B BT AL % 0 a5 A an B 2 B
A HrP AR RSN ES (LESO) £RxA

a=vyi—-y

- — T 3 P

ll'/l WV — o1& (10)
Vo = W — Bune + M, /1

‘/73:—ﬁz0381

b, gy N mAUA A THEL W D A Y
fEHE, s w BflTHE.



5540 B5 2 ) WL, S5 U\ BRI TC N RAT SR A AT R S DU A R ) 243

7E L LESO 42 il 38 25 % 7~ N L, = [B.or, Baoas
Boos)™s W (10) FIFRFAETTFEN 87 + Bors® + Poas +
5103’ B2 Wi B % o 1 7 L = [3wzo,3wfo,wfo}T, fi
BTSN (s4 0,)3. AR A B 1515
LESO HZ# A 75 T 2571 %6 w0, fAILIHZ,
Tt 2 8 45 By ik B fae 12,

25 V£ 1k NLSEF X A th 5l — f4» (PD) # il
%%!
{Mo:kp(‘l’dlffl)kd% (an

M, =My— LY,

Horb, ya(k) NN E, Ky ka NIEHISHL
N T TRE ek 3 EE A A R EAT gy, RBIANT
—ka W WAL T7 6 8 8 My I NS Al TH
PRI J 15 AT 45 2w T ) R M.
32 RAFERSIIEAAMESS

PAT RN R 2 B RGBSt
i\ B AT RN, AESERR TR, RATHEE
EAEAAAER S, TR s 31 2 5 ik B AT 251
. ARSCR— M ESPUBARMERS, KA WAL
AIE BIPAT SR BAIS, M2 SR A AT FUH A B,
PRI A SR RGN ERE, AT TR A.

TSP AEME RS (DLAW) A& —Fpzk P
M, HaiiunEl 3 fos.
%’é}g}éﬁﬁ Ye | FaN | U JHEE/{EEE —z
ol A SZ IR | AL |y,

L -+
RSN

ANEMaEES

3 (AR AP AIME SR A 4 K]
Fig.3 The scheme of the static anti-windup compensator for

yaw system

R B ) LR A LA T W = 0, B AMRIES (9),
Hel )i 3 AT 88 T R G R A S | AT LR
2V

x,=A,x,+B,u+B,w
yp =Cpxp+ Dyt +Dpyw (12)
7z=Cx,+D u+D,w
Hi, REMEx,=[e ¢]TeRY, e=y—y H
Wi MR 72, REZEZRKERE u=M, y,wz
a3 9 R AT 2R G 1) B P O R R R A
0 1 0 0

IEHE-A: ’Bu: 7BW: ’
"o ool " |-y T |

C,=[10, C,=[10], 1 4km&D,,=D,, =D, =
D, =0.
Fhh, T TN B ST AT f & RIR S A3 ]
Rk ] LLtIA Oy
x. =Ax.+B.u.+B.w (13)
Ye = CeXe + Doue + Deyyw
H, BHEKPRESAERN x. =21 2 )" eRY,
21,22,23 57 A R AL AR R 25 DR R ZE B
MFRME, ue FRFERERRANE, yo =M,
e RAFOL TR A piiiEhldsmt 8. A =

—Beor ) lk 0 Beor
—ﬁzo2 — Tp —Td O 3 BC = Bz02 ’ Cc — [kp7 kd7
z Z
_ﬁz03 0 0 BZOS

L), 14%% B, =D, =D,,=0.
DRI, AR SO T B B A A PR R RMEE (1) HL il
J\ e 32 (e 428 1) 28 R W R
b :Acxc +Bcuc+BcwW+uaw
Ve = CeXxe+ Dot + Deyyw (14)
Uy = Daw(sat(yc) _yc)
Uy NERSPURIAAMES:, BAPUEAMIE R H D,
IR YUy =0 W, BIAFEEHAT SR MR, A
A UL B RER K R
U=Ye, Uc=D)p (15)
FH T Sl e 3 AT 48 1 O A4 ) 2 B A
PRy, B Ow AT 45 ) B O e PR TR AR PR #, Ko A
u = sat(y.), FHHH sat(y.) = sgn(y.)min(|yc|,u). &

S (ve) = sat(ye) —yer ATET i SHTRATE B
GEZES AR Fa v

x = Xp c ]Rnprn(,
X
x=Ax+B¢(y.)+Bw (16)

Ye=Cix+D19(y:) +Dpow
2=Cx+D5¢(y.) +Dypw

;H\:EF', np“—nc:S;

A A,+B,A'D.C, B,A'C. ]
B.(I+D,A'D,)C, A.+BD,A'C.|
B :é¢ +B,D,,, C,=[A"'D.C, A”'C.],
| B,A (D, +D.D,,)+B,,

BchuA71 (Dcw +Dchw) +Bcw + Bchw

Y




244 I SN

2018 % 3 H

C¢,=[C.+D.,A'D.C, D.,A'C,],
Dy =D, +C,D,,.D;,=A"'(D,,+D.D,,),
Dy =D, +D.,A"' (D, +D.D,,),
D,, =D, +C,,D,,,

B, A'[0 1]
B.D, A0 I+[I, 0]|

A=I1-D.D,,B, = [ -
B,(I+A'D.D,,)
B.D,(I+A'D.D,,)
D,=A"'D.D,, D,=D.,(I+A'D.D,,), (17)

C,=A"'01, Cy=D,A"0 1

B, =

)

H, Dyi,D2,Dy,Dx,Di,Dy,A 359 1 4 .
3.3 ETF&MEMNERESTIafMESERE

Mo

N T A SR I T R BB R AT BT
MAAME SR RO RE e M, E e iR 5] B

S Wy, Mw B THES Uw) = {y. €
RoweR; —uy <y.—w<ug}s M4 ¢(y.) i 21~
K%ﬁ:

¢(ye)S (¢ (ye) +w) <O (18)

Hrf S oA IESEH.

TEIR: FFAFAEXFRIE EHIBE Q € RUwtne)x(mptne)
HifE E € R0 ESEEL S fESEHL y, WRELLT
At

He[AQ] B,S+B,E-QC] B, JoJo
x  He[-$+D,S—C,E] -D,, SDI+E'C',
* * -1 D}z
* * * —yI
<0 (19)

SFAEE TR X, A HelX] =X +X", MEESHM
M Dy, =E-S7' JFH, Hw=0Hr, i)\
JER TN CAT 2 IRAT RS (16) & REHERE; X4
w0 B, X TAREA R T wt) € L,]0,00),
J\IRE AT RS (16) 4 L, HaitssE, R

JT Z(t)dt < YJT w?(t)dt + yx(0)Q 'x(0), VT >0
0 0 0)
WUEBA: 30k B 2= 0% 4 K BRI HUCN V(x) = xTPx,
P=P'=0Q'>0. i ELRSIFETUSE, o)
ST Pe) +ye) <0, HAtw=y. {K# Schur ¥ &
2, X 19) 7] LSS R 1S

V(x)+ )l,zz —w =20(y)S (@ (ye) +yo) <0 (21)

B, % ow= 0B, B V(x) <0, A5AZH\
R T SRR S (16) & BWHERE. B Q1)
ﬂﬂzww+%tw%w,$%ﬁ%mﬁ%ﬂ%:

L Z()dr < ?’L w?(1)dr +y(V (x(0)) =V (x(T)))

<y L WA (1)dt + 7V (x(0)) 22)

[R5 (20) FHE.
SR, WISREU T LT LMI 2050 R A ]

Qmin 7, s.t. 70 (19) (23)

RGBS HURAIMESE 2 D,
4 H/\EREXANRMBERESR

(Numerical simulations of yaw movement

for the coaxial eight-rotor UAV)

N T IR A ST )l A S OB MR 22 25 )
AR, BEAT T 3 MO HSE 55 R 2t
H YU s S U Bk 5 21t B Jih EIE I R
SEEG. IR\ B RAT & 1B R 2 Bk AR L
MIRSAE, VEILRR 1. Jhhh Uie 3 I N HLE LS
PR HIZE 132 rad/s < 2; <250rad/s, i=1,2,---,8,
Rk, JRIAH M. <0.55N-m. ki EHPitHEE
IS H BN 09 =40, k, =64, kg=16.
& Matlab (1) LMI T H A8 SR IS 25 o v AR 2
D, =[1.8 0.2 0.7]7, L, &5 y=1.7476.

1 )R AT SRR 24
Tab.1 Model parameters of the coaxial eight-rotor UAV

ZH il

m 1.6 kg
l 0.5m

I 8.1x103N-m-s’
I 8.1x 103 N-m-s’
L 142 %10 N-m-s’
R 0.2m

Cr 0.01129

Co 0.00248

WILE AT B E RN wo =0, HHEEIRML A A
va = 1.8rad, P7ESEEG 3 (13T A B IR
N 1.5rad 7. FAh, PPESER 3 HEINT A
AT, RER 0.15 Nom.

Kl 4 ~6Hik 7 3 MEESLIREE R, HTER
AT AR N g ) 52 BIZ R, R T2t | bk



5540 B5 2 ) R, S5 U\ FEITC N AT SR I M A A ST A R s 245

2.1 I | | | | |

1 SR S : ! !
B B
@ 124---- y SRR - T----- ----- e F----1
200
2 0.6|--f-dommpmd i i H i L
S 03l-/-i__|----LADRC

' i —— LADRC with static anti-windup

0 1 2 3 4 5 6 7 8
time /s

B4 07 30sm 1 BT A ERER LL A4 R

Fig.4 The yaw tracking results in simulation 1

7 S N S E——

8 18t : :
o 15p--ff-mmmeee et  RROETEEERELES
D121 oo R REEGREEEEEEEE
; 0.9}--f----------- o mmmm e R
S ——--LADRC

e VA ——LADRC with static anti-windup

0 5 10 15

time /s

K5 07 SR 2 BT A ERER LL A4 R

Fig.5 The yaw tracking results in simulation 2

18 - ! ! | [—desired yaw angle
< 19 : LT ----yaw angle
£ 12p-7-1--- Ao FTTT T T
L 0.9f-t--a-----f- R et = —p - B ST
0 P (W i [
8 0'6","'"'! """ T T U
] e e e e
G () SRR O e +

P IR SN et N SN S B

0 2 4 6 8 10 12 14 16
time /s
() G ET SRR R

1.8 . -

| 1 —desired yaw angle
5 S 7 ----yaw angle
£ 1-2'",‘"i """""""""" AR R RRE Sy
R A R
T A B T
z 0.3-',----: --------- o -; -t----
SYY A N BN T NN RN

03 , A A H

0 2 10 12 14 16

(b) Z T Zebk B ST A PUHLAN P AT 42 1 BR R 45 2R
Ko s 3 i es thazgs R

Fig.6 The yaw tracking results in simulation 3

FI AT R G L T PERE T B, KGR R AN Y
WFIE). RERIAEDTH 2 i I B AE THE,  fwfit
FEHIVEREF UGB, SRTT,  AEINN RSSO
SRS, TCUUEh N BT R GEA R A, T A
. RIET (RS T3, AT e BE L2 1k B
PSR A BENGE, RAPER bR LK 2,
T (R A, B RN, RSB EIER BR

. I PO BESRERIESE 1A TR B LI
Dl T 25 BT PRI ME 45 BE 0 A R0 59 AL AT S T M3
X RGHE M, ABUORIE 7RG A (10 AT ER B
PEgE, T HAR S T MATRSIPIIE e

2 S 1 56 2 thItEh )\ e FTC AL f T i v Re
fabr
Tab.2 Yaw control performance indices of the coaxial
eight-rotor UAV in simulations 1 and 2

PEREFRAR
il WA s IR /%
SRS 1 &tk adit 3.7 9.65
(LSS S 28 L12
YA P + AR
fHESENG: 2 2Rt B it 5.1 25.76
ks 2 3.9 9.02

LB PR + FRS UM

(a) Hhi H A )\ g 3R AL

(b) Z 3 ) e 32 B AU AL

7 )R JE AL
Fig.7 The coaxial eight-rotor prototype

5 H/N\REREINBMSEE (Experi-
ments of yaw movement for the coaxial
eight-rotor prototype)

51 FENIEE
Ll )\ R HLR R 4EpP kL, RS &E

By RS IR AL HAMBEWE 7 Fis, M7+

TG K. o)\ e B IR HOE Y 1.6 kg,

R 14 0.5 kg #ify, 2% CATI AL 25 min.



246 I SN

2018 % 3 H

AT B ) 0 IR N TI A F] ) TMS320F28335
(DSP), L REMEH 2 25 s ] S35 (1) S i - SR
JRAUML 2238 T =R PR, —Hhmgantt. =S
HEETH. GPS BLH LUK 9 1.5 mm F 30O
PEAEHL, REOSMEMIRE VAT HIEshE R, Eid L
R A B A AR T JE A ALAN A2 ML AR S B O 1 A% %
TEHERR 3% AT 28 TAERIFIET, R Og 3R ©AT 3L
W, AET AT 7.
5.2 i/ \HEE R BN AT SN

N T IRAIEAR SCHE )3 T 2R B P 2% 1)
FRAS DU AME S s A E M, fEAN A T
TR B P ER S B RN AN SRR R N Bt
LR SRS 1R 2R 1 B B SR AT 1 JE AR H LA T L ¢
L. RPN SELE 1, EHSNS S0 E
SEIGARIA]. ImATEE S BN u € [-0.55,0.55], KATHE
M U6 %7458 ny = [0,0,0]" rad. 39152 w0 FE 4
2m, M35\ R I AN E T BRE, B
BN N, =[0,0,+0.88)" rad, IR i HERE R
RS R TG E, W RRAEEA I 2.
521 ERNEZETFMmMLE

T WRAEARSCEIER G, EENEHNE
ARG NE o e et D7 R (=S DA i w7 WO I
J B v FE S TRAT AR 0 B — 2, AT A AL DL K
PRI LI IAEE. XU S ) e 28 ML oG
PEESZ1°8 2.5 m, 1ZEE BN 8 FH RGET DU 75 R X
45 m/s. BT RIS T (i iz s B2 5 ik
PATZREAN, DR XU AR 1 [ 2 R 7 1l 15 7
LB R v = 0.88 rad I (il £ 18 (1) [ 5
6], AEETEANLIE wy = —0.88 rad J5 AR ATE ST,
S RACPIFRT; 7wy = 0.88 rad J7 W ATIZZ)
N2 G S ULl U 7 W o & Ra-ae 7RI E S D )
=S N NI a2 o ) S B UL W - LT N o (P 7,2
GEWAR

Bl 8 ik T A 51 N B A UL R A2 2 1 H
P mATFE IR, Ik ar L, ZE GRS B i
ABRGERWEME. B2, A8 RRaERT,
AL LT 20 0.42 rad fOER 2 DL IEEZ) 0.35 rad
R . B miiEdlE e LA, $ATE M 14 s IF
BB S, I HAmAtsEd &M 23 s i —
BT R RE, B R ATz T e, SR
BT XS, A SO AR, R AT 8
FUGERWA, Wtk E, BTFRAPUIBMAMEE
W, RIS T 2R M B o 4 1 e A s o e
AR R, i g E R

B9 NG| NERAS P AN RME 28 I 1 A 2 o 2

R AR RIS, i A 2 AT Y
REITE B R, B IR 5 %=
AL & R T PR B AR, SR, 5l
N B S UMM 25 A3 A AT R 2R HE AT
A VAT, RAE T R AT I P BE. dr kRl L,
TR IR 18 5], 3 T2 B HTpb il s 1)

A UL s 7T 42 1) 2R 0 LA e P s 97T 42 o A
RTENEAN RS IE SR e WS &SR Ak R )i
1.05 . . . .
g OT0f-ceeeeer e
£ 035 i - .'."“‘:“",:,2,"‘7'/“"‘*6.?""L"‘v‘:,t
o oW S I VAR Vo S VA h
) | | | |
IR N U A S s
é :?3(5) [ —— desired yaw angle
B 1' 40 : : --- actual yaw angle
0 10 20 30 40 50
time /s
(a) TR i
£
E’ 0.66 .
2 055 ;
2 044 g
S 033} :
: 5| -
= of ;
g2 011} !
g 022¢ :
5 —0.33 .
2 0 10 20 30 40 50
g, time /s
(b) i dz i) i

B8 BTk FPTHRIE ) &% 00 % Y AT 1% )
Fig.8 Yaw control based on LADRC indoors
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