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0 Introduction

As the main means of international freight trans-

port, marine transport accounts for more than 90%

of the annual international trade freight volume.

Due to the complex and changeable marine environ-

ment, maritime accidents caused by natural and hu-

man factors often occur during shipping [1]. Accord-

ing to data released by the China Maritime Search

and Rescue Center, 1 527 search and rescue opera-

tions were organized from July 2021 to March

2022. For those operations, 9 138 search and rescue

ships and 235 search and rescue aircraft were dis-

patched, ultimately searching and rescuing 1 054

ships and 9 122 people in distress. The number of

people successfully rescued was 8 703. Clearly, the
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rapid development of the shipping industry is inevi-

tably accompanied by frequent maritime accidents.

Therefore, further improving China's maritime

search and rescue capabilities is of great signifi-

cance.

At present, most maritime search and rescue op-

erations require manual participation, and the effi-

ciency of search and rescue is relatively low [2].

Amid the development of intelligent equipment, the

application of heterogeneous unmanned systems in

maritime search and rescue has been widely con-

cerned. Compared with the traditional maritime

search and rescue methods, unmanned systems can

effectively reduce the operation cost and locate the

maritime search and rescue target quickly and accu-

rately. As an important tool for maritime search and

rescue, unmanned surface vehicles (USVs) can

search and rescue for a long time in a wide range

under complex and dangerous sea conditions. How-

ever, USVs cannot obtain search and rescue infor-

mation quickly and accurately due to their limited

visual field information. Unmanned aerial vehicles

(UAVs) can make up for the limitation of the USVs'

visual field with their advantages of 3D maneuver-

ability and wide visual field. USVs can also solve

UAVs' problems of short duration and small pay-

load capacity [3]. In the process of maritime search

and rescue, UAVs can transmit information about

the accident site over a long distance by the on-

board high-definition cameras and long-distance

video transmission equipment. Reciprocally, UAVs

can provide data relay and power supply services

for UAVs to ensure that information can be effec-

tively transmitted back. In this way, the command

department can understand the accident situation

and deploy rescue measures timely, thereby effec-

tively improving the efficiency and success rate of

search and rescue. In addition, when ships transport-

ing dangerous and toxic goods have an accident, un-

manned cluster systems can effectively prevent con-

tact and inhalation poisoning and other accidents

from happening to search and rescue personnel. For

the above reasons, this paper intends to use a hetero-

geneous unmanned cluster system composed of

UAVs and USVs for maritime search and rescue

and discuss the cooperative path-following control

technology used in the search and rescue process.

Regarding the research on the path-following

control of USVs, Liu et al. [4] proposed a path-

following control method based on line-of-sight-

extended state observer-model predictive control,

ultimately solving the path-following control prob-

lem of USVs under the influence of water flow dis-

turbance. Luan et al. [5] designed the path-following

control rate by introducing the Serret-Frenet coordi-

nate system, referring to the position of USVs, and

employing the Lyapunov direct method. In this

way, they solved the path-following control prob-

lem of USVs under the conditions of external distur-

bance and model uncertainty. Yu et al. [6] proposed a

backstepping adaptive path-following control meth-

od for USVs based on surge-varying line-of-sight

(LOS) guidance, which solved the path-following

problem of USVs in the cases of mixed uncertain-

ties in the model and saturation of controller input.

Gu et al. [7] proposed an anti-interference coopera-

tive path-following controller under the condition

of considering model uncertainty and environmen-

tal interference and thereby solved the cooperative

path-following control problem of multiple USVs

in directional communication topology. Liu et al. [8]

proposed a path-following control method based on

the backstepping technique and LOS guidance. In

this way, they solved the cooperative path-following

problem of multiple USVs on a closed path curve

and ultimately achieved a symmetric formation

mode. Gu et al. [9] proved that the LOS guidance

method had the advantages of simplicity, high effi-

ciency, strong anti-interference ability, and easy im-

plementation by comparing three path-following

guidance methods: pure-pursuit guidance, parallel

approach guidance, and LOS guidance. Moreover,

they also analyzed the future development orienta-

tion of LOS guidance.

Concerning the research on the path-following

control of UAVs, Zhang et al. [10] proposed an on-

line reconfigurable LOS control method that could

effectively compensate for the steady-state error

and sideslip angle caused by wind during the path-

following control of UAVs. Ghommam et al. [11]

used the kinematic model of UAVs to comparative-

ly analyze the carrot path-following algorithm and

pure-pursuit LOS guidance and verified the effec-

tiveness of the two algorithms, respectively. Jin et

al. [12] proposed a method combining the backstep-

ping method and LOS with fixed convergence time

for the time-fixed path-following control of UAVs

in the cases of external interference and actuator

failure. Cui et al. [13] proposed a 3D path-following

algorithm based on the vector field method, achiev-

ing the 3D path-following of fixed-wing UAVs. Yan

et al. [14] solved the path-following control problem
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of multiple UAVs by introducing the Serret-Frenet

coordinate system and adjusting the speed of UAVs

to synchronize the positions of the corresponding

UAVs. Liu et al. [15] proposed a path-following con-

troller based on the backstepping method to solve

the cooperative path-following control problem of

multiple UAVs in a 3D space.

Although various methods have been used to

study the path-following control of UAVs in the

above literature, the main research object is a single

UAV[4-6,10-13]. For cooperative cluster control [7-9, 14-15],

most studies are limited to homogeneous vehicles,

and little research has been carried out on heteroge-

neous unmanned cluster systems. Therefore, draw-

ing on the above research results, this paper intends

to investigate the cooperative maritime search and

rescue operations of heterogeneous cluster systems

composed of USVs and UAVs. Compared with the

existing research results on the path-following con-

trol of unmanned vehicles, the proposed 3D path-

following controller for heterogeneous unmanned

cluster systems for maritime search and rescue has

the following advantages. 1) Different from path-

following control that only considers a single un-

manned vehicle or cooperative path-following con-

trollers considering a two-dimensional (2D) hori-

zontal/vertical plane, this paper solves the coopera-

tive path-following control problem of multiple un-

manned vehicles at the three-dimensional (3D) lev-

el. 2) Different from the cooperative path-following

control only taking into account homogeneous un-

manned vehicles, this paper solves the cooperative

path-following control problem of heterogeneous

unmanned cluster systems composed of UAVs and

USVs.

Specifically, the kinematic models of USVs and

UAVs were constructed in this paper. Subsequently,

the guidance velocity, guidance angle, and guidance

angular velocity of USVs and UAVs were designed

at the kinematic level so that the UAVs and USVs

could follow the given parameterized path and keep

the path parameters consistent. Then, the motion

control laws of USVs and UAVs were designed on

the basis of LOS guidance, and the stability of the

control system was analyzed under the Lyapunov

stability theory. Finally, the effectiveness of the pro-

posed collaborative path-following control method

for heterogeneous unmanned cluster systems for

maritime search and rescue was verified by simula-

tion analysis.

1 Model of UAVs and USVs

1.1 Basic coordinate systems

To more clearly express the motion law of the ve-

hicles, this paper built a fixed coordinate system

OEXEYEZE and a vehicle body coordinate system

OibXibYibZib (Fig. 1) to describe the motion states of

the vehicles. A random point in the sea was taken as

the origin OE of the fixed coordinate system {I}; the

north of the earth was taken as the positive direc-

tion of the XE axis; the east of the earth was adopted

as the positive direction of the YE axis; the ZE axis

pointed to the center of the earth along the plumb

line. Moreover, the center of mass of the i-th vehi-

cle (i = 1, 2, ..., N, where N was the total number of

vehicles) was taken as the origin Oib of the vehicle

body coordinate system {Bi}; the advance direction

of the vehicle was defined as the positive direction

of the Xib axis; the positive direction of the Zib axis

was perpendicular to the plane of the vehicle and

pointed down; according to the right-hand rule, the

Yib axis was perpendicular to the Xib axis and its pos-

itive direction was the one pointing to the right side

of the vehicle body.

Fixed corrdinate system

Pitch angle

Vehicle body
corrdinate
system

Yaw angle

Roll angle

Fig. 1 Fixed coordinate system and vehicle body coordinate

system

1.2 Kinematic models of UAVs and USVs

Regarding the unmanned formation system com-

posed of N UAVs and USVs, the number of USVs

was set to 1-M, and that of UAVs was set to M+1-
N. According to Refs. [16-17], the kinematic model

of the i-th USV in a formation system composed of

M USVs is as follows

(1)

where xsi and ysi are the positions of the USV in the

fixed coordinate system {I}; usi and vsi are the veloc-

ities of the USV along the Xib axis and the Yib axis,

respectively; ψsi is the yaw angle of the USV; rsi is

WANG H L, et al. Cooperative path following control of UAV and USV cluster for maritime search and rescue 3
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the yaw angular velocity of the USV.

Regarding the quadrotor UAV that was adopted

as the research object of this paper, Ref. [18] re-

vealed that such a UAV controlled its motion in six

degrees of freedom in space by the lift/drag force

generated by rotor rotation and the velocity differ-

ences among the rotors. The kinematic model of the

i-th UAV in the formation system composed of N–

M UAVs is as follows [19]

(2)

where xai, yai, and zai are the positions of the UAV in

the fixed coordinate system {I}; uai, vai, and wai are

the velocities of the UAV along the Xib, Yib, and Zib

axes, respectively; ϕai, θai, and ψai are the roll angle,

pitch angle, and yaw angle of the UAV, respective-

ly; pai, qai, and rai are the angular velocities of the

UAV rotating around the Xib, Yib, and Zib axes, re-

spectively.

2 Path error dynamics

According to Eq. (1), the kinematic model of the

i-th USV can be expressed as

(3)

where and is the actual speed of the

USV; ψsiW = ψsi + βsi and is the actual yaw angle of

the USV. βsi = atan2(vsi/usi) and is the sideslip angle

of the USV, and .

The parameterized path of the i-th USV can be

expressed as (xsid(χsi), ysid(χsi)), where xsid and ysid are

the positions of the waypoint in the fixed coordinate

system {I}; χsi is the path parameter of the i-th USV.

Then, the tangent angle ψsid of a given path parame-

ter of the USV can be denoted as

(4)

where ; .

Concerning the i-th USV in position (xsi, ysi), its

longitudinal path-following error xsie and transverse

path-following error ysie in the coordinate system

tangential to the path can be expressed as

(5)

The following equation can be obtained by tak-

ing the derivative of Eq. (5) and substituting Eq. (3)

(6)

where and is the velocity of the i-th

USV at the virtual reference point on the parameter-

ized path.

For UAVs, a fluid coordinate system {Ai}

OibXiaYiaZia as shown in Fig. 2 was built in this paper

to design a 3D path-following controller suitable

for motion control. The total velocity of the UAV in

this coordinate system can be expressed as

. Then, the angle of attack and

sideslip angle of the UAV are αai = arctan(wai /uai)

and βai = arcsin(vai/uai), respectively, where uai > 0.

Pitch angle

Roll angle ϕai

Yaw angle

Fig. 2 3D coordinate system for motion control

Therefore, if the effect of the roll angle is ig-

nored, the kinematic model of the i-th UAV can be

expressed as

(7)

where Θai and Ψai are the track angle and azimuth

angle of the i-th UAV, respectively.

A Serret-Frenet coordinate system {Fi}PipXipYipZip

was constructed (Fig. 3), with an origin of Pip and

an update speed of the path parameter. The pa-

rameterized path of the i-th UAV is expressed as

Paid(χai) = (xaid(χai), yaid(χai), zaid(χai)), where xaid, yaid,

and zaid are the positions of the waypoint in the

fixed coordinate system {I}; χai is the path parame-

ter of the i-th UAV. Then, the tangent angle of the

path is

(8)

where ; ;

.

In Fig. 3, for the i-th UAV in position (xai, yai, zai),

xaie, yaie, and zaie are the longitudinal, transverse, and

vertical path-following errors in the coordinate

4
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system tangential to the path, respectively; θaieF=

arctan( )zaie /lai , where lai is the lookahead distance;

ψaieF=arctan( )-yai /lai .

Fig. 3 3D reference coordinate system

The rotation matrix from the coordinate system

{Fi} to the coordinate system {I} was defined as

. Then, it can be expressed as [20]

(9)

The cooperative path-following error εai = [xaie,

yaie, zaie]T can be rewritten as

(10)

where is the transpose of the rotation matrix

; ηai = [xai, yai, zai]T and is the actual position of

the UAV; ηaid = [xai(χai), yai(χai), zai(χai)]T and is the

position of the virtual reference point on a given

path.

The following equation is obtained by taking the

derivative of εai

(11)

where .

Thereinto,

(12)

The rotation matrix from the coordinate system

{Ai} to the coordinate system {Fi} was defined as

, and it could then be expressed as

(13)

The velocity of the i-th UAV in the fluid coordi-

nate system {Ai} was set as UaiA = [Uai, 0, 0]T, then

(14)

Eq. (14) can be substituted into Eq. (11) to obtain

(15)

Then, the path-following errors of the UAV can

be expressed as

(16)

where and is the velocity of

the i-th UAV at the virtual reference point on the pa-

rameterized path.

The control objective of this paper was to design

a cooperative path-following controller for the

UAVs and USVs so that they could follow the given

parameterized path. Specifically, the control objec-

tive can be decomposed into the following two

tasks:

1) The path-following task: the USVs and UAVs

should be able to follow the given parameterized

path, i.e.,

(17)

where t is time; xie ∈ {xs1e, xs2e, … , xsMe, xa(M+1)e, … ,

xaNe}; yie ∈ {ys1e, ys2e, … , ysMe, ya(M+1)e, … , yaNe}; zie ∈
{za(M+1)e, za(M+2)e, …, zaNe}.

2) The path parameter cooperation task: for the

system composed of UAVs and USVs, the path pa-

rameter of a given path should meet

(18)

where i = 1, 2, …, N, and j = 1, 2, …, N, i≠j, are the

serial numbers of vehicles. When i, j ∈ {1, 2, … ,

M}, (χi, χj) = (χsi, χsj); when i, j ∈ {M+1, M+2, … ,

N}, (χi, χj) = (χai, χaj).

3 Controller design

3.1 Design of 3D LOS guidance law

When designing the guidance law of vehicles,

this paper only investigated their kinematics. There-

fore, an assumption was made as needed that both

the UAVs and USVs could track the guidance sig-

nals provided by the kinematics as desired.

The 3D kinematic control law of UAVs was de-

fined, and it was defined as follows

(19)

where Θaie and Ψaie are the track angle deviation and

azimuth angle deviation of the i-th UAV, respective-

ly; Θaiθ = θaid + θaieF and Ψaiψ = ψaid + ψaieF are the

guidance track angle and guidance azimuth angle of

the i-th UAV, respectively; θai ∈ (-π/2, π/2); va is the

constant reference velocity of the UAV; ωai is the

subsequent design variable for the i-th UAV.

According to Eq. (19), the Eq. (16) of the path-

WANG H L, et al. Cooperative path following control of UAV and USV cluster for maritime search and rescue 5
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following errors of the UAV can be rewritten as

(20)

where qaiq and rair are the guidance pitch angular ve-

locity and guidance yaw angular velocity of the i-th

UAV, respectively.

The 3D LOS guidance law of the i-th UAV was

defined as

(21)

In the equation, UaiU is the guidance velocity of

the i-th UAV;

, where caix, caiθ, and caiψ are all

positive constants; kai1, kai2, and kai3 are all positive

constants as well.

Eq. (21) can be substituted into Eq. (20) to obtain

(22)

In the equation, ，

where caiy and caiz are two positive constants.

Then, only the 2D horizontal plane was consid-

ered on the basis of the above 3D LOS guidance

law to design the kinematic control law of the USV,

and the law was defined as follows

(23)

In the equation, Ψsie is the yaw angle deviation of

the i-th USV; ψsiW and ψsir are the actual yaw angle

and guidance yaw angle of the i-th USV, respective-

ly; vs is the constant reference speed of the USV;

ωsi is the subsequent design variable for the i-th

USV.

According to Eq. (23), the path-following errors

of the USV, namely Eq. (6), can be rewritten as

(24)

where .

The LOS guidance law of the i-th USV was de-

fined as

(25)

In the equation,

(26)

where Usir and rsir are the guidance velocity and

guidance angular velocity of the i-th USV, respec-

tively; ; lsi is the

lookahead distance; csix, csiψ, ksi4, and ksi5 are all posi-

tive constants.

Eq. (25) can be substituted into Eq. (24) to obtain

(27)

In this equation, where csiy is the

positive constant.

3.2 Design of path update rate

When a cooperative formation of multiple vehi-

cles is examined, the communication topology

graph among the vehicles can be represented by

, where is the node

set and each vehicle corresponds to a node ni;

is the edge set. The adjacency

matrix of the graph is A = [aij]. When ,

aij = 1; otherwise, aij = 0. The matrix composed of

the number of edges associated with the node ni in

the graph is the degree matrix D. Then, the La-

placian matrix of the graph can be expressed as

L = D-A.

A definition was made that ωi = ωsi when i ∈ {1,

2, … , M} and ωi = ωai when i ∈ {M+1, M+2, … ,

N}. In this section, the path parameters of the UAVs

and USVs would be synchronized by designing ωi

to achieve the purpose of synchronous formation.

With the information on the neighboring UAVs

or USVs, collaborative error ei can be defined as

(28)

6
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where i = 1, 2, … , N, j = 1, 2, … , N, and i ≠ j. (χi,

χj) = (χsi, χsj) when i, j ∈ {1, 2, … , M}, while (χi,

χj) = (χai, χaj) when i, j ∈ {M+1, M+2, … , N}. The

matrix form of Eq. (28) can be expressed as e = Lχ,

where e = [e1, e2, …, eN]T and χ = [χ1, χ2, …, χN]T.

ωi can be defined as

(29)

where µi is a positive constant; i ∈ {1, 2, … , M, M+

1, … , N}. When i ∈ {1, 2, … , M}, , xie =

xsie, and ωie = ωsie; when i ∈ {M+1, M+2, … , N},

, xie = xaie, and ωie = ωaie.

According to the graph theory [21], the error dy-

namic equation of the system composed of USVs

and UAVs is

(30)

where i ∈ [1, M] in the subscript si; i ∈ [M+1, N] in

the subscript ai.

4 Stability analysis

Lemma 1 [21]: If the graph is bidirectionally

connected, a positive definite matrix P exists such

that χTLχ = eTPe, where χ = [χ1, χ2, … , χN]T and e =

[e1, e2, …, eN]T.

Lemma 2 [21]: If the graph is a balanced weak-

ly connected graph, its Laplacian matrix L should

satisfy the following conditions .

1) The matrix is positive semi-

definite.

2) If λ* is defined as the minimum non-zero

eigenvalue of the matrix Sym(L),

holds for any χ = [χ1, χ2, … , χN]T,

where 1N is an N-dimensional column vector with

elements of one.

In the following, the stability of Eq. (30) of a

closed-loop system would be proved by Theorem 1.

Theorem 1: On the basis of the motion equation

of the USV, namely, Eq. (1), and that of the UAV,

namely, Eq. (2), the guidance law of the USV,

namely, Eq. (25), that of the UAV, namely, Eq. (21),

and the cooperative update rate, namely, Eq. (29),

support that the origin of Eq. (30) of the closed-

loop system satisfies (xsie, ysie, Ψsie, xaie, yaie, zaie, Ψaie,

Θaie, ei) = (0, 0, 0, 0, 0, 0, 0, 0, 0) under the condi-

tion that the USVs and UAVs can follow the given

guidance velocity and guidance angular velocity as

desired. This is globally uniformly asymptotically

stable.

Proof: A Lyapunov function V1 was constructed

(31)

According to Lemma 1, V1 can be rewritten as

(32)

The following equation can be obtained by tak-

ing the derivative of Eq. (32) and substituting Eq.

(30)

(33)

In the equation, ω = [ωs1d, ωs2d, … , ωsMd,

ωa(M+1)d, …, ωaNd]T; λmin(µ) is the minimum eigenval-

ue of the matrix μ and μ = diag{μi} = diag{µ1,

µ2, …, µM, µM+1, …, µN}; ϑ = -e + xe, in which

= diag{ , , … , , , … , } and xe =

[xs1e, xs2e, …, xsMe, xa(M+1)e, …, xaNe]T.

Theorem 2.1 in Ref. [22] can be referred to to

prove that the origin of Eq. (30) of the closed-loop

system is globally uniformly asymptotically stable.

According to Lemma 1 and Lemma 2,

(34)

holds. Since ei is bounded, , name-

ly that the cooperative path parameter control objec-

tive of Eq. (19) is achieved.

WANG H L, et al. Cooperative path following control of UAV and USV cluster for maritime search and rescue 7
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5 Numerical simulation

To verify the effectiveness of the proposed coop-

erative path-following control method for UAVs

and USVs, this section simulates an unmanned clus-

ter system composed of three USVs [23] and three

UAVs [19].

The three UAVs took off from the corresponding

USVs, respectively, and the six unmanned vehicles

all adopted the path-following method to form a for-

mation for cooperative search and rescue. The

search area was a cuboid area. The design parame-

ters of the controller were kai1 = 0.5, kai2 = 0.3, kai3 =

0.2, ksi4 = 0.5, and ksi5 = 0.2. The initial positions of

the three USVs were that (x1,y1,z1) = (-10,18,0), (x2,

y2,z2) = (-11,0,0), and (x3,y3,z3) = (-12,15,0). Those

of the three UAVs were that (x4,y4,z4) = (-10,18,0),

(x5,y5,z5) = (-11,0,0), and (x6,y6,z6) = (-12,15,0).

Fig. 4 shows the cooperative path-following re-

sults of the heterogeneous unmanned system com-

posed of the USVs and UAVs. From the figure, the

three USVs (USV1, USV2, USV3) and the three

UAVs (UAV1, UAV2, UAV3) can all track the pre-

set parameterized path, where the blue dots repre-

sent the USVs and the green ones are the UAVs.

Fig. 5 presents the path parameters of the system.

According to the figure, the path parameters of the

three USVs and those of the three UAVs tend to be

consistent with each other after a period of time, in-

dicating the fulfillment of the objective of parame-

ter coordination. Figs. 6-8 illustrate the guidance

velocity Ui (Ui ∈ {Us1r, Us2r, … , UsMr , Ua(M+1)U, … ,

UaNU}), guidance angular velocity qi (qi ∈ {qa(M+1)q,

qa(M+2)q, … , qaNq}), and guidance angular velocity

ri (ri ∈ {rs1r, rs2r, … , rsMr, ra(M+1)r, … , raNr}) of the

UAVs and USVs, respectively. These figures indi-

cate that after the dynamic adjustment, the guidance

velocity and guidance angular velocities of the sys-

tem all tend to be consistent, representing synchro-

nous path-following. Figs. 9-11 show the coopera-

tive path-following errors xie, yie, xie of the system,

respectively. Clearly, the path-following errors ap-

proach zero after a period of time, which indicates

that the cooperative path-following control method

for heterogeneous marine vehicles proposed in this

paper can well complete the cooperative control

task.Fig. 4 Path-following performance

Preset path
Actual path

Fig. 5 Path parameter

Fig. 6 Guidance velocity Ui

Fig. 7 Guidance angular velocity qi

Fig. 8 Guidance angular velocity ri
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6 Conclusions

In this paper, an unmanned heterogeneous cluster

system composed of UAVs and USVs was taken as

the research object. Regarding the practical prob-

lem of the cooperative path-following control of the

system for maritime search and rescue, the kinemat-

ic models of the UAVs and USVs were constructed

by introducing a fixed coordinate system and a vehi-

cle body coordinate system. Furthermore, a cooper-

ative path-following control method for the hetero-

geneous marine vehicles was designed on the basis

of 3D LOS guidance laws so that the unmanned

cluster system composed of the UAVs and USVs

could effectively follow the preset parameterized

path. Finally, the stability of the proposed control

system was analyzed by the Lyapunov stability the-

ory. The simulation results demonstrate the effec-

tiveness of the proposed 3D heterogeneous coopera-

tive path-following controller for marine search and

rescue. The following research work will further

discuss the problem of sea-air cooperative search

and rescue based on time consistency and dynamic

control.
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面向海上搜救的UAV 与USV 集群
协同路径跟踪控制

王浩亮 1，尹晨阳 1，卢丽宇 1，王丹 2，彭周华*2

1 大连海事大学 轮机工程学院，辽宁 大连 116026

2 大连海事大学 船舶电气工程学院，辽宁 大连 116026

摘 要：［目的目的］针对由无人机（UAV）与水面无人艇（USV）组成的异构无人集群系统，研究其在海上搜救过程

中的三维协同路径跟踪控制问题。［方法方法］首先，在固定坐标系和机体坐标系下建立 UAV 和 USV 的运动学模

型，同时建立流体坐标系，以设计适宜运动控制的三维路径跟踪控制器，并在 Serret-Frenet 坐标系下建立 UAV

和 USV 的路径跟踪误差模型；然后，在运动学层面设计三维视线（LOS）制导律，并基于此提出一种适用于异构

海洋航行器集群的协同路径跟踪控制方法，从而使 UAV 与 USV 组成的集群系统可以有效跟踪设定的参数化路

径；最后，基于李雅普诺夫稳定性理论分析该控制系统的稳定性。［结果结果］ 仿真结果验证了所提异构海洋航行

器集群协同路径跟踪控制方法的有效性。［结论结论］研究成果可为面向海上搜救的无人航行器集群协同路径跟

踪控制方法提供参考。

关键词：海上搜救；无人机；水面无人艇；三维视线制导律；协同路径跟踪

10




