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Abstract:  [Purpose] A formation navigation control method is proposed to effectively mitigate
disturbances from complex time-varying environments on formation control accuracy and configuration
maintenance during icebreaker-assisted navigation, while balancing formation efficiency and safety.
[Method] In the aspect of path planning, a non-uniform Theta algorithm was developed to optimize the
global path considering the navigation cost and risk factors. In the aspect of piloting icebreaker control,
improved adaptive line of sight (IALOS) algorithm is proposed to compensate the rapid change of
sideshow angle caused by time-varying environment interference, and course controller is designed to
improve the path following accuracy of piloting icebreaker. In the aspect of following ship control, a
trajectory tracking controller based on nonlinear model predictive control (MPC) is designed to adjust ship
spacing and speed adaptively to improve the efficiency and safety of formation navigation. [Result] The
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position deviation of formation sailing can be controlled within 0.25 m, and the spacing of formation can be

adjusted according to the ice condition. Under the interference of random wind speed and random wind

direction, the position deviation of the formation sailing is not more than 0.6m, and the course Angle of

each ship is stable, which ensures the control accuracy and safety of the formation. [Conclusion] The

proposed formation navigation control method can provide an efficient and robust solution for formation

navigation under the pilotage conditions of icebreakers, effectively deal with complex time-varying

environmental interference, and provide technical support for shipping in the Arctic and other polar regions.

Key words:
trajectory tracking

0 3l§

Bt A Bl B2 YR A AL B A S A 1 7 ok H 28
Hahn, UKIXWUATEARIZE R 1 iR TR Re iz
AR i =5 BRI AT 7 11U B UK R 2 T FRI 4 A
WUAT R — P ZAamimi 7=, RERf ORI
AITE R R UKIE T 24 macthisd vk X . 4R1M,
TR NS, UK g DAAE R AT IR FR A7 T
it 2 BhAR, vk BE 7 AT e PR AR 1A e B
[ | PRI R B TP R R 0%, Rk, W Rk AR 5
WA T W gm BT S3aH 7k A S8 E .

T OK 2 A ATTAT TR I PR — I A% o T 80 ot ] )
HERR UK X IR BRI . UK 1) 53 A7 A0 JE B R S 54
SRR H 12 SR = A S e, 2R T 52 e S
PR B AR ER R RN ] SRl . T4FoR, DR IRZE
BT UK X IR B AR AT IRANT 7T« XUVLR F 3L T38
JECER (R UK G TR IR L A PR UK B1) g 2 A R R
IRBNINLAS 2 IR, S T — il A TR s
ML A R PRl S5 TN 5 . 5k A S T Mt
WUATHIRR BRI R, MWE T —B XK AR,
THSE A3 AT 28 3 T A e A R g UK 3 R R L A
AL T IE T AR T B XS PR B AL, DL E LR
BRASTF] DX 358 )i 0 AR KT o J e I e A AV
n] RS R ML K AR 5 UK Z B AR BEAVE AT
e m AT I 2 A PERRCR

R AR UK 2 AL A 7 TR I ) B A R T i, 7
LA P FR MG UK B T A UK R P S5 0K 1515 5 A R i
IR R, HARTZ T AIDANIELZE 153 i
T A*FlTheta* S5 A& G0 VAR THE RCR MR 2 LAk
7 THAEAE—E W PR « NAMZEU2SR FY g ok A AL A
PRAR RN AL T T —FP 7 55 8 AR X Ik i gk
SHARS, NSRS 7 R RIS 5K
A, ERFARBEE PR EUE, BEARRRE. &
HE I Theta* 5032 K B A8 BCE P IBE 2153 1)
FPEM, EVKIX RS, BT kB oA R AN
SIE, S I Theta* B AR FURI BVE AT &5 B VKR
T UK BSAR R 22 4 R S5 TR 3R BN A B L 2k, F2 il
RAATAT B 3 2R 0 22 4 1k o

TERE UK G DA AT I RE T, g BA R R 0 75 PR R

pilot icebreaker; formation navigation control; non-uniform Theta*; path following;

GHERIBANTE, DA vK BEFE IR sl RE ). W
D118 G N 428 i 77 2 i 3 o R RO T =0k G A 5 A 2R AT
Hid, R — R 205 7 gn APE fR R
X RIS, TR AR EE L S 2
PR MUAT . FES AT BE Hh ek /N B n) BR B 22
FOSSEN!"1% i1 ) | i& S AL BE  ( Adaptive Line of
Sight, ALOS) fill 5 & AN e 78 ik A% BB, 17
H A BT ERS), S RGN &,
WZITEAE RIS AL P 3 R 0 A PRk A2 1 i) it
Ti R AE, @R — P ot

X T4 S TR AATT &, P PR BT B
S HEAS g D\ 1 AR e . AR S 1 B AR - AR A3 -y
(Proportional Integral Derivative, PID) 4| Fl4liiE
BR SLVEAE RO B A VK X PRGN A AE — TE A A2
T 22 4% B 7 #% #1) (Model Predictive Control,
MPC) I PR ER % 1) 7 V2 Be A B AR AARES
FPEnT B d RN, CASTI SRS BE AL [ PR AT
AT BB b ob, 25 58 ARk A 358 L AT N Hf o
KA B IERMPCH %, 4 T AR BE AR 48 SR K
A GRS TR B IR ER SRS, 1R RGN B .

B FIRBITTRE N UK G A RLAT $R L B S H,
{RIRA BIRH UK BAATLAT B AE 52 A IR BE T B A7
TIEARRHRAR ., B ARPREE TP a S 80 Mk
AR, AT ST O BRI P B8 A, B INARDK
MEREFHIGG TSR . BeAL, FERR KSR BARIAT I F2
B, SR PR A R R I K T BT B UK
WLIE G, SURUKIN, T 51 A R bl A TR e )
A e PR RANUT I 22t . X F B T4
FOEARRE T 025 JEUK X IR BE () shaS P8l S ot 9 A
FaE PRI . PRI, AT 3R TR UK g BA SVEAE SR
HRIREE N [R5 S 2 21 T v 55 A R 1) ) R

Rk, ARSI T AR S Theta* B 1%, 456 F5 I8
eI 0 NP v P s/ e g 2 oG o T 1 12 8
M, 3 — ok ot BE RALER (Improved Adaptive
Line of Sight, TALOS) il 5 5 ¥ 5 Lk 1 - 13 4
(Proportional-Derivative, PD) fii 7] il #5 #H 45 & 4%
HI7735, AT LA R RS HE T IS AR 3 5 35 v
FAPUEARA, AR UK 2 7 R A A A,

2



WIREF,

BRIKAE B AUA AT T 89 40 IAAUAT 32 %1 77 ik

o B KOS, SR SITRE T X TR B
B MPCEE I 25 ERER S UM R, B TG 1 4 G
BATEIEE, B2 i g BARLAT (IR AT 22 4tk

1 IREER
11 KXIFERERE

K FH A% AR A S AT . Bk, AR
<P N66.01 kmx66.22 km R UK 8 8 PG A &

Vi ™
(a) okt B ARt 2 G b 1

M A5 B0 4 Ry i iz BB R 93 99439461 )
TG, B HIILK 70 me DKIXHSE AR
LB e 1 (a) it oK RGOS LA % 1 ]
PR R RARTRIF UK DX 1 € A% AR K X 38K
BB AR 2K I, BRI rh o RS v, U]
AL AR R R KB A, BRI A CER XU

Lo 4

5 .

(b) AeE

B KXEEEE

Fig. 1 Modeling of Ice Zone Environment
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Initialize openList, closedList, and map
Initialize startNode, endNode

Set riskCosts based on ice distribution and distances

while (openList is not empty) do

currentNode = node with lowest cost in openList
if (currentNode is endNode) then
Reconstruct path from startNode to endNode

return path
end if

for (each neighbor of currentNode) do

if (neighbor is not in closedList and is traversable) then

cost = currentCost + distance(currentNode, neighbor) * riskCost(neighbor)
if (cost < neighbor.cost) then

update neighbor.cost and parent

add neighbor to openList

end if

end if

move currentNode from openList to closedList
end for
end while

return failure
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Fig. 5 Navigation in Convoy Formation Without Environmental Interference
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Fig. 9 Position Deviations and Ship Attitude in Formations Under Environmental Disturbances
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