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Backstepping sliding mode depth control for submarine based on NDO
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Zhoushan 316000, China)

Abstract: Aiming at the problems of model nonlinear, strong coupling, as well as external disturbance of submarine
in the depth control process, a sliding backstepping control strategy is proposed based on the nonlinear disturbance
observer(NDO). The NDO is used to observe the uncertainties and disturbance of the system. The disturbance observer
errors is in exponential convergence by electing disturbance observer. Aiming at the characteristics of dual channel
coupling of the submarine vertical plane control system, the bow and stem rudder controller is used to control the depth
and the pitch respectively. By using the sliding backstepping controller, the closed loop system global asymptotic stability
is proved based on the Lyapunov stability theorem. Simulation results show the effectiveness of the proposed approach.

nonlinear disturbance observer; robustness

Keywords: submarine; depth control; sliding backstepping control;

Vol.33 No.9
Sep. 2018

DOI: 10.13195/j.kzyjc.2017.0605

—

0 51 §

TE S ARIEL R, W8 i s B AR AU A & B
A B 1, HAFAE AN 8 37 A1 HAth R AR 5)

5, FIRN AR AL RIS B MR 22 B HR 2 DL A IR B

?Tjﬁ. AN TE) 2 BY ) P07 B 52 ) R 4% R G 1 4 |
i P, A% 48 B — (1) 45 o) 7 v 9% i &R R . DOBC
(Disturbance-observer-based control) 1% #l] 2 #% H. A ™
& (AR 8 PR 3 W D7 i AR P, AT AR T R IS B
PERIT PR PE (IR M5 il th k30, IR &
ElREh papr e il ONTTRA B3 It a7 Wil
DA | G -1,

T Lyapunov F20€ 1 BRI S & VA R A
BRI BT, SR (8] $R Y 1B T S A i T

is B EA:
HE&E&mE:
RERE:
1EE BN

2017-05-17; 1&[E HER: 2017-09-25.
2L5E.

FALAR AR H] (K 7.
TEIN/ER. E-mail: 757835764@qq.com

H % H AR FHE ST H (41474061,41631072).

T AUV (B3R BE 3 1, 9507 B AE T Bk m] 4T
PE. SCHR (9] %1 0T ROV A5 B (1 58 | E 28 1 A AR A 14, ¥4
ZAREAR EAE R IAT I B, RN R A B $e 4
VBV AR T A% G O B ) R A B L
7K N WAT 870 R A IR B R s b TR 7, 3C
R [10] B 1h 7 A BRI [ S NDO, 45 & 2 A5 TH 4%
], {175 NDO 7 A3 B2 B 7] P PRk 2 30 490 s s A1
.

TR ) LA R R I, WA RO s A R
ZEH R I AN 2 . BE 0T RGUAHA E 1, SCHR [11] 4%
HH— BT NDO [ 3 S AR 1] S SR P i
PEAE U B N B Y R G T i AL BT
BESE&TIMME RES: R, SCHk (4,121 % T

28 (1973-), B, BIEER, WL, NFMATLEE SIS EHEM R, B (1992-), B, 4, A



1638 # % 5

PR — VG HCR Sy, R MR R A
MF- 3, FEBTE T 5T PO 25 1) £ ity A A |
. EFXT ROV 19 B 428 1) 1] R, SCHR (13142 H 2 T
LR TP TN 35 P 1 3 N 2% S A o s, A LR
BF UL 45 25 2 e ) 2, P 3 R B AR T &FXS KR
WIUAT 2RATAE R G5 A KO A 72 1 A0 A0 S B A8 T4 1 )
RO, SCHR [14) 52 T 5T NDO A FR A 18] J52 75 1 A
P ], Hm 5 EIE T VAR k.

R SR R TGS E B EIE R A RS
T B I ) R R O e A, AR ST A T i
i T THIOUSA N U HH (038 B R 45, TE TR E AN G4
JETE 73 53 e T NDO U WL 5 [ I8 38 1) 40 30T
P, 32 H 3T NDO B I A 3% ) 28, 325 FE e L)
AN B, i R T AEERIK BN I REEES) . FELRMERR S
FG TP 0] 8, B v 1 9 P ) R FE A RS B 7
SEIR R LG Be A AR MR R LT
CEVARAY TSy S
1 EEREEEIH R

APR R ZEARIE . FF5 RN K H ITTC A1 S-
NAME A i A i 044 &, 1 WL SCHR [15]. [ € AL AR &
GE R)E-En¢ Mg 3 A6 H5 & (3 R)O-zyz I & 1 7R,

(b) TEELI AR R
El1 BEZELRREMSELIRR
% J& T PUT B T PR LI AR 2R M A A T T Dy

(a) ZE[HALAR R

W = fu + bupds + bysds + di, €))
q = fq+bgpdp + bgsds + da, )
¢ = —usinf + wcos¥, 3)
6 =q. 4)

Horbw, q, ¢, 070 HONTHIUE FE « B L L JE R AN
GUAT; u ORI BE (BB AR 5E); 0y, O 73 0l N RE AE
FE A AR RERE A dy, do 9 IR AF SN AT T30
KEPRZEZI furs Fg> bubs bus, bab, bgs FIFTE T334

a4f4w - a2f5q

fw = 5
a1y — Ga2as
£ = —a3 faw + a1 f54
a ajayg — G203 ’
I agbap — azbsp
wb —

104 — A20G3 ’

~ o3 N
xR %33%
a4bos — agbs,
bws - 7)
G104 — a203
b —azbay + arbsy,
qb — )
104 — A20a3
b — —agbys + a1bss
qs — .

a1a4 — G203

Horp &8 122 25000 N
1
Fiw = m(ug —vp) + 5 pL*(Z],1% + Z),rp)+

1 .
§pL‘3(Zq’”vr + Z,,vp + Zyuq)+

1 w
5oL (2, @ +w?)2lql )+

Iw\W

VU

1
ipLQ(ZLUUQ + Zuw + Z! v*)+

1
§PL2(Z/ |w\w(7}2 +w?) )+

(W — B) cosfsin ¢,

1
fsg = (L = Is)rp + §PL5(M7CT7“2 + M,,rp)+
1
2
1
LM 07+ ) P

pL* (M}, vr + M, vp + M uq)+

1

§pL3(M{wu2 + M uw)—
1
LMo + )72 4 M) -
(xgW — x,B) cos 0 cos p—

(24W — z,B) sin 6,

1 1
bos = §pL3Z|’q‘5su|q\ + ipL2ngu2,

1 1

bss = 5pL My 5,ulgl + 5pL*M;
1 1

by = ipLQZgbuz, by = ipLSM(gbUQ,

1 1
a; =m — §PL3Z{1;, as = —§PL4Z:§;

1, |
az = —§ﬂL My, ay =1, — ipL My,
as =m — 1pL?’Y-’, ag = —1,0L4Y<'7

2 K 2 P

1 1
ar = —=pL*Y/, ag = —=pL*K],
2 2
ag = I, — 1pL‘:’K’- ayp = —lpLE’K'-
2 P 2 r
1 1
ap; = —ipL‘*N;, a1y = —ipLSN;,

1
a3 =1, — 5pL5N;.

2 EEEEmEH TR

Y EE T LT 1 942 ) 4 0 P 2 9 7, b U P 42
) i TP [ i A B, 5 [ 2 28 NDO
E AR A A R 2% 6 A0 S S8 PR 4L . NDO WL
TR I T- 4, 22000 26361549 B0 IR BT 75 1



%9H

A % A T NDO # i 42 RUR AL R B 424 1639

PR, 5 A A A% 2R I s ) R (R D R R
BN S G B R, MR AE 100 T30 A
BRI, WLRERE S 08 T, T AL AL B 26 [ %
22 HH AR Al 0 DA 2.

VR FE 1 1 Wl [TFHFET
P P
L i Ly
—— 5. [ mme |9
a@ﬁwﬁ%@?—' AR &%

l/ld2
Wl [FEET
I LB L et g ST

E2 ZEE@ANTHIEN
B2 1: ¢, 0 N SEBR IR AL ., 0. HTR 2 TR
& BT ussmor, ussnca 73990 9 AE LA FE S5
Bz ) a0 s wa, , way 7390 REREFIRRAE R NDO b
PR AR Ope, 0se 7 INREREAT R AC I 2 HE
5 8, 65 73 7 9 i AT R FE PR S BrAe A
Bl W TAERE G > to, AHINIE L K I
“rSHAE BA R
REAURE R R L
T+ 6 =6,. ©)
For: 18] < Omaes |0] < |Omae|» T SIREHUIT 8] 3 %2
3 RBAETF RO it
EXCRAB R = oy = Coas = 0,24 = 0,5
(1) ~ (4) "] gt 1 T 3K
Ty = Xa,
L.U2 = f¢ +besds + bepdp + d, ©
T3 = Ty,
&4 = fo + bepdp + byss + dy.
Hr: fe = ficosO—qucos0—qusinb, fo = f4.bes =
bwscosB, bey = bypcost, bgs = bgscosl, bgy, =
by cos 0, dy = dy cosb, dy = dy cos@.
fii AE R AR FE 18] (0 AH B & AN E WL &5 1
X G, B O 7 A R % 22 428 o) 2 1) A 1
ICAHRE. T T DR B 42 1) 5 2 S 451 48 B R )
NDO. N 112 73 55 7 TR JEE AT il [m] e A
NDOJE A

{d’l =21 +p1,
21 = —L1z1 + Li(—p1 — fc — besbs — bepdp).

(7
Al SRR BE (B B T P B P A, 20 Rl py M

HR AR &, Ly W 2538 2.
& UNDO WL 72
dy=d, —d. (8)
- JEVE R U 0 S 36 AR, 24 PUIURE 1 00 %
BRI 18 ARAT (R%
dy = 0. )
MM 5= ZE B TTREA
dy=dj —d = —2 — ) =
Lizy — Li(—p1 — fc — besOs — bepdpy) — p1 =

Lydy + L1 — Lady — pr. (10)
Lpr= L6, H
d, = —Lyd,. (11)
D) ATAELEL L > 0, 3K #45
dy = et d(0). (12)

T LA S0 5 22 2 0k 8, i 5 e U K 1 Ly A
|4 100 — O, ERRRIIG 2 TERR AN (8 Ly (3 K, 2
bl = A b3, T DLYE U 45 2 1.

}J % NDO ] Lyapunov B8 4

%m:%@ﬂ (13)
k5
Vipss = dydy = ~Lo(d)? <0, (14
HNDO T AR AE .
NENGLIE
$ = fo 4 besbs + bey <5b + i/lb) (15)

b dy /by Fon T YU N AL BE b B S5 3 L,
AR, 4
g = -2 (16)
1 b(b
3 (16) Bl 5 ik H P T i I 2. 45 & RgiRE
(6), 7%
Go = fe+ besds + bepdy + d. (17)

LR TS O PR N
FIXT RGN
(A B, A% ] 191 NDO ¥ ity

62/2 = 22 +p27
29 = —Lozg + Lg(—pg - f9 - bé)sés - b@béb)’
P2 = L297
dy
udlz = —@-

(18)



1640 = # 5 X R %33%
4 REEEEHSET kRS XV kG 15
NDO ,/\é y V/;{‘I_§ 7T 6 ':'“ . 5 ~ A
51 ANDO J&, ZGeiRk 4577 B2 6) 65y P A
i‘l = T2, ’YC .
= besOs + bepdy + hee? ey 90 e
f{ + 0¢s0s + 0¢p0p + ay, (19) kceg‘l+6416C2+0_C(CC6C1+642) Yo Ll(dl) =
e N — keey +eq(og — caeqr) + oc(ecéar + éca)—
T4 = fo + bopdp + bosbs + d. <
NN . s NN b o e @—L(d’)z (30)
DY 5 42 il [ #9111 e i v AL s o) 2%, 78 SUIRJEE e 1)
PERIRFREN H12%.(25) 1 (30) T 4
ec1 =6~ G, (20) V= — (ke +cc)edy — La(dy)*+
eco = T2 — a1, @1 o 5eo
NN oeld) — desgn(oe) — heoe] — =%
S e, R BB I, TR R 5 el = dcsenloe) = heoe ==
35 1R T R R R (ke + ) — La(d)? — heo+
a1 = —keeer + C'C, ke >0, (22) 2 5 8
- BN Scloc| = dcloc] — == =
FIMEET RGNS TN
. . . o 2 7N\2
b =C—Comm— o= —heea te (23) (e + c)ecy = Lalda)
BOMRET RABNE TN heo? + 5clog] — b 31)
. ) 7
cz=hmaa= A HIE R 26) I 31 13
. )
Jebesds bpupsmer +dy = e (24) V < = (ke +cc)ed — La(dy)? — heat. (32)
o I el e s
EXJEJJ%%IZ@&JC = Ccecl +6C27CC > 0 ml‘{‘&@{% HE] %%ﬁk’c > 0\ C< > O\ Ll > 0\ hC > O T’?\EJI‘

R Iy

_celkeeer —eca) — fe — besds
UBSMC1 =
b(b
dq1(21) — heog — dcsgn(og) 25)
be
Hr:he > 0BRSS EL 6 Mo I THE. & o =
bc — O¢, BHEE RN
dc = cloel, (26)
Hrfye > 08BIFSEL K5 RS HomiE sk
W B DT R 2, T A A PR EHR
e — e M
tanh(,ua) = m, (27)

Elﬂu > 0 4% R T AR E HAE RN RE 1 U I
PR RO AR AL RS

[Fi) B 7T 45 AT 58 48 A s 2R AT A

S IR 33 SN W R VSR el

{5bc = UBsMC1 — Udy,

530 = UBsMC2 — Udy,-

(28)

X HH NDO Ay 1 55 428 1] 25 24 5 (1) A 28 R 4, adk
PRECHN

12
V:§€<+

HY Lyapunov B
1 - 1 -~
2 2 1\2
- —9, —(d 29

0, i /2 2 SR IAG FE PR 26 AF, ORIIE 1 SIS 1Y
ﬁft Ve AT IR A E

5 HE&SGRESH

RIS IE 2 T NDO 1 J 78 1 1542 1] 28 113 &%
P, K FH 56 88 008 HE 7S ) H BE 25 () 328 B AR B 1R AT {5
E“QJK?:JJJJ%%;E&’%%XWQ[M] 126 LI FEE S L 1 G
IMBE 5 B 718 8)) 5 8 RIS S AT 7 .

NDO WL &8 BT+ SN Ly = 0.5, Ly = 8. #Hill
B BH NG = 0.02,000 = 0.2,7¢ = 0.1,79 =
0.01, ke = 0.01, kg = 0.01,cc = 0.05,c9 = 0.08, he
0.2,hy = 0.08, ¢ = 0.001,9 = 0.0001, 6| <
25°, |6,] < 30°, |6y] < 3°/s,|8s| < 3°/s, Ty = 3.

MANFHE N B AR T MEN J) Z, 5156 My
i, 20 (1) R (2) H ¥ dy BT do AT RN

di = dwy Zg + dr My, dy =

Ay
du)Z = de = -

104 — (12(137

quZd + quMd;
a2
104 — CL2(137

as ay

degz = — dor =

aray — azaz’ aray — azas’

P9 TR 0 U E 01 1 P 7 B4 20 9 107
LOSUT) U Ah 407 AR O A1/ 0 58, SR MBI 2815 5L %
{5 5 FIBEHLAE 5 A, 10

~



%9H

A 5 A FNDO 8 42 BRI AL R R 4 1641

Zq
My

10 000rand + 100 000 + 200 000 cos(0.027tt)
Loo 000rand + 2000 000 + 5000 000 sin(0.027tt)
HIUE T IR (o= 50 m, 8 2 IR FE (.= 10m, & 2 HA i
.= 0°, 5 ik u. = 10 kn, 15 EL I A] 800 s. VR I\
15132 Bl i 477 B 45 SR P 3 o, A [ 3 1 BSMC
PO BRI Y BEA% ) 2%, NDO+BSMC % 75 4 T NDO
FR) JS2 VEE P A4 ) S Y R AR A AT 32 1) [ % 00 2 & T4

60

TUT
40 » :
g RVAVAVAVAVA
~ 1 1
- T
20 ny ’
0 200 400 600 800
0 \ \ \
0 200 400 600 800
tls
(a) IR
2
— — = PID -veveren BSMC —— NDO+BSMC
s
,1 1 1 1
0 200 400 600 800
t/s
(b) A
3 EETHTRE. YHERERZ
----- Real disturbance
— Estimated disturbance
N
0 200 200 600 800
t/s
4 REEHIEEENDO FHIMNME
1.4
----- Real disturbance
— Estimated disturbance
T 1.3
o
=

0 200 400 600 800
tls

5 YAFEEHIE R NDO FHIUME

LSO A R 00 9000 42 2 43 ) o P 4 D LS Bl o, e Z g,
My 53 3% 7 1R B 5] 6 NDO FlT i 5] 4% NDO 25 %%
T3S FE AR 8 fre A0 AR FE S BR T RE RE A o
6 FTR.

200 400 600 800
tls

(a) MAEfE

0 200 400 600 800
tls

(b) fRAE
&6 E&THTRENEFARRCSCFRER

i 14 %} PID. BSMC. NDO+BSMC = fifi 25 fil] 28 4%
HE T B, AT A R 25

1) HE3 R LUE H, 546 T T PID % Joik sk
BB (RS P2 11, 72 A2 240 1.2 m BRI, 52 VR s B e
REAE 10 m AL P2 A TRAE 2 1.5 m IR 3% ; MBLE 0° B
PR AR AR £ 1.2° IR 3. B — 1Y) e Vo 0 A 48 1) 4
PR T PID #%1, (H R FEATY SR K g S To i 22
i, IS BN, R EE N 10.3 m fIE 4227 0.9 m
I3, BLE 0.2° 4b 7= A R AE b 0.1° B3R5 N
DU S 1100 J TS T A2 1) o R . A S L B v A
JE () ER ER AR, VR FE AR S IR ZE /N T 0.1 m, AR S 1%
ZE/NT0.1°. 3 i BH 6T U T8 [ A AL R SR I A FE
AR FE T NDO [ 8 T 15542 1) e 2 I e ks B2 R
FE 5 i)

2) HEl4 A& 5] LLE H, B NDO ¥ 5e Xt ok
0 I A O, R R 2 AR N ANTE A B A AR B
B (0~ 50s) 12 IA $8 2 TR FE M B (150 ~200's) H 31
BRI % 22 33k N 8 VRAZ B S, W0 057 22 328 3 ek
/N, Y NDO - HU MAE 7] & H, X Bl AL s A0 )
P B LI 5 22 35K, B AR SC T () NDO R A LI
B )T PO EAT HERR AN B2 A ). (7 A5 R, T
NDO Xl f 8 8] (1 AH ELRS A 30 A o LA vy
A TR R ZE AR /N, AT 36 g e AR A ) DAk



1642

# # 5

*

F %£33%

3) B 61 LAFE H, PID %] N 7E 2iA 5 &K FE
I, B S AR AE I 7= A2 SR I R MEAE A, A AEFT e,
R AE i KA 12°; BSMC F12EF NDO [ BSMC £l T
TE B I8 $5 21 B2 I, f6 A8 H MERE A 5K 9 19° 1 20°,
R G 6 M8 A B0 KON 6.2° 1 6.5°. 1 SE IR IS Bhi, 3 Ff
Pl 3T REA R JLF — 2, PID £ 4 T, il MERE £7 70 B
N —11° ~ 19°, fRFEFT MEYE 2 —1.3° ~ 6.9°, BSMC
5 )R, fiE e Ve A —9.5°~20.9°, fI2 ¥ v A
—1.5°~7°; 3£ T NDO ) BSMC #5 il T, fili e 0 il Jy
—9.8° ~ 22.5°, R FETVEH A —0.7° ~ 6.8°. 7E A NDO
M5, KEFFTRE T8 TERHE, BAER SEEEA. 1X
Ut W 7 TG 42 ) () Sl b, v R O AR DR AT TP b
PP AT H I R e, T P A0 22 IR REFE.

6 & ®

S tot s et T L T O T8 R 5 () TR B 4 1 )
IR A U B S S SRR (AT A E i kL
BEIE T 3T NDO 1 Jse v 15 15 % il 2. K FH Lyapunov
FE PEERVR UE W T R G014 R Wi e s Pk SO 35
ZEWCSIURFAE. 38 3 0] 98 B J2E AT TE e i B RV
BB 5 IR B, WAE T NDO M 28 it % HE
VLI R T8 G R S T, I 20 i DLRME 4 il
SR FEE RN GG A P A i
S 3Rk (References)

[1] Nakao M, Ohnishi K, Miyachi K. A robust decentralized
joint control based on interference estimation[C]. IEEE
Int Conf on Robotics and Automation. Raleigh, 1987:
326-331.

[2] GuoL, Chen W. Disturbance attenuation and rejection for
systems with nonlinearity via DOBC approach[J]. Int J of
Robust & Nonlinear Control, 2005, 15(3): 109-125.

[3] Guo L, Feng C B, Chen W H. A survey of disturbance-
observer-based control for dynamic nonlinear system[J].
Dynamics of Continuous Discrete and Impulsive
Systems-series B: Applications & Algorithms, 2006,
13E: 79-84.

[4] Guo L, Cao S. Anti-disturbance control for systems with
multiple disturbances[M]. Boca Raton: Crc Press, 2017:
20-212.

[5S] Chen W H, Yang J, Guo L, et al. Disturbance-observer-
based control and related methods-an overview[J]. IEEE
Trans on Industrial Electronics, 2016, 63(2): 1083-1095.

[6] Ebrahim A, Murphy G. Adaptive backstepping control of
an induction motor under time-varying load torque and
rotor resistance uncertainty[J]. Int J of Automation and
Control, 2008, 2(4): 401-417.

(71 5koo#, AN, BREAAO. BT AR Ze v 0 00l 25 1)
Bk 1 68 R IS B A ) (9], ] 5 URBR, 2010, 25(8):
1255-1260.

(Zhang Y T, Shi W R, Qiu M B. Sliding backstepping

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

control for fin stabilizer with nonlinear disturbance
observer[J]. Control and Decision, 2010, 25(8): 1255-
1260.)

Li J H, Lee P M. Design of an adaptive nonlinear
controller for depth control of an autonomous underwater
vehicle[J]. Ocean Engineering, 2005, 32(17/18): 2165-
2181.

BUAERE, DIHROE, miALiE, 45, 2T NDO ROV JE ¥
ST B B ER P ] (], AR R, 2017, 38(1):
112-119.

(Wei Y H, Jia X Q, Gao Y B, et al. Command filtered
backstepping path tracking control for ROV based on
NDO[J]. Chinese J of Scientific Instrument, 2017, 38(1):
112-119.)

Whai, ZRACKE, W0, 55, JET T PRI 25 1 K Bk )
AUV H & N SO 6] ], PR BARRS
fiz, 2017, 48(1): 69-76.

(Chen W, Wei Y H, Zeng J H, et al. Adaptive backstepping
control of underactuated AUV based on disturbance
observer[J]. J of Central South University: Science and
Technology, 2017, 48(1): 69-76.)

Chen M, Chen W H. Sliding mode control for a class
of uncertain nonlinear system based on disturbance
observer[J]. Int J of Adaptive Control & Signal
Processing, 2010, 24(1): 51-64.

Wei X, Guo L. Composite disturbance-observer-based
control and terminal sliding mode control for non-linear
systems with disturbances[J]. Int J of Control, 2009,
82(6): 1082-1098.

BRAENE, i A, FRat, 45, 25T NDO (M ROV A2 iR H i
O £ S PR AE S 1) 2 BEUE [T]. 2] 55 IR 3R, 2016, 31(2):
373-3717.

(Wei Y H, Zhou W X, Chen W, et al. Design of adaptive
terminal sliding mode controller based on nonlinear
disturbance observer for ROV depth changing[J]. Control
and Decision, 2016, 31(2): 373-377.)

Liu S Y, Liu Y C, Wang N. Nonlinear disturbance
observer-based backstepping finite-time sliding mode
tracking control of underwater vehicles with system
uncertainties and external disturbances[J]. Nonlinear
Dynamic, 2017, 88(1): 465-476.

The Society of Naval Architects and Marine Engineers.
Nomeneclature for treating the motion of a submerged
body through a fluid[R]. Technical and Research Bulletin,
1950: 1-5.

Babaoglu O K. Design an automatic control system for
a submarine[D]. Monterey: Naval Postgraduate School,
1988.

AR, R, IR, 4B W AR BIR T K T A
TERANL 5] NS s AR o vE 5 (0. A 7057, 2002,
6(2): 1-14.

(Feng X Z, Jiang Q Q, Miao Q M, et al. Motion
and wave forces calculation of a deep-submerged body
indifferent depth and course near water surface[J]. J of
Ship Mechanics, 2002, 6(2): 1-14.)

TR N L)



