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Path tracking method for ROV deep—sea mining equipment
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(1. College of Mechanical and Vehicle Engineering, Hunan University, Changsha 410082, China;
2. College of Aerospace Science, National University of Defense Technology, Changsha 410082, China)

Abstract: To solve the path tracking problem of ROV deep—sea mining equipment, where a Mining Robot
(MRT) is towed by a Remote Operated Vehicle (ROV), the motion model of a simplified ROV deep—sea min-
ing equipment was established first. Then, a path tracking algorithm based on Linear Model Predictive Con-
trol (LMPC) and Nonlinear Model Predictive Control (NMPC) was proposed. Different from the traditional
Model Predictive Control (MPC), the proposed Double Model Predictive Control (DMPC) algorithm consists of
two parts: (1) the LMPC controller of MRT for calculation of the speed control law of MRT, which is used to
quickly converge the tracking error of MRT; (2) the NMPC controller of the ROV for calculation of the control
input of the ROV, which is used to follow the speed control law of the MRT. In the design of DMPC, con-
straints of state quantity and control quantity were considered effectively. In order to ensure the smoothness
of ROV control input, the incremental control quantity constraint of ROV was introduced. Finally, simulation
experiments were designed to verify the path tracking performance of MRT. Numerical simulation results
demonstrate the effectiveness of the proposed algorithm.
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Fig.1 Traditional deep sea mining system Fig.2 ROV deep sea mining system

TEAE B IR 22 1 A28 BRER F5 1) v, TP B4 i) (Slip Mode Control, SMC)  PTD 37 FIAS Y 1) 45
il (Model Predictive Control, MPC) 45 AT A Ay 1 )23 it 4 il 330 0 A5 81 100 8 1 3ol B 7 T A, B/ 405 5 i Bl o
PRI R L2 78 Sy 1Y B ) IR )y 5 P SR S8 Jl e R S A R M T — R ASORY] PID 4 AR B R 4
Ti ik, B B S B (E R A IR B I . MIPC AR FI A 179 485 2 2 75 £ 14 7T 43 4 (Linear
Model Predictive Control, LMPC ) Fll=|E £k 14 4% 7 il il 4% 1] (Nonlinear Model Predictive Control, NMPC) o
MPC AR5 J2 75 XS0 184728 P AL AR L, 1T 434 LMPC AT NMPC!™, LMPC 15 F T 55 R AR A Fn e
BEAY, AL 29 Y MPC G 0] R A2 JSPRHE 1 QPP [R)E , QP [R) USRS PR LF . NMPC
AT omARLAEATAY SR AT 29 o — M AR LM R0 IR0, >4 28 Gt 248 82 4 v 0 20 KA B, NMPC
S PR 22 o SCHR[16-17 1R H LMPC %1+ ROV 13 B2 45 1l At , SCHR[ 168 Mg 1o 338 5 42 1l e 7 s i A



113 MR EL 4 . —Fh ROV BNRIGT M) R AL E - 1689

T deri A AR L M s 1 2 AR T T NMPC E i 48 , A1 b TSGRk 17 i sh J1 23 6 R BT ROV
e il ) s AN v T R M N P R (RIS RAS TSI ROV Fa il i, (L FE R & B AR 2R PR AR
TR AR AT 3% NMPC 4551 28 19 Se i A 2%

R AEEE T MPC iR T T A2 sl bl A0 B 45 il 2, 55 Sk [14] 7 4 Hh Y LMPC 98 i1 55075 AH
L, B e TR SR A B AR BR RS B (PR AN T Sk A SE R e o R S A S5 VB XA G 08 R
12 110 J AR RS [P R M T — DR A SICBRE B 0% 2 1 i A4 ol 4, i J SR FH LMPC P Az g il 4, R
ACER 5 T B AR BRG] T SR W A ok A BRI o Y R A R A AR O B A A
B, 25 T AR W 18 B AR, 25 S 8 RO IRk . W IR AR DTRZ & AT R RA
BF Z LG X RA™ A 1A 5 h) EL AT A 3 PO AN A S 2, BROMETE 38 2 AR s 2 it 2 | PR G A 5 119 96 JES R
W ZEi8 Sl BRI e B TS, ZR IR RO T 3 T N2 T R R S P A T B A A RG]
HUC Y s, B s 26 1) H s 19 738 ARSI AR B F T RN TR (0 2 M0 , LA I ke 36 B AR 2 B0 ) B, R L A
AL T AT A B0 ) S BR R IS N JC I R R 2 A T A HT U R KT AR 5 e A R
FERE A FTI R L, AR S R R BLA IR) 8, AB S0 IR M MRT 307 DLl 1 J2 4 il vk A5 2]
LT o AL G IR AT 4 1 T 45 16 15 i JEE ot V9 0 19 0K g s 7 g KO S5 FE T AT 2 T 1
FITCRE B2 ) FORS e L 23 . MR % 30 3 42 o ol 2 M R 2R 2 00 ROV I 17, 3ok 342 il
e 7 B R A 2

X BT R ROV BRI R R 48, ROV & —FP 2 [t HA SR AP, Hgh Iy 2a iRl 5
A AR AR A B RR 2 B T K B0 128 R BUROMERG HEAR IR, SOE L ST RS HE I 8l 7 2B (H RE A
SEANR BB B IR, S B TE SR ROV (Waz shs il vp , T 56 5o B & F 1 MPC B3,
ROV (150 7 2450 g Jb7 3 B 07 FE ROV RIS R G0, 15 MRT 8835 B 48 43 7 1 — N5
MEHER G 2 A, HXT ROV 13 J1 2= R M 2 B K o OAE 25 RN AR et AR 100, X A A S R 2K B
HIEAAR ROV Bl Sy 2 Sl it , SR BRI E 57 ROV-MRT [ REAR B )1 2480 AL T BN
AT , [R] B A BEAS BAN K EL A 3l 7 2= AR FH e o MIRTT ) 3 3 4 o

R AR SR I LMPC %11 MRT A9 3 B 3 il i 3 32 2l 27 0C R AR 2 ROV 1 58 (1% 3 B2 i At A 2R
BE iz il 0] LB S MRT % 4% BR R 25 ELASSZ R SERPE . MRT #5841 42 0] LUAR % ROV-MRT i
12 3127 56 A5 AR ROV W EE A A0St FIR L AR 2R, oh 1 4RA5- T ROV 48 i 2t R TR 557 8 SE s
i 3 f#HE ROV-MRT 3 7 24 B RUR BRI AR LR P B RIR 19 R G4k B, OR339 A ROV it
NMPC # il %5 F1 ROV flit [ NMPC #5§il #% . A SCHY 28 — 3o ROV BRI R 42 246 1 138 sl B, /v 444
MRT-ROV %3 1% 328 0¢ & F ROV-MRT 2 J] =818 5 55 — 554 44 ROV B TR R AL 2% B 19 A2 IR
SR B R A LA G A PR R AR B AR SR BT B L 0 B AR R R TR B R AT M

1 ROVERBRELETHER

ARSCEZWFIT ROV BUGRG R AL % B 10 8h 1 At SO B AR R ROV P i i 26 B H5 2k
7 1 YO 338 B MEAE T, B 26 510 T 7 2B B 2T X ROV (9 3l ) 2 FE M A s ma 35 /0N, 7 SRS 22
W2 A I VE R . ROV AR 7 1] 19 7K BHLJ) R BB, S PR ) A i 8 8 #80 LL 38 /N, vl 2 g AT 5 HLTE
HCIRZRATA T, % 1) =5 230 3 O AT A S R S B . AR 32 B 2 A IR R LA A 7 1) 25 - Om A £
ARSCFEMGE ROV Hi B, MRT B9 42 BRER 55, (B ROV 76 TR AL # B MRT, MRT I 45 V67 i 3% 1 ¥
17, R AE K- T N HEA 7328 Bl g A5E, A 5 T B RE , AN R BN L. [RIE D T R fb AR K MRT
P o A  BAEANZEAH T T ROV M MRT By i, B 55/0N , Hoah e vl 2 AN, SR =5 I B it
BRRYSEA , IGE MRT AT 20~ A B RS, ROV AT 34 H R .



1690 WA 712 28 B 111

1.1 ROV-MRT iZ B F &Y

fai k)5 9 ROV-MRT iz SR & 3 B, Hodt xoy Jy KHARFR 2, XOY N ROV-MRT # /A& 5 R,
v, M ROV IR AT , u, 7 ROV AL, 0 7 ROV Yl AL A 18R
6 ROV BT A v, oA MRT T Y 5l 7 7] B 3B, w, b MRT Y
X7 ) B R Lo AR B . ROV-MRT (328 gl 24 ¢ R AN
TR

Uy = Uy

v, =v, + Lw

. y
0=w (1)

Xypr = U, cos @ — v, sinf

Yyrr = 4, sin@ + v, cos 0

HAH X = u,,Y = vy

1.2 ROV-MRT Zh ) A& R ’
SFHHA% B H B2 857 ROV-MRT 3 J2# 88, 3% ROV 13 ROV-MRT iz sf 5
ﬁ%jﬁ My H‘Zﬂ‘f‘f%jﬁ [, MRT Jﬁ% j\j m,, )”JJ ROV ij ﬁE K,. Fig.3 ROV-MRT motion model

MRT 3 K, M ROV-MRT f sh BE K 7] il F iR .

1 1 . . 1 .
— ] =—m (X + Y+ —1.6°
o = L+ ) 4 )

Ko_lmo(u§+yg)+ 2 2z 2 2z

2
1

K, zaml(vf +u?)=%ml(X2 +(Y+Lé)2) ()

K=K, +K, = %mo()fz + Y2)+ %Iﬂéz + %ml()fz + (Y + Lé)z)

i FASCBGRE ROV TEE IRAL 6 B MRT , MRT Wi 25 7K ST IR I AT , 5 ROV-MRT [ 3V GE E R i %

C:
E=C 3)
ELHI ROV-MRT FIZfiE K RIS AE £ il 15 LA 7 H 5L (0, 6):
L(@,@) =K-E= %mo()p + YZ) + %Iﬁéz + %ml()ﬁz + (Y + Lé)z) -C 4)

KH1,0 = (X,Y,0).6 = (X.1.6),

B35 ROV-MRT fif 52 21| /) 1 Fl 1 .55 H ok

7= (F.F,.T,) (5)

KL F N ROV EAR AR R X570 A0S T, F, 9 ROV KA AR 2 YT 101 & 1, T, MRS ROV #
B LEEpAE

MRPERIAS B H 5 A2, nl & 57 i ROV-MRT 1 3l J1 2 ek

(m, + mg)u,
=| myv, + m, (0, + L) (6)
I.o+mL(v, + Lo)

ROV 7 2 AN B MRT W 5 16 KA 78 , TARIRAS I MRT 82 IR 2 A0 T4 /N 12 1 L 7 (%

MRT ASZZ T (A 520, I MR A2 280 X ki 7 ) 497K BT, R Y 2l 7 ) R 7K BELT -

X = Xul‘ul ‘ul = Xu]‘uO‘UO
(7)

Sy = erl‘yl‘yl :%1‘% +Lw‘(”0 + Lw)

_ d 0L(0,0) iL(6,0)
T=— - -

dt 96 1C)




F11 B4 . —Fh ROV BRI 6 1) R 4 4% . 1691

KL X, FY,, b MRT 7K BH T 255
ROV 3= 37 2 FAR JR AR F7 RGPS AR BEL S S Fn Tt F1 MR F1 AN 3h S g il 1 B s | 24
ROV 7E5E WAL, 7T 2K 5 1 o Ieist 2w NP sh 01, 4560 (7) S W F o F HIT

Fy= ‘u()’uOqu +|olwX, + (mo + Xz:r)vw + Xty + Fy + fy
Fy=|vg|o)Y, +lwloY, + (Y, - m)uw + Y, up, + Vi, + Yoo + F, + f, 8)

Ty =|vg|v,N,. +|@|wN, + (N, = my)ugw + N,ugv, + Noy + N6 + Ty + f,L

Kb X, Y, N AR BL &, X, Y, N, Y RN, R S O B e L X, X, Y, YN, BN, SRR R
NERBGN,, BT T FE B Y, AT T R FF T, 2 ROV 4 ) a6 4
#406) X (7) M (8), AT E] ROV-MRT 3 J1 A5 A1y
Mé=(C+D)¢é+F+7 ©)
Ao, MO SRR A B, € i ROV BI85 G 7 F )0 J3HE B, D 2 ROV K 8 S BHJEH %, 7 =
[Fy, Fy, T ROV EFIHA L E = (1,00, @) N ROV HEE A, F, BT MRT 197K BT .
M PR

m, +my, — X, 0 0
M=|0 m,+m,-Y, mlL-Y, (10)
m,L - N, I.+m,I* - N,
0 0  (mg+X,)v
cC=|0 Y,u, (Y., — my)u, (11)
_O N,u, (N, - mo)uo_
X uw| 0 X ol]
D=0 Y, |v| Y, o] (12)
0 No|v| Nl
F, N ER
X o |
F,=| Y,|v, + Lo| (v, + Lo) (13)
Yool + Lo (v, + Lov)

2 ROV E R BREREERBTRIEZIEFIZS

ROV R I SR A 258 1) B A0 R B s 1 B AN &1 4 7% . ROV-MRT 2 A4 Ak s 2 07 18] 19 7 - g 2
(ex (k). e, (k) Bt MRT AL B (e (k). yamr (k) ROV BHARATA 0, (k) FI MRT 2% 67 B (s, (5). Yy, ()
A B MRT %A% BR i LMPC #5618 3T 545 2] MRT A9 513 wy (k) , AR HE ROV-MRT iz 8% & R 15
F| ROV IS E M u,, (k) S IR EE o, (k) F1Z 5 T 0, =0, i ROV itk NMPC # il
#rFI ROV fiji ] NMPC 26l 24t ROV B9 fIA A 7 (k).



1692 WA 712 28 111

vy (k)
Ty (F) v1 (k) "(:) (k)
(k) u, (k) o, (k)

YMRT
wo, (k)| rovgiz | Fx(k)
ey (k) R T N N

. k r 1

mresy | x(B) | vRres s (k) | o

i ZE 5 LMPCEz il 2% o MRT ROV |

e (£) v, (k) ROV | Fy (k) | ROVANRIERT 4 H Jl
}’run'rr(k) uh (k) o, (k) NMPCHz #1| 2% F, (k) vy (k)
0.(5) s " v, ' ug (k)
1 o, (k)

14 ROV BITGHER A2 B AR BRER 2 1
Fig.4 Path tracking controller of ROV deep—sea mining system
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#1 ROV-MRT&& $#]
Tab.1 Parameters of the ROV-MRT model

(e AL HfE S B B | 7 L HfE
m, kg 49.81 I, kg-m® 11.61 m, kg 30.5
X kg -3.93 X, kg/m -25.21 Y, kg/m -23.4
Y, kg-m/rad 13.18 X, kg/rad -149.9 X, kg/m -13.18
N, kg m*/rad -53.87 Y, kg -149.9 Y, kg/rad 22.05
N, kg m*/rad’ -1037 N, kg -21.71 N, kg -163.9
X kg/m -8.21 Y, kg/m -553.4 N, kg/rad -13.66
L m 2.5 N, kg/m 13.18 Y, kg m/rad 4.316
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