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Abstract

This paper mainly focuses on the research of the trans-media attitude and position control system
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of the Hybrid aerial underwater vehicle (HAUV), and proposes an improved Active disturbance re-
jection control (ADRC) strategy. The structure composition and flight principle of the HAUV are in-
troduced. The body coordinate system and earth coordinate system as well as the matrix paradigm
of the coordinate transformation are established, and the dynamics modeling of the quadrotor
HAUV is carried out based on the basic assumptions. A cascade controller based on improved ADRC
is established, and a high-order sliding mode observer (HOSMO) based on arbitrary order robust
precise differentiator is used to estimate the lumped disturbance accurately. In addition, an im-
proved nonlinear function is introduced to reduce the chattering caused by the traditional nonlin-
ear function, thus improving the stability of the HAUV. MATLAB/Simulink is used to verify that the
proposed cascaded controller has better attitude and position control performance and anti-dis-
turbance ability than the traditional ADRC controller.
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1. 518

I o5 Vo R 2 (R R e DA B N SRAE M A )35 2 H 25 Z Rk, IR R A ARSIl 1 2
FHITE R H WK 2SR B £ 20K N AT 8% (Autonomous Underwater Vehicles, AUVS) [1]-[4]. 7K R
FIHL(Underwater Gliders, UGs) [5] [6] PA ¢ 3% 4% 7 7K %% (Remotely Operated Vehicles, ROVSs) [7]. X £EE 45 ]
KR AKCE & B A& H A R IR & E TR IR T, 5O 2 R TR [8]. K T
R[9] 7K N EEANKIZ[10]. K FAEN[11] [12] AR K T AR [13]-[15]55 2 Pt 55 . SR, BA K
F2 AR L TEVE 6 JE W 2% i Bl S B ST 55 I R . I S AR LA A\ (Hybrid Aerial Underwater Vehicles,
HAUVs) [16]1E A — M ALK KB iz 2 TR, SRR 8 R 723 by 7K FIZK S #EAT PR DU R J s
71, BT ENAT R . REAMEFHEZATIL.

HAFERRE, 75 HAUV RS, D070 7 A o 1) S8 ) f2 25 A U A2 R HAUV 7 8 148
#il. HAUV 1EE N U FE b 2B BB R 3 13 . HUOR KGR I ASPERUA R E . AR
Wik, HAUV 7EESAN UL RE R T 2 8 R GG R sem, IR EIG 2 24Nl . 76 H AR~ %
A B FRE R 22 BIR AKIR B GRS, HAUV (38 3h4% i 75 250 50 1 S Pe MR N HX S 5 43RS

E FiHt 1241 (Active Disturbance Rejection Control, ADRC) 2 — RS 3k 2 ) 5, H i Uik ot i 4R
o ZINERIN TSR RLL7]. T APL[18]. F2EhHLEE A[19]55. e /KT A2 K2 HOWE 72 1 BA
feth 7 — T ADRC HIZK NHAT 48 B AR ERER IS0 7%, DASEI my BT & 1) T4l v [20]. PEBESF T4l L
HTORZE MR SN e T4 ADRC S5ELBYTNFEHIAH S5 & 1 515, DA RSN LA 2 2501 10
210 SRT, AR50 LI m T ERAEE — E B, 1T RS S EOCIE SRRSO ks, LR i
PLah™ i SR A T R AR 5 )

NIREEE LTRSS T HAUV BB RS A i3, ARSI T —Fhsodt iy B by il e, 5l
N B T A L 2% (Higher-Order Sliding Mode Observer, HOSMO) i # 4% 45 (119 T IR 25 M I 2% (Extended
State Observer, ESO). 14, KA St R MRS R Z 1 B B AL, Aok T R G4 1k s BURR M 28 91 A
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B PIPLFE I S BERS 7E T DI 0L N SEEUAL R AR E 12, PRI 122 4% (KA e A & PR
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ASCBEHHT HAUV SR DU R E5H, REFIB& B ORI O 2 P IR T3 thi e o i fal Py A
FELATL R BE e 77 [0 A gt v] DASE I HAUV IS A BLig5l,  nlsl 1 pios .
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Figure 1. The structure of the HAUV
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Figure 2. Motion coordinate system of the HAUV
2. MHER HAUV ZEhFR R

ASCR R AR HAUV FIRSI TR R, B s 5 e . b, 3 UREEE X N (1) AL b AR 4
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AR KR AL B, A AT S £ 22 [ o (8 e e 1 mT A A 8 = A e AR B b (1) — R AU e e (AL o A
SR X-Y-Z B ey, R Sese X Bhiehe, SRa5e Y ek, ffase Z fileds, RiaXT.

X,] [t 0o o]c, 0o -s,][c, S, O]Xe
Y, |=|0 ¢, s, |0 1 0 |-s, C, 0|Y, )
Z,] |0 -s, c,|Is, 0 ¢, Jlo o 1]z

s [XgYe Zg ] H1[Xg Ve, Zo | M BIZER HAUV FENLIRAL bR AR HLER S8R 2 T 09485 F 77, = (X, Y, 2)
Fn, =(4,0,w) 53 NFRHERAAER R R HAUV AL E [ RS, v=(u,v,W) fl o =(ox,oy,0z) 7
FRTRHUAAER 2T HAUV IILE BRI L, T84 BRAR TR 2R BN LA A b3 R e BB B R W RoR 9

7, =Rv (5)
C,Cy S,Cy =S,
R=RR,-R,=|C,S,S,-S,C, S,S,5,+C,C, GC,S, (6)
c,S,C,+S,5, S,5C,-C,S, C,.C,

FHREH, AUAALRR 22 3 IR AR R AR RT
C,C, C,5,5,-5,C, C,S,C,+S,5S,

R"=|5s,C, S,S,5,+C,C, S,5,.C,~C,S, (7)
=S, C,S, C,C,
P AARR AR T BUEEAS A T B R R P R Ros N
1, = Pao ®)
1 sT, C,[T,
P=|0 C, S 9)

0 S(p/i:g Cw/Cg

Hef, S(4), C()MT()mFERsin(), cos() Ftan(-). AT MRS HAUV $eE i,
25t DA BBk R IR A [22] [23]:

1) HAUV A—ARIAk, BAT P AR e, HR e AT e P A AR

2) ANIRTEATRP CAT R, A E R , A RAERNL,

3) MLARALFR Z B R A 158 7E HAUV F LA s

4) AR A T 5 FEE TR A T BUE

FEIX S B At b, R AR - BRBIVERAE T HAUV TEES A S 3 i 72 1) 30 1) S AL

{mv+(m—pv)g +(vxme)=F

lLo+C(w)+(oxlo)=1 (10)

Hrb, F Az 208 HAUV B fEE S 10 & A1 A3 0%, m 3RoR HAUV i, p RosKINEE, V&R
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R HAUV AL 1 =141, = (1,101, ) % HAUV S HBRESD, | 308 HAUV HRE DD, 1o B
By, ARER HAUV g i & sl Ja FERAR S sh g #E Ao 7, BB 75 5 18 A 7K v R BE S LAk,
B, o x Io FRRRIRTERH =R C (o) R BRIESE = A R [l 30 o o

C(w)=Jray (11)

Hrp, 3 FpREHEE, HQy=0,-Q,+Q,-Q, . HAUV [Ff7 445 il 2 i #5475 DA AL e i 5 1
FHEBESZI, R LI EE SR B 1o HAUV B 7R NS &, LR & U AT RoR

N
0
- 0 (12)

2} IC, (@} -0F)

= Ic,(9}-a}) (13)

_Cd iz41:(_1)i+l (QI )2
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U

X = (cysocp + 31//S¢)F1
U
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-1
m
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R A 30 B 1 A e B mT ATRT AL A -
[¢ 0 WT =[ox wy a)z]T (15)
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A s P EE R R BRI ARG B ISR AN A . AL EAERIAN A, RIS —
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Figure 3. Scheme of the cascade controller
[E] 3. REXITHIREIIE

Hr, Zgv Xov Yo RN BEGIAFIHEN BN, dov O F1 wo AT, IHA0AN R ATEE 1 3H
BIEERN . U Uy B BIEGIERIE T RENIEGIES. Un Uzs Uss Us BR RGEHL HAUV (1)
UGS BT AP B 6] 5 LS4 W 2 AR SR, RIAKCPAL B ARG AT RE 22520 HAUV )4
o ATBYX—ME, REEACETT LR EE S AT, BN EEES, Dbtz h
PORR G BN, AR I S RS B AN AL . FERRRR GBS SR b, R SO Y B P 8 ok A A

AE:
¢, = arcsin[(uX sinyy —U, cosy )/Ul}

(18)
6, =arcsin [(UX cosy, +U, siny, ) U, cosg, J
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3.1. ERERRISTER

PRERG 4502 — FhARZR MR IEES, H B B RERAEAAAE MR A BN TG DL, SEB NS
FRORERA BRI DL RO R A T, oD BRI E — iSRG, e IS Sk v I A
&5, JHRAMAGESHER SRER.

i BB 2R ) B LR G RIA AN :

(k1) = (K)+ T () .
X, (k+1)=x, (k)+Tu(k)
Hb, xiv e NRGURAS R, T ARFERW. BoffEhlLsa i than(x,x,,rh) -
d=rh
d, = dh
y =% (k)+hx, (k)
a, =/d” +8d|y|
a,—d .
X, (K)+ sign(y), |y|>d, (20)
a=
xz(k)+%, ly|<d,
ri, |a|<d
fhan=-< d
rsign(a), [a|>d

Ferb, v A h 2 AN BESE MR NAS 5 BRI 5 033 P R 5 ANO0S Mg 7 R A Y AR DE I P 1o DR L e 2545 31
R BOR U I BRER o ST i T
{xl(k +1) = x, (k) +Tx, (k)

X, (k+1)=x, (k)+Tfhan(x (k)—x, (k),x, (k),r,h) (1)

3.2. EMBEINER

£ HAUV B TEEN B EhI, T S8 A AMT T, 144t ADRC 5| 35 11t Be v] e AL 15
AFEE, MELAMERAMG T “B0Bh7 o N TRRERIE W, ASCROE T M TR RS S R 2
I TR) v B AU 25 K 5 i Gt ADRC 428 1) 85 H PRI SRS WL 25 o o B e ASE 00 D00 4 B A PR Wi S5 )
R BEBE SIS T HAUV BSREIRAS, MRS RE R SR HEEE . DL n BridEgett 240041,
5E SCHMBF UG LT H S N\ E i N 5O

{x(“) =f (x,x,~--x(”‘”,§(t))+bu
y=x
Hr f(x,)’(,---x(”’l),f(t))?'32/%/5\7 WAMITFIRI “R38307 . E(t) NARRIIIMBTH, x Akl E, U
AR X=X, X=%, % =x", W22)n %5 N:

(22)

(23)
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B AT LSRN & AL i AR & U ME S 5 y, =P84 Lipschitz 4%, H. Lipschitz F3% 45 %

WHL >0, W SR B 8% AT 5
L=X%
X = _ﬁm-lLu(nﬂ) |Zl - y|

"Ysign(z, - y)+2,
Z'n—l = Xn—l

13 213 .
Voa = _ﬁSL |Zn—l - Xn—2| sign (Zn—l — X2 ) +2Z,
z,= f +bU

f= B, |zn - Xn—l|1/2 sign(z, — X, ;) +2

2,, =—pLsign (Zn+1 - f)

n+l

b, 20305 X B THE, o ZOROIESIIINA SR (n=2,2,3,), | FrB RIS

(24)

EEL L BB RPN I 8 SH B, By, By MAEIB IR IIE S, y MU AT, HFHZ

B VIR T o AR LT S5 A A BRI 18] P9
{zi =X, Vi=1---,n

Zn+1 = f (Xl'XZ'”"XnIé:)
& UL A

K=74-X

K, =Z,—X,
K =Zpy — | (X1,X2,"-,cf)

F20(23) 520 (24) IR H ) HOSMO 4561115

L= XN =L =LK X=K"K

Ly =X =2y =L =2y Ky — X =K, — Ky

z 1_f:zn+1_zn+bU =Ky Ky

MM R HES, (24) AT 5 -

. 1/(n+1 n/(n+1)
K =—p,,L ") |K1|

sign (i ) + &,

Ky =B L i, — & sign (x, — &) + 5y

Ky =—P, L |Kn - ’enflrj2 sign (Kn B knfl) +Kna
AT M S EOT LS AT, AT LA 2

n—i+l

t—>qgtand x >q" "k, Vq>0,i=0,---,n.

B, RERIM FEFUE, TRAA R N AT

(25)

(26)

(@7)
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(29)
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K=2-%=0->27=x

Kna— kn—z =0— 2,1 =X
Ky _kn—l =0— Zy =Xy~ Z.n—l - Xn—l =Z,=X, (30)
Kn+l_kn =0— Zoy— f (Xl,Xz,"',(f)—Z.n +Xn =0
- Zn+1 = f (Xl’xz""’g)
FRAE (30) T 45 21 pir i H () B ri i il 88 Be W HERR AL U1 “ 2B FREAR BRI 18] P9 SEIRWS Sk . F e RS
HWIE N RS, 454), A BB E Bt

Z.¢1=X1
3 2/3 .
X =—fL |z¢l—y| S|gn(z¢1—y)+z¢,2
2,,=f,+bU, (31)
~ 1/3 .
f¢=—ﬁ2L”2|z¢z—x1| S|gn(z¢2—x1)+z¢,3
25 :—ﬂlLsign(z¢j3 - f¢)
3.3. MHtHIESLMIRSIREEHI R

BERI AL SRR S P 0% 22 B et ) el v A AR 2 1 R B RV i AN T FE SR R 2 BURIAN T, &
BOESAEAPIEIEZE, fEAMET IS IRE 2 SEEHRI I, ASCTINSEE ALt g, oo e 4
FRLR AL R R R il 2 AT T SR (4R A, A B TR EEAMEIL R IR G LR, IR = R 4t
(e sE PEATm B . AU A T

[a(e~7)—m]

nfal (e,a,n,7)=antan
( ) /2=ty (32)

Ly =atan [a(O—y)]

Horp, g FoRM&TEHEL y FoRIZ& O AIE . Oy 7 RN Sk AR L pR U H A SR 2 1 R B T
Ko A& e AL 1 o B ot (R AR L pR SO S Ik 2R AT XS B, WP 4 B

1 3
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T 0 _ - f 0
= =z B
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-0.5 //////‘ — a=13
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Figure 4. Comparison of nonlinear function characteristic curves
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Hrf, 6=05, n=1, y=0.01. WEWTLAYIEE H oo 5 I ARLNE s b A% 4t (10 AR 2 1 R BT
MR . RGIAFERMEREAE x = +0.5 WA . ML T, Bk )a ARSI R BOR A 7 e s
AP

4. BT RMNRM P + 1D MBUEBMMHIESI R R R

NT IAUFEE ) ADRC #5885 7E HAUV B8 58 B R v e o 2 3 ) 1) A ROt E A e ik, @sr 7
HAUV 3712 24511 Simulink 17 SRS . Gl 47 L5, 49 B ADRC #Hil #4E e IR, I Fim Ak
TP, B UF BT H IR G B ) 2 67 S 4 1 AR DA K BT tH (1) HOSMO REAMTFHR IR Al 1o 1 3
FEAT LA A HAUV EEE L m AbJTFGR, KZ7E 5s BB KT . SRJE1E 10s 3 155 N IRF—1 m A%
J%. MiJE, HAUV 7E 20s i EFFIREHK. e, 76 25s B, HAUV IR [EI RV IR R FRZ A E, BT
BERLLE I . RGFIEH 20 EESHnE 1-3 Fiok.

Table 1. Parameters of the HAUV
= 1. HAUV R&%EH

ZHALTR ZHUA
| 0.3m
m 1.7 kg
Ixx 6.5 x 1078 kg-m?
lyy 6.5 x 1078 kg-m?
Iz 12.5 x 1078 kg-m?
Jr 1.25 x 107 kg-m?
Ct 4.1x10°
Cd 4.1x10°

Table 2. Parameters of the improved ADRC controller

=2 WHBMMIEHSRSH

SR ZHUE
r 100
TD

h 0.002

L 1

P 50
HOSMO

P 300

Ps 150

o1 1.3

02 15

k1 50

ko 2
NLSEF

71 1

72 1

y 0.01

bo 40
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Table 3. Parameters of the traditional ADRC controller
%= 3. R EmMEHISRESH

SHATR ZHH
r 10
TD
h 0.01
0 0.01
b1 200
ESO
P 300
s 1000
o1 0.75
o2 15
NLSEF k1 0.3
k2 0.1
bo 120

HAUV 7L U FE P 2B B R R MR T FEfF B2, FENKFH /KB 4 s 119 s B 43
BN R BT (R AR A S AR Mo sh, il 5 Fros, Had, foudCRENKI BT, fadRERAE

HRF BT, B PR 2 207

f, . =2cos(1.5t)sin(0.5t),

f, , =sin(0.9t)cos(t)+sin(t).
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Figure 5. The wave disturbance and its estimation during water-entry and water-exit stage when using the HOSMO and ESO
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16s, T 27%MIWCSIR 18] FE NIRRT ZKE B, - SR M 22 (EAR RS GE I8 SRS I &% 7331 s> 1
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Figure 6. Position control responses of traditional and improved ADRC controllers under wave disturbances
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Figure 7. Attitude responses of traditional and improved ADRC controllers under wave disturbances
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