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Abstract: [Objectives] This paper studies a three-dimensional (3D) cooperative path-following control problem in
the process of maritime search and rescue for a heterogeneous unmanned cluster system composed of unmanned
aerial vehicles (UAVs) and unmanned surface vehicles (USVs). [Methods] First, kinematic models of the UAVs and
USVs are established under a fixed coordinate system and body coordinate system. In order to design a 3D path-
following controller suitable for motion control, an air coordinate system is established, and the path tracking error
models of the UAVs and USVs are established in the Serret-Frenet coordinate system. Next, a 3D line-of-sight (LOS)
guidance law is designed at the kinematic level, and a cooperative path-following control method suitable for
heterogeneous clusters of marine vehicles is proposed, allowing the UAVs and USVs to track the preset
parameterized path. Finally, the stability of the control system is analyzed based on the Lyapunov stability theory.
[Results] The simulation results verify the effectiveness of the proposed cooperative path-following control method
for heterogeneous clusters of marine vehicles. [Conclusions] The results of this study can provide references for
maritime search and rescue by using the proposed cooperative path-following control method.
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ing to data released by the China Maritime Search

0 Introduction and Rescue Center, 1527 search and rescue opera-

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 ™. Accord-
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tions were organized from July 2021 to March
2022. For those operations, 9138 search and rescue
ships and 235 search and rescue aircraft were dis-
patched, ultimately searching and rescuing 1 054
ships and 9122 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 [,
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
UAVSs' problems of short duration and small pay-
load capacity Bl 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. ™ 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. © 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. ¥ 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. [l 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. [
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. [ 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. % 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. [t
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. [ 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. 3 proposed a 3D path-following
algorithm based on the vector field method, achiev-
ing the 3D path-following of fixed-wing UAVSs. Yan
et al. ' 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. *° 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 610131 Eor cooperative cluster control [7-9 14151,
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 UAVSs 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
OiXinYinZin (Fig. 1) to describe the motion states of
the vehicles. A random point in the sea was taken as
the origin O¢ of the fixed coordinate system {l}; the
north of the earth was taken as the positive direc-
tion of the Xg axis; the east of the earth was adopted
as the positive direction of the Y¢ axis; the Z¢ 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 O;, of the vehicle
body coordinate system {B;}; the advance direction
of the vehicle was defined as the positive direction
of the X;, axis; the positive direction of the Z;, axis
was perpendicular to the plane of the vehicle and
pointed down; according to the right-hand rule, the
Y;, axis was perpendicular to the X, axis and its pos-
itive direction was the one pointing to the right side
of the vehicle body.

Fixed corrdinate system {/} X
O,
Vehicle body
Y. . corrdinate
E Pitchangle 6, Ou  system {B}

Yy

Zy 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

Xy = U COSY — Vg SINY
{j}s, = Uy Sinyrg + v, COSY (1)
Vg =1y
where xi; and y,; are the positions of the USV in the
fixed coordinate system {1}; ug; and vg; are the veloc-
ities of the USV along the X;, axis and the Y;, axis,
respectively; wg is the yaw angle of the USV; r is
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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
Xai = Uy COSY,; €08, + V(oS sinf,; sing,, — siny,;-

sin¢,;) + w,, (siny,, sin ¢, + cosiyr,,; siné,; cos ¢,;)
Var = Uy SINY,; COS By + vy (COS Y,y COS s+
sinyr,; sin @, sin¢,;) + w,(siny,; sinf,; cos ¢,,—
cosy, sing,;)
Zy = —Uy; SING,, + v, cos b, sing,, + w,, cos b, cos @,
¢ = (P, COS B+, Sindy; Sin b, +7,, cos b, 8inb,,) / cos b,
B = . COS By + 1, SIN G,

Wai = (Qai Sil'l ¢ai + 7,; COS ¢ax)/ Cos Hai

(2)
where X,;, V., and z,; are the positions of the UAV in
the fixed coordinate system {l}; u,, V., and w,; are
the velocities of the UAV along the X, Y;,, and Z,
axes, respectively; ¢.;, 0,, and y,; are the roll angle,
pitch angle, and yaw angle of the UAV, respective-
ly; p.i» Qai» @and r,; are the angular velocities of the
UAV rotating around the X, Y, and Z;,, axes, re-
spectively.

2 Path error dynamics

According to Eq. (1), the kinematic model of the
i-th USV can be expressed as
Xy = Ugcosgw
{ys, = Ugsinygw (3)
Yaw = Fy + Bad
uZ+v% >0 and is the actual speed of the

where ;; =
USV; wgw = wq + B and is the actual yaw angle of
the USV. p; = atan2(vg/ug) and is the sideslip angle
of the USV, and B4 = .

The parameterized path of the i-th USV can be
expressed as (Xg (%), Ysia(xsi)), Where Xgq and ygy are
the positions of the waypoint in the fixed coordinate
system {1}; x is the path parameter of the i-th USV.
Then, the tangent angle w4 of a given path parame-
ter of the USV can be denoted as

W = atan2 (v, Xy) (4)
where X;,d = 0Xyq (Xai)/8Xsi; y;,td = aysid (Xsi)/a)(si'

Concerning the i-th USV in position (X, V), its
longitudinal path-following error x,, and transverse
path-following error yg, in the coordinate system
tangential to the path can be expressed as

Xsie | _ Cos wsid —sin wsid ! Xsi — Xsid (Xsi)
Ysic - sin l;05111

Cos wsid Ysi — Ysid (Xsi) :| (5)

The following equation can be obtained by tak-
ing the derivative of Eq. (5) and substituting Eq. (3)
{xsic = USI cos (wsiW - wsld) + ‘psldysic - U;JXSJ (6)

Voie = U SIn (Wrgw — Wraia) — Ysia Xsie
where U}, = /x2,+ ., 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 {A}
Oi,XiYiaZi, 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
U, = i, +v4+w2 . Then, the angle of attack and
sideslip angle of the UAV are a, = arctan(w,/u,)
and f,; = arcsin(v,/u,), respectively, where u, > 0.

X o On 1B X,

—~
AT
Roll angle ¢;

=
"
_Pitch angle ff_| 11
¥y e

)
K
Ty |
Z Yaw angle ¥, t;}{,

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
Xy = Uycos ¥, cos0,
Vai = Uy 8in ¥,;c08 O,

Zai = - Uai Sil’l @af (7)
@ai =G~ dai
Vi .
ai — +ﬁai
cos 6,

where @, and ¥, are the track angle and azimuth
angle of the i-th UAV, respectively.

A Serret-Frenet coordinate system {F;}P; X;,Yi,Zi,
was constructed (Fig. 3), with an origin of P;, and
an update speed P, of the path parameter. The pa-
rameterized path of the i-th UAV is expressed as
Paia(a) = Kaialta)s YaiaOtai)s Zaia(ai)), WHETe Xaig, Vaias
and z,, are the positions of the waypoint in the
fixed coordinate system {l}; y, is the path parame-
ter of the i-th UAV. Then, the tangent angle of the
path is

=z (Xai
Haid (XJI) = arctan( - aid (X z ]
x;id (xzu) + y;id (Xai) (8)
\'J 7 ai
Yoo (Yw) = arctan(M)
xaid (X aj )

where X, (xa) = 0xua/ Oxu ; ¥ia Ow) = 0Yaia/ Oxui
Zy (Yi) =024/ 0 Yui .

In Fig. 3, for the i-th UAV in position (X, Yair Zai),
Xaier Yaier @Nd Z,;, are the longitudinal, transverse, and
vertical | path-following errors _in _the coordinate
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system tangential to the path, respectively; 6=
arctan(zaie /Iai), where |, is the lookahead distance;

y/aiep=arctan(—yai /Iai),

Fig. 3 3D reference coordinate system

The rotation matrix from the coordinate system
{F;} to the coordinate system {I} was defined as
R.... Then, it can be expressed as [2°!

COS0,;aCOSW,y  —SINW,g SNG4 COSY g
I . . .
Ry =| cosB,8iNy,y  COSYuy  STNOyy SINY Ly
—sin#, 0 €08 6,4
9)

The cooperative path-following error &; = [Xge.
Yaier Zaie]l T CAN be rewritten as
£ = Ry, (1 — Thaid) (10)
where R}, is the transpose of the rotation matrix
R n. = [X4 Yan Zsi]" and is the actual position of
the UAV; #ag = [XaiOtai)s Yailta), Zai(a)]' and is the
position of the virtual reference point on a given
path.
The following equation is obtained by taking the
derivative of ¢,
éai = RIF—EU (”ai - ’]aid) + RIF]:u (ﬁai - ﬁaid) (11)

where R, = RL Sk

Thereinto,
0 —1r4ia €08 O, Qaid
Srai = l// aid €08 i 0 lpaid sinf,4 | (12)
—aia —W4ia SN B34 0

The rotation matrix from the coordinate system
{A} to the coordinate system {F;} was defined as
R, and it could then be expressed as

Ccos Ha/,eF Ccos lﬁu/eF —sin (ﬁaieF sin Ha/,eF Ccos lﬁaieF
v . . . .
R, =| coSOysSinter  COSYnier  SINGer SINYyiep
—SINB,er 0 €08 O,iep
(13)

The velocity of the i-th UAV in the fluid coordi-
nate system {A;} was set as U, = [U,;, 0, 0], then
Ty = R::aiRianafA (14)
Eq. (14) can be substituted into Eq. (11) to obtain
éui = SgafRi‘Tai ('7«'11 - "ard) + Rga‘i (’.7«'1: - ﬁard)
= S;aigﬂ/ + RE\an/A - Rgii]ﬂ/d (15)
Then, the path-following errors of the UAV can
be expressed as

Hyie = Ui COS Yo COS Ouier + aia €OS Oyig Vaie—
OriaZaie = U Yo

Vaie = Ul SINYryicr €O8 Oyir _waid €08 Hyiq Xoie— (16)
lﬁ 2id SNG4 740

Zaie = — Ui SINGep + Gig Xaie + Waid SIN g Vare

where U, = \x2,+y2 +z2 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.,

fimpl = 0.fimlyl = 0.fimizd -0 17)
where t is time; X, € {Xer Xoper ---
XaNe}; yie € {yslel ysZe! e ysMe’ ya(M+1)e!
{Zam+1yer Zame2)er -++» Zanel

2) The path parameter cooperation task: for the
system composed of UAVs and USVs, the path pa-
rameter of a given path should meet

fim [y, —x,[ = 0 (18)
wherei=1,2,...,N;andj=1,2, ..., N, i#], are the
serial numbers of vehicles. When i,j € {1, 2, ...,
M}, (av 1) = (i x5): when i, j e {M+1, M+2, ...,
N}, (s Xj) = (air Xaj)-

3 Controller design

1 XsMes Xa(M+1)el (AR
' yaNe}; Zie €

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

. =0, — @y — Oup
{/Zlaic =i+ By — S”ai./, (19)
ai = Va — Wy

where @, and 7, are the track angle deviation and
azimuth angle deviation of the i-th UAV, respective-
ly; Ouip = Guig + Ouiee AN ¥, = yiig + Yo are the
guidance track angle and guidance azimuth angle of
the i-th UAV, respectively; 6, € (-n/2, n/2); v, is the
constant reference velocity of the UAV; w, is the
subsequent design variable for the i-th UAV.

According to Eg. (19), the Eqg. (16) of the path-
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following errors of the UAV can be rewritten as
Kue = Us = UaSIN* (e + Ouer) /2) + U0 €08 Uy Vire—
UaiSinz ((Wrajer — Baier) /2) — gaidzafe = U X
Vae = Ui SINW ey COS Byt — Yaig COS By Xojo—
lﬁ aid SIN 0.9 Z05e
Zye = —Uysin gaicF + OuiaXaie + Yaa ST Orig Ve
@au Gaig — X @aiﬁ
Y= r.,/cost, + Bai— W

(20)
where g, and ry;, 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
Uy = =k X/ T1, + Ua,sinz ((Wrajer + Buier) /2) +

Uar'Sinz ((ajer — Ouier) /2)+ U yv
@aw = Oug + Oyier
Vo = Waid + Waier
Goig = —kan Opic [T g + vy + O

Fair = kdﬁ Sl/aze COs Haz /Hdzw ( ai

a,w)cosﬁd,
(21)
In the equation, U, is the guidance velocity of
the |'th UAV, IZJH': xd,e+ca,\»Hai8: V@ +Cal€’

I, = \|¥; +c2, , where Cu, Chy and Cy, are all

positive constants; kg, K., and k,; are all positive
constants as well.
Eq. (21) can be substituted into Eq. (20) to obtain

Xopo = —kopt Xge [T + U g0 + Waia COS ByigVaie — BriaZaie
yaie == l]ai cos gaiek’yaie /Hai)* - Waid cos Qaidxaie_
lpaid 810 5347,
= —U,Zuie/ Iy + BuigXe + Ya SIN 6,y
= —ku2Ouic /11,10
Ve = —kaiz Pare/ Ty
(22)

In the equation, Il = \[Va. oy, Il = \zo +¢2,
where c,, and c,;, 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

{Y,sz,e =Waow — o
Xsi = Vg — @

In the equation, ¥, is the yaw angle deviation of
the i-th USV; wg and w, are the actual yaw angle
and guidance yaw angle of the i-th USV, respective-
ly; v, is the constant reference speed of the USV;
wg is the subsequent design variable for the i-th
USW.

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

(23)

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

(=)

xsie = Usf - 2UsiSinL

Vsic U:I sin (wsu wsid) + Osi
S”ste =T +ﬁszd - lﬁm—

+ gbsid)’.sie - U:,d (Vs - wsi)

- Wsid KXsic

(24)
where oy = Uq sin (gw — Yraia) — Uy sin(drg;, — ).
The LOS guidance law of the i-th USV was de-
fined as

{Usir = 7ksi4xsic/Hsix + U:idvs + 2Usisin2 (M)

Viip = k\ﬁ Ylste /wa ﬁwd + w sir ysre&)m/ Y/sie
(25)

In the equation,

W = Waa + arctan(—“\;Sic) (26)

where Uy, and ry, are the guidance velocity and
guidance angular velocity of the i-th USV, respec-

tively; 71, = \x2 +c2 [y = (| P2+, | is the

lookahead distance; cg, Ci,, K4, and Kgs are all posi-
tive constants.
Eq. (25) can be substituted into Eq. (24) to obtain
e = —hgaxge/ Iy + Ul + YraaVase
Voo = = Use/ Iy + 04 = Wsia Xose (27)
Vo = —kgs Vsie L iy — VicOsi ] Paic

Yi. + ¢, where cg, is the

Siy

In this equation, /7, =

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
G ={V.&}, where V ={n,,---.n,---,ny} is the node
set and each vehicle corresponds to a node n;;
&= {(n;,n;) € VxV} is the edge set. The adjacency
matrix of the graph G is A = [a;]. When (n.,n)) € &,
a; = 1; otherwise, a; = 0. The matrix composed of
the number of edges associated with the node n; in
the graph & is the degree matrix D. Then, the La-
placian matrix of the graph G can be expressed as
L = D-A.

A definition was made that w; = oy when i e {1,
2, ..., M} and o; = w, when i e {M+1, M+2, ...,
N}. In this section, the path parameters of the UAV's
and USVs would be synchronized by designing w;
to achieve the purpose of synchronous formation.

With the information on the neighboring UAVs
or USVs, collaborative error e; can be defined as

e, = Z ai; (xi —x;) (28)
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wherei=1,2,...,N,j=1,2, ..,
1) = O 1) When i, j € {1, 2, ..., M}, while (x,
X6) = O o) When i, j e {M+1, M+2, ..., N}. The
matrix form of Eq. (28) can be expressed as e = Ly,

N, and i # j. (%,

where e = [e;, &, ..., ey]" and x = [x1, 2o - ]
o; can be defined as
w; = M€ — /’tlU;dxle (29)

M, M+
= U;dl X

where |; is a positive constant; i € {1, 2, ...,
1, ...,N} Whenie{l,2 ..., M}, Uy o =
Xsier @Nd w;, = @ge; When i e {M+1, M+2, ..., N},
U = Usy, Xie = Xgier AN 0} = 0.

According to the graph theory U, the error dy-
namic equation of the system composed of USVs
and UAVSs is

Kgie = —keuXge/ Tgr + Uy + lpsidysie
ysic = h’ su/ siy +Qsi - lpsidxsic
= —kys lpsie/nsijz — Vaesil Ve
Xate = —Kapt Xio [ Iy + U, aatoi t Wazd COS B Vaic — Haidzaic

yaze = _Uzli Ccos Haierzut/Hazv - w:ud cos Hazdxaze

Zaic = Uaizafe /Haiz + gaidxaic + lﬁafd sin Haidyaie

Qale = _kaIZQaze /IYaiH
y.lme = _kar3 Ylaic /H:lllll
él = _L(,U,‘

(30)
where i € [1, M] in the subscript si; i € [M+1, N] in
the subscript ai.

4  Stability analysis

Lemma 1 P4: If the graph G is bidirectionally
connected, a positive definite matrix P exists such
that y"Ly = e"Pe, where y = [x1, x2, ..., xn]" and e =
[e1, €5 ... en]™

Lemma 2 4: If the graph G is a balanced weak-
ly connected graph, its Laplacian matrix L should

satisfy the following conditions .
T

1) The matrix Sym(L) = is positive semi-

definite.
2) If A" is defined as the minimum non-zero
eigenvalue of the matrix Sym(L), x'Sym(L)x >

) 1,15 |
||y v X

holds for any y = [x1, x20 s xnl™s

where 1, 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),

- wmd sin Hazdzazt

support that the origin of Eq. (30) of the closed-
loop system satisfies (Xger Ysier Psier Xaier Yaier Zaier Paier

@, ¢)=(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 V,; was constructed

1 &
Vi= Ez{xszic"'yszic_'- lpjc}+
=

1 N
5 Z xale+yale+zalc+0§1c+Syazle}-’_/\/TLX (31)

i=M+1

According to Lemma 1, V, can be rewritten as
1 M
Vl = EIZ xble + )sle + Ylslc}
1+

- Z { Xt Vit + O+ P2 }+eTPe (32)

2
i=M+1
The following equation can be obtained by tak-
ing the derivative of Eq. (32) and substituting Eqg.
(30)

M 2 2
3 kSl-‘xue N USiy;;e kari Ylge
Vi< + U wixge — +
Hsi) H:n[z

i-1 Six

N
Z { ail~ Yue l/dl COs HdYQFy'”g l/alzmN
Hdl} Hazz

i=M+1 ‘”Y

2 2

k2O, ks ¥R
‘11’7 aic 31’7 aic + l/a,dw dee} XTL(A) <

aig aiy

i k sid xire Usi)fz,s kSiS Y’.’ie +
1], six 1], Sy 1],

i=1 si

N ) bl
2 { kdll v;,(- Uzu Ccos Gafer;ir (]anb
M+l dYY Haiy Hmz

kalZ@ kal% 1112

Pai2 P aje ae b 9 2
Halg nd”// } mm(ﬂ)” || (33)

In the equation,

i=

0 = [0gq Ogq o, O
Oamenydr -+ Qanal s Amin(1) 1S the minimum eigenval-
ue of the matrix x4 and u = diag{y;} = diag{u,,

Moy -y B Mysts -0 I 8 = —e + Ujix,, in which Uy
= diag{U;m,UQZd, :UsA[dan(l\[+1)d, ey a.Vd} and x, =
[Xslev Xszer +-+1 Ksmer X a(M+1)er ==+ aNe] '

Theorem 2.1 in Ref. [22] can be referred to to
prove that the origin of Eqg. (30) of the closed-loop
system is globally uniformly asymptotically stable.

According to Lemma 1 and Lemma 2

% Ins Z)c,

1
holds. Since e, is bounded, x; = x;, — v 2. Xi, hame-
i=1

e Pe> (34)

ly that the cooperative path parameter control objec-
tive of Eg. (19) is achieved.
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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 21 and three
UAVSs [,

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 k,; = 0.5, ky, = 0.3, Ky3 =
0.2, kg, = 0.5, and kgs = 0.2. The initial positions of
the three USVs were that (x,,Y;,2;) = (-10,18,0), (x,,
¥,,2Z,) = (=11,0,0), and (X3,¥5,25) = (-12,15,0). Those
of the three UAVs were that (x,,Y,,2,) = (-10,18,0),
(X5,Ys5,25) = (-11,0,0), and (Xg,Ys:26) = (-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 U; (U; € {Ugn Ugn -, Ugue s Usguenyus - »
U.nu}), guidance angular velocity d; (0 € {0agv+1)g:
Qam+2)qr -+ » Jangt)» @nd guidance angular velocity
ri (ri e {ran Yon --- , Tanr}) 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-

’ IFsMr! ra(M+l)n

—— Preset path
— — Actual path

20
g 15
N 10 500
5 400
, 300 o
&
25 R 4@'
Y/m

Fig. 4 Path-following performance
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70 15
60+ 10
50- 5
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300 102030 40 50- — USV1
. 0 0‘03() 0 50 —Usw
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/ -~ UAV2
0L UAV3
0 50 100 150 200 250
t/s
Fig. 5 Path parameter
().7|l
f — USVI
0.6 0.22 ks — USV2
o2l s USV3
0.5 i S e UAV1
=R 020f o] .. UAV2
Goalfh o | - UAVS
= Vsl
03 % 25 35 45 55 65 75
b «
0.2 ky'—*-—-——u {
|
0.1 . - - :
0 50 100 150 200 250
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Fig. 6 Guidance velocity U,
0.05
[UL] i, =ty e 8 e e
¥
|
T, —0.05 4
-g |
=010}
o
0.20 UAV1
—0.15 0 10 20 30 40 50 - UAV2
UAV3
—-0.20
0 50 100 150 200 250
/s
Fig. 7 Guidance angular velocity g;
0.2
0 fo——
L ‘0.2
T, 0.2 o b
E —02lf — USVI
= 04 —oal — UsV2
’ - USV3
—0.6 0.6 UAVI
) 08 . -=. UAV2
: 5 10 UAV3
—0.8
0 50 100 150 200 250

t/s
Fig. 8 Guidance angular velocity r;

nous path-following. Figs. 9-11 show the coopera-
tive path-following errors X, Vi, X 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.
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— USV1
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USV3

5 y 5 UAV1
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UAV3
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Fig. 9 Cooperative path-following error x;,
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Fig. 10 Cooperative path-following error y;,
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Fig. 11 Cooperative path-following error z;,

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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